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Abstract

Ideal sources of single-photons are required for proposed applications in quantum informa-
tion technologies, such as quantum cryptography, and linear optical quantum computing.
Quantum dots have become one of the most promising candidates for the generation of ideal
single-photons due to its low multi-photon emission probability, entangled pair generation
with high fidelity, and can be generated on-demand. The most common quantum dots studied
are self-assembled quantum dots which nucleate on a surface in a random nature providing
a series of dots randomly positioned and of random sizes. Much work has been done to
achieve high extraction efficiencies by creating different photonic structures around these
quantum dots. This work investigates the quantum optical properties of Indium Arsenide
Phosphide (InAsP) quantum dots embedded within Indium Phosphide (InP) nanowire pho-
tonic waveguides grown bottom-up using selective-area vapour-liquid-solid epitaxy. These
structures provide full control over the quantum dot size, composition, and its position along
the nanowire waveguide axis. We characterize the sources in terms of their efficiencies, single-
photon purity, and spectral purity. We show that our devices operate at efficiencies up to
30% with a single-photon purity as high as 99.4% and can reach linewidths that are twice

the lifetime limited value, unprecedented for the above-band excitation scheme employed.

Studies of the second-order auto- and cross-correlations of the nanowire quantum dots is
provided, which shows rich temporal features. We show that different excitonic complexes
exhibit different correlation spectra and are unique to each complex. The study of cross-
correlation measurements provided an unbiased, accurate method to distinguish and identify
different complexes emitted by the quantum dots. A stochastic model is provided to model
auto-correlation measurements which highlight the complex nature of the carrier dynamics
within nanowire quantum dots. Such studies are a step closer to the full understanding of

the dot dynamics within nanowire waveguides.

An interesting consequence of growing nanowires using the bottom-up epitaxial growth
method is that quantum dots can be selectively positioned within the core of the nanowire
waveguide. Such selectivity, along with wavelength tuning of the quantum dots, allows for
the incorporation of multiple quantum dots within the same nanowire waveguide emitting at
specific wavelengths. We show that the total single-photon emission rate scales linearly with

the number of incorporated emitters whilst maintaining a high single-photon purity. The
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total emission rate of such wavelength multiplexed sources would then be limited only by the

number of emitters, providing a route towards GHz emission rates.

Finally, a new growth approach to generate single-photons at telecom wavelengths is in-
vestigated: the dot-in-a-rod embedded in a photonic nanowire waveguide. We demonstrate
that this new growth approach provides efficient and highly pure single-photons at telecom
wavelengths operating at 4 K. We then investigate the single-photon purity as a function of
temperature up to room temperature. The results at elevated temperatures are shown to

outperform all other existing quantum dot based approaches at telecom wavelengths.
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Chapter 1

Introduction

Sources of single-photons are a key component in many proposed schemes in quantum infor-
mation processing applications. In such applications, photons act as quantum bits of infor-
mation, qubits, the simplest unit of such quantum information. The fundamental difference
between a classical bit of information and a qubit is that qubits can be prepared in a superpo-
sition of states. Applications that can utilize qubits include quantum cryptography|[4][5][6],
linear optical quantum computing|7, 8], and quantum sensing|9, 10, 11, 12]. Secure communi-
cation schemes such as quantum key distribution (QKD) have already been implemented with
single[4] and entangled photon pairs|13, [14] outside of the laboratory. Quantum computing[7],
which is expected to solve complex algorithms at a much faster rate compared to classical
computers, utilizes the superposition of states and would allow for trying all solutions at
once. Quantum sensing and metrology can also benefit from qubits, resulting in more precise
measurements. These example-applications have led to the rapid development of single-
photon sources. Available sources of single-photons include probabilistic sources based on
spontaneous parametric down-conversion (SPDC) and four-wave mixing (FWM), as well as
deterministic sources such as atoms, ions, molecules, defect centers, and semiconductor quan-

tum dots.

Single-photons are particularly interesting candidates for qubits due to the various available
degrees of freedom (DOF) (e.g., frequency, polarization, position, and momentum). The most
commonly employed DOF is the photon polarization[15], which can be easily manipulated
using standard optical elements. Another often used DOF is arrival time used in time-
bin encoded qubits. There the information is stored in the arrival time, within some time

window, of the photons that can be tuned using a Mach-Zhender interferometer|[I6]. Other



DOF include orbital angular momentum|I7] and frequency; the latter providing a route to

wavelength division multiplexing[I8] for increased scalability.

1.1 Ideal single-photons

In order for a source of single-photons to be useful for applications, they must satisfy various
application-specific requirements. An ideal source of single-photons will have the following

four basic properties:

e High efficiency (and high brightness): The source should be able to emit single-photons
on-demand after an excitation event such as a short laser pulse and be able to operate

at high repetition rates with high efficiency (i.e. low loss).

e High single-photon purity: The source should emit single-photons with zero probability

of multi-photon emission events.

e High degree of coherence: The linewidth of the emitted photons should be equal to its

Fourier-limited linewidth.

e High indistinguishability: The emitted photons from the source should be identical in

every aspect (spectral bandwidth, pulse width, polarization, and mode profile).

These four properties are visually shown in Figure 1.1[I]. In (a) we show a stream identical
single-photons generated from an ideal single-photon source. In this case, individual identical
photons are triggered with 100% efficiency. In Figures[L.1](b)-(e) we show a stream of photons
from a source that does not meet one of the basic requirement discussed above. An efficiency
lower than 100%, shown in (b), will generate a stream of single-photons with some missing
photons, e.g. due to losses in the optical system in question or the internal quantum efficiency
of the emitter. It is also important that a stream of photons carrying information is composed
of only single-photons. A low single-photon purity, as shown in (c¢) will generate multi-photon
emission events and can disrupt the information a photon is carrying. A single-photon source
should also retain its phase coherence for long periods of time. Electron-hole pairs used to
generate single-photons are subject to interactions with their environment which can lead
to a loss of coherence shown in (d) and will broaden the linewidth of the photons. Having
a coherence time, limited only by the lifetime of the emitter, is a fundamental requirement

to generate indistinguishable photons. Photons are indistinguishable if they are identical



in terms of their spectral bandwidth, pulse width, polarization, and mode profile and are
required to perform low error quantum computation. These properties will be discussed
further in Chapter 2 and throughout the thesis. A comparison of the source requirements for

various applications can be found in Ref. [19].

(a) Ideal source

Coherence

T,<2T, W

(e)
Indistinguishability
V<100%

I I I I I
I I | | I
I I
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Figure 1.1: Electric fields of photon wavepackets having different characteristics: (a) Ideal
source: a stream of single, identical photons, are generated per excitation event. (b) Example
of a source with an efficiency less than 100% where some excitation events do not trigger
a single-photon. (c¢) After each excitation event there’s a probability of generating multiple
photons. (d) Loss of photon phase coherence. (e) Non-ideal indistinguishability: the photon
wave packet changes due to phase variations or spectral wandering (adapted from Ref. [I]).

As well as the four basic properties discussed above, several other properties are typically

required:

e (Gaussian emission mode: Photons emitted in a Gaussian mode are required for efficient

fiber coupling.

e Irequency tuning: Photons should be able to emit at desired wavelengths, which is
especially important in order to implement multiple sources capable of generating in-
distinguishable photons required for quantum communication or linear optics quantum

computation based on two photon interference. The source should also be able to



be tuned to telecom wavelengths (1310 nm and 1550 nm) for low loss long distance

communication in optical fibers.

e Entanglement: For long distance quantum communication, entangled photon pair gen-
eration is required for the implementation of quantum repeaters. These sources are

also particularly important for quantum computing.

e Electrically driven: In order to simplify the integration of single-photon sources with
small scale devices, a source should be able to generate single-photons using electrical

triggers, thereby removing the need for laser excitation.

e Room temperature operation: A single-photon emitter should, preferably, be able to
operate at room temperature. The optimal performance of solid-state emitters such as
quantum dots are limited to cryogenic temperatures due to interactions with phonons

that broaden linewidths at higher temperatures.

Among available sources of single-photons, quantum dots have become interesting candidates
as ideal sources. They have demonstrated most of the properties listed above with some
exceptions. Challenges remain in the generation of single-photons and entangled-photon
pairs with 100% efficiencies. Quantum dot single-photon sources are also optimized at low
operating temperature, in most cases ~ 4K due to linewidth broadening from phonons at
higher operating temperatures. In this thesis, the quantum optical properties of InP/InAsP

nanowire quantum dots grown epitaxially are investigated.

1.2 Quantum optical properties of nanowire quantum dots:

outline of the thesis

In this chapter ,I have briefly introduced different applications requiring the need for good
single-photon sources. I also describe different properties required from such sources. The
next chapters of the thesis, Chapters 2-4, provide background information on single-photons,
quantum dots, measurement techniques and growth methods, whilst in Chapters 5-10, 1

present a series of articles.

Chapter 2: In Chapter 2, I introduce methods to characterize various properties of non-
classical light sources, including source efficiency, single-photon purity, coherence, and indis-
tinguishability. These fundamental characteristics of single-photons are utilized throughout
the thesis.



Chapter 3: In Chapter 3, I provide the basic physics behind quantum dots. This includes
quantum confinement, selection rules, and optical spectroscopy. In this chapter, I also provide
example measurements on InP /InAsP nanowire quantum dots and describe the experimental

setups for the different measurements.

Chapter 4: In Chapter 4, I describe the experimental methods used to grow the nanowire
quantum dot devices. We then suggest a new growth method in order to achieve bright
quantum dot emission at telecom wavelengths. This chapter also contains the general setup
used in the laboratory for the measurements presented in Chapter 3 and in Chapters 5-10
(Articles 1-6).

Chapter 5 (Article 1): In Article 1, we performed a systematic study of nominally identical
nanowire quantum dots having similar emission spectra. The different excitonic complexes
were identified using power-dependent photoluminescence measurements along with corre-
lation measurements. We show that different excitonic complexes have unique correlation
spectra and provide a more accurate method of distinguishing between complexes. This
method is utilized in the subsequent articles. We characterize individual excitonic complexes
in terms of their emission energies and energy separation. The experimental spectra are
understood using atomistic multi-million atom theory and provide a step towards the full

understanding of the dot dynamics within a nanowire waveguide.

Chapter 6 (Article 2): In Article 2, we characterize an array of 10 x 10 nanowire quantum
dots in terms of their efficiencies, single-photon purity, emission lifetime, and spectral purity.
We demonstrate that the bottom-up epitaxial nanowire growth method provides unity device

yield.

Chapter 7 (Article 3): Article 3 provides a more detailed analysis of the correlation mea-
surement of the different excitonic complexes observed in our nanowire quantum dots. The
rich, temporal features observed are modeled stochastically, providing another step towards

the full understanding of the dot dynamics within nanowire waveguides.

Chapter 8 (Article 4): In Article 4, we study the linewidth dependence on excitation power
and temperature in order to understand the possible mechanisms leading to the observed
broadening. In the article, we describe the linewidth broadening in terms of an independent

Boson model that includes both deformation and piezoelectric exciton-phonon coupling.

Chapter 9 (Article 5): In Article 5, we show that the bottom-up epitaxial growth method

of the nanowires allows for the incorporation of multiple quantum dots within the same



nanowire waveguide. We characterize a source containing five quantum dots, each individu-
ally tuned to emit at specific wavelengths, in terms of their single-photon purity and overall

detected count rate.

Chapter 10 (Article 6): In Article 6, we present a dot-in-a-rod growth method in order to
generate quantum dot emission at telecom wavelengths. The quantum dot is characterized
by its single-photon purity and efficiency at 4 K. We then study the single-photon purity as

a function of temperature up to room-temperature.

Chapter 11: A brief conclusion of the results is presented along with future directions of

the research.



Chapter 2

Characterization of non-classical light

sources

This chapter provides general background information on the characterization of non-classical
light which will then be expanded upon in later chapters. Mainly, the four main characteris-
tics a single-photon source should have in order to be an ideal source: the efficiency, single-
photon purity, coherence, and indistinguishability; all of which should be optimized. For
single-photon purity, I also discuss different properties of light in terms of photon statistics
that can exist such as coherent light, thermal light and anti-bunched light (single-photons).

Finally, I provide examples of different types of sources that generate single-photons.

Single-photons have become interesting candidates for qubits to encode quantum information.
They provide the opportunity to utilize different degrees of freedom such as polarization,

spacial modes, and frequency in order to encode information.

We have seen in Chapter 1 that an ideal source of single-photons is a source where, once
triggered, provides one and only one photon. This emitted photon would then be in a pure

single-photon Fock state in a well defined mode:

| >=1]1>. (2.1)

Typically this state is interesting, but to be useful for many applications we would require a
stream of single-photons each having a well defined time dependency. To describe a single-

photon wave packet, one needs to write the single-photon state as a superposition of different



frequencies. Decomposing it in terms of plane waves, having wave vector k, angular frequency

w = c|k| and polarization e, we can write it as [20]

W >= ch,e‘l >k,67 (22)

ke

where Y, _|cxe|* =1 and [¢ > is an eigenstate of the total photon number. In this chapter
the performance of sources in the form of Eq. 2.2 will be described in terms of efficiency,

single-photon purity, coherence and indistinguishability.

2.1 Efficiency

A quantum light source should produce a large flux of photons which can couple into an
optical system. If the efficiency of the source is limited, it will generate a state composed of

vacuum and single-photons in the form[2T]

| >=al0 > +b|1 >, (2.3)

where |a|> + [b|> = 1 and |a|* and |b|? is the probability of generating a vacuum state and
a single-photon Fock state respectively. The maximum photon count will be limited by the
internal quantum efficiency of the source 7n;gg, the spontaneous emission rate I', and the

efficiency to couple the emission to external optics . We define the source efficiency as

Iy

x —M o 2.4
I'ar + I'Rad eE (2.4)

n=afuniQe = «
with I'j; the emission rate of the emission mode M in question, I'r.q any other radiative
modes.
2.2 Single-photon purity
The single-photon purity measures the likeliness that one and only one photon is emitted

(i.e. how well suppressed are multiphoton emissions) from the source. In general Eq. can

be generalized to



[ >="Prcln >, (2.5)
ke

where n is not restricted to be 1. The presence of multiple photons will limit the performance
of a device as a single-photon source and is measured through the second-order correlation

function.

2.2.1 Second-order correlation function

Introduced by Glauber|22], the second-order correlation function has become the standard
metric to gain information about photon statistics. In terms of intensity (or electric field),

the normalized second-order correlation function can be written as

g2 (7)

_ < II(t+71)) > _ < Ext)E*(t+1)E)E(t+T1) > (2.6)
" :

< I(t) >2 < E*(t)E(t) >2 ’

where I(t) = E(t)E*(t) is the intensity at some time ¢t and I(t) = E(t + 7)E*(t + 7) is the
intensity at some time ¢ after some time delay 7. For a single-mode plane wave traveling
with wave vector k, E(t) is given by E(t) = iEyae’®*"=“%  so that Eq. can be rewritten

and reduced to

_<aTaTaa>_<n(n—1)>_1+<(An)2>—<n>

(2)0 —
g (0) < afa >2 <n >2 <n >2

(2.7)

for 7 = 0 where af(a) is the creation (annihilation) operator. Whereas, n is the photon
number and (An)? is the variance. This can be measured directly using a Hanbury-Brown
and Twiss (HBT) experiment|23]. A single-photon is sent to a 50:50 beamsplitter and each
output paths are sent to two single-photon detectors. A counting card is used to measure
the delay between detection events. The experimental realization will be discussed in further
chapters. This measurement can be used to measure statistics to discern between different
types of light, such as distinguishing between coherent light, thermal light, and anti-bunched
light (single-photons), which are described below.



Coherent light

In an HBT measurement, using a coherent light source, such as a laser source, one measures a
g (7 = 0) value of one, meaning the probability of detecting a photon at any time is always
the same (i.e. each emission event is completely uncorrelated). A coherent state |a > is the

eigenstate of the photon annihilation operator. In the Fock state basis it is given by[24]:

la >= e/ Za”m > /Vnl. (2.8)
0

These states follow a Poisson distribution of photon number states. The probability of

detecting n photons is given by

_ ol

P, : (2.9)

n!

where the variance (An)? =< n? > — < n >? is equal to the mean photon number < n >.

Eq. 2.9 gives a probability distribution that peaks around this mean value as shown in Figure

(a).

Thermal light

Thermal light, such as a light bulb, provides a source of radiation in thermal equilibrium
with the environment (blackbody radiation). In such a case the probability of detecting n

photons follows the Bose-Einstein statistics and is given by:

<n>"
P(n) = (% <n Sy (2.10)

The resulting statistics are defined as super-Poissonian where the variance of the photon
number is (An)? =< n? > + < n >[25]. Here, the maximum probability of detecting a
photon is achieved for n = 0, independent of the mean photon number < n > as shown in
Figure [2.1] (b). In the case of thermal light, we obtain ¢g(®)(7 = 0) = 2. There are also other
states that are considered super thermal (or super-bunching) with ¢ (7) > 2 which I do not

discuss.
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Antibunched light

The Fock state, or number state is an eigenstate of the photon number operator n;:

where n; describes the number of photons in a specific mode 7. The probability to find n;

photons in one mode is:

1 n=n;
P(Fock,) = : (2.12)
0 n#n;
For a number state (An)? = 0 as shown in Figure (¢), and thus, from Eq.
) 1
gNT=0)=1-——-<1, (2.13)
n
and for a single-photon state n = 1 implies a ¢ (7 = 0) value of zero. For a state in which

-
n = 2 (i.e. comprises of two photons) then ¢®(7 = 0) = 0.5. It is therefore generally
accepted that a source is a single-photon source if ¢ (7 = 0) < 0.5. Such sub-Poisson
statistics violates the classical limit for the second-order correlation function, determined by

the Cauchy-Schwarz inequality:

<n(0) >* << n(0)* >. (2.14)

For this reason photon Fock states are defined as non-classical states of light.

11
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Figure 2.1: Probability distribution to find n photons for (a) coherent light, (b) thermal light
and (c) antibunched light for average photon number < n >=1 (black) and < n >= 4 (red).

2.3 Coherence

The next important fundamental characteristic of single-photons is the photon coherence,
which represents the phase stability of a quantum state over time. The coherence time T,
of a photon is the amount of time the phase correlation of the photon is maintained. The
coherence length L. = c¢T5, where c is the speed of light, is the length over which this phase
is maintained. This is described by the normalized first order correlation function and can

be written as:

b < EE(t+7)
gM(r) = < [E@)| >

(2.15)

This can be directly measured experimentally using a Michelson interferometer shown in
Figure[2.2](a). For a monochromatic source of light input on the beamsplitter of the Michelson

interferometer, the electric field at the detector, D, is given by

1 am 1 4
Eout = §E0614TL1 + §E0€Z4TL2, (216)
where L, and L, is the distance between the two mirrors and the beamsplitter and a relative
phase shift is acquired at the output (detector D), which is given by ¢ = 4n(Ly — L)/ =
dmer /A where 7 = (Lay— Lq)/c. As a consequence of interference at the beamsplitter, the mea-

sured intensity at the output of the Michelson interferometer will show oscillations (fringes)

12



with maxima observed for ¢ = 27wm, where m is an integer. I have assumed a monochromatic
light source however the same effect can be seen from single-photons[26]. Monochromatic
light has a long coherence length and thus fringes would be observed for a long delay time
7. Since fringes would only be visible when 7 is on the order of the coherence time, fringes

from a white light source, for example, would be difficult to resolve.

1.0
(@) Delay T (b) | T
0.5 —
LZ
- 0.0
P =
Ll -0.5
_10 i 1 M 1 M 1 M 1 i
E 0 200 400 600 800 1000

Delay t (fs)

Figure 2.2: (a) Schematics of a Michelson interferometer. (b) Example of the decay of the
interference fringes for a source having a coherence time of 7, = 200fs and a Lorentzian
lineshape, 7 = (Ly — L1)/c, where ¢ is the speed of light.

In Figure2.2| (b), I plot a simulated g™ (7) measurement for a source having a coherence time
of T, = 200 fs, for which the envelope of the interference fringes shows an exponential decay,
e~ ™/T2 corresponding to a coherence length of L. = 60nm. There is a fundamental limit
in which there’s an uncertainty as per when a photon will be emitted leading to a photon
emission lifetime T}. The emission energy distribution of an ideal source would then have
a full-width half maximum (FWHM) equal to Af = 1/27T1[27]. Several mechanisms may
result in this bandwidth to be broadened and the coherence time should then be expressed

as:

1 1 1

T, 2T, Ty

(2.17)

For an non-ideal source where 73 is known as a pure dephasing term, which can be do to
various fluctuations, and will be described further in Chapter 3. We can directly link the
bandwidth of the source with the coherence time by Af = 1/7T5 and if 75 = 0 we obtain a
Fourier lifetime limited ratio from Eq.

13



2T}
— =1 2.18
- (2.18)
The main goal is to create a single-photon source such that the equality in Eq. holds,
which is a condition required to generate highly indistinguishable photons, as described below.
An experimental attempt to achieve this is shown in Article 4 and an example of the direct

measurement of the coherence time of our source is shown in Chapter 3.

2.4 Indistinguishability

Having a stream of photons that are indistinguishable from one another is a resource re-
quired for linear optical quantum computing[7] as well as quantum teleportation|28]. They
are required for quantum key distribution to be realized at long distances|4, 5], quantum
sensing[11 29] 30] and large scale quantum networks such as the quantum internet|3I]. These

example applications utilize the interference of indistinguishable photons on beamsplitters.

2.4.1 Interference of single-photons

I start by describing the interference of single-photons on a beamsplitter. Identical incident

photons can be described as:

alal]0,0 >40= 1,1 >0 0, (2.19)

where |0 > and |1 > are the vacuum state and a single-photon ground state, respectively,
whilst a{ and a; are the two input states. When two identical photons interact at a beam-
splitter, they undergo a unitary transformation (if there is no phase delay between each input

path) where the output states ag, and ajl can be described as:

oot
P Bl (2.20)

S

al = : (2.21)
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Figure 2.3: Hong-Ou-Mandel interference between two single-photons. The four figures rep-
resent the four possible outcomes of two photons on a beamsplitter: (a) the first photon is
reflected and the second transmitted, (b) both transmitted, (c) both reflected, (d) the first
transmitted and the second reflected. When the two photons are indistinguishable the cases
(b) and (c) destructively interfere.

Therefore, the state of the output photons can be written as:

ag%—az)(a; —al
V2 V2

1 |2’0>TT_|0a2>TT
- 5(@-1[,)@; - CL};CLD‘O, 0 >a;a:;: 93%4 5 G304

|17 1 Zajay  — aIaJélO? 0 Zaras = ( >|O’ 0 >“§“Z

(2.22)

Which means that the state |1, 1 > vanishes and the photons are always exiting the beamsplit-
ter together, which is known as the Hong-Ou-Mandel (HOM) effect[32]. The two processes
in which the two photons are either both reflected or both transmitted interfere destructively
with each other. However, if the photons are distinguishable (labeled a and b) we can write

the input and output state as

|2ab7 0 >a;a1 _’0, 2ab >a;aj‘1 +|1a7 1b >a§a£ _|]-b7 1(1 >a;a1
2 Y

1o, 1y >a10,= (2.23)

where, in this case, the four outcomes presented in Figure [2.3| are possible with equal proba-
bility because they are in fact distinguishable photons. The experimental realization of this

effect will be revisited in Chapter 3.
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2.5 Available single-photon sources

Many different sources have been suggested for the generation of single-photons, which I

describe in this section together with some pioneering work.

Probabilistic sources

An approach widely used to achieve single-photons is based on spontaneous parametric down-
conversion (SPDC) or four-wave mixing (FWM) in a non-linear medium. A process where
a laser beam undergoes x? or x® processes within the medium in order to generate heralded
single-photons (a single-photon pair production where the detection of a one photon guaran-
tees the presence of a second). It provides a source which operates at room temperature and
with high photon indistinguishability[33], purity[34], flexibility[35], and multiplexed capabili-
ties for increased scalability[36]. The main limits of these sources is that they are probabilistic

and cannot operate at high efficiencies whilst maintaining low multi-photon emissions|34].

Deterministic sources

Atoms, ions, and molecules: Single quantum emitters can be used as on-demand sources
of single-photon Fock states. They are based on spontaneous emission processes, triggered
by vacuum fluctuations of an electronic transition between two discrete energy levels, which
can only generate a single-photon at a time. It is no surprise that the first measured single-
photon source showing antibunching was from single atoms and ions|37, 38]. More recent
work has been done on such sources [39, 40, 41]. The main problem with these sources is
the complexity involved to integrate them with photonic devices for practical applications.
Molecules, like atoms and ions, have discrete energy levels and can be optically excited to
emit single-photons [42] 43| [44] 45|, 46, [47].

Color centers in diamonds: Color centers in diamonds have been subject to extensive
research as single-photon sources. Color centers in diamonds are due to defects in the crystal
and the most studied is the Nitrogen-Vacancy[48|, 49 [50]. The crystal defect consists of a
carbon atom which is replaced with a nitrogen atom and an adjacent atom is left empty.
Other color centers such as silicon|51] and nickel-nitrogen[52] have also been studied among

many.
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Quantum dots: Quantum dots are semiconductor nanostructures composed of tiny regions
of smaller bandgap material surrounded by a larger bandgap semiconductor material. Exam-
ples of such materials used for quantum dots are CdSe in ZnS, InP in GalnP, InAs in GaAs,
and InAsP in InP, which are the materials used throughout this work. The first demon-
stration of single-photon emission from a quantum dot was in 2000 by Michler et al.[53],
which quickly gained attention from the scientific community |54} 55, 56, 57, 58, [59]. Subse-
quent work demonstrated electrical triggered single-photon emission[60] and the generation
of entangled photon pairs with quantum dots[61, [62, 63]. Quantum dots show promising
results as an ideal source of single-photons, capable of generating highly indistinguishable
photons[64], 65] with high single-photon purity[66] and entangled pair generation with high
fidelity[67], and can be potential ideal candidates for integration with photonic circuits|68].
Notably, there are different types of quantum dots, such as colloidal[69], gate-defined|70],
and epitaxial[7T] [72][]

!Note that a source which is not 100% efficient is inherently not perfectly deterministic due to losses (i.e.
it is impossible to tell which photons were lost).
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Chapter 3

Background on quantum dots

This chapter describes the basic physics of quantum dots including quantum confinement,
selection rules, and optical spectroscopy. Most of the chapter applies to quantum dots in
general, but we focus on Indium Arsenide Phosphide (InAsP) quantum dots within In-
dium Phosphide (InP), more specifically, InAsP quantum dots within InP nanowire photonic
waveguides, which will be described in Chapter 4. The chapter contains data measured on
such nanowire quantum dot samples and is complementary to the articles presented in Chap-
ters 5 through 10. All data in this chapter is taken at a temperature of 4 K within a closed
cycle helium cryostat (see Chapter 4 for details).

3.1 Quantum confinement

Precise calculations of the electronic states of quantum dots depend on the geometry and
composition of the quantum dot in question and have been extensively developed[73]. In
order to qualitatively understand the basics of the electronic states of quantum dots, one
can consider a simple particle in a box where confinement effects become important when
the physical size of the potential well is comparable to the de Broglie wavelength of the
carriers|74], Aieprogie = h/v/m*kyT, where h is the Planck’s constant, m* is the effective
mass of the carriers, k;, is Boltzmann constant and 7' is the temperature. In the case of
quantum dots, a small bandgap semiconductor material is placed within a semiconductor
material with a larger bandgap, for example, InAsP within InP, where the larger bandgap

material is typically a bulk structure. The energy of the discrete levels are given roughly by,
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where n,, n,, n, are the principal quantum numbers, m; and mj are the effective mass of
the electrons and holes, respectively, whilst L., L, and L, are the confinement dimensions
and i = h/27 is the reduced Plank’s constant. One can easily see that the energy levels are
discrete. Furthermore, the energy levels can be tuned by changing the quantum dot size,
or the quantum dot material, for example, by changing the concentration of As within an
InAsP quantum dot. This bandgap tuning can be utilized to achieve quantum dot emission

at very specific energies.

(a) Conductionband  (b)

F

p-shell
s-shell

=1.3 eV |=1.49eV

s-shell
p-shell

Valence band

Figure 3.1: (a) Energy band diagram of a typical InAsP quantum dot within an InP host.
The confinement allows for two bound energy levels, the s-shell and the p-shell. (b) Schematic
of the conduction band for a parabolic potential populated with spin carriers. The valence
band can be represented similarly.

The general schematic typically used to represent quantum dot energy levels is shown in
Figure (a), highlighting the confined s- and p- orbitals. In the InAsP/InP quantum dots
studied in this thesis, the s-shell appears around 1.3eV, the p-shell around 1.35eV, and the
energy of the bulk InP structure appears around 1.49eV. Figure (b) shows a schematic
of the conduction band based on a lateral harmonic oscillator confinement potential with a

doubly degenerate p-shell. The up (down) arrows indicate spin-up (down) electrons.
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3.2 Optical transitions and selection rules

In all III-V semiconductors, electrons in the conduction band have s-like orbital symmetry
implying an angular momentum L = 0 and holes at the top of the valence band have p-like
orbital symmetry implying an angular momentum of L = 1. Both electrons and holes have
spin § = 1/2. Therefore, electrons have total angular momentum J = S = 1/2 whilst for
the holes J = L+ S = 1/2 or 3/2. Therefore, the projection of the angular momentum j,
for electrons will have values of j, = +1/2 (represented in the following by the arrows 1 or
1), whilst holes j, = £1/2,£3/2 (represented by {} or || arrows). The case for holes in the
valence band for which J = 1/2 is known as the split-off band, located a few hundreds of
meV’s away from the J = 3/2 band and is ignored|75]. The J = 3/2 state is further divided
into two categories, heavy holes with j, = +3/2 and light holes with j, = £1/2. I should
note that we are only interested in heavy holes because light holes are found to be a few
tens of meV below heavy holes[70][77], but under certain conditions, such as applying elastic

stress|78], they can be important to consider.

If the conduction band is unoccupied, the system has a total momentum of J = 0. A photon
carries an angular momentum of J = 1. Depending on the helicity of the photon (m; = +1
for o+, o— polarization), only transitions with Am; = +1 are optically allowed. Excitons
with a total momentum of m; = +1 (|t}>, [{1t>) are termed bright, while excitons with
my = +2 (|L>, |T>) are dipole forbidden and, hence, referred to as dark excitons|[79]. The
dark exciton is termed dark because of its very low probability of emitting a photon as it does
not obey the selection rules. However, it can be experimentally observed through an applied
external magnetic field[80] or a more general spin-flip process|81], such as a phonon-mediated

process|82], 83|, which can be long lasting and affect device performances|84] [85].

3.3 Spectroscopy of quantum dots

In the simplest case, considering only the s-shell, which can host up to two electrons and
two holes, several excitonic complexes may be observed: the neutral bright exciton X, the
negatively charged exciton X, the positively charged exciton X, and the biexciton X X.
Each specific charge configuration will lead to modified Coulomb interactions, which will shift

the energy of the photon emitted. The energy of these four possible states may be written as

Ex = E.+ Ep — Ve, (3.2)
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EX* - 2Ee + Eh - 2‘/617, + Vveeu (33)

Ex+ =FE.+2F, — 2V, + th, (34)

Exx =2E, +2E, — 4Vep + Vee + Vi, (3.5)

where E, and Ej, is the confinement energy of the electrons and holes, respectively, and
Vi; = €*/4mer is the coulomb interaction energies, where € is the dielectric constant of the
semiconductor material and r is the distance between the particles. These four possibilities
are presented in Figure (a). It’s interesting to note that the bright neutral exciton can
be generated through different processes. It can be built directly through the capture of
electrons and holes within the quantum dot or indirectly through a biexciton-exciton cascade

event or even through a spin-flip process from which the dark exciton becomes bright.
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Figure 3.2: (a) The four possible bright excitonic states in the s-shell of a quantum dot. (b)
Spectrum of an InAsP quantum dot embedded within an InP nanowire under above-band
excitation.

Figure (b) shows a quantum dot photoluminescence spectrum taken from a InAsP quan-
tum dot embedded within an InP nanowire which shows the four emission peaks correspond-

ing to the radiative recombination of the excitonic complexes in Figure (a). The spectrum
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is taken using above-band excitation, which is discussed in the next section. It is important
to note that Eqs. 3.2 - 3.5 do not represent the emission energies of the photons in question.
Note that excitons are electron-hole pairs, and photons are produced when these pairs re-
combine radiatively. In fact, a biexciton X X will emit an electron-hole pair, leaving behind
another electron-hole pair which can then recombine as an exciton, X, both of which can
emit at different energies. The emission energies of these four transitions should be written

as:

AFEx = Ex, (3.6)

AEx- = Ex + Vee — Ve, (3.7)
AEx+ = Ex 4+ Vi, — Ven, (3.8)
AExx = Ex + Vi + Vee — 2Vop,. (3.9)

Given that holes have a heavier mass compared to electrons, we should expect V3, > V., > V.,
and, as the spectrum shown in Figure (b) suggests, the X~ emission will be present at
a lower energy (longer wavelength) compared to the Xt emission. These emission energies
are calculated very simplistically, where an atomistic theory of the electronic and optical

properties of InAsP quantum dots within InP nanowires is provided in Ref. [86].

3.4 Excitation methods

The excitation of quantum dots with an optical field can be done using different schemes,
represented in Figure[3.3] Electron-hole pairs can be generated either within the bulk material

outside the quantum dot or directly within the quantum dot.
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Figure 3.3: (a) above-band excitation. Carriers are generated in the conduction and valence
band and thermally decay within the quantum dot to the lowest s-shell before radiatively
decaying and emitting a single-photon. (b) Quasi-resonant excitation. Carriers are generated
within the quantum dot directly within a p, or d-shell and thermally decay to the lowest
energy state (i.e. the s-shell) before radiatively decaying and emitting a single-photon.

3.4.1 Above-band excitation

In the case of above-band excitation, the energy of the excitation laser is tuned to be larger
than the bandgap of the bulk material. The charge carriers from the bulk valence band are
excited to the conduction band. These carriers will eventually radiatively decay, producing
photons at the bandgap energy of the bulk. For InP nanowires, the bulk can exist in either
wurtzite (WZ) or zincblend (ZB) crystal phases, each having distinct bandgap energies. The
carriers can also thermally decay within defects that include point crystal defects and impu-
rities known as donor-acceptor (D-A) levels, as well as stacking faults (SF) (different crystal
phases), or within the quantum dot. In Figure (a), the different radiative recombination
paths are shown schematically. In this case, the total emission spectrum will comprise: bulk
emission, donor-acceptor levels, stacking faults, and quantum dot emission. In Figure 3.4
(b) we show the full spectrum of an InAsP quantum dot embedded within a wurtzite InP

nanowire, which I present also in Article 2.
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Figure 3.4: (a) Energy diagram showing the expected radiative decay paths within an
InAsP/InP nanowire quantum dot. (b) A typical photoluminescence spectrum at 4 K show-
ing wurtzite InP emission at 830 nm, stacking faults and defects between 840 nm and 860 nm,
and the quantum dot emission around 980 nm|2].

The peak at 830 nm is the wurtzite InP nanowire bandgap transition|87], whilst peaks around
840 nm and 860 nm are expected from stacking faults and defects in the nanowire, respectively.
Emission from the zincblend crystal structure is also expected around 875 nm if the nanowire
is composed of mixed bulk crystal phases. In the case of Figure (b), emission from the
substrate is also visible where two broad features around 875nm and 900 nm are associated

with band-to-band and D-A recombination of zincblend.

The above-band excitation scheme is the easiest to implement as the laser does not need to
be tuned to a specific wavelength and it is spectrally far enough away from the quantum
dot emission for facile filtering. The scheme, however, has some drawbacks. One, which
will be evident throughout this work, is the process of re-excitation. Additional electron-
hole pairs can be recaptured in the quantum dot shortly after a first one has radiatively
recombined[88, 89]. As the excitation power is increased, more carriers are generated and
re-excitation becomes much more dominant (see Article 5), which is not ideal for a source
that needs to operate at its highest efficiency. Above-band excitation is utilized throughout

the articles presented in this thesis.

3.4.2 Quasi-resonant excitation

In the case of quasi-resonant excitation, the energy of the excitation laser is tuned below the

bandgap of the host and on resonance with an excited state of the dot, such as the p-shell.
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In Figure 3.5, we compare above-band excitation to quasi-resonant excitation. In the case of
above-band excitation, Figure (a) shows a spectrum of a nanowire quantum dot excited
above-band as a function of excitation power. In this case, the X~ emission dominates
the X transition line. In Figure (b), we pump quasi-resonantly within the p-shell of
the same nanowire quantum dot. In the later case, the X emission line dominates the X~
line. Here, the energy required to saturate a transition is much higher than the above-band
excitation because of the low absorption cross-section of the energy levels in question (i.e.
most of the laser sees the quantum dot as a transparent material). The reason the X emission
line dominates the X~ emission line under this excitation scheme is that there’s a reduced
number of free charges produced that can decay into the s-shell and create the X~ emission.
In this excitation scheme, the laser is still easily extinguished with proper filtering and has
some advantages which include having better control over the charge carriers and reduced

probability of populating defect states.
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Figure 3.5: Example of a power dependence of the photoluminescence of a quantum dot
using (a) above-band excitation and (b) the power dependence of the photoluminescence of
the same quantum dot using p-shell excitation.

3.4.3 Resonant excitation

For resonant excitation, the laser energy is fixed at the energy of the fundamental exciton
state (the s-shell). In this case, since the excitation source has the same energy as the
quantum dot emission, it is not possible to spectrally filter the laser. This excitation scheme,
however, would be ideal in order to have full control over the generated carriers within the

quantum dot. There would be no relaxation process from the bulk to higher order shells
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before reaching the s-shell, thereby reducing unwanted effects including: charge fluctuations,
excitation time jitter, and phonon-related dephasing. One straightforward way to achieve
the rejection of the pump laser is to excite the sample off the emission axis[90, Q1] of the
source. This may make the collection from the source more difficult depending on the optical
setup. Two other ways include polarization rejection[92] 33, 93], which results in a 50% drop

in efficiency, or two photon excitation[94] 05, [96].

3.5 Time-resolved Photoluminescence

We have already seen that source efficiencies and optimal coherence times, 75, rely on the
lifetime of the excitonic complexes, T;. The lifetime is defined as the time an excitonic
complex takes to emit a photon. The lifetime can be measured directly through time-resolved
photoluminescence spectroscopy[97, 98], 99, 100, 101, 102] shown schematically in Figure
(a). To measure the lifetime of a specific excitonic complex, the source is excited using pulsed
excitation operating at 670 nm and provides a train of 100 ps pulses with a variable repetition
rate. The emission line of the excitonic complex to be analyzed is filtered and the photons
are sent directly to a single-photon detector (SPD) connected to a counting card. A trigger
signal is used, either a voltage output or a laser pulse, which is connected to the counting
card. The trigger informs the counting card when a pulse has been applied and waits to
detect a photon at the detector. A histogram can then be built-up through many repetitions

of the process.
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Figure 3.6: (a) Schematic of time-resolved photoluminescence measurement using a pulsed
laser for excitation and as trigger. (b) Semi-log histogram of a time-resolved photolumines-
cence measurement of an exciton, X, from an InAsP/InP nanowire quantum dot.

Figure (b) shows a typical time-resolved PL measurement of a neutral exciton line of a
nominal InAsP/InP nanowire quantum dot using an excitation repetition rate of 10 MHz to
allow the full decay of the emission process. The lifetime trace shows three distinct features

characterized by exponentials which takes the form

I(t) = A1 = ™)) 4 BeHT) 4 et/ (3.10)

The rise time, 7. = 0.38ns, is linked to the capture of carriers within the quantum dot
(emission time jitter) whilst the two exponential decay rates, 71 = 1.6 ns and 74 = 73 ns, cor-
respond to the emission lifetimes of the bright neutral exciton and dark exciton respectively.
The second decay time 74 is specific to the neutral exciton, and the biexciton, which is always
bright, should only exhibit one decay time. Charged complexes, on the other hand, can also
exhibit a second decay time linked to a dark state, which can be explained by a charged state

generated by populating electrons or holes in the p-shell and is discussed in Article 2.

3.6 Fine-structure splitting

In a typical quantum dot system, the quantum dot confining potential is not perfectly sym-

metric. Asymmetries such as an elliptical nanowire cross-section (in the case of nanowire
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quantum dots), a non-uniform distribution of atoms, or strain will lead to an asymmetry in
the electron and hole confining potential[I03, 104]. Let us now discuss the emission of the
biexciton and exciton photons. From the selection rules, the biexciton cannot directly decay
to the ground state as it is not a dipole allowed transition. Instead the biexciton decays to
the exciton state and subsequently to the ground state via a biexciton-exciton cascade event.
There are two possible exciton states | [fi> and | 7> and therefore two possible decay paths
for the cascade emission as shown in Figure [3.7] Due to a possible asymmetry of a quantum
dot, a fine structure splitting (FSS) between the two intermediate exciton levels will likely

be present.

Figure 3.7: Schematic representation of a biexciton-exciton cascade. There are two decay
paths, each with its own polarization. The intermediate exciton states are separated by a
fine structure splitting (FSS).

It can easily be seen that both the neutral exciton (X) and the neutral biexciton (XX) can
have a F'SS in their spectrum whilst the charged excitons (X~ and X ™) will not because they
both have only one possible decay path (either to a single hole state, or a single electron state,
both of which cannot emit). In Figure I show a typical spectrum of an (a) X emission
and (b) XX emission where the FSS is ~ 23 ueV. As expected from the X~ emission shown
in (¢), a FSS is not seen. The FSS of the neutrals are typically on the order of a few peV up
to a few hundred peV[I05] 106, 107].
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Figure 3.8: High resolution photoluminescence spectra of a typical nanowire quantum dot:
(a) X emission, (b) XX emission, and (¢) X~ emission as a function of relative energy
AFEnergy.

The photons emitted by the decay carry angular momentum values of +1, which represents
left- or right-hand circular polarized emission. Since the total spin angular momentum needs
to be zero, both emitted photons need to have a polarization with opposite handedness.

Therefore, the state can be written as

1

U >=
V=7

(’RX)(LX > ‘HLXXRX >), (311)

in the circular basis where R (L) labels a right (left) circular polarized light. Via transfor-

mation, the linear polarization state can be written as

1

U >=
V=7

(|IHxxHx > +|VxxVx >), (3.12)

which is a Bell state. In Figure |3.7] a F'SS exists between the two emission paths making
the photons distinguishable (i.e. the photons emit at different energies). This creates a state

which is no longer time-independent|108], and the general entangled state is modified to[109]

1

U >=
V=7

(lHXXHX > +ei¢(t)]VXXVX >), (313)

where ¢(t) = tA/h, t is the time interval between the biexciton and the exciton emission, A
is the fine F'SS, and 7 is the reduced Plank’s constant. This means that there is an oscillation
between the two Bell states \/L§(|HXXHX > +|VxxVx >) and \/LQ(\HXXHX > —|VxxVx >).
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It has been shown that the state in the form of Eq. is still a maximally entangled Bell
state[110, [111]. Figures[3.9(a) and (b) show the polarization-resolved emission of Figure
(a) and (b) respectively. In each case, the polarizer is set for either horizontal or vertical

polarization, clearly highlighting the different polarization of the emitted photons.
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Figure 3.9: (a) High-resolution photoluminescence spectrum of the X emission for horizontal
polarization (black line) and vertical polarization (red line). (b) High-resolution spectrum of
the XX emission for horizontal polarization (black line) and vertical polarization (red line).

3.7 Auto-correlation measurements

In order to measure the second-order correlation function (also known as an auto-correlation
measurement) described in Chapter 2, one needs to perform a standard Hanbury-Brown and
Twiss experiment (HBT)[23]. A single-photon source is directed to a 50:50 beamsplitter and
each output arm is sent to a single-photon detector (SPD) with a counting module (counting
card) that provides a time delay between the arrival of individual photons which provides
a start click on one detector and a stop click on the other, as shown in Figure [3.10] (a). If
a source only emits one photon at a time it is not possible to register a start click followed

immediately by a stop click and so zero coincidence counts are registered at zero time delay.
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Figure 3.10: (a) a Schematic of a Hanbury-Brown and Twiss experimental configuration. (b)
a typical continuous-wave (CW) ¢®(7) measurement and (c) pulsed.

In Figure m, I show a near ideal outcome from an InAsP/InP nanowire quantum dot
excited above-band using (a) continuous-wave (CW) excitation and (b) pulsed excitation at
20 MHz. I will show in Articles 1 and 3 that different excitonic complexes exhibit different
auto-correlation spectrum, especially under CW excitation. The neutral exciton, X, follows
a behaviour expected from a two-level system that consists of the vacuum and the X state,
where ¢ (1) = 1 — e~ (B+DITI[I12], where R is the pump rate, I' = 1/7} is the radiative rate
and 7 is the delay time. However, the biexciton (X X) shows a very different behaviour at
lower excitation power, where bunching is observed at short delays, which decays with a rate

corresponding to the exciton lifetime[112, 113] (see Articles 1 and 3).

More often than not, the experimental second-order correlation function will be “polluted”.
This can be due to the excitation scheme employed, such as above-band excitation where
re-excitation, which appears as side lobes around a dip at zero time delay, can be seen|[I14] or
uncorrelated emissions. By uncorrelated emission, I mean anything that is not specific to the
emission line in question, such as a second emission line from a different excitonic complex

or light pollution from room light. If this experiment is done properly with fine filtering on a
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clean emission line and using resonant excitation, g (0) ~ 0 can be achieved. ¢®(0) values

as low as 0.000075 have been reported in quantum dots[66].
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Figure 3.11: Example ¢ (7) of a nanowire quantum dot excited above-band using (a) poor
filtering and (b) better filtering. Both measurements are done using an excitation power of
~ P, where the count rates are maximized at the detectors.

In Figure m (a) T show a ¢g®(7) from a nanowire quantum dot excited above-band using
a pulsed laser operating at ~ 670 nm, with a repetition rate of 80 MHz, where poor filtering
was used (a free-space 2 nm bandpass filter). The measurement is likely polluted by a
combination of room light and/or other emissions the filter cannot properly suppress. In (b)
I show an example where the emission line is filtered using a 0.1 nm fiber-coupled bandpass
filter. In this case the measurement is polluted mainly by the re-excitation process from the
pulsed laser employed at relatively high excitation power (near Py, defined as the power that
saturates the transition and where the detected count rates are maximum). It is interesting
to note that the re-excitation process will not be visible in a ¢(® (7) measurement performed

under CW excitation.

3.8 Cross-correlation measurements

In the previous section, we examined photon correlations between a single emission line.
Correlations can also be done between two different emission lines, i.e. cross-correlations.
The measurement method is mostly the same except, in this case, the distinct emission lines

are filtered individually after passing through a 50:50 beamsplitter and one emission line is

32



sent to a “start” detector whilst the other is sent to a “stop” detector. A schematic of the
experimental setup is shown in Figure [3.12] (a). This measurement technique is now widely
used to differentiate between different excitonic complexes, which is a technique that will be

utilized in this thesis.
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Figure 3.12: (a) A cross-correlation measurement setup where a full spectrum is sent to
a 50:50 beamsplitter and individual emission lines are filtered and sent to either a start
single-photon detector (SPD) or a stop SPD connected to a counting card. A typical cross-
correlation measurement where an X X photon is sent to the start SPD and an X photon to
the stop SPD under (b) CW excitation and (c¢) pulsed excitation.

Figure shows a typical cross-correlation measurement under (b) CW excitation and (c)
pulsed excitation. The X X photon is sent to a start detector and the X photon is sent to a
stop detector. At zero time delay, right after a X X photon is detected, due to the XX — X
cascade process discussed in Section 3.5, an X photon is extremely likely to be emitted. This
is seen by the sharp rise at short positive time 7 > 0 because this process is instantaneous.
Such measurements are used to show that the X X — X emission is a cascaded process and
has been widely reported|115] 116 117, 113] 118, 119, 96|
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Figure 3.13: (a) Cross-correlation between an X~ (start) and an X (stop) photon under CW
excitation. Data is taken from Article 1. (b) Schematic representation of the emission process
in (a) for time, 7 > 0. At zero time delay, the quantum dot emits a single X~ photon and
the dot is left in a one electron state. In order to detect an X photon on the stop detector,
the system has to wait to capture a hole, represented by the rise time, 7, for short positive
delays.

As another example, Figure m (a) shows a cross correlation where an X~ photon is sent
to a start detector whilst an X photon is sent to a stop detector. The emission of an X~
photon triggers the start detector, leaving the system in a one electron state at 7 = 0. Since
we have set our stop detector to measure an X photon, the system must wait in order to
capture a single hole. This “wait time” is the time the system takes to capture a single hole
and is represented by the rise time at short positive delays, 7,.. On the other hand, for short
negative delays, after the emission of the X photon, the system is left in an empty state and
the correlation measurement decays back to its normalized value after 7_ time. Where here
7_ is linked to the capture of three carriers (two electrons and one hole) needed to generate

an X~ photon. The spectrum takes a functional form of

g@ (1) = A(1 — e¥™)) — BeTH/m) 4 Ot/ Taeca) (3.14)

from which the capture rate of three carriers, 7~ = 4.45ns, the capture rate of a single
hole 7, = 1.6ns and a decay rate of 7geeqy = 8.44ns are extracted. I note, in this case,
that the bunching at short positive delays decays on a time scale longer than expected

from the radiative recombination lifetime. This behaviour is seen also in auto-correlation
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measurements and is attributed to blinking, which is a process linked to changes in the
charge configuration of the dot and is seen in many quantum dot systems|[89, 120, 121 122].
The cross-correlation measurements presented here will be an important tool for the analysis
of the nanowire quantum dot system presented in the upcoming chapters and blinking will
be addressed in Article 3.

We have seen that both CW excitation and pulsed excitation can be utilized for the study of
correlation measurements. Both provide the same information in terms of ¢ (7) at 7 = 0,
an important parameter that establishes the single-photon purity of a source. However, in
terms of its full g (7) correlation spectrum, the two excitation methods provide different
information. In a CW excitation mode, a quantum dot is constantly re-excited with carriers,
and one cannot distinguish between re-excitation and uncorrelated emissions, both of which
pollute the ¢® (7 = 0) value. Under pulsed excitation, one can get a good estimate of the
re-excitation process and will be investigated in Article 5. CW excitation, however, has its
benefits in term of ¢®)(7) measurements, especially when it comes to cross-correlation mea-
surements. Processes which occur on fast time scales, such as the capture rates of electrons
and holes within a quantum dot, can be observed under CW excitation, making these mea-
surements ideal for distinguishing between different excitonic complexes or to understand the

electron-hole capture dynamics, which is discussed in subsequent chapters.

3.9 Coherence

There are several factors that will limit the generation of perfectly coherent photons, which,
in turn, will broaden its emission linewidth compared to the lifetime transform limited value.
These processes include inelastic phonon scattering, charge noise fluctuation coming from
trap states around a quantum dot, and carrier interactions with acoustic phonons leading to

pure dephasing.

First, consider inelastic phonon scattering (Figure [3.14] (a)). In such a process, a two-level
system interacts with the crystal lattice of its environment such that the emission process
involves the emission or absorption of a phonon while conserving energy. For example, an
excitonic state, after the absorption of a phonon, will emit a photon at a higher energy to
compensate for the added energy of the phonon. This broadening mechanism is present
when a source is introduced to a high number of phonons, e.g. sources operating at room-

temperature. The zero phonon line (ZPL) (i.e. not affected by inelastic phonon scattering)
is shown in blue of Figure [3.14] (a).
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Figure 3.14: Broadening due to (a) inelastic phonon scattering (adapted from Ref. [3]), (b)
inhomogeneous broadening due to a fluctuating charge environment and (¢) Pure dephasing
e.g. elastic phonon scattering.

Charge fluctuation around a quantum dot will also impact the linewidth of the emitted
photons. In this process, photons emit a slightly different energy due to a time-dependent
Stark shift of population of traps near the quantum dot. Such traps may be associated
with donor-acceptor levels (defects), stacking faults, nearby quantum dots (as seen in self-
assembled quantum dots), wetting layers, or surfaces. Figure m (b) shows the emission
of several single-photons at different energies (in red) generating a voigt lineshape (in blue).
This process is called an inhomogeneous broadening mechanism and the optimal Lorentzian
lineshape is convoluted with a broader Gaussian component. The influence of this broadening

mechanism can be reduced by employing resonant excitation in high-quality samples[64] 123].

I discussed that inelastic phonon scattering contributes to the emission line broadening by
phonon absorption and emission. These phonon sidebands can be readily filtered out, leaving
the ZPL. The two-level system can also couple to phonons through elastic phonon scattering.
This contributes to a pure dephasing 75 term to the coherence time. The dephasing will
broaden the ZPL compared to the lifetime-limited value but, in this case, the lineshape

remains Lorantzian, as shown in Figure [3.14] (c).

These broadening mechanisms can be limited through the use of resonant excitation which
significantly reduces charge noise[64], 124], 125, [126], 127, [128] 129] 123]. Optical cavities can
also mitigate the influence of charge noise by decreasing the lifetime T relative to the scale
associated with the fluctuations[130, 131} 132]. Article 4 presents results on an optimized
InAsP/InP nanowire quantum dot system aimed at reducing many of the sources of charge

noise described above.
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3.10 Coherence measurement

Delay stage
Pol+HWP SPD

Figure 3.15: Experimental setup for coherence and HOM measurements: Filtered quantum
dot emission is sent to a 50:50 beamsplitter (BS) where one exit path is sent to a variable
delay stage, then to a linear polarizer (Pol) followed by a half-wave plate (HWP) whilst the
other exit path is sent through a linear polarizer. The two paths are then recombined at a
50:50 beamsplitter and the two exit ports are sent to single-photon detectors (SPDs).

As seen in Chapter 2, the coherence time T, can be obtained from a fit to the fringe visibility
measured with a Michelson interferometer. To measure the visibility we use a Mach-Zehnder
interferometer[133, [134] shown in Figure The fiber-coupled filtered emission is sent to a
fiber 50:50 beamsplitter where one exit path is sent to a variable delay stage, then to a linear
polarizer followed by a half-wave plate. The other exit path is sent to a linear polarizer. The
two paths are then recombined at a 50:50 beamsplitter and the two exit ports are sent to
single-photon detectors. The two paths are adjusted by adding additional fiber to one of the

arms to provide zero delay between photons at the second beamsplitter.
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Figure 3.16: (a) Fringe visibility as a function of time delay between the arms of the Mach-
Zehnder. The experimental data is fit with a Voigt lineshape. (b) Measurement of the
linewidth of the emission using a Fabry-Perot etalon taken at P = P, (black) and Lorantzian
fit (red). The inset shows the time-resolved photoluminescence measurement showing a
lifetime of T} ~ 1ns.

Using a motorized, fiber-based delay stage, we scan across 1.2ns using steps of 10ps and

measure the visibility at each delay. The visibility is calculated using

Tnax — I
V= max min 3.15
]max + ]min, ( )

where [, is the maximum detected intensity and I,,;, is the minimum detected intensity
at each detector. Figure m (a) shows the visibility decay of the X~ emission from Article
4 measured at saturation using an 80 MHz pulsed source at 670 nm. Figure [3.16] (b) shows
the high-resolution spectrum of the X~ photon with emission wavelength of ~ 971.8 nm.
The fringe visibility is fit using a Voigt profile, which is a product of a Gaussian and
Lorantzian|125],

)~ exp | - | (3.16)

where the 1/7, is the Gaussian component and the 1/75 term is the Lorantzian component.
The fit to the data provides T, = 1.76 ns and 7. = 3.98 ns. The Lorentzian component repre-
sents the homogeneous linewidth Af; = 1/7Ty = 181.4 MHz. Using the measured radiative
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lifetime 77 = 1.02ns (see inset Figure[3.16|(b)), we obtain a value of excess broadening above
the lifetime limit of 27} /T, = 1.16. This excess broadening we attribute to pure dephasing
and, using Eq. we extract a pure dephasing time of 73 = 6.28 ns. The Gaussian term

represents the inhomogeneous broadening (from e.g. spectral fluctuations) with associated

width Afg = +/2In(2)/\/77. = 167 MHz.

Figure [3.16] (b) shows a high resolution spectrum of X~ photon. The lineshape is Lorentzian
with width Af = 608 MHz. From this measurement we calculate a coherence time of
Ty = 1/7Af = 0.52ns, which is inconsistent with the ¢ (7) measurement. We specu-
late that the fitting routine of the lineshape in the frequency domain is not sensitive to a
moderate contribution of a Gaussian component. Under this assumption, a more appropriate
comparison between frequency and time domain results would be to compare 608 MHz with

the Voigt linewidth in the ¢*(7) measurement which is given by[I35]

Afy = 0.535Af +/0.217Af} + Af = 283.4MHz. (3.17)

This still results in a factor of 2 difference between the two measurements the reason for which
is not as yet understood. We note here, that the data taken in Figure 3.16] (a) and (b) are
taken during different cool-downs which can lead to a difference in the charge environment
of the quantum dot in question which may make the comparison inaccurate. Such effect has

been reported in quantum dot systems (see for example, Ref [136]).

3.11 Hong-Ou-Mandel Effect

As mentioned in Chapter 1, an ideal single-photon source should emit sequential photons that
are indistinguishable from each other, e.g. identical in all degrees of freedom (wavelength,
time, space, polarization). Such indistinguishability is required for most quantum photonic
applications such as measurement-device-independent quantum key distribution[137], quan-
tum repeater-based entanglement distribution[I38], and linear optical quantum computing[7].
The level of indistinguishability of sequentially emitted photons is determined from the visi-
bility in a HOM measurement using an unbalanced Mach-Zehnder interferometer. The setup
is as shown in Figure [3.15 and is similar to the one used for the coherence measurements. In
this setup, the length of one arm is adjusted such that a photon traveling in the arm is delayed
by the repetition rate of the pulsed source (in this case, 12.5ns). The indistinguishability is
given by the HOM visibility
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Vaou(T) = ©) ; (3.18)

where gﬁQ)(T) is the measurement when the two photons input at the second beamsplitter

have the same polarization and g(f)(T) is the measurement when the two photons have per-
pendicular polarization, i.e. perfectly distinguishable. A perfectly indistinguishable source of

photons would give g|(|2) (1) = 0 and g(f)(r) = 0.5 and would have a visibility of Vyou (1) = 1.
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Figure 3.17: Hong-Ou-Mandel measurement from an InAsP/InP nanowire quantum dot ex-
cited at P = P, for the X~ emission shown in Figure [3.16]

In Figure [3.17| we plot gﬁQ) (1) (red curve) and g(f)(r) (black curve) measured using the

emission line presented in Article 4. We used a pulsed diode laser operating at 670 nm
providing 100 ps pulses at 80 MHz and we excite the quantum dot at P = PF,;. From
Eq. we determine a HOM visibility of Vizoar = 0.1 using ¢ (7) values corresponding
to the integrated counts from 4+6.5ns. Such a low visibility is attributed to the above-band
excitation scheme employed. On one hand, the linewidth under these pumping conditions (i.e.
above-band at Py, ) were ~ 4x the lifetime limited value. The mechanisms|[139] responsible
for this excess broadening will reduce the two-photon interference visibility. On the other
hand, excitation time-jitter[I40] will create an uncertainty in the emission time of a photon,

and therefore, an uncertainty in the arrival time of a photon at the beamsplitter. The
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HOM visibility can thus be improved by lowering the excitation power or, ideally, employing
resonant excitation. Quantum dots have been shown to be able to operate with Vyoy >
0.9[141], 142, 143| 144], 34] where resonant excitation was utilized.
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Chapter 4

Experimental methods

In this chapter, I briefly describe the experimental techniques employed for the growth of
nanowire quantum dot devices. We then suggest a new growth technique in order to achieve
bright quantum dot emission at telecom wavelengths. The general setup used in the labora-
tory for the measurements presented in the previous chapter and in the following chapters is

introduced.

4.1 Growth of quantum dots

Quantum dots as sources of single-photons date back to 2000 when Michler et al.[53] demon-
strated negligible multi-photon emission from quantum dots in a micro-disk. Since this early
demonstration, the field has rapidly expanded. The most studied sources are based on self-
assembled quantum dots nucleated using the Stranki-Krastanov growth mode[I45]. In this
approach, a thin layer of indium arsenide (InAs), for example, is placed onto a layer of gallium
arsenide (GaAs). The two layers are not lattice matched and at some critical thickness of
the top layer, the strain accumulation induces a relaxation of stress by growing small islands.

These small islands naturally provide quantum confinement.

These quantum dot systems provide near ideal single-photon purity, but there remain many
long term challenges. The position and size of the quantum dots are random due to the
random nature of the nucleation process. This provides challenges when looking for isolated
dots emitting at desired wavelengths. Another issue in these structures arises from the fact

that they are typically capped with another semiconductor material in order to preserve the

42



quality of their surfaces (i.e. keeping the surface defect density low) making collection a
challenge due to total internal reflection. Several methods have been employed in order to
overcome the collection issue, such as: employing microlenses|146]|, micropillars[58|, circular
Bragg gratings|[147], and etching nanowires[148] around the quantum dots. In this work, we
move away from these methods and grow nanowires epitaxially and can selectively embed

quantum dots within the core.

4.1.1 Selective-area vapour-liquid-solid growth of InAsP QDs within

InP nanowires

We use a combination of selective-area (SA) and vapour-liquid-solid (VLS) epitaxial growth
modes to grow InAsP quantum dots within InP nanowires. In order to do this, chemical
beam epitaxy (CBE) is employed, where trimethylindium (TMI) and pre-cracked PH3 and
AsHj are used as sources of In, P, and As, respectively. First, a growth substrate is prepared
where circular openings 20 nm thick SiO, mask are created using electron-beam lithography
and hydrofluoric acid wet-etching. A gold particle is deposited in these openings using a
self-aligned lift-off process[I49]. The diameter of the gold particle (~ 20nm) defines the
diameter of the quantum dot whereas the diameter of the mask opening (~ 250 nm) defines
the base waveguide diameter. The latter is chosen to maximize the coupling efficiency, [, of
the dot emission to the waveguide mode. Figure [4.1] shows the main steps of the nanowire

and quantum dot growth process.
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Figure 4.1: (a) Schematic of an opening in an SiOs mask defined using e-beam lithography
and wet-etching. A gold particle is deposited in the middle of the opening using e-beam evap-
oration and lift-off. The SiO, mask inhibits any unwanted growth. Also shown: scanning
electron microscopy (SEM) image of the gold particle centered in a circular opening of the
SiO mask. (b) VLS epitaxy defines the nanowire core diameter catalyzed by a gold particle
where a quantum dot can be selectively positioned within the core axis. Also shown: trans-
mission electron microscopy (TEM) of the core of a nanowire containing a single quantum
dot. (c) SA epitaxy defines the shell diameter (i.e. the waveguide) where a tapered region
is inherently grown which improves the collection efficiency. Also shown: SEM image of the
photonic nanowire where a simulation of the mode expansion is provided.

After introducing the patterned substrate into the CBE reactor, growth proceeds by first
growing the nanowire core. This is grown using VLS epitaxy with the Au particle acting as
a catalyst. The process is controlled by the flux of TMI and pre-cracked PH3; and using a
temperature of ~420 - 435°C . The quantum dot is selectively incorporated anywhere along
the core by switching the flow of PH3 to AsH3 and its thickness is controlled by the length of
time the AsHj is incorporated in the growth chamber before it is switched back to PH3[87].
In general, in this work, the InAs;P;_, contains an As concentration of x ~ 0.2. During this
step, since a single quantum dot can be selectively incorporated along the growth axis of the

core, multiple quantum dots may be added which is investigated in Article 5.
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The final step of the growth process employs a SA growth mode. Here a higher flux of PH3 and
a higher temperature is used in order to promote radial growth of the nanowire core. During
the SA growth, the VLS growth is not completely suppressed creating cladded nanowires
nearly twice the height of the original nanowire core whilst maintaining a wurtzite structure.
This has the benefit of generating a tapered tip to the nanowire cladding and acts as a mode
expander. The expanded mode reduces reflections from the tip of the nanowire and also
reduces the divergence of the out-coupled mode. The latter relaxes the N.A. requirements
of the output lense for a given collection efficiency. These nanowire devices generally have a
base diameter of D ~ 250nm, a height of h ~ 10 — 15 um tapered to 20nm at the tip. The
quantum dot within the core has a diameter of Dgy; ~ 20nm and a thickness of ~ 5nm. The

growth is optimized to create a nearly perfect wurtzite structure[3].
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Figure 4.2: (a) Schematic representation of a section of a nanowire quantum dot where the
growth temperature of the core and the shell are specified. Defects may reside in either
the core or the shell (represented as red dots). (b) Spectra of InP nanowire waveguides as
a function of shell growth temperature showing the reduced contribution of emission from
donor-acceptor (D-A) levels with increased temperature (adapted from Ref. [3]).

Since the core of the nanowire and its shell are grown using different growth conditions/techniques,
independent control of each part is possible. Figure (a) shows a representation of a sec-
tion of a nanowire quantum dot where the core is grown at a temperature, Ty, and the
shell is grown at a temperature Ty,ey. Point defects may reside anywhere within the core
of the nanowire or the shell and are represented by red dots. These defects lead to donor-

acceptor levels (D-A) in the material. In (b), we show PL results, where the core of the
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nanowire is consistently grown using the same temperature, T, = 420°C’, whilst the growth
temperature of the shell is increased from T, = 420°C' to Tgpen = 500°C'. At a temperature
Tehen = 450°C', emission from donor-acceptor levels are almost completely suppressed. We
will investigate the resulting effect from the increased growth temperature of the shell in
Article 4.

4.1.2 Source efficiency

[ have defined in Chapter 2 the source efficiency and here I will briefly extend the discussion to
nanowire quantum dots (See Eq. . The source efficiency, 7, will be limited by the source
internal quantum efficiency, n;gg, the coupling efficiency, B,,04e, 0f the emitted photons to the
nanowire waveguide mode, and the fraction of the photons that couple to the external optics,
a. Figure (a) shows a calculation of the spontaneous emission rate into the fundamental
mode, HE, of an InP nanowire waveguide, I'yg,,, of an electric dipole placed on the axis
of the nanowire and orthogonal to the nanowire. The emission rates presented in the figure
is normalized to the calculated spontaneous emission rate of the bulk, I'yu, and includes
ug,, and all other “leaky” modes, 7, and is plotted as a function of normalized waveguide

diameter, D/X. The coupling efficiency,

r
=2 (4.1)

ﬁHE )
" FHEll +7

is also plotted as a function of D/A. If D/X is ~ 0.23, Sug,, = 95% is predicted[3]. For a
dot emitting at 950 nm, for example, a waveguide of diameter D ~ 220nm would provide
optimized values for I'yg,, and Byg,, whilst for a dot emitting at 1310 nm (O-band of telecom),

a waveguide of D ~ 300 nm would be required.
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Figure 4.3: (a) Calculated spontaneous emission rate into the fundamental HE;; nanowire
mode, I'yg,, (blue solid line), and into all other modes v (red dotted line) normalized to
the spontaneous emission rate of the bulk InP, I'y as a function of normalized nanowire
diameter, D/X. The black dashed line is Bug,,in percentage (adapted from Ref. [3]). (b)
Tapered nanowire showing the emission direction of the confined I'yg,, mode as well as the
“leaky” modes 7.

Our sources are engineered to optimize ['yg,,, and Pyg,, leading to measured lifetimes of
around 1 —2ns. Furthermore, approximately ~ 50 % of the quantum dot emission is emitted
towards the substrate (see Figure (b)) and cannot be collected, which will give an upper
limit of @ = 50 %. This can be mitigated with a metallic mirror at the nanowire base[150, 148],
151]. However, even with the upper limit on «, these nanowire structures have demonstrated
efficiencies exceeding 40 %[125], [150]. This is on par with the current state-of-the-art provided

by quantum dot micropillar cavities, which achieved an efficiency close to 80 %[152].

4.1.3 Benefits of SA-VLS grown nanowire quantum dots

Unlike other collection methods based on etching photonic structures around a self-assembled
quantum dots, the SA-VLS grown nanowire quantum dots benefit from having control over
the number of quantum dots incorporated within the core and the location of each nanowire
on the substrate. The former provides a route to wavelength multiplexing which is investi-

gated in Article 5. The latter is an essential aspect of scalable technologies.
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4.2 Towards telecom emission

Of particular interest to quantum information technologies is the generations of single-
photons at room-temperature and at telecom wavelengths (1310nm or 1550 nm). Tele-
com sources of entangled photon pairs and single-photons based on spontaneous parametric
down conversion (SPD) and four-wave mixing (FWM) have been demonstrated at room-
temperature. For example, using a LiNbOj non-linear crystal, Brendal et al. have demon-
strated entangled photon pair generation in the near-infrared at 1310 nm[I53]. The exper-
iments typically employ, non-linear crystals such as BBO[I54] and PPKTP[I55] for SPDC.
The sources are promising for their room-temperature operation but, as mentioned in Chapter

2, suffer from low efficiencies.

Telecom emission using the InAs/InP material system is possible[I56]. For the nanowire
quantum dots discussed thus far, emission wavelengths were around 950 nm due to low As
concentration of x ~ 0.25. To tune the emission towards telecom whilst maintaining the
same dot geometry requires higher As concentration. Due to certain peculiarities of the VLS
growth mode, it has proven extremely difficult to tune the dot emission to telecom without
drastically affecting the device performance[157]. A particular constraint is the avoidance of
growth interrupts during dot incorporation. The interrupts can be used to increase the As
composition, however in nanowires, they can nucleate stalking faults, causing severe charge
fluctuations|[I58], 87]. An alternative approach to tune the emission towards telecom without

altering the dot properties has been proposed by Haffouz et al.[T59].

In their approach, the dot growth is carried out under the same conditions for growing 950 nm
emitters except that instead of growing the dot in the InP core, it is grown in an InAs,P;_,
section within an InP core. This “dot-in-a-rod” approach (shown schematically in Figure
(a)) uses rod compositions having lower As content than the dot, which is shown in (b),

producing the band structure shown in (¢), and provides longer emission wavelengths.
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Figure 4.4: (a) Schematic drawing of a dot-in-a-rod nanowire. (b)As content of an unclad
dot-in-a-rod structure. (c¢) Energy diagram of a InAs,P; . quantum dot within an InAs, Py
rod embedded within an InP nanowire. (d) Transmission electron microscope image of an
InP nanowire core containing a dot-in-a-rod structure.

Figure (d) shows a transmission electron microscope image of such structure. This device
provided reasonable count rates (twice that reported for the source without the rod[156]).
In Article 6, I present results of measurements of an optimized dot-in-a-rod structure, and
show that these can operate with high count rates (similar to 950 — 980 nm quantum dots)

and can potentially operate as a single-photon source at room temperature.

4.3 Optical experimental methods

4.3.1 The setup

The experimental setup consists of a micro-photoluminescence configuration shown in Figure
and consists of an excitation laser incident on a 8:92 pellicule beamsplitter (BS) via a
variable attenuator (VA) for controlling the power. In the setup, 8 % of the incident beam
is reflected towards a closed-cycle Helium cryostat operating at a base temperature of 4K,

containing the nanowire samples. A microscope objective (MO) (100X, NA=0.81) focuses
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the excitation beam onto the nanowire sample and the emission from the nanowire travels
back through the microscope objective where 92 % of the available quantum dot emission is
collected by external optics. Two steering mirrors (SM) and a lens (L) on an x-y-z stage are
used to couple the quantum dot emission to a single mode fiber. A white light (WL) source
is used to illuminate the sample and a flip mirror (FM), between the two steering mirrors, is
used for imaging. The fiber coupled emission can then be sent to different set-ups depending
on the measurement to be performed. The setups for the measurements are described in

Chapter 3 and include:
1. Standard photoluminescence (PL) measurements.
2. High-resolution PL (HRPL) measurements.
3. Time-resolved PL (TRPL) measurements.

4. 2% order correlation (HBT) measurements.

5. 1** order correlation (Coherence) measurements.

6. Hong-Ou Mandel measurements (HOM).
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Figure 4.5: Micro-photoluminescence setup: A laser source (CW or pulsed) is sent to an 8:92
beamsplitter (BS), via a variable attenuator (VA), where 8 % of the laser is sent towards the
cryostat containing the nanowire samples. The nanowire quantum dots are excited along
the axis of the nanowire waveguide through a 100X microscope objective (MO) (NA=0.81),
situated within the cryostat, and the emission is collected through the same microscope
objective. A white light (WL) source is used to image the samples using the same optical
path as the laser and focused via a lens (L) on a camera using a flip mirror (FM). The emission
can either be fiber-coupled using two steering mirrors (SM) to different experimental setups.

The equipment required to perform these measurements are listed below:

e Spectrometer: 75cm monochromator equipped with a liquid nitrogen cooled silicon
charged coupled device (CCD). A grating on a rotation stage, with a groove density
of 1200mm~" provided a spectral coverage of ~ 30nm and the resolution was limited
to ~ 25 ueV. The spectrometer is also equipped with a liquid nitrogen cooled InGaAs

detector, which provided a resolution of ~ 45 ueV.
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e Tunable filters: Unless using the spectrometer for standard PL measurements, fil-
tering of emission lines was required, which generally comprised of piezo fiber-based
tunable filters with a bandwidth of 0.075nm. 930nm 4 30nm and 950 nm + 30 nm
filters were used to filter emission lines from the 950 — 980 nm quantum dots. Whilst
a 1310 + 30 nm filter was used for the measurements of the telecom nanowire quantum
dots. Free space filters were also available and used during the study of nanowire quan-
tum dots emitting at telecom wavelengths (see Article 6) which were out of range from

the narrow bandpass fiber-based filters.

e Single-photon detectors: Unless using the spectrometer for standard PL measure-
ments, a combination of silicon avalanche photodiodes (APDs) (jitter time ~ 200 ps)
and superconducting nanowire single-photon detectors (SNSPDs) (jitter time ~ 60 ps)

were used throughout the thesis.

e Fabry-Perot etalon: In order to measure the HRPL of the quantum dots, two etalons

were utilized:
1. A temperature controlled etalon having a bandwidth of 500 MHz with a free-
spectral range (FSR) of 100 GHz which was used in Article 2.
2. A Voltage controlled etalon having a bandwidth of 250 MHz with a FSR of 40 GHz
which was utilized in Chapter 3 and Article 4.

e Delay stage: A delay stage was required for the coherence and HOM measurements
presented in Chapter 3. We use a motor driven delay line, capable of providing 1.2 ns

delay with a step resolution of 1 ps.
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Chapter 5

Article 1: Systematic study of the
emission spectra of nanowire quantum
dots

This chapter contains the following article:

P. Laferriére, E. Yeung, M. Korkusinski, P. J. Poole, R. L. Williams, D. Dalacu, J. Man-
alo, M. Cygorek, A. Altintas, & P. Hawrylak, “Systematic study of the emission spectra of
nanowire quantum dots”, Applied Physics Letters 118, 161107 (2021).

DOT: https://doi.org/10.1063/5.0045880
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ABSTRACT

A systematic study of the emission spectra of single InAsP nanowire quantum dots in position-controlled InP photonic nanowire waveguides
is presented. Using excitation power-dependent photoluminescence and correlation measurements, we distinguish between the different exci-
tonic complexes responsible for s-shell emission. From measurements of over 40 nominally identical devices, we obtain a standard deviation
of ~5 meV in the emission energy of excitons, biexcitons, and charged exciton photons. The mean biexciton binding energy was 1.9 meV
with a standard deviation of ~0.8 meV. The experimental spectra are understood using atomistic multi-million atom theory of neutral and
charged multi-exciton complexes implemented in the design tool QNANO.

https://doi.org/10.1063/5.0045880

In semiconductor quantum dots, the photon emission spectrum
depends on the number of photo-excited carriers.’ Hence, a single
photon can be spectrally identified as a recombination from a single
exciton. Similarly, entangled photons can be generated by multi-
exciton cascades.” ” The difficulty in generating entangled photons by
the bi-exciton (XX)-exciton (X) cascade is due to the exciton fine
structure.” " This difficulty is overcome by using symmetric quantum
dot systems in which fine structure splittings are negligible."" "’
Alternatively, entangled photon generation can be facilitated using
quantum dots where the XX photon emission energy is degenerate
with that of the X photon. The biexciton-exciton cascade in such a sys-
tem is predicted to be less susceptible to deterioration of the degree of
entanglement of the emitted photon due to electron-phonon interac-
tions."" A vanishing biexciton binding energy can be achieved, for
example, by gating'” " but may also occur naturally for specific struc-
tural parameters.'*"”

Nanowires have shown promise as efficient sources of non-
classical light.”” ** To investigate the possibility of creating a system
having the desired excitonic energy configuration for high fidelity
entanglement generation, we study InAsP quantum dots incorporated
in bottom-up InP nanowire structures. This system is ideally suited for
engineering single and entangled photon sources as their diameter,
height, and composition are well controlled. In particular, we combine

selective-area (SA) epitaxy and vapour-liquid-solid (VLS) epitaxy”* to
grow position-controlled devices consisting of a single quantum dot
with a precisely defined geometry optimally located within a photonic
nanowire waveguide.”’

Producing high-optical quality quantum dots using VLS epitaxy
necessitates avoiding some of the typical epitaxial techniques
employed when growing heterostructures. For example, (i) the crystal
structure of VLS nanowires depends on the growth rate™ and (ii) the
steady-state alloy composition of the metal catalyst is dependent on
the group V element, resulting in growth rate transients when switch-
ing precursors.”” These two effects necessitate avoiding growth inter-
rupts (i.e, pumping out the Group III species for a short period of
time) in order to grow pure single phase heterostructures (i.e., with no
stacking faults that can lead to significant spectral fluctuations™).
Without the use of growth interrupts, which are typically required to
obtain abrupt interfaces separating sections having well-defined com-
positions,” ternary InAsP quantum dots are produced containing a
significant fraction of phosphorus atoms carried over from the growth
of the InP barrier.

The dilute nature of the quantum dot composition produces dots
with different optical properties even if they have nominally the same
size and have the same total composition, a consequence of strong
local fluctuations in confining potentials and strain fields."" In order to

Appl. Phys. Lett. 118, 161107 (2021); doi: 10.1063/5.0045880
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gain a better understanding of the role of the distribution of the As
and P atoms within the quantum dot, we have performed a systematic
experimental and theoretical study of the emission spectra observed in
nominally identical dots. The different excitonic complexes are identi-
fied using excitation power-dependent measurements and comparison
with results of atomistic many-body calculations.

The nanowire quantum dots studied were grown in the InAs/InP
material system using chemical beam epitaxy and the SA-VLS growth
technique described in Ref. 24. This technique allows for the growth of
InAs,P;_, quantum dots embedded in position-controlled InP pho-
tonic nanowires having a wurtzite crystal phase free of stacking
faults.”” The quantum dots are incorporated in an InP nanowire core,
~1 um above the base, and have a diameter of Dy, ~ 20 nm, a height
of Hgot ~ 4 nm, and a composition of x ~ 20%. A cross-sectional
transmission electron microscopy image of a dot in a wurtzite InP
nanowire core is shown in Fig. 1(a). The core is the clad with an InP
shell to produce a photonic nanowire having a geometry optimized for
collection of dot emission around 4 =950 nm with a base diameter of
250 nm tapered to 20 nm over a length of ~ 10 um.

Optical measurements were carried out at 4K in a closed-cycle
helium cryostat. Individual nanowires were excited above-band using
continuous-wave excitation at A=780nm (for photoluminescence
measurements) or A = 633 nm (for correlation measurements) focused
to a few micrometers by a 100x objective with a numerical aperture of
0.81. Photoluminescence from the dot was collected through the same
objective and spectrally resolved using a grating spectrometer with an
Si CCD array detector. For autocorrelation measurements, individual
lines were selected using a fiber-based tunable filter with a 0.075 nm
bandpass and the filtered emission was sent to two fiber-coupled
avalanche photodiodes (APDs) via a 50:50 fiber beam splitter. For
cross correlation measurements, two filters were used, one placed on
each output arm of the splitter. The selected lines from each filter were
sent to either the “start” or the “stop” APD.

Figure 1(b) shows a characteristic emission spectrum of a nano-
wire quantum dot at low excitation power. At the lowest excitation
power, we observe an emission line at high energy identified as neutral
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FIG. 1. (a) Transmission electron microscopy image of an InAsP nanowire quantum
dot. (b) Characteristic s-shell emission spectrum of a dot. (c) Cross section of the
InAsP dot used in the calculated emission spectrum shown in (d), with the blue
dots indicating the position of As atoms.
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exciton X and one at low energy identified as charged exciton X . The
fine structure splitting of the neutral exciton is typically a few peV™’
and is not resolved in the spectrum. With increasing pump power,
biexciton XX appears in between these two lines. The assignment of
emission lines is based on the excitation power dependent-
photoluminescence and correlation experiments discussed below.

In Fig. 1(d), we show the results of atomistic calculations of the
emission from multi-exciton complexes in a quantum dot with specifi-
cations similar to the dot shown in Fig. 1(a): arsenic composition
x = 20%, diameter D4, = 18.2 nm, and height Hyor = 4.1 nm. The
calculations are performed for the specific distribution of As atoms in
the hexagonal InP nanowire shown in Fig. 1(c). The computed transi-
tion energies reproduce the ordering of levels observed experimentally,
shifted by 9 meV. They also predict similar values for the binding ener-
gies of the biexciton (difference in X and XX photon energies,
Ep = Ex — Exx) and charged exciton (difference in X and X~ photon
energies, Ec = Ex — Ex-). The calculations confirm that the lowest
energy peak corresponds to the negatively charged exciton, while the
emission from the positively charged exciton (not observed experi-
mentally) appears between XX and X. We note the calculated energy
splitting of the intermediate exciton state due to the fact that the fine
structure is too small to be observed on this energy scale.

Although we obtained good agreement between theory and
experiment for this particular dot, previous measurements on the
same quantum dot system have demonstrated a wide range of biexci-
ton binding energies, including both positive and negative values."’
This variation was attributed, at least in part, to the random distribu-
tion of arsenic atoms in the dilute quantum dot."" To better quantify
the statistical distribution of emission energies in the nanowire quan-
tum dot system, we performed a systematic study of 42 nominally
identical nanowire quantum dots having similar emission spectra. The
different emission lines were identified using power-dependent photo-
luminescence and correlation measurements as described below.

In Fig. 2, we show power-dependent emission spectra from three
representative dots in terms of the power at which the X emission
peak saturates, P,. At the lowest excitation power shown, the spec-
trum from each dot consists of two dominant emission lines around
1.3 eV separated by ~6 meV. A third weaker emission line is also evi-
dent, spectrally located in between the two dominant peaks, which
becomes proportionately brighter as the excitation power is increased.
At the highest power shown, we observe additional peaks appearing
around 1.3 eV as well as a new set of peaks around 1.35 eV. We associ-
ate the peaks around 1.3 eV with radiative recombination of electron-
hole pairs from the s-shell of the quantum dot, while those around
1.35eV with p-shell recombination. As mentioned above, the typical
s-shell emission in this quantum dot system for above-band excita-
tion’” consists of photons from radiative recombination of excitons
(X), biexcitons (XX), and negatively charged excitons (X™). One can
readily distinguish between photons originating from excitonic com-
plexes with only one possible decay pathway (e.g., X, X7) and those
with two possible pathways (e.g., XX) from the power dependence of
the count rate. In Figs. 2(d)-2(f), we plot the count rate as a function
of pump power for the three dominant peaks for each of the three rep-
resentative quantum dots. In each case, XX can be distinguished from
X and X by the stronger dependence of the count rate on pump
power (exponent n ~ 2) as well as the later onset of emission with
pump power.

Appl. Phys. Lett. 118, 161107 (2021); doi: 10.1063/5.0045880
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FIG. 2. (a)—(c) Representative excitation power-dependent photoluminescence (PL)
measurements of three nanowire quantum dots. (d)—(f) PL intensity as a function of
power for the main three excitonic complexes X, XX, and X ™.

Using the count rate power dependence to distinguish between X
and X~ is not completely reliable and may lead to incorrect peak iden-
tification. For example, two of the peaks in Dot C in Fig. 2 show a very
similar power dependence. One can instead use the presence of the
anisotropic exchange interaction-induced fine structure splitting of
the neutral exciton X that is absent in charged exciton X . However,
the high symmetry of the wurtzite nanowire quantum dot system'""”
results in extremely small splittings,” which are difficult to resolve
with a typical grating spectrometer.

Alternatively, correlation measurements can provide additional
information on the nature of the excitonic complex from which the
photons are produced. In Fig. 3, we show the second-order autocorre-
lation measurements, g® (t), of the three peaks observed in a charac-
teristic dot. Biexciton photons are readily identified from the bunching
observed at short time delays when pumping weakly,” shown in Fig.
3(a). Right after the detection of a biexciton photon, the dot is popu-
lated with one electron-hole pair, which may then decay to the ground
state or capture a second pair to form a new biexciton. As the excita-
tion power is decreased, reducing the capture rate of electron-hole
pairs, it becomes comparatively more likely to form a new biexciton at
short delays when the dot already contains one electron-hole pair rela-
tive to long delays when the dot will typically be empty and requires
the capture of two electron-hole pairs. Hence, the decay of the bunch-
ing corresponds to the X lifetime.

Distinguishing between X and X using autocorrelations mea-
surements is less trivial. In Figs. 3(b) and 3(c), we show the autocorre-
lation for the high and low energy peaks, respectively, at excitation
powers of ~Pg, /5 and ~Py, /2. In (b), the curve shows the behavior
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FIG. 3. Power-dependent second-order autocorrelation measurements of (a) exciton,
(b) biexciton, and (c) charged exciton photons of a characteristic dot. Power-dependent
cross correlation between (d) XX-X, (€) XX-X", and (f) X~-X of a characteristic dot.

expected from a two-level system consisting of the vacuum and
the excitonic state, for which g (t) = 1 — e ®*DI7l, where R is the
pump rate and I is the excitonic radiative lifetime. In both cases, the
spectra display a strong antibunching dip down to g (t = 0) ~ 0.05
with a width that reflects the exciton lifetime when R < I', while for
R > T, the width is limited by the excitation rate. In the case shown
in Fig. 3(c), we also observe bunching at short delays that decays to
average coincidence counts over an excitation power-dependent time-
scale that is longer than that expected from radiative recombination.
The degree of bunching and the associated timescales vary from dot to
dot, and we associate this behavior with changes in the charge configu-
ration of the dot (e.g., bhnkmg) that has been previously observed in
different quantum dot systems.”

To distinguish between X and X, we measured the cross-
correlations’”” *® between the three dominant peaks. In Fig. 3(d), we
show the cross correlation between the central peak (XX) and the high
energy peak measured for excitation powers of Py, /2 and Py, /5. We
send XX to the start APD and the high energy emission peak to the
stop APD. The observed asymmetric bunching behavior indicates a
cascaded emission process typical of an XX-X cascade (i.e., XX pho-
tons are emitted first followed by X photons). We, thus, identify the
high energy peak for this dot as originating from X recombination.

Figure 3(e) shows the cross correlation between the low energy
peak, identified as X~ and XX for a characteristic dot. The correlation
spectra show strong antibunching at 7 = 0 and bunching at both posi-
tive and negative delays with a higher degree of bunching at positive
delays and at lower excitation. In the limit of low excitation, the aver-
age number of carriers in the dot tends to zero. At short positive
delays, having just detected an XX photon, the dot is necessarily occu-
pied with two carriers (one electron and one hole). To put the dot in
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the X™ state then requires the capture of just a single electron. The
probability of capturing a single carrier is more likely than capturing
three carriers (two electrons and a hole), which is required at longer
delays when the dot is typically empty (for low excitation rates). This
produces the observed bunching at short positive delays. Similarly, at
short negative delays, having just detected an X~ photon, the dot is left
occupied with a single electron. To put the dot in the XX state requires
capturing three additional carriers (one electron and two holes), which
is more likely than the four carrier required (two electrons and two
holes) if the dot were empty. This produces the observed bunching at
short negative delays.

Finally, we look at the cross correlation between X~ and X
[Fig. 3(f)], which shows an antibunching dip at 7 =0 and short delay
bunching, but only for 7 > 0. As above, at short positive delays, having
just detected an X~ photon, the dot is left occupied with a single elec-
tron. To create the neutral exciton, a single hole is required, which is
more likely than the requirement of capturing of two carriers (one
electron and one hole) into an empty dot, and thus, bunching is
observed at positive delays. No bunching is observed at negative delays
as the dot is empty, having just detected an X photon.

The results of applying the above optical characterization meth-
odology to 42 quantum dots to extract emission energies Ex, Exx, and
Ex- as well as energy spacings Ep and Ec are summarized in Fig. 4
and Table 1. In the table, we have included the standard deviations
from Gaussian fits to the histograms in Fig. 4.

In order to gain a microscopic understanding and evaluate the
ability to engineer the emission spectra of nanowire quantum dots, we
use the atomistic million-atom many-body theory of multi-exciton
complexes implemented in the code QNANO.'"*"* The simulations
are targeted to provide insight into the observed distribution of biexci-
tonic binding energies, with the specific aim of identifying the

2 4
Energy difference (meV)

FIG. 4. (a) Energy distribution of the different complexes extracted from the measure-
ments on 42 nanowire quantum dots. (b) Histograms of the energy difference
between the X-XX emission lines, Eg (red), and the X-X~ emission lines, E (black).
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TABLE |. Emission energies and spacings and their standard deviations from fits to
the data in Fig. 4.

Emission energy o Energy spacing o
(meV) (meV) (meV) (meV)
X 1301 5.0 .. ..
X 1296 5.6 5.92 0.32
XX 1300 43 1.90 0.77

structural parameter required to achieve coincidences between X and
XX emission lines.

The starting point of QNANO is the atomic positions of In and P
in a hexagonal nanowire. Next, we replace 20% of the P atoms with As
in the volume of a hexagonal quantum dot as shown in Fig. 1(c).
Because InAs and InP lattice constants differ, such a replacement
causes strain and displacement of the As atoms from the P positions.
In the case of the InAsP quantum dot, this mismatch is about 3% and
is accounted for in the model.'' We, hence, find the actual atomic
positions of all the atoms by minimizing the total elastic energy.

With the atomic positions of all the atoms defined, we obtain the
single particle states from the strain parameterized tight-binding
Hamiltonian,

Na Nor Nor, N, nn(i) Ny,
Hrp = ZZSM Cix + Z Z JiapChcip + ZZ Z tiipChCip »
i=1 o= 1o f=1 i=1 j=1o,f=1

(1)

where the Roman indices denote atomic positions and the Greek indi-
ces denote atomic orbitals. The parameters ¢, t, and / representing the
on-site energy, tunneling matrix elements, and spin-orbit coupling,
respectively, are obtained by fitting (1) to a density functional theory
(DFT) band structure of the (strained) bulk materials, discussed in
detail in Ref. 11. In this model, each atom is described by 20 spds*
orbitals. Using exact diagonalization, the conduction and valence band
quantum dot states for structures with up to millions of atoms are
obtained.

In the next step, we describe excited electrons and valence holes
strongly interacting with each other. The multi-exciton complexes are
described by the many-body Hamiltonian,

MB = ZEFBC ¢+ Z ij| V| kl) c c kel

zjkl
+ZEVBh*h += Z(pq|V|rs Yhihthh,
pqrs
+Z (ig|VIrl) — (iq|V|ir))c[hhya, )
igrl
where E,-C(V)B and ¢;(h;) are the conduction (valence) band energies

and electron (hole) annihilation operators, respectively. We then con-
struct electron-hole configurations for a given excitonic complex, con-
struct the Hamiltonian matrix in the space of electron-hole
configurations, and diagonalize it to obtain the multi-excitonic energy
levels and wavefunctions. Simultaneously, we compute dipole matrix
elements and emission spectra.
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One of the difficulties in calculating the many-body states lies in
the Coulomb matrix elements. Since the nanostructure that we are
dealing with contains hundreds of thousands of atoms, each with 20
orbitals, necessary approximations are made in order to maintain
computational feasibility. These approximations include only comput-
ing two-centre integrals, i.e., integrals that only involve the scattering
of electrons on one or two atoms, distinguishing between on-site and
long-range terms, simplifying the latter by neglecting the overlap of
wave functions on distant atoms.

Calculated emission spectra are shown in Figs. 1 and 5. Figure
1(c) shows a cross section of the simulated InAsP quantum dot having
parameters similar to the grown structures: an arsenic composition of
x = 20%, a diameter of Dgy = 18.2 nm, and a height of Hyy = 4.1
nm. Since the distribution of As atoms is random, the calculated emis-
sion spectrum differs from experimental spectra [e.g., Fig. 1(b)], but
emission lines do follow the same order as seen from Fig. 1(d), with
X~ being the lowest energy line, followed by XX, X*, and X lines.

We note that the distribution of XX binding energies shown in
Fig. 4 includes samples where the XX and X emission lines coincide. If
we repeat our simulations using randomly generated As atom distribu-
tions, we observe a distribution of XX binding energies with a mean
value of 2.4meV,"" which overestimates the experimental value of
1.9meV. We also obtain a standard deviation of only 0.72 meV, sug-
gesting that an additional contribution is required in order to repro-
duce the experimentally observed negative XX binding energies.

The systematically higher theoretical value of the biexciton bind-
ing energy compared to the measurements can be explained by the
assumption of a homogeneous distribution of the As atoms within the
dot. We have previously demonstrated'” that a lateral displacement
between the centers of electron and hole wave functions results in a
decreasing biexciton binding energy. While this was achieved in Ref.
15 using a lateral electric field, in the case of InAsP nanowire quantum
dots, an inhomogeneous distribution of As atoms can play a similar
role. Because of the larger deformation potential constant as well as
the larger effective mass of holes compared to electrons, the hole wave
function tends to be strongly localized in regions with a high As con-
tent, while electron wave functions have a more delocalized character,
spanning the dot volume more smoothly.'' As an example, Fig. 5
depicts the situation of inhomogeneous As distribution implemented
as a linear lateral gradient. We find a significant reduction of the biex-
citon binding energy to a value of ~200 u eV, corroborating the trend

0.6

0.3

(r)? (nm?)

1.222 1.226 1.230 1.234
Energy (eV)

FIG. 5. Emission spectrum of the quantum dot with a gradient distribution of As
atoms. The inset shows a cross section of the quantum dot used in the simulation,
with the blue dots corresponding to the position of As atoms.
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toward a reduction in biexciton binding energies upon introducing
inhomogeneities in the As distribution.

While both electron and hole wave functions depicted in Fig. 5
are shifted toward the right-hand side of the quantum dot, where the
As density is large, the effect is stronger for the hole wave function.
The net effect is a difference in the centers of the respective wave func-
tion. A similar effect can be expected from clustering of As atoms that
can occur naturally during the growth, driven by a local lattice distor-
tion of already incorporated As atoms, which may provide an ener-
getic advantage for the incorporation of further As atoms nearby.
Thus, while the overall theoretical description leads to good estimates
of quantities like the biexciton binding energies, more detailed investi-
gations of the As incorporation dynamics and the resulting As distri-
butions would be beneficial for modeling the many-body properties in
InAsP nanowire quantum dots.

Excitation power-dependent photoluminescence and autocorre-
lation measurements were used to identify the different excitonic com-
plexes in nanowire quantum dots. The emission spectra were
compared with predictions of the atomistic multi-million atom design
tool QNANO. The observed variation of emission energies is associ-
ated with different distributions of arsenic atoms in the dilute quan-
tum dot system, which has an otherwise well-defined geometry. Our
findings summarize the characterization and atomistic theory of quan-
tum dots in nanowires and are a step toward the full understanding of
the dot dynamics within nanowire waveguides.
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Unity yield of deterministically
positioned quantum dot single
photon sources

Patrick Laferriére?, Edith Yeung'?, Isabelle Miron'?, David B. Northeast!, Sofiane Haffouz?,
Jean Lapointe!, Marek Korkusinski?, Philip J. Poole?, Robin L. Williams* & Dan Dalacu?"*

We report on a platform for the production of single photon devices with a fabrication yield of 100%.
The sources are based on InAsP quantum dots embedded within position-controlled bottom-up InP
nanowires. Using optimized growth conditions, we produce large arrays of structures having highly
uniform geometries. Collection efficiencies are as high as 83% and multiphoton emission probabilities
as low as 0.6% with the distribution away from optimal values associated with the excitation of other
charge complexes and re-excitation processes, respectively, inherent to the above-band excitation
employed. Importantly, emission peak lineshapes have Lorentzian profiles indicating that linewidths
are not limited by inhomogeneous broadening but rather pure dephasing, likely elastic carrier-phonon
scattering due to a high phonon occupation. This work establishes nanowire-based devices as a viable
route for the scalable fabrication of efficient single photon sources and provides a valuable resource
for hybrid on-chip platforms currently being developed.

It has long been recognized that the radiative decay of excitonic complexes in epitaxial quantum dots can produce
non-classical photon states e.g. single photons'~® and entangled photon pairs*°. By incorporating the quantum
dots within appropriate photonic structures, very bright and very efficient sources can be produced’~'. The cited
sources employed randomly nucleated dots formed by strain-driven processes (i.e. self-assembly) and it has been
along term goal to develop techniques to control where such dots nucleate'*~'°. Site-control techniques facilitate
the coupling of the emitters to photonic structures?*-2? and make device manufacture compatible with standard
semiconductor processing techniques. They will also be essential in many quantum technologies that rely on the
availability of a large number of such sources e.g. linear optical quantum computing®, quantum simulation**
and Boson sampling?*-2%.

An approach employing site-control of self-assembled quantum dots that produces with high yield devices
emitting high optical quality single photons has not yet been realised. In contrast, quantum dots incorporated
within nanowires grown using vapour-liquid-solid epitaxy* offer a straight forward approach to site-control***!.
High efficiency devices are possible using appropriate nanowire geometries designed for single-mode waveguid-
ing operation’. The bottom-up approach is well suited to providing high efficiency devices as the incorporated dot
is naturally aligned on-axis for optimal coupling to the fundamental waveguide mode. Importantly, the process-
ing required for the site-controlled growth does not degrade the optical quality of the emitted photons. Sources
based on position-controlled bottom-up nanowires have demonstrated single photon collection efficiencies
of > 40% with near-transform limited linewidths of 880 MHz? and single photon purities greater than 99%%.

In the present work, we extend the bottom-up site-controlled approach to realize unity yield of bright sources
of high optical quality single photons. We analyse a large 10 x 10 array of nanowires and find each and every
device displays bright, single emission lines associated with recombination of excitonic complexes from the single
quantum dot embedded within. From a detailed characterization of a representative subset of the nanowires in
the array, we observe devices that operate with efficiencies that approach theoretical limits given by the calculated
dot-mode coupling B ~ 95%*. A statistical analysis of the performance of the devices afforded by the high yield
provides insight into possible mechanisms responsible for preventing universal optimal performance.

Key properties relevant in quantum technology applications were also measured, in particular single pho-
ton and spectral purity. Using above-band excitation we achieve close to optimal performance which, for self-
assembled quantum dots, is typically reserved for devices employing charge tunable cavity structures operated
under resonant excitation®!*>. This surprising result is attributed to having one and only one emitter per device
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Figure 1. (a) Optical image of a 10 x 10 array of InP photonic nanowires. (b) Scanning electron microscopy
(SEM) image viewed at 40° of the same array with (c) showing a higher magnification image of a single
nanowire. Scale bars are 10 and 1 um, respectively. (d) Transmission electron microscopy image of the InAsP
quantum dot embedded within a nanowire. Scale bar is 5 nm. Spatially-resolved photoluminescence (PL)

from the array in (a) showing emission from (e) the InP photonic nanowire waveguide and (f) the embedded
quantum dot. (g) Spectrally-resolved emission from a single device (red curve) showing InP nanowire (NW)
and InAsP quantum dot (QD) emission. The NW shows band-to-band emission from wurtzite (WZ) InP as
well as emission from stacking faults (SFs) and donor-acceptor (D-A) levels. Emission from the substrate (grey
curve) shows two broad features at 875 nm and 900 nm associated with band-to-band and D-A recombination,
respectively, in zincblende (ZB) InP.

and to the absence of the 2D wetting layer (WL) that is present in self-assembled dots. The former eliminates the
detrimental effects of nearby dots (i.e. spectral pollution) which is a persistent issue when employing randomly
nucleated dots. The latter eliminates the detrimental effects associated with hybridization of dot and WL states®
(i.e. enhanced exciton-phonon scattering).

Results

Yield. The quantum dots studied here are InAsP segments incorporated within site-controlled, bottom-up
wurtzite InP nanowires grown using selective-area vapour-liquid-solid epitaxy using gold catalysts®'. To effi-
ciently collect the emission, the quantum dots are incorporated in photonic nanowire waveguides, see “Meth-
ods”. Optical and scanning electron microscopy (SEM) images of a 10 x 10 array of nanowires pitched at 7.5 um
are shown in Fig. 1a,b, respectively. Each gold catalyst nucleates a well-formed photonic nanowire (Fig. 1¢) with
a uniform geometry consisting of a 250 nm diameter base tapered to a 20 nm tip (size of catalyst) over a length
of 10 wm. Within each nanowire is a single InAsP quantum dot having a well-defined geometry, shown in the
transmission electron image of Fig. 1d.

Photoluminescence (PL) measurements were performed with the sample held at 4 K in a closed-cycle He
cryostat. Images of spatially-resolved emission from the array are shown in Figs. le,f. The array is illuminated
by a white light source and the PL is imaged onto a CMOS camera. In (e), a A = 800 nm long-wave-pass (LWP)
filter is used to filter the white light, and the observed image corresponds to emission predominantly from the
InP nanowire (see spectrum in Fig. 1g, discussed below). All the nanowires in the array show bright emission
with approximately the same intensity. In (f), a LWP filter with a bandedge at A = 950 nm is used to filter out
both the white light and the InP emission. The image thus corresponds to quantum dot emission. The majority
of devices are sufficiently bright to be observed on a simple CMOS camera.

Figure 1g shows the spectrally-resolved PL from one of the nanowires in the array. In this case, excitation is
from a 4 = 780 nm laser focused onto a single nanowire and the PL is dispersed using a grating spectrometer
and detected with a CCD (see “Methods”). The PL is recorded over a wavelength range that includes both the InP
nanowire-related emission and InAsP quantum dot emission. The InP emission includes band-to-band recom-
bination at 2 ~ 832 nm as well as longer wavelength emission associated with stacking faults*** (i.e. zincblende
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Figure 2. (a) Photoluminescence spectra of the 100 nanowires in the array under weak pumping conditions.
(b) Histogram of the X emission energies extracted from the spectra in (a). (c) Power-dependence of the
emission from a typical dot in a nanowire. (d) Example of a dot which shows emission from additional charge
complexes.

sections in the predominantly wurtzite crystal structure) and donor-acceptor levels®. The InAsP dot emission is
observed at A ~ 975 nm, spectrally isolated from the InP emission by ~ 100 nm, allowing for the facile spectral
selection employed in Fig. le,f.

The PL spectra from all 100 nanowires in the array are plotted in Fig. 2a. Excitation was above-band with a
A = 780 nm continuous wave (CW) laser using an excitation power, P, equal to ~ 1% of that required to saturate
the ground state dot levels, Pg,;. The spectrum of each of the 100 dots consists of a few narrow lines and of these
72% show just two dominant peaks, as in the bottom spectrum of Fig. 2c. We identify these two peaks using
excitation power-dependence, cross-correlation spectroscopy*!' and polarization-resolved PL*. The high energy
peak is associated with emission from the neutral exciton, X, whilst the low energy peak with the negative trion
(singly charged exciton with both electrons in the s-shell), X 1. The relative probability of emitting a neutral or
charged exciton photon, given by the relative peak intensities, is dot-specific and can vary from strongly dominant
charged exciton emission to strongly dominant neutral exciton emission, see Ref.*2. As the excitation power is
increased, a third peak typically appears spectrally located between X ~!and X which we associate with emission
from the biexciton, XX. For these 72 nanowires we find most dots have an average charge state corresponding to
X~ (i.e. X~ peak is typically brighter than the X peak). Focusing on X !, we show in Fig. 2b the distribution of
peak energies extracted from the PL spectra, obtaining a mean energy Ex—1 = 1264 meV with a standard devia-
tiono = 6 meV. In addition to the 2 dominant lines, approximately 50% of the 72 devices also show weaker peaks
around X 1, see Fig. 2d. We associate these peaks with recombination from complexes which feature an electron
in the p-shell. The peak redshifted with respect X! is associated with a doubly charged negative trion, X2,
whilst the 2 blueshifted peaks correspond to the 2 (doubly generate) bright triplet states of the excited trion*?,
X~* The remaining 28 devices show additional bright peaks suggesting the presence of additional charge states.

Countrates. From the 72 devices that showed simple two peak spectra, we selected 14 for further measure-
ments. For these devices, the emission from single excitonic complexes were selected using a tunable 0.1 nm
bandwidth filter and detected with an avalanche photodiode (APD) (see “Methods”). We chose nanowires for
which (1) the dominant charge state corresponded to the charged exciton, as in Fig. 2¢, and (2) the emission
energy of the X~ photon was within the range of our tunable filter (950 & 30 nm). The power-dependent count
rates obtained from all 14 devices using CW excitation at 4 = 780 nm are shown in Fig. 3a. We observe a signifi-
cant variation in count rates at saturation from device to device, ranging from 0.4 to 1.2 Mcps.

For an idealized 2-level system, CW excitation generates the highest count rates achievable, limited
by the lifetime of the excited state, here the radiative lifetime of the X~ complex, t4-. To assess the role of
lifetime in determining the CW count rate, we measured the PL decay curves of the 14 devices, shown in
Fig. 3b. All the dots display a two-component decay process which we fit with a bi-exponential of the form
~ aexp(—t/ty-) + bexp(—t/t4—+) to extract the fast component 7, (the slow component 7« is discussed later
in the article). The distribution of extracted radiative lifetimes is shown in the inset of the figure from which we
determine an average .- ~ 1.5 &£ 0.5 ns. Comparison of the lifetime-limited emission ratesI" ~ 1/7,- and the
CW count rates at P, did not reveal any clear correlation, suggesting that other factors besides the radiative
lifetime play a role in determining the ultimate count rate. They are addressed below.

To exclude any count rate variation with radiative lifetime 7, -, we measure the count rates at saturation using
pulsed excitation with a pulse period of 12.5 ns, significantly greater than 7,-. Detected count rates at saturation
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Figure 3. (a) Detected count rate of X~ photons as a function of CW excitation power for 14 nanowire devices.
(b) Radiative decay rates of the charged exciton complexes in (a). (¢) Histogram of detected count rates at Py,
of X! photons using pulsed excitation at 80 MHz. Top axis shows source efficiency (i.e. counts at first lens) (d)
As above but counting both X! and X photons. Top axis shows collection efficiency (i.e. counts from unfiltered
photons directed up the nanowire).

from the 14 devices are plotted in Fig. 3c and show a narrow distribution around 220 kcps with o = 39 keps.
From these measurements we determine the source efficiency n; (fraction of excitation pulses that produce an
X photon at the first lens). Using the measured transmission of the optical system (; = 7.8%) and the detector
efficiency (n4 = 15%) at 4 = 980 nm, we obtain a mean source efficiency of 23% with a peak value of 30%. The
distribution of calculated source efficiencies are displayed along the top axis of Fig. 3c.

Using these measurements, we also determine the collection efficiency of the devices (fraction of photons
emitted from the top of the nanowire that are collected). We assume only 50% of the emitted photons are directed
towards the tip of the nanowire. Of these, only 80% reach the detector, assuming 20% of the photons are emitted
from phonon sidebands** and are filtered out by the 0.1 nm bandpass filter. To obtain an accurate measure of the
collection efficiency, all mutually exclusive excitonic complexes that produce photons should be included. Here,
we include counts from the two dominant peaks, X and X7, seen in Fig. 3d. Compared to Fig. 3¢, the distribution
is shifted to higher rates and the mean count rate increases to 247 keps. Using n; = 7.8% and ny = 15% as above,
we obtain a mean collection efficiency of 66% and a peak value of 83% (see the top axis of Fig. 3d).

The peak collection value is lower than expected based on the device design, for which a coupling of the dot
emission to the waveguide mode 8 = 95% is predicted®*. As we do not observe any obvious structural difference
between the nanowires from inspection of SEM images and the growth process inherently has the quantum dot
positioned on-axis for optimal coupling, we would expect a uniformly high collection efficiency that approaches
B = 95%. One possible explanation for the observed discrepancy is the omission of counts from other excitonic
complexes, for example, photons associated with X2 and X ~!* recombination seen in Fig. 2d.

We also note that collection efficiencies are likely underestimated due to the incoherent excitation employed
which can excite dark spin configurations within the dot. For example, the neutral exciton created using above
band excitation would be in a dark configuration (i.e. parallel electron and hole spins) 50% of the time. Similarly,
one of the 4 doubly degenerate excited trions states is also dark. These configurations require a spin-flip process
to unblock the emission*>, Spin-flip rates that are slower than the excitation rate would impact the measured
count rate. For the case of the spin-polarized excited trion, a spin-flip and subsequent decay of the p-shell electron
produces X 1. As such, the spin-flip rate is given by the slow component, 1., observed in the decay of X! (see
Fig. 3b). Median 7,1 values extracted from fits to the decay curves were ~ 30 ns, i.e. longer than the pulse rate
of 12.5 ns, and varied significantly, from 8 to 120 ns. These values are comparable to spin-flip rates measured
on the neutral exciton in InAs/GaAs self-assembled quantum dots where values of 68 to 215 ns were reported®.

Although devices operating with efficiencies approaching the theoretical maximum can be obtained using
above-band excitation, it is clear that the yield of these devices will be limited by the excitation of more than one
possible charge and spin configuration. The average charge state can be manipulated to a certain extent using
quasi-resonant excitation® or with additional weak laser excitation at specific above-band energies®’. Alterna-
tively, some degree of control may be possible by manipulating the band-bending at the nanowire surface due to
Fermi-level pinning® e.g. by tailoring the surface passivation. Improved charge-state control (e.g. via application
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Figure 4. (a) Autocorrelation coincidence counts for a device showing re-excitation effects when pumped

at saturation. (b) Expanded view of (a) showing the zero delay peak and r = 0 dip. (c) Histogram of the
coincidence counts in the zero-delay peak normalized to the counts in the side peaks for the devices pumped at
P = Pg,.

of an electric field**) would necessitate modifications to the device design that would allow for the addition of
metallic gates.

It appears, however, that consistent (dot-independent) efficiencies may also require coherent pumping of
a specific complex using strictly resonant excitation*’. Whether resonant excitation in a charge tunable device
will ultimately produce the highest efficiency sources is still unclear and depends on the development of
techniques® >’ that address the 50% loss incurred when using conventional polarization-based rejection of the
resonant pump laser®.

Single photon purity. We look next at the single photon purity of the emitted photons from the 14 devices
when operated at P = Pg,. The second-order autocorrelation, g(z) (1), is measured in a standard Hanbury Brown
and Twiss experiment with above-band, pulsed excitation at 40 MHz, see “Methods”. A spectrum of the meas-
ured coincidences for a device which shows re-excitation (discussed below) is shown in Fig. 4a. At 7 = 0 all the
devices show ¢ (t = 0) ~ 0 after deconvolution of the spectrum with the 200 ps jitter in the detector response
(see Fig. 4b). The absence of coincidence counts at zero delay for all sources, which is observed at P = Pgy, is
expected from the single emitter nature of the devices i.e. the deterministic growth eliminates the possibility of
spectral pollution from nearby quantum dots.

For increasing absolute delay times, coincidence counts are observed to increase rapidly before decaying back
to zero with a time constant 7. This is seen clearly in Fig. 4b which is an expanded view of Fig. 4a around r = 0.
Such coincidence spectra are typical when pumping above-band and are a signature of re-excitation processes
in which carriers from the excitation pulse repopulate the quantum dot after emission of the first photon®*°.
Subsequent recombination of the carriers produces a second photon that has a corresponding probability of
producing a detector click. We simulate the statistics of detection events using a stochastic model which includes
a carrier re-capture probability, see Ref.” for details. The model quantitatively reproduces the measured cor-
relations (red curves in Fig. 4a,b) and we extract a time constant associated with re-excitation (i.e. time constant
associated with the dip at 7 = 0) of ~ 50 ps.

The coincidence counts associated with re-excitation (i.e counts in the zero-delay peak) normalized with
respect to the counts in the side peaks are summarized in the histogram shown in Fig. 4c for the 14 devices. We
obtain a distribution of single photon purities centred around 96% with extreme values as high as 99.4% and as
low as 88.2%. As expected from a pump power-dependent re-excitation process, the relative coincidence count
rates in the zero delay peak decrease (i.e. purities approach 100%) as the excitation power is decreased from
P = Py, (not shown, see Ref.”’).

Spectral purity. Finally, we measure the spectral purity of the emitted photons from the nanowire devices.
The linewidths of the X! emission peaks were measured using a scanning Fabry-Perot etalon (BW = 1.3 GHz),
see “Methods”. 13 of the measured lines revealed a Lorentzian profile (black curve in Fig. 5a) having linewidths
ranging from 1.68 to 3.28 GHz. Only one device displayed an inhomogeneously broadened line profile i.e.
the emission line was better described by a Voigt profile with a Gaussian component contributing 50% to the
linewidth.

The absence of inhomogeneous broadening, suggested by the prevalence of Lorentzian lineshapes, demon-
strates the high quality of the epitaxial material of the devices. The density of traps in close proximity to the dot,
which are typically associated with a fluctuating charge environment responsible for spectral wandering of the
emission line?, appears to be insignificant. We attribute the absence of spectral fluctuation-mediated inhomo-
geneous broadening to an increase in the growth temperature used during deposition of the InP shell compared
to previous experiments®.
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Figure 5. (a) Measured linewidth of X~ (symbols) and a Lorentzian fit (black curve). Deconvolved linewidth is
y = 0.77 GHz (blue curve) which is 8 x life-time limit of 0.094 GHz calculated from measured lifetime (1.7 ns).
(b) Deconvolved linewidths and (c) excess broadening beyond the transform limit extracted from the 14
devices.

The observation of Lorentzian lineshapes allows for direct access to homogeneous linewidths, y, from which
coherence times T, = 1/my can be calculated. To extract the homogeneous linewidths, the measured spectra
were deconvolved from the etalon response (blue curve in Fig. 5a) and are plotted in Fig. 5b. The majority of the
devices show y-values uniformly distributed from 0.4 to 1.5 GHz with a few lines showing a broader y around
2 GHz. In the ideal case, where the coherence is governed by population relaxation dynamics and assumed to
be purely radiative, one obtains a maximum coherence time T, = 2T (here T1 = 7). Generally, T, times are
limited by pure dephasing mechanisms (e.g. elastic exciton-exciton and exciton-phonon scattering®®) which
results in linewidths broadened in comparison to lifetime transform-limited values 1/27 t,- = I'y- /27 (red
curve in Fig. 5a).

To evaluate the broadening in excess of the transform limit, we plot in Fig. 5¢ the linewidths of the 14 devices
in units of 277y / I'y- using the measured lifetimes 7,- from Fig. 3b. The devices show a wide range of values,
from 4 x to 20 x greater than the transform limit. Although it is not clear why we observe such a large variation,
the fact that they are not transform-limited is not surprising. It has been established? that the attainment of
transform-limited single photons from quantum dots not only requires high quality material, but also the use of
resonant excitation. With above-band excitation, as is the case here, thermalization of generated carriers to the
InP bandedge followed by subsequent capture to the quantum dot levels is expected to generate a high density
of phonons. Broadening due to pure dephasing via elastic carrier-phonon interactions is therefore inevitable.

Discussion

In summary, we have reported on the performance of nanowire-based single photon sources fabricated using a
platform that provides unity device yield. The broadband single emitter device allows for the facile characteriza-
tion of source performance metrics using above-band excitation. From a sampling of 14 devices, we obtained a
peak source efficiency of 30%, a peak collection efficiency of 83%, a minimum multiphoton emission probability
of 0.6% measured at saturation and a minimum linewidth of 400 MHz (maximum coherence time of 2.5 ns)
corresponding to 4 x the transform limit.

From the reliable statistical analysis afforded by the unity yield we quantify the distribution away from opti-
mum efficiencies. The role of emission from more than one possible charge complex is identified as a limiting
factor preventing universal peak efficiencies. Achieving uniformly high efficiencies thus entails charge state
control using approaches compatible with the nanowire geometry, either on the growth substrate or integrated
on-chip¥, see, for example, Refs.®*¢!, respectively.

Non-zero multiphoton emission probabilities were associated with a re-excitation process whereas non-
transform limited linewidths with phonon-mediated pure dephasing. Both can be traced to the above-band
excitation employed. Routes to mitigating these effects are already established and requires coherent pumping
of a target charge state. Additionally, the observation of homogeneous linewidths broadened due to phonon-
mediated pure dephasing from the high energy excitation suggests that below-gap pumping should provide
significant improvements in the coherence of the emitted photons. In conclusion, we have established nanowire
quantum dots as a viable route towards efficiently generating high quality single photons using a process that
achieves unity yield. Such devices are a valuable resource for quantum technologies requiring multiple sources.
They are particularly relevant in hybrid on-chip platforms utilizing pick and place techniques.
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Methods

Fabrication and growth. The quantum dots were incorporated in site-controlled, bottom-up nanowires
grown by selective-area vapour-liquid-solid epitaxy®' in the wurtzite InAs/InP material system. The growth was
carried out using chemical beam epitaxy on patterned InP substrates with single gold catalysts centered in circu-
lar openings in an SiO, mask (see Ref.%? for details). The first of a two-step growth process produces a nanowire
core into which was incorporated a single InAsy P1_x dot (Fig. 1d) with a thickness of ~ 5 nm, a diameter of
~ 20 nm and a composition of x ~ 25%. In the second growth step, the nanowire core was clad witha ~ 125nm
InP shell®® which defines the photonic nanowire waveguide” into which the dot emits. For the shell growth, the
temperature was increased by 20°C to 450°C and the III/V ratio was adjusted to produce the tapered geometry®
observed in Fig. 1c in order to obtain a an emission profile suitable for efficient collection®%.

Optical characterization. Photoluminescence (PL) measurements were made in a closed-cycle helium
cryostat at 4 K. The nanowire quantum dots were excited through a 100 x objective (numerical aperture = 0.81)
using either CW (4 = 780 nm) or pulsed (A = 670 nm, pulse width = 100 ps) excitation. Emission was collected
through the same microscope objective and, for low-resolution (60 pweV) spectrally-resolved measurements,
was directed to a 0.5 m grating spectrometer equipped with a liquid nitrogen-cooled CCD array detector. For
source efficiency, high-resolution and time-resolved measurements, the emission was fibre-coupled and single
photon avalanche photodiodes (APDs, timing jitter ~ 200 ps) were used for detection. A fibre-based tunable
filter (bandwidth 0.1 nm) was used to isolate specific quantum dot emission lines. For second-order correlation
measurements, the filtered line was directed to two APDs via a 50:50 splitter in a typical Hanbury Brown and
Twiss (HBT) experiment. The high-resolution measurements were performed by scanning a tunable fibre-based
Fabry-Perot etalon (bandwidth 1.3 GHz) through the selected line.

Data availability

The data that support the findings of this study are available from the corresponding author upon request.
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Chapter 7

Article 3: Correlation spectroscopy of

nanowire quantum dots

This chapter contains the following article:

P. Laferriére, E. Yeung, M. Korkusinski, P. J. Poole, R. L. Williams, & D. Dalacu, “Corre-

lation spectroscopy of nanowire quantum dots”; in preperation (2022).
Targeted journal: Physical Review B

This article presents a preliminary interpretation of the extensive correlation measurements

performed.
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Correlation spectroscopy of nanowire quantum dots
Patrick Laferriere,1'2:® Edith Yeung,l'2 Marek Korkusinski,! 2 Philip J. Poole,2 Robin L. Williams,2 and Dan

Dalacu®'?

Y Department of physics, University of Ottawa, Ottawa, Ontario, Canada, KIN 6N5.
2 National Research Council Canada, Ottawa, Ontario, Canada, K1A 0RG.

Correlation spectroscopy of quantum dots under continuous wave excitation has been instrumental in es-
tablishing the single photon nature of the emission in these systems. It can also provide insight into the
carrier dynamics for cases where there exists multiple possible excitonic configurations. We perform extensive
correlation measurements on two quantum dots in a nanowire device which emit from different excitonic com-
plexes. We find drastically different responses in both auto- and cross-correlations depending on the presence
or absence of an additional complex. The observed behaviour is described in terms of carrier-dependent cap-
ture rates and single carrier versus pair capture probabilities using simulations from a multi-level stochastic

model.

I. INTRODUCTION

Semiconductor quantum dots have become a promis-
ing candidate as an ideal source for quantum infor-
mation applications!. Different excitonic complexes in
these sources have been shown to emit on-demand (i.e.
non-probabilistic) single photons with negligible multi-
photon probability?® and high spectral purity in de-
vices with high extraction efficiencies*®. They have
also been shown to emit on-demand entangled photon
pairs through multi-exciton cascades®®. The solid-state
environment in which the quantum dots are embed-
ded require the fabrication of photonic structures (e.g.
microlenses'®, micropillars'?, circular Bragg gratings'Z,
and nanowires'®!%) to improve collection efficiencies.
These structures are typically fabricated using dry-
etching techniques which lead to high surface defect den-
sities. Time-dependent occupation of these surface traps
results in a fluctuating charge environment!® and leads to
undesired effects such as spectral diffusion and memory
effects i.e. blinking'®.

The identification of the multiexciton complexes in
quantum dots is an important step in order to control
and manipulate their states. Different methods are avail-
able to achieve this e.g. power-dependent photolumi-
nescence measurements or measurements of anisotropic
exchange splittings of the exciton state!™!®.  Other
methods include autocorrelation and cross-correlation
measurements'??° where more information about the ex-
citonic complexes can be extracted. In general, second-
order correlation measurements have become the stan-
dard tool to measure the single-photon purity of a source
with the second-order correlation function, ¢ (7), being
one of the most important characteristic functions for a
light source, allowing one to distinguish between classical
and non-classical (i.e. single-photon) emitters.

In this work, we investigate second-order correlations
between complexes in InAsP quantum dots embedded
within InP nanowire photonic waveguides. We use ex-

a)Electronic mail: plaferr3@uottawa.ca
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FIG. 1. (a) Spectra of the two quantum dots studied in this
work at low excitation power. Dot A exhibits three main emis-
sion lines associate with the neutral exciton (X) and biexciton
(XX) and the negatively charged exciton (X !). Dot B shows
an additional line associated with a positively charged exciton
(X*1). (b) A scanning electron microscopy (SEM) image of
a typical quantum dot nanowire device. Scale bar is 200 nm.

citation power-dependent second-order correlation spec-
troscopy to identify different excitonic complexes of the
quantum dot. To understand the observed correlations,
we develop a multi-level stochastic model which includes
the dynamics of carrier capture in the dot. We find that
these dynamics, which play an important role in deter-
mining the time-dependent correlations, are strongly dot-
dependent. Understanding the general behaviour may
pave the way to engineering devices with unwanted mem-



ory effects.

Il. SAMPLES

The nanowire quantum dots studied in this work
were grown by chemical beam epitaxy with pre-cracked
trimethylindium, PH3 and AsHj3 precursors and using a
combination of vapour-liquid-solid (VLS) and selective-
area (SA) growth modes (see Ref. 21 for details). InP
substrates were patterned with single gold catalysts cen-
tered in circular openings of an SiO5 mask. InP nanowire
cores were grown in these openings using the VLS growth
mode and InAsP quantum dots were embedded within
the cores a distance of ~ 1um from the base. The
gold catalyst diameter D ~ 20nm sets the diameter of
the quantum dot whilst the dot thickness t ~ 5nm is
set by the growth time. This geometry together with
the composition InAsg o5P¢.75, set using the AsHj flow
rate, produces dots with emission wavelengths around
A ~ 950 nm?2.

After completion of the core, growth conditions were
adjusted to deposit a shell around the core which in-
creases the base diameter to ~ 250 nm'# that tapers down
to 20nm over a length of 10 um (see Fig. 1(b)). This
geometry provides collection efficiencies of ~ 40%323 for
quantum dots emitting at 950 nm?*. Such devices have
demonstrated highly efficient single photon operation
and wavelength multiplexing capabilities?®2%26,  The
high device collection efficiency provides high detected
count rates required for excitation power-dependent mea-
surements.

This study will focus on two quantum dots, Dot A and
Dot B, the photoluminescence (PL) spectra of which are
shown in Fig. 1 (a). Dot A emits from three distinct com-
plexes, the neutral exciton (X), the negatively charged
exciton (X71), and the neutral biexciton (XX), whilst
Dot B also shows emission from the positively charged
exciton (X*1).

Il. EXPERIMENT

All optical measurements were made with the samples
placed in a closed-cycle helium cryostat at a temperature
of 4K. Above-band continuous wave (cw) excitation was
provided by either a HeNe laser operating at 632nm or a
diode laser operating at 780 nm. For time-resolved pho-
toluminescence measurements, a pulsed diode laser was
used (wavelength: 670nm, pulse width: 100 ps, repeti-
tion rate: 10MHz). Individual nanowires were excited
from the top by focusing the laser through a 100X ob-
jective (numerical aperture of 0.81). The dot emission
was collected through the same objective and directed to
a grating spectrometer (resolution ~ 25ueV) equipped
with a liquid nitrogen cooled silicon charged coupled de-
vice for spectroscopic measurements.
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For autocorrelation measurements, the emission was
directed to a typical Hanbury-Brown and Twiss (HBT)
set-up where individual emission lines were first filtered
using a fiber-based tunable filter (bandwidth ~ 0.075 nm)
then split using a 50:50 fibre beamsplitter and de-
tected using two fiber-coupled single photon detectors.
Two types of single photon detectors were employed for
‘start’/‘stop’ click detection: silicon avalanche photodi-
odes (APDs) with a timing jitter of ~ 200 ps and super-
conducting nanowire single photon detectors (SNSPDs)
with a jitter time of ~ 60 ps. For cross-correlation mea-
surements, the full spectrum was directed first to the
50:50 beamsplitter and two filters were used, one on each
output arm of the splitter, to select individual emission
lines. The selected lines were then sent to either the
‘start’ or ‘stop’ detector.

IV. RESULTS

A. Autocorrelation

Bunching Amplitude

Normalized coincidences

Delay t (arb. units)

FIG. 2. Simulated correlation spectrum g (7) of an arbi-
trary complex highlighting the relevant temporal characteris-
tics: antibunching dip width § and rise time 7yise, short delay
bunching amplitude A and decay time Tgecay-

Second-order autocorrelation measurements will ex-
hibit different behaviour depending on which excitonic
complex is being investigated'®. Fig. 2 shows the sim-
ulated autocorrelation of an arbitrary excitonic complex
highlighting the relevant temporal features used to quan-
tify the correlation spectra. The zero-delay dip, a con-
sequence of single photon emission, is characterised by a
rise time, 7,5, and associated width, ¢, which quantify
the time required to emit a ‘stop’ photon after detection
of a ‘start’ photon. For the simple case of only a single
observable complex that has as a ground state an empty
dot (i.e. the neutral exciton X), this time scale is deter-
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FIG. 3. Autocorrelation spectra of the different exciton complexes at different excitation powers. Dot A: (a) X, (b) XX, (c)

X~ Dot B: (d) X, (e) XX, (f) X7!, (g) X*.

mined by excitation rate, Ry, and the complex’s radiative
recombination rate, I'y = 1/7x, where 7y is the radiative
lifetime e.g. ¢ (1) =1 — e~ FxtTIT],

For cases where the final state of the dot after emission
of the ‘stop’ photon is not empty, i.e. complexes other
than X, bunching at short delays will be observed in the
limit of low excitation rates. In this limit, the average
number of carriers in the dot will tend to zero (i.e. the
dot will be typically empty) whereas right after detection
of the ‘start’ photon, the dot will be occupied by one or
more carriers depending on the complex being measured.
Hence the probability of creating a ‘stop’ photon (cap-
ture of an electron-hole pair and subsequent radiative
decay) is higher compared to long delays where the dot
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is empty. The short delay bunching can be quantified by
an amplitude A and associated decay time Tgecqy Which
reflects the timescale required to empty the dot. Depend-
ing on the complex involved, this bunching can also be
interpreted as ‘blinking’'627:28, In this case, the charge
configuration varies on a time scale Tgecqy such that the
dot switches between different excitonic complexes emit-
ting at different wavelengths (i.e. not counted during the
measurement).

We note that in the case of autocorrelations, the spec-
tra are always symmetric about 7 = 0. In the follow-
ing we present autocorrelations measured on the exciton
complexes observed in Dot A and B at different excita-
tion powers. The parameters listed above are extracted



from the measured correlations.

We look first at the autocorrelations of the excitonic
complexes present in Dot A, a dot which has an emis-
sion spectrum representative of that typically observed in
our nanowire quantum dots (see, for example, Ref. 19).
Fig. 3(a) shows the autocorrelations of the X emission

line, g,(f))((T), at different excitation powers. The excita-
tion power is expressed as a fraction of the power required
to saturate the transition, Pg,¢, and for simplicity we use
Psat corresponding to the X transition throughout the
article i.e. even when describing other transitions. The
figure shows the behaviour expected of a two-level system
described above.

In Fig. 3(b), we plot the XX autocorrelation, g,((izxx (1)
measured at different pump powers. Right after the
detection of a biexciton photon, the dot is populated
with one electron-hole pair which may then decay to the
ground state or capture a second pair to form a new
biexciton. As the excitation power is decreased it be-
comes comparatively more likely to form a new biexci-
ton at short delays when the dot already contains one
electron-hole pair relative to long delays when the dot
will typically be empty and requires the capture of two
electron-hole pairs. Hence a power-dependent bunching
amplitude A is observed, increasing as the pump power
is decreased, which is the typical behaviour expected for
biexcitons??. Here the rise time 7,5 is associated with
the time it takes to capture an electron-hole pair after
the emission of an XX photon, whilst the decay of the
bunching, Tgecay, represents the X lifetime.

The last investigated complex in Dot A is X!
for which the power-dependent autocorrelations,

g)((z_)1 —1(7), are shown in Fig. 3(c). The observed
bunéhing at short delays is similar to that observed for
XX but here the bunching amplitude at low pump power
(P < Psat) is significantly smaller and the bunching
decay time, Tgecay, i pump power-dependent, increasing
with decreasing power. We observe decay times as
long as Tgecay ~ 50ns at a power of P = Py /32
(not shown) which is longer then that expected from
a radiative recombination process. This behaviour is
associated with blinking, described above. We note
that here the width of the anti-bunching dip 6 shows
a reduced dependence on the excitation power with §
nearly constant for powers P < Pi/2, in contrast to
e.g. measurements of X photons, compare Fig. 3(a).

In Fig. 3(d)-(g) we plot the equivalent autocorrelation
spectra measured on Dot B. Below we highlight several
notable differences compared to dot A. The X autocor-
relation displays a similar behavior except here we ob-
serve bunching at high excitation rates (P > Pi,t), up to
A = 2.1 at 4Py, (not shown). Similarly, the X~! auto-
correlation displays a similar behaviour to that observed
in Dot A except here we observe more significant short-
delay bunching, reaching values of A = 1.64 at 2.4Psy;.
The autocorrelation of the additional complex, X1, is
very similar to that of X! with some slight differences
in bunching amplitudes and decay constants. The biex-
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citon, on the other hand, shows a significantly different
behaviour compared to XX in Dot A: although bunching
at low excitation powers is observed, here the bunch-
ing decays to values below the uncorrelated coincidence
count rates before rising back up at long delays. The
dot-specific behaviour will be discussed later in the arti-
cle where we introduce a stochastic multilevel model to
interpret the various temporal features observed in the
correlations.

B. Cross-correlation

1.5

Bunching Amplitude
Bunching Amplitude

Normalized coincidences

0
Delay t (arb. units)

FIG. 4. Simulated correlation spectrum ¢‘® (7) between two
different complexes highlighting the relevant temporal char-
acteristics: antibunching dip width 6 = 0_ 4+J4+ and rise times
7— and 74, short delay bunching amplitudes A_ and A and
decay times Tgecay— and Tgecay+-

Fig. 4 shows the simulated cross-correlation between
two arbitrary excitonic complexes X, and X; with de-
tection of X, signalling a ‘start’ and detection of X, sig-
nalling a ‘stop’. In this configuration, at 7 = 0 the system
has emitted an X, photon. For 7 > 0, the measurement
waits for detection of the X; photon i.e. the system has
to wait for the capture of carriers (electrons and/or holes)
needed to create the X; complex. This capture process is
characterized by the capture rate 1/7,. For negative de-
lays (7 < 0), the system is reversed: after detection of an
X}, photon, the system has to wait to capture carriers that
will create the X, complex with associated capture rate
1/7_. As in autocorrelations, cross-correlations involving
complexes with more than two carriers will exhibit short-
delay bunching at low excitation rates quantified by am-
plitudes A_ and Ay for 7 < 0 and 7 > 0, respectively.
As the complexes in cross-correlation measurements are
distinct, both the capture times 7+ and the bunching
amplitudes A4 will, in general, be different, producing
correlations that are asymmetric about 7 = 0. Below we
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FIG. 5. Excitation-dependent cross-correlations in Dot A and B: (a), (d) X~ !-X, (b), (e) XX-X~1, (c), (f) XX-X. Additional
cross-correlations for Dot B: (g) X-X1!, (h) XX-XT! (i) X71-XTh

discuss the cross-correlation measurements of Dot A and
B in terms of these parameters.

1. Dot A

We first look at the cross-correlations between the
three complexes in Dot A: X-XX, X-X~1, and X~1-XX.
These have been previously reported in Ref. 19 and are

reproduced here. Fig. 5(a) shows power-dependent cor-
()

x—1x

relations between X! and X, g (7). We use the con-

vention that the first subscript X! triggers a ‘start’ click
and the second subscript X triggers a ‘stop’ click. For
7 < 0, having just detected an X photon, the dot is
empty. No bunching is observed (A_ = 1) and the cor-
relation represents the typical antibunching dip expected
from a single photon emitter. For 7 > 0, having just de-
tected an X! photon, the dot is occupied with a single
electron and requires a single hole to create the neutral
X. In the limit of low excitation, where the average num-
ber of carriers in the dot tends to zero, the presence of
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this electron at 7 = 0 makes it more likely to create an
exciton at short delays compared to long delays where an
electron and a hole needs to be captured. Hence bunch-
ing is observed which increases in amplitude as the ex-
citation power is reduced. We also note the asymmetry
in the rise times (7_ > 7) indicating that the creation
of the X complex after the emission of an X! photon is
faster (74 = 1.6ns at P = P.,/5) compared to the cre-
ation of an X! complex after emission of an X photon
(— = 4.45ns), the latter requiring two more carriers to
be captured compared to the former.

Fig. 5(b) shows the cross-correlations g)(i)x_l (7).
Bunching is observed for both £7 with A, > A_ and
both of these increase with decreasing excitation power.
The asymmetry in bunching amplitudes arises from rela-
tive difference in likelyhoods of populating the dot with
the required complex to produce a click at short delays
compared to long delays. For 7 > 0, having just detected
an XX photon, the dot is necessarily occupied with one
electron and one hole. To put the dot in the X~! state
requires the capture of just a single electron. The proba-



bility of capturing a single carrier is more likely than cap-
turing three carriers (two electrons and a hole), which is
required at longer delays when the dot is typically empty
(for low excitation rates). This produces the observed
excitation rate-dependent bunching at short positive de-
lays. For 7 < 0, having just detected an X~! photon,
the dot is left occupied with a single electron. To put
the dot in the XX state requires the capture of one elec-
tron and two holes, which is more likely compared to the
four carriers required (two electrons and two holes) when
the dot is empty. This produces the observed excitation
rate-dependent bunching at short negative delays. The
rise times 74 differ significantly (7_ /74 = 2.52/0.59 at
Pyat/5) since the probability of capturing a single elec-
tron is higher compared to the probability of capturing
an electron and two holes.

The g)g(),x(T) cross-correlations in Fig. 5(c) show the
conventional asymmetric profile?*-3? indicative of the cas-
caded biexciton-exciton emission process. For 7 > 0,
right after the detection of a biexciton photon the dot
is populated with one electron-hole pair which may then
decay to the ground state or capture a second pair to
form a new biexciton. As the excitation power is de-
creased, reducing the capture rate of electron-hole pairs,
it becomes comparatively more likely to form a new biex-
citon at short delays when the dot already contains one
electron-hole pair relative to long delays when the dot
likely empty. Hence, the decay of the bunching, Tgecay
corresponds to the X lifetime. For 7 < 0, an X photon
has just been detected and the dot is empty: the corre-
lation represents the typical antibunching dip expected
from a single photon emitter.

2. Dot B

The six possible cross-correlations between the four
complexes in Dot B, each measured at different exci-

tation powers, are shown in Fig. 5(d)-(i). The corre-
@)

x—1x

(1) shown in Fig. 5(d) are very similar to

that observed in Dot A, compare Fig. 5(d). For g)((i)17x(7'),
Fig. 5(g), the asymmetry is similar but for 7 > 0 the
bunching amplitudes are significantly higher and the rise
and decay times are significantly shorter. The rise time
here, 71 = 0.291ns at P, /4, is associated with the cap-
ture of a single electron, a faster process compared to
the capture of a single hole (7. = 1.44ns at P, /4 from
Fig. 5(d)). The large bunching amplitude A and short
decay rate Tgecay+ suggests it is unlikely for the dot to
be in a configuration where it is populated with a single
hole.

Fig 5(e) shows the correlations g)(i)x_l(T). For 7 < 0,
the behaviour is similar to Dot A but with faster rise
times, 7 = 2.52ns compared to T_ 1.14ns. For
7 > 0, the behaviour is markedly different. Instead of
simple bunching, we observe local bunching that decays
to values below the uncorrelated coincidence count rates

lations g

7

TABLE I. Capture rates and bunching amplitudes extracted
from cross-correlation measurements on Dot A and Dot B.

Dot start stop | 7— A_  Tdecay— T+ A+  Tdecay+

(ns) (ns)  (ns) (ns)
A X1 X 445 1 NA 1.6 1.34 8.36
A XX X7'|252 140 1241 0.59 3.4 255
A XX X [395 1 NA 0 798 145
B X' X [809 1 NA 144 126 7.36
B Xt X [799 1 NA 029 4.75 1.27
B XX X'|1.14 139 6.92 049 092 1.32
B XX X*t'|088 125 36 0.36 121 0.92
B XX X [424 1 NA 0 106 0.77
B X! X*t'|089 165 1568 1.95 1.48 13.92

NA - not applicable: no time-scale is given for cases where
bunching is not observed i.e. A = 1.

before rising back up its normalized value for long delays,
similar to that observed in the XX autocorrelation, see

Fig. 3(e). ) (1), Fig. 5(h), show
a similar behaviour but with slightly different time con-
stants, expected since here the ratio of carriers to be
captured is reversed.

The cross-correlations corresponding the the biexciton-
exciton cascade, g,((i)?x(T) are shown in Fig. 5(f). The
behaviour is very similar to XX-X correlations observed
in Dot A, compare Fig. 5(c).

The correlations g

Finally, we discuss 9,((2—)17X+1 (1), shown in Fig. 5(i). For
7 > 0, after the emission of an X~ photon we observe a
rise time, 7, = 1.95ns, linked to the capture time of two
holes required to create an X! photon. For 7 < 0, after
the emission of an X! photon, the system has to wait for
the capture of two electrons to create an X! complex, a
faster process with 7 = 0.89ns. The asymmetry is also
observed in the bunching with A, /A_ = 1.48/1.65. The
asymmetric behaviour here is a clear indication that elec-
trons are captured at higher rates than holes, as previ-
ously suggested by the autocorrelations of X! and X*1,
compare Fig. 3(f) and (g).

The capture rates, 7+, and bunching amplitudes, A4,
extracted from exponential fits to the correlations are
summarized in Table I. The values listed correspond to
measurements at Pyt /5 for Dot A and P, /4 for Dot B.
For completion, we also include the decay rates of the
bunching amplitudes, Tiecay+-

V. STOCHASTIC MODELING OF
AUTOCORRELATIONS

The correlation measurements of the previous section
highlight the rich variety of temporal features observ-
able in the nanowire quantum dot system where multi-
ple charge configurations exist. These correlations vary
from dot to dot since the relative probabilities of spe-
cific charge configurations are dot-dependent. One as-
pect common to all correlations involving charged com-
plexes suggested by experiment is that electrons and
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FIG. 6. Simulated autocorrelations of the excitonic complexes in Dot A (a)-(c) and Dot B (d)-(g).

holes are being admitted within the quantum dots at dif-
ferent rates. To gain insight into the role of disparate
carrier capture rates in determining the complex-specific
temporal correlations, we have developed a sixteen-level
stochastic model with adjustable parameters accessible
to the experiment.

The model includes the four neutral excitons (two
bright and two dark spin configurations), the four spin
configurations of the singly charged excitons, X! and
X*+! and the biexciton. Also included are the 4 single
carrier states (spin-up and spin-down electron and hole),
the two electron state, the two hole state, and the vac-
uum state. We assume the capture times of the carriers
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TABLE II. Measured parameters used in simulations.

Dot Tx Txx Tx—1 T+l Txq
(ns) (ns) (ns) (ns) (ns)
A 1.84 0.61 2.26 2.26* 10.5
B 1.23 1.04 1.29 1.24 22.3

*Lifetime of 7,.+1 in Dot A set to same value as 7,—1.

are spin-independent and take into account the Pauli ex-
clusion principle, i.e., if a dot level is already occupied,
only an opposite spin carrier can be admitted.

The simulation is organized as follows. The central
loop advances the global time by a preselected timestep.



The timestep as well as the total simulation time are
chosen to obtain a sufficient set of radiative transitions
to support a meaningful statistical analysis. At each time
step, the state of the quantum dot is examined and a de-
cision is made as to whether the confined complex should
recombine by emitting a photon. The decision is made
by generating a random number and comparing it to the
cumulative probability distribution corresponding to the
exponential radiative decay profile characterized by the
lifetime (different for different excitonic complexes). If
the complex is set to recombine, the state of the dot is
altered to remove one electron-hole pair, and one photon
is added to the appropriate photon stream with the infor-
mation about the global time corresponding to the event.
Further, a similar decision is made as to whether to admit
an electron, a hole, or a pair of carriers. These processes
are similarly governed by exponential probability distri-
butions with characteristic times for each process. Lastly,
we also implemented a process whereby a dark exciton
can convert to a bright exciton, governed by the prob-
ability distribution scaled by the dark exciton lifetime.
Once the simulation is completed, we are left with four
photon streams, one for each X, XX, X!, and X~!. We
extract the second-order correlation functions by analyz-
ing the timing of each photon in each stream in a manner
closely resembling the experimental technique.

To make contact between the simulation and the ex-
periment, we allow for independent control of the electron
(hole) capture time, T, (T}) for admitting one electron
(hole) of either spin and adjust the ratio T./Ty. The
excitation rate is controlled using 7T.. We also allow for
the possibility of single carrier or pair capture through
Px, the pair admission probability. Input parameters
listed in Table II are taken from measurements and in-
clude the lifetimes Ty, Tyx, Tx—1 and 71 of X, XX, X!
and Xt respectively. For Dot A, we keep a contribution
of the X! complex in the simulation although it is not
observed in the PL and set its lifetime to be the same
as X1 (i.e. 7y-1=7+1), an assumption that should hold
for typical quantum dot systems. The dark exciton life-
time, 74, represents the time associated with a spin-flip

process>!.
1. Dot A

The simulated correlations g)((Z))((T) are shown in
Fig. 6(a). The behaviour observed in experiment,

Fig. 3(a), is reproduced using equal electron and hole cap-
ture rates T, /T}, = 1 and single carrier capture Px = 0.
For the X complex, other values of 1. /T}, or Px produce
bunching at low excitation rates which is not observed
experimentally.

To reproduce the correlations g,g),xx(r) shown in
Fig. 3(b) requires a reduced T./T} value (the electron
capture rate here is faster than the hole capture rate)
and a higher Px value (there is an non-negligible prob-
ability of pair capture). The simulated correlations us-
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ing T. /T, = 0.1 and Px = 0.4 are plotted in Fig. 6(b).
We note that different parameters produce similar re-
sults and in Fig. 7 we plot the power dependent bunching
amplitude under different simulations conditions. In (a)
Px is kept fixed and T, /T}, is varied from 0.05 to 0.15.
From the figure, quantitative agreement with experiment
is obtained for all T, /T}, values shown notwithstanding
an offset in excitation rate. In (b), T, /T}, is kept fixed at
0.1 and Px is varied from 0 to 0.4. We observe similar
excitation-dependent bunching amplitudes for moderate
values of Px. For Px > 0.5 (not shown), the autocorre-
lations exhibit long decay times associated with blinking,
which is not observed experimentally.
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FIG. 7. Experimental (open symbols) and simulated (closed
symbols) excitation rate dependence of the bunching ampli-
tude, A, from g,g),xx(T) of Dot A. (a) Simulations performed
for different T¢ /T} values with Py fixed. (b) Simulations per-
formed for different Px values with T, /T, fixed.

The simulated autocorrelations g)(f,)l —1(7) are shown
in Fig. 6(c) where we have used T, /Ty = 0.2 and Px =

0.8 to reproduce the experiment. Here, Px controls the
broadening of the antibunching dip 4. In Fig. 8 we com-



pare the simulated and experimental decay rates Tgecay
and bunching amplitudes A. The model reproduces the
power-dependence of both 74ecqy and A with some slight
discrepancy at both high and low excitation rates. Since
we have assumed an excitation rate-independent T, /T},
ratio, such deviations are expected at low and high pump
rates, where different values of T,/T}, may be more ap-
propriate. We note that for larger values of T, /T}, the
simulations predict a transition from a decreasing to in-
creasing bunching amplitude as the excitation rate is in-
creased. Although there are hints of this transition in
Dot A, it is prominent in Dot B and is discussed below.
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FIG. 8. Experimental (open symbols) and simulated (closed

symbols) excitation rate dependence of the bunching ampli-
(2)

tude, A, and the decay time, Tgecay, from g, _;(7) of Dot
A.
2. DotB

The most notable difference in g)((Q,)((T) between Dot A

and B is the bunching observed in the latter for P/ Py, >
1, compare Figs. 3(a) and (d). To reproduce a similar
bunching behaviour in the model we the use a power
dependent dark exciton contribution. For T, < 2, we set
74 = 0.01ns whilst for T, > 2 we set 74 = 22.3ns, as
per Table II. The simulated correlations are shown in
Fig. 6(d) using T, /Ty, = 1 and Px = 0.

The simulated correlations g,((i),xx(T) are shown in
Fig. 6(e) calculated using T./T, = 0.6 and Px = 0.2.
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These parameters reproduce the behaviour seen in exper-
iment, compare Fig. 3(e), but with slight offsets in the
local bunching amplitude, A, and the local antibunching
dip at 7 #£ 0, see Fig. 9.
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FIG. 9. Experimental (open symbols) and simulated (closed
symbols) excitation rate dependence of the local bunching
amplitude, A, and local antibunching dip at || # 0 from

g)((i),xx(r) of Dot B.

Simulated correlations of g)(f,)l,x,l(T) and g)(i)lﬁxﬂ(T)
are plotted in Figs. 6(f) and (g), respectively. To re-
produce the experimental correlations shown in Fig. 3,
we have set Px = 0.8 and have used T,/T; = 0.2

(T./Ty, 2.5) for g)((z,)lyx,l(r) (g)(i)l’erl(T))7 In Fig. 10
we compare simulated excitation rate dependence of the
decay time and bunching amplitude with experiment for
both X! and X*!. Good agreement is obtained for exci-
tation rates spanning two orders of magnitude, although
the model underestimates the bunching at the highest
pump powers, likely due to the assumption of a power
independent T, /T}, ratio, as above.

VI. DISCUSSION

Differences in the time-integrated PL spectra between
quantum dots having nominally identical geometry and
composition implies that the electrostatic environment
varies from dot to dot. Different environments will result
in variations of the relative intensities between two com-
plexes or the observation of different complexes. What is
responsible for producing a different environment is un-
clear: it may be a variation in the Fermi level pinning
from one dot to another or a variation in the density and
distribution of traps in close proximity to the dot. What-
ever the reason, any difference in the electrostatic envi-
ronment will affect a change in the carrier capture pro-
cesses responsible for populating the dot with different
excitonic complexes. This variation in the carrier cap-
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tude, A, and the decay time, Tjecay, from g

9)((2+)1 +1(7) of Dot B.

ture dynamics is responsible for the vastly different tem-
poral correlations observed for nominally identical dots.
Below we attempt to interpret the variation in the corre-
lations in terms of the carrier capture dynamics, focusing
on the autocorrelations for which we have performed the
simulations.

The behaviour of the neutral exciton X for both dots
studied is trivial and can be described simply using equal
electron and hole capture rate, T, /T}, = 1 and single car-
rier injection, Py = 0. For the neutral biexciton XX, Dot
A exhibits a typical response expected from this complex
whilst Dot B exhibits ’local bunching’ i.e. a transition
from positive to negative correlations. The simulations
suggest that the difference in response is due to a higher
T./T}, value in the latter dot. For this complex, it is not
clear why the presence of the additional X+ complex and
the associated pathways to generating it would lead to a
higher capture rate for electrons relative to holes, or if it
is even related.

Autocorrelations of the charged complexes differ from
the neutrals in that they exhibit blinking. Blinking is
inherent in the multi-level model as it includes more
than one possible excitonic configuration. From the sim-
ulations, the temporal features associate with blinking
(bunching amplitude and decay) depend on the ratio of
capture rates and whether they are captured singly or in

81

10

pairs. We note that the blinking can be quenched in the
simulations by using significantly different capture rates
(T./Tn < 0.2) and single carrier injection. The small
T./T}, ratio ensures that the dot is populated with one
carrier at a time. Using these input parameters removes
the possible pathways to other complexes, always build-
ing the same complex. In other words, these conditions
simulate charge state control, allowing only one possible
charge state and thus removing the possibility of blinking
between charge states.

Although the autocorrelation spectra of the three
charged complexes appear to differ significantly, they all
exhibit the same behaviour: as the excitation rate is in-
creased, decay times decrease and bunching amplitudes
initially decrease but at some pump power start to in-
crease. What is different between the complexes is the
power at which the bunching amplitude transitions from
decreasing to increasing. This behaviour can be simu-
lated simply by adjusting the T, /T}, ratio.

We note that even dots which emit from the same com-
plexes may exhibit vastly different blinking behaviour.
Fig. 11 shows measured and simulated autocorrelations

g}((z,)l’x,l(T) from another dot, Dot C, that has a time-
integrated spectrum (not shown) similar to Dot A. This
dot does not show any sign of bunching for the excitation
rates used. To reproduce the non-blinking behaviour,

both T, /T}, and Px are reduced.
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FIG. 11. (a) Measured and (b) simulated autocorrelations
gf,)l —1(7) of Dot C for which no blinking was observed.

Finally, we note certain limitations present in the cur-
rent model which may account some of the discrepancies
observed between the simulations and the experiment.
First, we only consider s-shell states whilst a more realis-
tic approach would include levels in the p-shell. Second,
we have assumed that the ratio of electron to hole cap-
ture rates is independent of excitation power. One would,
however, expect this ratio to change at the extremes of
low and high pumping rates. Lastly, we have only sim-
ulated autocorrelations, employing complex-dependent
capture rates. In order to simulate cross-correlations, a
more sophisticated model is required that would allow for
individual capture rates to be assigned to electrons and
holes that are specific to the complex being investigated.



VIl. CONCLUSION

We have performed extensive temporal correlation
measurements on two nominally identical quantum dots
whose time-integrated PL differs only by the presence of
an additional excitonic complex. Increasing the number
of possible complexes that can radiatively decay has a
dramatic effect on the time-correlated response. Using
a multi-level stochastic model, we account for the ob-
served behaviour in terms of carrier capture rates and
single carrier versus pair capture probabilities. These re-
sults demonstrate that correlation spectroscopy is a use-
ful method for gaining insight into the carrier dynam-
ics of multi-exciton systems and may help in engineering
quantum dots structures with specific proprieties.
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Approaching transform-limited photons from nanowire quantum dots excited
above-band
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We demonstrate that, even when employing above-band excitation, photons emitted from semi-
conductor quantum dots can have linewidths that approach their transform-limited values. This
is accomplished by using quantum dots embedded in bottom-up photonic nanowires, an approach
which mitigates several potential mechanisms that can result in linewidth broadening: (i) only a
single quantum dot is present in each device, (ii) dot nucleation proceeds without the formation of
a wetting layer, and (iii) the sidewalls of the photonic nanowire are comprised not of etched facets,
but of epitaxially grown crystal planes. Using these structures we achieve linewidths of 2x the
transform limit, unprecedented for above-band excitation. We also demonstrate a highly nonlinear
dependence of the linewidth on both excitation power and temperature which can be described
by an independent Boson model that considers both deformation and piezoelectric exciton-phonon
coupling. We find that for sufficiently low excitation powers and temperatures, the observed excess
broadening is not dominated by phonon dephasing, a surprising result considering the high phonon
occupation that occurs with above-band excitation.

Quantum interference between two or more indistin-
guishable photons lies at the heart of most photonic
quantum technologies! and high visibilities require highly
coherent photons. Solid-state two-level emitters?, e.g.
epitaxial semiconductor quantum dots®, can provide sin-
gle photons with high efficiency provided they are in-
corporated within appropriate photonic structures sup-
porting a single optical mode into which all photons
are emitted. Within this solid-state environment, how-
ever, fluctuations in charge and spin or interactions with
phonons can lead to broadening of the emitted photon
linewidth compared to the Fourier transform limit and,
consequently, a reduction of the two-photon interference
ViSibﬂity, VTPI4~

Excess broadening can be limited through the use of
optical cavities®® and resonant excitation”, resulting in
the observation of vrp; > 90% between sequential pho-
tons emitted from the same source over times scales
> 1pusec®®. Linewidths, typically measured over longer
time scales, remain, however, broadened compared to the
transform limit®'°, a broadening typically attributed to
a slowly varying charge environment. One can therefore
expect a reduction of vpy for times scales longer than a
few microseconds and, in the case of remote emitters'! 17
for which noise correlations are absent, the reduction may
be particularly severe.

It is therefore essential to address this persistent broad-
ening which arises from a time-dependent occupation
of traps close to the dot, producing a wandering of
the exciton energy via the Stark effect'®. These traps
can be defects or impurities located in either the bulk
semiconductor material'®; at surfaces (e.g. the growth
surface?’ or the etched sidewall surface?!) or epitaxial
interfaces??. Additionally, quantum dots themselves are,
by design, carrier traps and the impact on linewidth, at
least of crystal phase dots?? (i.e. stacking faults), is well
established?4.
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In this work we investigate a quantum dot system?®
distinct from the more conventional GaAs-based self-
assembled dots?® in several aspects that impact excess
broadening. The dots are segments of InAsP within
[0001] wurtzite-phase InP nanowires and are fabricated
using a bottom-up technique. Here the only surfaces in
close proximity to the dot are the crystal lattice growth
facets that make up the sidewalls of the nanowire, sur-
faces which have a lower defect density compared to the
dry-etched sidewalls present in top-down structures?”.
Using the InP material system, we can also expect an or-
der of magnitude reduction in the surface recombination
velocity compared to GaAs?®. The quantum dots are nu-
cleated via a vapour-liquid-solid (VLS) growth process?’
in which no 2D wetting layer forms, a layer associated
with several broadening mechanisms®’. The VLS growth
mode is also unique in that the number of dots in each
device is controlled®! and by using devices that contain
only a single emitter, potential charge fluctuations asso-
ciated with carriers trapped in nearby quantum dots are
eliminated.

We observe a significant reduction of excess broadening
compared to conventional quantum dot emitters operated
under the same conditions, with measured linewidths as
low as 2x the transform limit. Remarkably, these narrow
lines are observed using above-band excitation i.e. condi-
tions expected to promote fluctuations in the charge en-
vironment. We also find that, at sufficiently low temper-
atures, broadening due to phonon dephasing is insignif-
icant with an onset for strong broadening observed for
T > 8 K. This is similar to that observed using resonant
excitation® and four-wave mixing techniques®? and con-
sistent with a significant reduction in vrp; observed in
Ref. 33. This behaviour can be fully described by an in-
dependent boson model®* that considers phonons propa-
gating along the nanowire growth direction and which
takes into account both deformation and piezoelectric



exciton-phonon coupling. Importantly, we do not need
to invoke virtual transitions between ground and excited
states333% for which the energy scales are inconsistent
with our dot level structure. Instead, the nonlinearity is
traced to the interplay of deformation and piezoelectric
coupling mechanisms and their distinct dependence on
phonon energy.
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FIG. 1. (a) Scanning electron microscope images of linear
arrays of nanowires pitched at 400 nm, each nanowire in an
array having a different core diameter and each array grown
at a different T, see Ref. 36 for details. (b) High resolution
PL spectrum measured at 4K and P = 0.1Ps, (black open
circles) of the X'~ line emission highlighted in the left inset.
Also plotted are a Lorentzian fit to the data (black curve),
the spectrum after deconvolution with the etalon response
(blue curve) and the predicted transform-limited spectrum
(solid red curve) calculated using the transition lifetime Ty
extracted from the PL decay curve shown in the right inset.

The nanowire-based devices were grown using a two-
step growth process®S. First, a 20nm diameter InP
nanowire core is grown using growth conditions that
promote axial growth (e.g. low Group V flux) and in
this core we incorporate a ~ 5nm thick InAsg5Pg.75
quantum dot. Second, the core is clad with a shell us-
ing growth conditions that promote radial growth (high
Group V flux). The resulting photonic nanowire has a
base diameter of 250 nm that tapers to ~ 100 nm over a
length of ~ 15 pm, Figure 1(a). Previously, we have used
growth temperatures of 420°C for both the core and shell
growths which produced quantum dots emitting exciton
photons with linewidths of 880 MHz of which the inhomo-
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geneous contribution was 730 MHz3” and was associated
with a higher defect density in the InP causing charge
fluctuations discussed above. In order to improve the
material quality, in this study we increased the nanowire
core growth temperature to 435°C, thought to be an up-
per limit above which reasonable axial growth rates could
not be maintained®. For the shell growth we can access
higher temperatures and here we study samples where
the shell is grown at temperatures up to Ty = 495°C.

Photoluminescence (PL) measurements were per-
formed in a closed-cycle helium cryostat. The nanowire
quantum dots were excited through a 100x objective
(numerical aperture of 0.81) and the emission was col-
lected through the same objective and directed to a grat-
ing spectrometer equipped with a liquid nitrogen cooled
charged-coupled device (CCD). For time-integrated PL
measurements, the excitation was a continuous wave laser
operating at 780nm whilst for time-resolved measure-
ments, a pulsed laser operating at 670 nm was used. To
measure linewidths, the dot emission was coupled to a
single mode fiber and a single peak was selected using a
fiber-based tunable filter with a 0.1 nm bandwidth. The
spectral width of the filtered peak was resolved using
a fiber-based piezo-driven scanning Fabry-Pérot etalon
(bandwidth of 250 MHz, free-spectral range of 40 GHz)
and detected with an avalanche photodiode.
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FIG. 2. Excitation power-dependence of the homogeneous
linewidth extracted from the PL spectra after deconvolution
with the etalon response function. Inset shows the high reso-
lution PL spectra of the X'~ emission measured at 7' = 4K
for selected excitation powers. Solid lines correspond to
Lorentzian fits to the data.

We first look at the linewidth of an excitonic pho-
ton at low temperature (4K) and low excitation power
(P = 0.1PFs,¢) in a device where the shell is deposited at
Ts = 450°C. Figure 1 shows the high-resolution PL spec-
trum of an X'~ photon emitting at Exy:- = 1.276¢eV.
The emission peak was fit with a Lorentzian function to
extract the homogeneous linewidth which, after decon-
volution with the etalon response, is d,, = 322 MHz. We
note that fitting with a Voigt profile produced a negligible



Gaussian contribution (i.e. we did not observe any sig-
nificant inhomogeneous broadening). Using the radiative
recombination lifetime of 77 = 1.02ns from the PL de-
cay curve (see inset in Figure 1), we calculate the width
of the transform-limited spectrum from ¢, = 1/2777.
From these two widths we obtain the ratio 271 /T5 = 2,
i.e. 2x the transform limit. This value is significantly
improved compared to previous measurements of quan-
tum dots using above-band excitation®* 44, including our
own nanowire devices grown at lower temperature®”. It
is also an improvement compared to measurements made
using p-shell excitation®*4. Instead, the values here
are typically observed only when the emitter is excited
resonantly??43:45:46 and are not significantly greater than
those observed in state of the art devices®4447,

We note that further increases in Ty did not result
in any additional reduction of the linewidths suggesting
that the excess broadening is not related to defects in
the shell material*®. To rule out broadening associated
with phonon dephasing, we performed both power- and
temperature-dependent measurements. In Figure 2 we
show the linewidth dependence on excitation power for
powers up to P = 4P,,;. All power-dependent spectra
show Lorentzian lineshapes (see inset) from which the ho-
mogeneous linewidths plotted in the figure are extracted.
The dependence is highly nonlinear with the linewidth
independent of excitation power for P < 0.4Ps,; above
which strong broadening is observed.

In Figure 3 we show temperature-dependent measure-
ments under weak pumping conditions (P < 0.2Ps¢).
With increasing temperature the emission peak red-shifts
due to lattice dilation?® and broadens. For temperatures
up to T' = 14 K the lineshape remains Lorentzian whilst
for T > 14 K a slight asymmetry develops. We focus on
the spectra measured for 7' < 14 K from which we can
extract the homogeneous linewidths plotted in the figure.
Significant broadening is observed for T" > 8 K whilst for
T < 8 K, linewidths show only a small temperature de-
pendence. We conclude that for sufficiently low temper-
atures (T < 8 K) and excitation powers (P < 0.4Ps,t)
phonon dephasing, notwithstanding above-band excita-
tion, is not the source of the remaining excess broaden-
ing. Instead, it likely arises from some residual inhomo-
geneous broadening, that either does not sufficiently alter
Lorentzian lineshapes such that it can be revealed by a
simple lineshape fitting procedure or that manifests as a
homogeneous broadening?.

We next consider the nonlinear behaviour observed
with temperature which is in stark contrast to the linear
dependence seen in earlier studies®® that also employed
non-resonant excitation9-41:°1-53  To date, the existence
of the linear broadening is accounted for in InAs/GaAs
zincblende dots by considering the independent boson
model®#, in which the exciton causes a renormalization
of phonon modes without itself being excited by the lat-
tice vibrations. The origin of the quadratic term, on
the other hand, is traced to the virtual transitions be-
tween the ground and excited exciton states caused by
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FIG. 3. (a) Deconvolved linewidth as a function of temper-
ature in the low excitation power regime. Inset shows PL
spectra, normalized to the integrated intensity, as a function
of relative emission energy for selected temperatures. (b) Pre-
dicted broadening based on model described in text.

the absorption and re-emission of the phonons®335. In

each of these approximations, only longitudinal phonon
modes are accounted for, and the main exciton-phonon
coupling mechanism is taken to be the deformation po-
tential. In addition, the virtual transitions appear to be
thermally activated only above a threshold temperature
(of order of 10K), below which only the linear broad-
ening is expected3®. Within this general approach, it is
straightforward to understand the similarity between the
linewidth broadening as a function of excitation power
(Figure 2) and as a function of temperature (Figure 3).
Indeed, above-bandgap excitation creates electron-hole
pairs in the InP continuum with energy higher than the
bare bandgap. As the carriers have to thermalize before
their capture by the quantum dot, increasing the excita-
tion power is equivalent to increasing the temperature,
as it leads to the increase in phonon mode population.

While we do not discount the possibility of a similar
mechanism being present here, we do find that both the
wurtzite lattice type of our system as well as its one-
dimensional geometry suggest an alternative origin of
the nonlinear linewidth broadening. Indeed, the cou-
pling between the carriers and the phonons is expressed

as M (E) = Ay (K) [ d3rr, (M)),q(F)e™ ™, where the pa-
rameter AG(E) depends on the type of coupling (deforma-
tion or piezoelectric), material parameters, and phonon
energy, k is the phonon wavevector, and v; o(7) is the
wave function of the carrier a (electron or hole) corre-
sponding to the single-particle state ¢ (Ref. 33-35). Ow-
ing to the nanowire geometry, the only phonon modes
with sufficiently low energy are those propagating along



the wire, i.e., with k= [0,0, k], while the lattice vibra-
tions in the transverse direction are quantized with en-
ergies equivalent to hundreds of Kelvin. As a result, the
longitudinal phonon modes are unlikely to cause elec-
tronic transitions (even virtual ones) since they would
need to straddle the intersubband energy gaps of hun-
dreds of meV brought about by the small height of the
quantum dot. This allows us to approximate, in the low
phonon energy limit, M (k) = Aq(k)é; ;.

To date, the theoretical modeling of the linewidth
broadening included the deformation potential as the
only relevant mechanism of exciton-phonon coupling in
zincblende materials®*3°. In that mechanism, the cou-
pling parameter for the one-dimensional phonon modes is

Ager(k) = 4/ %D, where the phonon energy hwy =
husk, us is the speed of sound, pys is the mass density, V'

is the phonon normalization volume, and D = D, — Dy,
is the deformation potential constant, expressed as the
difference between the electron-phonon and hole-phonon
coupling owing to the opposite signs of these charges.
The piezoelectric coupling mechanism was found to be
negligibly small, as it requires the shear strain tensor
components, which are vanishingly small for longitudinal
phonon modes. This is in contrast to the wurtzite crys-
tal lattice, in which the piezoelectric effects enter through
diagonal strain tensor element via the piezoelectric con-
stant c33. The relevant coupling parameter, adapted
for the zincblende material from Ref. 34, has the form

Apiezo(k) = —16Teessy/ %7 where e is the electron

charge. We note that the contributions from the electron-
phonon and hole-phonon interactions add (rather than
subtract as in the deformation coupling). Moreover, cru-
cially, the piezoelectric coupling has (i) the opposite sign
to that of the deformation mechanism, and (ii) a different
dependence on the phonon energy, Apie.o(k) (o./k)*l/2
compared to Agep(k) o< (wy)'/?. As a result, the total
coupling A(k) = Aqges(k) + Apiezo(k) is expected to de-
pend strongly and nonlinearly on the phonon energy.
The Hamiltonian of the exciton-phonon system ac-
counting for the approximations discussed above is:

gX—p}L = EX‘X><X|+ZhwEa2:aE+ZA(|E|)(aé+ag)
E E

(1)
arising because the coupling A(|k|) depends only on the
magnitude of the phonon wave vector k= [0,0, k]. Here,
the operator ag (ag) annihilates (creates) a phonon in
mode k. This independent boson model is exactly solv-
able in terms of displaced phonon operators by = ap+Aj
and bT ag + A, where the displacement Aj

A(k)/hwy. Upon this transformation, our Hamiltonian
is diagonal both in the excitonic and phononic degrees of
freedom and reads

Hx_pp = Ex|X)(X|+ Y hwpbtbp—> " hwp(A
i P

D7 (@)
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p(N;, T) = eXp(

The eigenvectors of our Hamiltonian can be written as
the tensor products |X) [ i |N;), where the phonon Fock

states |Ng) = \/Jl\r_,;!(bg)N|O>’ and the state |0) is the zero-

phonon state for the mode k.

Upon exciton recombination, we deal with the sys-
tem of non-displaced phonons described simply by the
Hamiltonian Hp, = Y ;hwpa’ caj with eigenstates in

the form of non-displaced phonon Fock states |njz) =
\/1—|(a'kf)"|0>. Working with the Fock phonon configu-
’I’LE.

rations, both in the initial and final states of the system,
and considering only one phonon mode with energy hwg,
we can now derive the emission spectrum in the form of
a series of maxima found at energies

E(NE’nE’AE) =Fx — hwE(A ) + hwk(N (3)
The radiative transitions can be accompanied by phonon
emission (Np < nj) or phonon absorption (N > ng),
placing the relevant maxima on the lower or higher side
of the zero phonon line, respectively. However, owing
to the very small energy scale of the relevant phonon
modes, the emission spectrum will be seen as a single,
broadened peak, whose intensity will be modulated by
an envelope expressed in terms of the well-known Franck-
Condon formula

—ng).

W(Np,ng, Ag) =
(4)

where np > Njp and Lj'(z) is the associated Laguerre
polynomial (for n; < N the indices are interchanged).

The emission spectrum as a function of temperature T’
and accounting for statistical occupation of the phonon
modes is computed as a weighted superposition of the
single-mode spectra. Upon normalization by the zero-
phonon line intensity, we have:

Z ZZP Wl

NA ng
X 6(hw — E(NE,TLE,AE)),

ng, Aj)

(5)
with Aw being the measured photon energy. Here,

we consider all possible initial and final occupations
of each phonon mode k, weighted by the probabilities

Ng hwk) /Z(k )7 where the statistical

sum Z(k) = Y00, exp( khT’“), and kp is the Boltz-
mann constant. The modal zero-phonon line intensity is
Io(k) = Xn (Vg T)|(ng = Ng[Np)l*.
takes into account the fact that, calculated individually,
the low occupations of any given phonon mode k are
exponentially more probable than the high occupations,
and therefore give more contribution to the overall emis-
sion spectrum.

We propose that the experimentally observed nonlin-
earity of the emission peak broadening is captured by
our model — even without the virtual excitation scheme

Our approach



— in two aspects. The first, crucial aspect is the depen-
dence of the displacement parameter A on the phonon
&def) - Agpiezo) _
) k E

Aédef)(IELWE)*U2 - A(()pwzo)(ﬁwg)fzgﬁ, where Aédef) and
Aépiezo)

mode energy fiw;. We have A = A

are energy-independent material constants de-
scribing the two coupling mechanisms, respectively. Even
if the piezoelectric coupling constant is smaller than the
deformation one, at sufficiently small phonon energies
these two terms will cancel each other out, giving the
overall displacement parameter of zero. As the material
parameters for wurtzite InAs and InP are not yet known,
our experimental data suggest that this cancellation oc-
curs most likely for phonon energies of order of 0.1 peV,
resulting in the very small emission peak broadening for
low temperatures. On the other hand, at higher phonon
energies the piezoelectric contribution to the parameter
A decays faster than the deformation one, resulting in
an effective, nonlinear increase of that parameter. As
a result, the higher-energy modes, which become more
populated at higher temperatures, cause the peak broad-
ening visible at higher temperatures.

The crossover between the two regimes is systemati-
cally accounted for by the second aspect of our model,
i.e., the mode occupation probabilities p(N, T'). As al-
ready mentioned, at low temperatures these probabil-
ities strongly favour low-energy modes occupied with
few phonons, for which the effective exciton-phonon cou-
pling is negligibly small due to the cancellation discussed
above. However, as the temperature increases, the prob-
abilities are redistributed towards increasing occupations
of more energetic phonon modes, which are more strongly
coupled to the exciton. As a result, these higher modes
contribute more to the emission spectrum, resulting in

the nonlinear increase of the peak broadening.

We illustrate the above theoretical model with a cal-
culation accounting for four phonon modes, with ener-
gies hwy = 0.25 peV, 0.5 peV, 1 peV, and 2 peV. We
chose the following dependence of the displacement pa-
rameter on the mode energy: A(e) = Ay (e71/2 — e73/2),
where ¢ = hwE/Eo, o = 0.1 peV, and Ay was taken as
a model value of 0.2. This functional form follows di-
rectly from the subtraction of the deformation and piezo-
electric contributions, and was adjusted to vanish for
hwi; = 0.1 peV. We generated the emission spectra at
a grid of photon energies with step of 2 peV on both
sides of the zero-phonon line, but we excluded the zero
phonon line itself, as its emission peak contains contribu-
tions from all phonon modes present in the system and
therefore would be poorly reproduced by our model. The
FWHM obtained by fitting the resulting emission peak
by a Lorentzian is presented in Figure 3. Unsurprisingly,
the theoretical approach, accounting only for four modes,
underestimates the line broadening, but reproduces the
experimental temperature trend qualitatively.

In summary, we have shown that it is possible to
generate near-transform-limited photons from quantum
dots, even when excited above-band, by using structures
that eliminate many potential broadening mechanisms.
The drastic reduction in excess broadening revealed a
non-linear temperature dependence that can be fully de-
scribed within an independent Boson model that consid-
ers both deformation and piezoelectric coupling mech-
anisms, the latter expected to be more important in
these wurtzite structures compared to the more typical
zincblende quantum dots.
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ABSTRACT: Photonics-based quantum information technologies require efficient, high aps

emission rate sources of single photons. Position-controlled quantum dots embedded within a
broadband nanowire waveguide provide a fully scalable route to fabricating highly eflicient
single-photon sources. However, emission rates for single-photon devices are limited by
radiative recombination lifetimes. Here, we demonstrate a multiplexed single-photon source
based on a multidot nanowire. Using epitaxially grown nanowires, we incorporate multiple
energy-tuned dots, each optimally positioned within the nanowire waveguide, providing single
photons with high efliciency. This linear scaling of the single-photon emission rate with
number of emitters is demonstrated using a five-dot nanowire with an average multiphoton
emission probability of <4% when excited at saturation. This represents the first ever E———
demonstration of multiple single-photon emitters deterministically incorporated in a single

photonic device and is a major step toward achieving GHz single-photon emission rates from a scalable multi-quantum-dot system.
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S ources of quantum light are an important resource in many that offer higher single-photon count rates are desirable in
quantum information processing applications, including applications which do not require the photons to be
quantum key distribution (QKD)" and linear optical quantum indistinguishable, for example, QKD based on the BB84
computing (LOQC).” Single-photon sources based on semi- protocol." Furthermore, combining a frequency multiplexed
conductor quantum dots offer close to ideal performance in source with the recently demonstrated technique for frequency
terms of efficiency and suppression of multiphoton emission converting a single-photon source™ allows one to envision
robabilities.”® Emission rates, however, are limited by the icati i indistingui

P . ) ) y applications that also require the photons to be indistinguish-
radiative lifetimes of the excitonic complexes from which the able, such as measurement-device-independent QKD'® or
quantum light is generated. Higher rates can be obtained via LOQC.?

Purcell enhancement of the radiative decay using 3D A unique feature of bottom-up grown nanowires is the

microcavities’ but will be limited by the onset of strong
coupling effects,® undesired in certain applications.

An alternative approach, based on active multiplexing, has
been proposed to overcome the fundamental limitations
inherent to probabilistic sources based on parametric down-
conversion.” For example, frequency multiplexing has been
demonstrated using heralded sources from broadband
spontaneous parametric down-conversion in a periodically
poled lithium niobate crystal.'"’ Using Bragg scattering four-
wave mixing for frequency translation, the authors multiplexed
three frequency modes generated by the crystal. Frequency
multiplexed single-photon sources based on single emitters

ability to incorporate multiple quantum dot emitters in the
same nanowire, each optimally positioned for maximum
coupling to the same optical mode supported by the photonic
nanowire waveguide.'”'" In this work, we use this ability to
deterministically incorporate multiple frequency-tuned InAsP
quantum dot emitters within the same InP photonic nanowire.
We show that each dot emits single photons, and owing to the
broadband operation of nanowire sources'’ combined with the
optimal positioning of each emitter, the photon emission rate
scales linearly with the number of emitters, an important step

(ie., suitable for on-demand operation) have also been Received: February 13, 2020
demonstrated.'’ The sources were based on single quantum Revised: ~ March 18, 2020
dots deterministically incorporated in bottom-up photonic Published: April 9, 2020
nanowires,'”"? with the emission from two dots in two

separate nanowires coupled to the same ridge waveguide using
a pick and place approach.'* Frequency multiplexed sources

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.nanolett.0c00607
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toward the development of high repetition rate single-photon
sources.

Scanning electron microscope (SEM) images of the
nanowire sources used in this work are shown in Figure 1.

Figure 1. (a) SEM image of an InP nanowire core with three
embedded InAsP quantum dots indicated by arrows. The dots were
delineated using a H,SO, dip, which selectively etches arsenic-
containing sections. (b) SEM image of the photonic nanowire (ie., a
nanowire core after shell growth). (c) Calculated electric field
intensity of one of the two degenerated HE;; modes supported by the
photonic nanowire. (d) SEM showing an array of site-controlled
photonic nanowires.

The sources are fabricated by first growing an InP nanowire
core into which are embedded InAsP quantum dots (Figure
la). The quantum dots are separated by InP spacers with
thicknesses of >50 nm to avoid dot—dot electronic
coupling.”"® The nanowire core is then clad"® to produce
the photonic nanowire waveguide (Figure 1b), with a diameter
tailored to optimally couple the dot emission to the two
degenerate orthogonally polarized HE;; waveguide modes.
The electric field intensity of one of these modes is shown in
Figure lc, with the red arrows indicating the direction of the
electric field. The top section of the cladding is tapered to
increase the coupling to the external optics, producing devices
with collection efficiencies in excess of 40%.”" Ground-state
emission occurs at 4 ~ 950 nm with near-transform-limited
line widths of 4 #eV>’ and mean fine structure splittings of ~3
ueV.”" Further details of the nanowire growth are given below.

In order to use the embedded quantum dots for wavelength
multiplexing, the emission energy of each dot needs to be
controlled and distinguished from its neighbors. This is
achieved by adjusting the composition of each dot using
AsH; flow rates.”> We first calibrate the emission wavelength
dependence on AsH; flow using a three-dot nanowire where
the flow is increased from 20 to 25% (measured as a percent of
a 5 sccm flow meter) for each subsequently incorporated dot.
The ground-state emission wavelengths for each flow were
determined from low-temperature photoluminescence (PL)
measurements using above-band continuous-wave (cw)
excitation (see below). The emission wavelengths from
measurements on 19 three-dot nanowires (57 quantum dots)
are summarized in the histograms of Figure 2a. The observed
distribution of ground-state emission wavelengths for nomi-
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Figure 2. (a) Histograms of the emission wavelengths of 7 quantum
dots from photoluminescence measurements of 19 three-dot
nanowires. (b) Calibration of the emission wavelength dependence
on AsHj, flow obtained from the data in (a). (c) Photoluminescence
spectrum using cw excitation of a single nanowire (NW A) with five
quantum dots. The dot number indicates the position of the dot in
the nanowire, with QD1 being at the bottom and QDS at the top.

nally identical quantum dots is typical of the nanowire
system.””>® We attribute the variation to a dependence of
the ground-state emission wavelength on the distribution of
arsenic atoms in the dilute quantum dot system™* as well as the
distribution in gold catalyst size.”> Using the resulting
calibration curve (Figure 2b), a five-dot sample was grown
targeting a spectral separation of 15 nm (chosen to clearly
identify which line corresponds to which dot in the nanowire
assuming an inhomogeneous broadening of ~10 nm observed
in the histograms of Figure 2a).

A PL spectrum of a five-dot nanowire (NW A) pumped
using cw excitation is shown in Figure 2c. Five peaks are
visible, and the dot associated with each peak has been labeled
according to its position within the nanowire, with QD1 at the
bottom and QDS at the top. Although the total wavelength
range covered is consistent with that expected from the
calibration measurements, QD2—QDS are clustered toward
longer wavelengths and are separated by ~7 nm, that is, a
factor of 2 smaller than expected. This may be due to initial
arsenic loading in the catalyst upon the first exposure to AsH;.
Nonetheless, Figure 2c demonstrates the required frequency
control to achieve frequency multiplexed operation.

We look next at the photon statistics of the emission from a
multidot nanowire. In this case, we choose a nanowire from the
same growth with quantum dot emission lines at 4 = 915, 929,
931, 941, and 951 nm (NW B, Figure 3a). We first determine
the excitation power required to saturate the individual
transitions from power-dependent PL measurements using
above-band pulsed excitation at a repetition rate of 80 MHz
(see below). All transitions were observed to saturate at
approximately the same excitation power (P, ~ 1 W), and
the detected count rate at saturation of each dot, N, was
approximately equal (see Figure 3b). This suggests that both
excitation and collection efficiency are not strongly dependent
on the dot position or wavelength.

The pulsed second-order correlation function of each dot,
g(z)(r), was measured using a fiber-coupled Hanbury—Brown
and Twiss (HBT) conﬁguration.26 The nanowire emission was
coupled to a single-mode fiber and directed to a tunable, fiber-
coupled filter to select the transition to be measured. The
isolated transition line was sent to two fiber-coupled silicon

https://dx.doi.org/10.1021/acs.nanolett.0c00607
Nano Lett. 2020, 20, 3688—3693
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Figure 3. (a) PL spectrum of NW B measured at an excitation power
P, =1 uW using pulsed excitation at 80 MHz. (b) Power-dependent
detected count rate for each dot line in (a). (c) Second-order
correlation function using pulsed excitation at 40 MHz of quantum
dots QD2, QD3, QD4, and QDS in NW B measured at P, = 1 yW.
Solid red curves are model fits.

single-photon avalanche photodiodes (APDs) using a 50:50
fiber-coupled beamsplitter (see below). Of the five quantum
dot lines seen in the emission from the nanowire, only the four
at longer wavelengths were addressable by the tuning range of
the filter. The second-order correlation function from these
four lines are shown in Figure 3¢, measured at an excitation
power of P, = 1 uW (i.e., where the count rates are highest).

Each quantum dot shows strong antibunching, with g (0) <
0.5 indicating that they are all operating as single-photon
emitters. The background-corrected coincidences in the zero-
delay peak normalized to the side peaks for the four
addressable dots are shown in Table 1. No systematic

Table 1. Background-Corrected g'?(7) in the Zero-Delay
Peak for the Four Dots in NW B at Different Excitation
Powers

power QD2 QD3 QD4 QDs
0.5P, 0.016 0.051 0.026 0.010
P, 0.029 0.094 0.023 0012
2P, 0.056 0.165 0.060 0.021

sat

dependence of the coincidence counts in the zero-delay peak
on the position of the dot in the nanowire is evident. The
middle quantum dot (QD3) does show a markedly higher
value than the others, suggesting that absorption of photons
emitted from higher-energy dots may be contributing to the
counts at zero-delay for this particular dot (discussed below).
In Figure 4, we plot the total count rate detected at
saturation, Ny = 2;’ N, as a function of the number of
emitters, n, incorporated in the nanowire, where N, is taken
from Figure 3b. The total detected count rate for this source
(ie., with five emitters) is Ny > 2.2 Mcps. Moreover, the linear
scaling versus emitter number demonstrates equal collection
efficiency from each dot. Based on the average single-photon
purity of the emitters given in Table 1, we estimate a single-
photon count rate from the multiplexed source of 0.961nN,,,
(i.e., limited only by the number of incorporated emitters).
We discuss next the dot-dependent probability of detecting
multiple photons per excitation pulse, which varies from 1 to
9% when pumping at saturation. All four dots in Figure 3c
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Figure 4. Total detected count rate, Ny, from Figure 3b as a function
of the number of quantum dot emitters incorporated in the nanowire,
n.

show coincidence counts that approach zero at 7 = 0, limited
by the timing resolution of the detectors. This demonstrates a
very low background emission from other sources in the
nanowire system. Moving in time away from 7 = 0, the
coincidence counts increase and then decay. This is associated
with re-emission of photons from the quantum dot and varies
from dot to dot. The re-emission is seen more clearly in Figure
5, where we plot the power-dependent g®(z) for QD3.
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Figure S. (a) Excitation power-dependent second-order correlation
function for QD3 in NW B. Solid red curves are model fits. (b) g(z)(‘r)
measured at P = 2P, showing the short-delay bunching. (c) Power-
dependent g<2)(1) in the zero-delay peak for the four quantum dots
(solid symbols) and re-excitation probability extracted from the
model for quantum QD3 (open red circles).

This type of re-emission has been associated with re-
excitation of the quantum dot after the initial radiative decay
by carriers generated during the same excitation pulse.””** Re-
excitation processes are typically observed when using above-
band pumping, which produces an excess carrier density within
the dot matrix (i.e, in the InP) that is available to repopulate
the dot. This process will be excitation-power-dependent with
a higher degree of re-excitation occurring at higher pump
power.

For the dots studied here, the re-excitation probabilities are
seen to vary from dot to dot, whereas re-excitation directly
from pump-generated carriers should result in equal proba-
bilities for each dot for uniform excitation. Here, we argue

https://dx.doi.org/10.1021/acs.nanolett.0c00607
Nano Lett. 2020, 20, 3688—3693



Nano Letters

pubs.acs.org/NanoLett

96

against a nonuniform absorption of the pump (for example,
carriers predominantly generated at the top of the nanowire)
as that would produce a systematic variation in re-excitation
probabilities based on the dot position, which is not observed.
For re-excitation directly from pump-generated carriers, the
probability of re-excitation will necessarily go to zero in the
absence of excitation, which is the case for QDs 2, 4, and S but
not QD3 (see Figure Sc). We believe a more likely source of
re-excitation when pumping weakly is the absorption of a
ground-state photon from a higher-energy dot that is resonant
with an excited state of QD3.

To get a better insight into the processes responsible for the
zero-delay counts, we simulate the re-excitation process using a
stochastic model to describe the exciton emission and
detection processes with re-excitation included as a competi-
tion between the barrier material band to band decay rate, the
carrier capture rate into the dot, and the radiative decay rate of
the dot (for details, see below and also ref 29). The model
applies to re-excitation from both carriers directly generated by
the pump as well as reabsorption of photons emitted by other
dots, with the capture rate in the latter interpreted as an
absorption probability. The simulated correlations, convoluted
with the detector response, are plotted in Figure 3c (solid red
curves) and are in good agreement with the measured spectra,
reproducing both the 7 = 0 dip and the re-excitation peaks at
short delay.

We apply the model to the power-dependent correlations for
QD3, which demonstrated the highest g<2)(r) in the zero-delay
peak of the four dots. The fits are shown in Figure Sa for pump
powers of 0.1 to 2P, and a close-up of the counts near zero-
delay for 2P, in Figure Sb. The power-dependent re-excitation
probability extracted from the model is shown in Figure Sc
(open red symbols) together with the measured power-
dependent g'?(z) in the zero-delay peak corrected for
background counts (solid red symbols). From a linear fit to
the data, we extract a finite probability of re-excitation at a zero
pump power of 0.012 for QD3. This nonzero re-excitation
probability in the limit where the pump power is extremely low
is consistent with a re-excitation process based on the
absorption of photons emitted by the other dots.

Although photon-mediated interactions between quantum
dots is of interest in other photonic-based quantum
technologies,30 here, it is undesirable and should be minimized.
This can be achieved, for example, by engineering the quantum
dots to have large ground- to excited-state splittings,”*" such
that there is no overlap between the ground states of the higher
energy dots with any excited states of lower-energy dots.

In conclusion, we have demonstrated controlled emission
wavelength tuning of individual quantum dots in a single
nanowire with each dot emitting single photons. As each dot is
optimally coupled to the fundamental waveguide mode of the
nanowire, they behave as independent single-photon sources
with approximately equal efficiencies, evidenced by the similar
count rates at saturation. As a result, the total emission rate was
found to scale with the number of emitters, paving the way for
producing wavelength multiplexed single-photon sources
where the emission rate is limited by the number of
incorporated emitters. This number is limited by the spatial
constraints of the system and the tuning range and line widths
of the emitters. Single-photon emission in the InAs/InP
nanowire system has been demonstrated for wavelengths of 4 =
900 to 1300 nm,'*** whereas measured line widths of the
excitonic transitions are 4 /teV.20 One can therefore envision a
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source consisting of 30 emitters in a 2 pm length nanowire
core energetically spaced by 5 meV. Given that nanowire
sources have demonstrated count rates at first lens in excess of
30 Mcps using 76 MHz pulsed excitation,” such a source
would produce single photons with an aggregate emission rate
in the GHz range.

Although we have only discussed multidot single nanowires
suitable for frequency multiplexing (i.e,, nondegenerate dots),
the ability to control the position and energy of individual
emitters in a single nanowire waveguide is relevant in the study
of other quantum-optical phenomena. For example, similar
devices grown using dots with degenerate ground states can be
used to produce super-radiant emission from the coherent
interaction of resonant emitters.’" Alternatively, reducing the
spacing between degenerate emitters is of interest in the study
of electronically coupled quantum dot systems.'”'*®

Samples. The nanowires were grown using chemical beam
epitaxy on patterned InP substrates consisting of single gold
catalysts centered in circular openings in a SiO, mask (see ref
12 for details). First, an InP core with embedded InAsP
quantum dots was grown using a vapor—liquid—solid growth
mode. The diameter of the core and embedded quantum dots
was determined by the catalyst size (~ 20 nm), whereas the
thickness of the dots (~ S nm) was controlled by the growth
time. The composition (i.e., emission wavelength) of the dots
was determined via control of the AsH; flow rate during dot
incorporation.”” After completion of the core, growth
conditions were adjusted to grow a shell around the core,
increasing the diameter to ~250 nm'’ while simultaneously
introducing a tapered tip in order to obtain devices with
collection efficiencies of ~40%.”"

Experimental Setup. PL measurements were made in a
closed-cycle helium cryostat operating at 4 K. The nanowire
quantum dots were pumped along the axis of the photonic
nanowire waveguide through a 100X objective. Continuous-
wave excitation was provided by a HeNe laser (4 = 633 nm).
For pulsed excitation, a diode laser at A = 670 nm with a pulse
width of 100 ps and a repetition rate of 40 MHz (80 MHz)
was used for correlation (photoluminescence) measurements.
The dot emission was collected through the same microscope
objective and for spectral measurements was dispersed using a
grating spectrometer and detected with a liquid-nitrogen-
cooled CCD. The second-order correlation measurements
were made using a fiber-based HBT arrangement. The
emission from the nanowire was fiber-coupled and sent to a
fiber-based tunable filter (bandwidth ~0.1 nm, tuning range 4
=950 + 30 nm) for spectral filtering of individual quantum dot
emission lines. The filtered emission was sent to two fiber-
coupled APDs (timing jitters ~200 ps) via a 50:50 fiber
beamsplitter.

Modeling. Photon statistics are simulated using a stochastic
model to describe exciton emission and detection processes.”’
Excitons are created by a continuous train of pump pulses with
a given period, followed by exciton emission at a time
determined by a random number selected from a distribution
weighted with the appropriate exciton lifetime. The model
assumes two possible states for the system: vacuum (no
excitons created) and a single exciton. The excitation rate is
controlled by adjusting the probability of elevating the system
from the vacuum to the exciton state. The resulting exciton to
vacuum decay leads to photon emission and detection at times,
which are stored, and the process is repeated through the pulse
train until a sufficiently accurate time distribution can be

https://dx.doi.org/10.1021/acs.nanolett.0c00607
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obtained. The completed detection time stream is allocated by
random selection into start and stop detector streams. Exciton
re-excitation after a particular pulse due to the decaying band-
edge carrier population is included via a competition between
carrier recombination time and exciton decay time.

B AUTHOR INFORMATION

Corresponding Author
Patrick Laferriere — National Research Council of Canada,
Ottawa, Ontario, Canada KIA OR6; University of Ottawa,
Ottawa, Ontario, Canada KIN 6NS; © orcid.org/0000-
0002-1569-387X; Email: plaferr3@uottawa.ca

Authors

Edith Yeung — National Research Council of Canada, Ottawa,
Ontario, Canada K1A OR6; University of Ottawa, Ottawa,
Ontario, Canada KIN 6NS

Lambert Giner — National Research Council of Canada,
Ottawa, Ontario, Canada KI1A OR6; University of Ottawa,
Ottawa, Ontario, Canada KIN 6NS

Sofiane Haffouz — National Research Council of Canada,
Ottawa, Ontario, Canada K1A OR6

Jean Lapointe — National Research Council of Canada, Ottawa,
Ontario, Canada K1A OR6

Geof C. Aers — National Research Council of Canada, Ottawa,
Ontario, Canada KIA OR6

Philip J. Poole — National Research Council of Canada,
Ottawa, Ontario, Canada KIA OR6

Robin L. Williams — National Research Council of Canada,
Ottawa, Ontario, Canada KI1A OR6; University of Ottawa,
Ottawa, Ontario, Canada KIN 6NS

Dan Dalacu — National Research Council of Canada, Ottawa,
Ontario, Canada KI1A OR6; University of Ottawa, Ottawa,
Ontario, Canada KIN 6NS

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.nanolett.0c00607

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the Natural Sciences and
Engineering Research Council of Canada and the Canadian
Space Agency.

B REFERENCES

(1) Bennett, C.; Brassard, G. Quantum cryptography: Public key
distribution and coin tossing. Proceedings of IEEE International
Conference on Computers, Systems and Signal Processing; IEEE, 1984;
Vol. 175, p 8.

(2) Knill, E.; Laflamme, R.; Milburn, G. A Scheme for efficient linear
optics quantum computation. Nature 2001, 409, 46—52.

(3) Claudon, J; Bleuse, J.; Malik, N. S.; Bazin, M.; Jaffrennou, P,;
Gregersen, N.; Sauvan, C.; Lalanne, P.; Gérard, J.-M. A highly efficient
single-photon source based on a quantum dot in a photonic nanowire.
Nat. Photonics 2010, 4, 174.

(4) Gazzano, O.; Michaelis de Vasconcellos, S.; Arnold, C.; Nowak,
A.; Galopin, E; Sagnes, L; Lanco, L.; Lemaitre, A.; Senellart, P. Bright
solid-state sources of indistinguishable single photons. Nat. Commun.
2013, 4, 1425.

(5) Somaschi, N.; et al. Near-optimal single-photon sources in the
solid state. Nat. Photonics 2016, 10, 340—343.

(6) Unsleber, S.; He, Y.-M.; Gerhardt, S.; Maier, S.; Lu, C.-Y.; Pan,
J-W.; Gregersen, N.; Kamp, M.; Schneider, C.; Hofling, S. Highly

3692

indistinguishable on-demand resonance fluorescence photons from a
deterministic quantum dot micropillar device with 74% extraction
efficiency. Opt. Express 2016, 24, 8539—8546.

(7) Gérard, J. M.; Sermage, B.; Gayral, B.; Legrand, B.; Costard, E.;
Thierry-Mieg, V. Enhanced Spontaneous Emission by Quantum
Boxes in a Monolithic Optical Microcavity. Phys. Rev. Lett. 1998, 81,
1110.

(8) Reithmaier, J. P.; Sek, G.; Loffler, A.; Hofmann, C.; Kuhn, S,;
Reitzenstein, S.; Keldysh, L. V.; Kulakovskii, V. D.; Reinecke, T. L.;
Forchel, A. Strong coupling in a single quantum dot-semiconductor
microcavity system. Nature 2004, 432, 197.

(9) Christ, A.; Silberhorn, C. Limits on the deterministic creation of
pure single-photon states using parametric down-conversion. Phys.
Rev. A: At Mol,, Opt. Phys. 2012, 85, No. 023829.

(10) Joshi, C.; Farsi, A,; Clemmen, S.; Ramelow, S.; Gaeta, A. L.
Frequency multiplexing for quasi-deterministic heralded single-
photon sources. Nat. Commun. 2018, 9, 847.

(11) Elshaari, A. W.; Zadeh, 1. E.; Fognini, A.; Reimer, M. E;
Dalacu, D.; Poole, P. J.; Zwiller, V.; Jons, K. D. On-chip single photon
filtering and multiplexing in hybrid quantum photonic circuits. Nat.
Commun. 2017, 8, 379.

(12) Dalacu, D.; Kam, A.;; Guy Austing, D; Wu, X.; Lapointe, J.;
Aers, G. C; Poole, P. J Selective-area vapour-liquid-solid growth of
InP nanowires. Nanotechnology 2009, 20, 395602.

(13) Dalacu, D.; Mnaymneh, K.; Lapointe, J.; Wu, X.; Poole, P. J;
Bulgarini, G.; Zwiller, V.; Reimer, M. E. Ultraclean Emission from
InAsP Quantum Dots in Defect-Free Wurtzite InP Nanowires. Nano
Lett. 2012, 12, 5919—5923.

(14) Zadeh, L E.; Elshaari, A. W.; Jons, K. D.; Fognini, A.; Dalacu,
D,; Poole, P. J.; Reimer, M. E.; Zwiller, V. Deterministic Integration of
Single Photon Sources in Silicon Based Photonic Circuits. Nano Lett.
2016, 16, 2289.

(15) Singh, A; Li, Q.; Liu, S.; Yu, Y.; Lu, X.; Schneider, C.; Hofling,
S.; Lawall, J.; Verma, V.; Mirin, R.; Nam, S. W.; Liu, J.; Srinivasan, K.
Quantum frequency conversion of a quantum dot single-photon
source on a nanophotonic chip. Optica 2019, 6, 563.

(16) Lo, H.-K.; Curty, M.; Qi, B. Measurement-Device-Independent
Quantum Key Distribution. Phys. Rev. Lett. 2012, 108, 130503.

(17) Khoshnegar, M.; Huber, T.; Predojevi¢, A,; Dalacu, D,;
Prilmiiller, M.; Lapointe, J.; Wu, X.; Tamarat, P.; Lounis, B.; Poole, P.;
Weihs, G.; Majedi, H. A solid state source of photon triplets based on
quantum dot molecules. Nat. Commun. 2017, 8, 15716.

(18) Carlson, C.; Dalacu, D.; Gustin, C; Haffouz, S;; Wu, X;
Lapointe, J.; Williams, R. L.; Poole, P. J.; Hughes, S. Theory and
experiments of coherent photon coupling in semiconductor nanowire
waveguides with quantum dot molecules. Phys. Rev. B: Condens.
Matter Mater. Phys. 2019, 99, 085311.

(19) Friedler, L; Sauvan, C.; Hugonin, J. P.; Lalanne, P.; Claudon, J.;
Gérard, J. M. Solid-state single photon sources: the nanowire antenna.
Opt. Express 2009, 17, 2095.

(20) Reimer, M. E.; Bulgarini, G.; Fognini, A.; Heeres, R. W.; Witek,
B. J.; Versteegh, M. A. M.; Rubino, A.; Braun, T.; Kamp, M.; Hofling,
S.; Dalacu, D.; Lapointe, J.; Poole, P. J.; Zwiller, V. Overcoming
power broadening of the quantum dot emission in a pure wurtzite
nanowire. Phys. Rev. B: Condens. Matter Mater. Phys. 2016, 93,
195316.

(21) Versteegh, M. A. M.; Reimer, M. E; Jons, K. D.; Dalacu, D,;
Poole, P.; Gulinatti, A.; Giudice, A.; Zwiller, V. Observation of
strongly entangled photon pairs from a nanowire quantum dot. Nat.
Commun. 2014, 5, 6298.

(22) Haffouz, S.; Zeuner, K. D.; Dalacu, D.; Poole, P. J.; Lapointe, J.;
Poitras, D.; Mnaymneh, K;; Wu, X.; Couillard, M.; Korkusinski, M.;
Scholl, E.; Jons, K. D.; Zwiller, V.; Williams, R. L. Bright Single InAsP
Quantum Dots at Telecom Wavelengths in Position-Controlled InP
Nanowires: The Role of the Photonic Waveguide. Nano Lett. 2018,
18, 3047.

(23) Chen, Y.; Zadeh, L E; Jons, K. D.; Fognini, A.; Reimer, M. E.;
Zhang, J.; Dalacu, D.; Poole, P. J.; Ding, F.; Zwiller, V.; Schmidt, O.

https://dx.doi.org/10.1021/acs.nanolett.0c00607
Nano Lett. 2020, 20, 3688—3693



Nano Letters pubs.acs.org/NanoLett

98

G. Controlling the exciton energy of a nanowire quantum dot by
strain fields. Appl. Phys. Lett. 2016, 108, 182103.

(24) Cygorek, M.; Korkusinski, M.; Hawrylak, P. Atomistic theory of
electronic and optical properties of InAsP/InP nanowire quantum.
Phys. Rev. B: Condens. Matter Mater. Phys. 2020, 101, No. 075307.

(25) Dalacy, D.; Mnaymneh, K.,; Wu, X.; Lapointe, J.; Aers, G. C;
Poole, P. J.; Williams, R. L. Selective-area vapor-liquid-sold growth of
tunable InAsP quantum dots in nanowires. Appl. Phys. Lett. 2011, 98,
251101.

(26) Brown, H. R;; Twiss, R. Q. Correlation between photons in two
coherent beams of light. Nature 1956, 177, 27-29.

(27) Aichele, T.; Zwiller, V.; Benson, O. Visible single-photon
generation from semiconductor quantum dots. New ]. Phys. 2004, 6,
90.

(28) Santori, C.; Fattal, D.; Vuckovic, J.; Solomon, G. S.; Yamamoto,
Y. Single-photon generation with InAs quantum dots. New J. Phys.
2004, 6, 89.

(29) Mnaymneh, K; Dalacy, D.; McKee, J.; Lapointe, J.; Haffouz, S.;
Weber, J. F,; Northeast, D. B.; Poole, P. J.; Aers, G. C.; Williams, R. L.
On-Chip Integration of Single Photon Sources via Evanescent
Coupling of Tapered Nanowires to SiN Waveguide. Adv. Quantum
Technol. 2020, 3, 1900021.

(30) Minkov, M.; Savona, V. Radiative coupling of quantum dots in
photonic crystal structures. Phys. Rev. B: Condens. Matter Mater. Phys.
2013, 87, 125306.

(31) Kim, J.-H.; Aghaeimeibodi, S.; Richardson, C. J. K.; Leavitt, R.
P; Waks, E. Super-Radiant Emission from Quantum Dots in a
Nanophotonic Waveguide. Nano Lett. 2018, 18, 4734—4740.

(32) Grim, J. Q; Bracker, A. S.; Zalalutdinov, M.; Carter, S. G;
Kozen, A. C; Kim, M,; Kim, C. S.; Mlack, J. T.; Yakes, M.; Lee, B;
Gammon, D. Scalable in operando strain tuning in nanophotonic
waveguides enabling three quantum-dot superradiance. Nat. Mater.
2019, 18, 963.

3693

https://dx.doi.org/10.1021/acs.nanolett.0c00607
Nano Lett. 2020, 20, 3688—3693



Chapter 10

Article 6: Position-controlled Telecom
Single Photon Emitters Operating at

Elevated Temperatures

This chapter contains the following article:

P. Laferriére, S. Haffouz, D. B, Northeast, P. J. Poole, R. L. Williams, & D. Dalacu,
“Position-controlled Telecom Single Photon Emitters Operating at Elevated Temperatures”,
Nano Letters 23, 3, 962-968 (2023)

DOI: https://doi.org/10.1021/acs.nanolett.2¢04375

© 2020 American Chemical Society

99



NANO.. . 5

He®
pubs.acs.org/Nanolett

Position-Controlled Telecom Single Photon Emitters Operating at
Elevated Temperatures

Patrick Laferriére, Sofiane Haffouz, David B. Northeast, Philip J. Poole, Robin L. Williams,
and Dan Dalacu™

Cite This: Nano Lett. 2023, 23, 962—-968 I: I Read Online

ACCESS | Ll Metrics & More | Article Recommendations ‘

ABSTRACT: A key resource in quantum-secured communication Rzo

protocols are single photon emitters. For long-haul optical
networks, it is imperative to use photons at wavelengths compatible
with telecom single mode fibers. We demonstrate high purity single
photon emission at 1.31 gm using deterministically positioned InP
photonic waveguide nanowires containing single InAsP quantum
dot-in-a-rod structures. At excitation rates that saturate the
emission, we obtain a single photon collection efficiency at first
lens of 27.6% and a probability of multiphoton emission of g®(0)
= 0.021. We have also evaluated the performance of the source as a
function of temperature. Multiphoton emission probability increases with temperature with values of 0.11, 0.34, and 0.57 at 77, 220
and 300 K, respectively, which is attributed to an overlap of temperature-broadened excitonic emission lines. These results are a
promising step toward scalably fabricating telecom single photon emitters that operate under relaxed cooling requirements.
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KEYWORDS: nanowire quantum dot, photonic waveguide, selective-area vapor—liquid—solid epitaxy, telecom single photon source

T he prospect of a future fiber-based quantum network' dot-in-a-rod structure®® such that the thickness of the dot is
relies on the on-demand availability of high quality single nominally the same as in devices which have demonstrated high
photons at telecom wavelengths. Sources based on semi- collection efficiencies,”” and further optimized the nanowire
conductor quantum dots, which can be tuned over a wide geometry for O-band emission.

wavelength range through the choice of material system,” are a At 4 K, the devices generated 1.86 Mcps at the detector when
promising candidate for delivering such photons. Telecom excited at a rate of 80 MHz. End-to-end efficiency was 2.82%,
single photon emission was first demonstrated in both the InAs/ and a first lens single photon collection efficiency was 27.6%,
GaAs® and the InAs/InP* material systems in 200S. Since these measured at saturation where the probability of multiphoton
early studies, device performance has dramatically improved for emission was g(z)(O) = 0.021. The devices also demonstrated
both GaAs-based>™ " and InP-based!®>! quantum dots with single photon emission up to 220 K, albeit at significantly
current state-of-the-art devices possessing a first-lens brightness reduced single photon purities of ~34%, which permits

operation with a simple multistage thermoelectric cooler.

The nanowires were grown by chemical beam epitaxy using
the S-A VLS growth technique that allows positioning of
individual emitters at specified locations on the growth
substrate, see refs.”” and*® for details. A single InAs.P,
quantum dot with composition x ~ 0.68 and thickness t; ~ 3
nm was embedded within an InAs,P;_, nanowire rod with
composition y ~ 0.5 and thickness t, ~ 20 nm, itself embedded
within an InP nanowire core. The diameters for the dot and rod

of 36% in the InP system using photonic crystal cavities”' and
23% in the GaAs system using circular Bragg gratings."®

Here we report state-of-the-art O-band quantum dot single
photon emitters manufactured using a position-control
technique that can operate at elevated temperatures. The
emitters are based on bottom-up InAsP/InP nanowire quantum
dots embedded within photonic nanowire waveguides grown
using selective-area vapor—liquid—solid (S-A VLS) epitaxy.” In
an earlier study”* we tuned the quantum dot emission to
telecom wavelengths by increasing the dot thickness, since

memory effects of the Group V concentration in the gold catalyst Received: November 7, 2022
limited the amount of arsenic that could be incorporated. Device Revised:  January 25, 2023
collection efficiencies were low, which we attribute to a ground Published: January 27, 2023

state consisting of both heavy- and light-hole levels,”** the
latter of which results in photons that do not couple to the
fundamental mode of the nanowire waveguide.” We adopt a

Crown © 2023. Published by American )
Chemical Society https://doi.org/10.1021/acs.nanolett.2c04375
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Figure 1. (a) Scanning electron microscopy image at 45° of an array of nanowires pitched at 7.5 ym. Inset: close-up of a single nanowire. Scale bar is 1
um. (b) Schematic of a cutaway cross-section of the dot-in-a-rod structure. (c) PL spectra from 4 to 300 K of a single nanowire excited at P, witha CW
laser. Inset: zoom-in of the PL spectrum at 4 K.
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Figure 2. Low temperature (4 K) measurements: (a) Detected counts as a function of excitation power using 80 MHz (black) and 20 MHz (red) pulse
rates showing a saturation count level of 1.86 Mcps and 0.507 Mcps, respectively. (b) Coincidence counts measured at 0.1 P,,, pumped at 20 MHz for
which g®(0) = 0.007. (c) Integrated counts in the §®)(z) zero-delay peak relative to side peaks as a function of excitation power at 20 MHz. (d) Zoom
in of the correlation peak around 7 = 0 ns as a function of excitation power showing evidence of re-excitation.

are dictated by the core diameter D, ~ 20 nm. The core was clad structure is shown in Figure 1b and scanning electron
with an InP shell to produce a photonic waveguide targeting a ) ) ) . )
) microscopy images of the clad nanowire devices are shown in
base diameter of D, = 310 nm tapered to 20 nm over the 12 ym

length of the waveguide. A schematic of the dot-in-a-rod Figure la.
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Figure 3. Second-order correlation measurements of the source at different temperatures. The excitation power was 0.5 P, at temperatures up to 120
K and reduced to ~0.25 P, at 220 K and above. The red line is a curve fit to the data and the blue dashed line is the fitted background count level. A
separate measurement of the lifetime was made to allow the background level to be determined.

Temperature-dependent optical measurements were made
with the device in a closed-cycle helium cryostat. The nanowire
was excited through a 100x cryogenic objective (numerical
aperture NA = 0.81) located in the cryostat. Spectrally resolved
photoluminescence (PL) measurements were performed using a
continuous-wave (CW) laser while for time-resolved photo-
luminescence (TRPL) measurements, a pulsed laser operating
at 10 to 80 MHz was used. In both case, excitation was above-
band at 4 = 670 nm. The PL was collected through the same
objective and directed to a spectrometer with a liquid nitrogen-
cooled InGaAs detector for the spectrally resolved measure-
ments. For TRPL measurements, the emission was coupled to a
fiber and sent to two superconducting nanowire single photon
detectors (SNSPDs) via a 50/50 beamsplitter. For the latter, the
emission line to be measured was isolated using a filter with a
bandwidth appropriate for the measurement, discussed below.

Typical PL spectra as a function of temperature from a device
emitting around 1300 nm are shown in Figure 1b at an excitation
power P = P which corresponds to the power required to
saturate the excitonic transition. At 4 K the PL spectrum is
characteristically dominated by a narrow single peak with a full
width half-maximum value of 44 peV, limited by the resolution
of the spectrometer. The peak is attributed to an excitonic
transition within the quantum dot and, with increasing
temperature, shifts continuously to longer wavelength, starting
at 1301.28 nm at 4 K and reaching 1397.8 nm at 300 K. As the
temperature is increased the predominant peak broadens and
starts to overlap with the adjacent higher energy transition line
that rises up, becoming one single broad peak above 150 K.
Above 100 K a broad short wavelength peak associated with p-
shell transitions can also be seen. It should be noted that
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emission from a single quantum dot can be readily observed at
room temperature.

Exciting at 80 MHz we measured, at saturation, 1.86 Mcps on
the SNSPDs (3.8 Mcps under CW excitation) after filtering with
a 0.1 nm filter. To facilitate the discrimination between
coincidence and background counts in the correlation measure-
ments discussed later, we have also made measurements at lower
repetition rates. For example, using 20 MHz we measure count
rates at saturation of 0.507 Mcps, approximately equal to the
expected 4-fold reduction compared to 80 MHz. Integrated
count rates versus excitation rate for both laser repetition rates
are are shown in Figure 2a. The end-to-end source efficiency,
which is defined by dividing the maximum collected count rates
at the SNSPDs by the repetition rate of the pumping laser (20
MHz was used) is thus 2.54% at saturation. If we account for the
detector efficiency of 90%, the end-to-end efficiency is 2.82%
and by taking into account a throughput of 10% for the
experimental setup a collection efficiency at the first-lens of
28.2% is obtained. This value is reduced to 27.6% after
correcting for the multiphoton emission probability measured
at the above count rate (see below). The efficiency increases to
34.5% if we include photons emitted into the phonon sidebands,
estimated to be 20% of the total emission at 4 K,** which we
have filtered out using the narrow passband filter. In principle
the efficiency can be nearly doubled using a mirror (Au layer) at
the bottom of the nanowire to allow collection of the photons
that are emitted toward the InP substrate. A theoretical model
reflectivity of about 0.91 can be achieved using a gold layer under
the nanowire base.”

To assess the single-photon purity, second-order correlation
measurements, g(z)(‘r) , were performed in a standard Hanbury—
Brown and Twiss experiment. As mentioned above, a pulse

https://doi.org/10.1021/acs.nanolett.2c04375
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repetition rate of 20 MHz was used to avoid significant overlap
between consecutive pulses and a 0.1 nm bandpass filter was
used to isolate the emission from a single transition. A typical
correlation measurement is shown in Figure 2b when the source
is excited at ~0.1 P, We fit the g (1) curves using the
expression BG + A[g®(0)exp(—lt4l/7) + T, exp(—lzg + nTl/
7;)], where BG is the background counts, A is the normalization
constant, 7, is the time delay, 7; is the measured lifetime, and T is
the pulse period. The integrated counts in the zero-delay peak
relative to the side peaks gives a probability of multiphoton
emission of g(z)(O) =0.007. As the pump power is increased the
multiphoton probability increases, as shown in Figure 2¢, with a
value g(z) (0) =0.021 at saturation. The reason for this increase is
the presence of re-excitation of the dot due to the use of above
band excitation, with a characteristic dip in the center of the peak
observed around zero delay;***' see Figure 2d. This behavior is
a consequence of an excess of carriers in the barrier material at
high pump powers that can be captured by the dot after the first
photon emission event has occurred, leading to the re-excitation
of the dot. The rise time from 0 ns is associated with the carrier
capture and subsequent relaxation within the dot, while the
decay time is associated with the lifetime of the exciton.

Next we assess the temperature dependence of the single-
photon purity through coincidence measurements from 4 to 300
K. In Figure 3 we show correlations at four selected
temperatures that span the measured range. We have adjusted
the pulse excitation rate between 10 and 40 MHz depending on
temperature in order to minimize the overlap between adjacent
correlation peaks while maintaining sufficient count rates to
limit excessive integration times. The increased peak-to-peak
overlap and decreased count rates with increasing temperature is
discussed below.

We first note that as the temperature was increased the
emission lines broadened and started to overlap, as shown in
Figure 1b. Importantly, the line width broadening with
increasing temperature will have two effects on the second-
order correlation measurements: First the use of a narrow pass
band filter will reduce the count rates arriving at the SNSPDs. To
maintain reasonable count rates for the measurements, the
bandpass of the filter employed was widened as the temperature
was raised, from 0.1 to 12 nm at 175 K and to 25 nm at 300 K.
Second, the overlap between the adjacent optical emission lines
will make the selection of a single transition difficult. Both of the
above can potentially result in photons from different transitions
reaching the detectors and affecting the g(z)(O) value. If two
transitions are not the result of a sequential decay in a cascade
process, for example, a neutral and charged exciton, then g(z)(O)
can remain zero. On the other hand if the two transitions
correspond to a cascade process, such as for the biexciton and
exciton, then the value of g(z)(O) will rise.

To obtain accurate values of the coincidence counts in the
zero delay peak, the curve fitting procedure described above
(which included an uncorrelated background signal) was
applied to the measured g(z) (z) curves. To enable accurate
fitting, a TRPL measurement was made before each correlation
measurement to determine the lifetime to be used for each fit.
Without this extra piece of information a wide range of
background levels and lifetimes could be used to fit the same
data, in particular at high temperature. The fits are plotted in
Figure 3 (red curves) and the extracted g®(0) values are plotted
in Figure S (red stars).

Before discussing the observed g(z)(O) dependence on
temperature, we first look at the lifetime dependence extracted
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from the TRPL measurements, plotted in Figure 4a. We
observed a dramatic increase in lifetime with increasing
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Figure 4. Measured lifetime as a function of (a) temperature and (b)
emission wavelength The inset in (b) shows the reciprocal of the
calculated spontaneous emission rate, normalized to that for bulk, as a
function of wavelength for three different nanowire diameters.

temperature, from 2.1 ns at 4 K to 10.8 ns at 300 K. We
attribute this increase in part to a dependence of the
spontaneous emission rate into the detected waveguide mode,
HE,,, on the emission wavelength.24 In Figure 4b, we plot the
lifetime as a function of emission wavelength which redshifts
with increasing temperature as shown in Figure lc. In the inset,
we show the calculated wavelength-dependent spontaneous
emission rate normalized to that for bulk, plotted as a lifetime
(i.e., the reciprocal of the rate) to compare with experiment for
three different nanowire diameters. For the nanowire diameters
used here the shift in emission wavelength from 1300 to 1400
nm, as seen when going from 4 to 300 K, results in a drop in
emission rate or equivalently an increase in lifetime (shaded
region in inset).

This alone is insufficient to account for the observed increase
and we consider a second mechanism proposed in ref 42. to
describe the increase in lifetime with temperature observed in
InAs/GaAs quantum dots for temperatures up to 250 K. The
authors attributed the increase to Boltzmann spreading over
dark states, i.e. thermal excitation of electrons and holes out of
the ground state into higher lying states that do not have allowed
optical transitions. Based on the s-p level spacing of 60 meV in
our dot, this mechanism alone underestimates the increase in
lifetime observed. If, however, we include both of the above
mechanisms we can reach qualitative agreement with the
observed lifetimes.

https://doi.org/10.1021/acs.nanolett.2c04375
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We consider now the temperature dependence of g(z)(O)
plotted in Figure S that shows a steady rise as the temperature is
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Figure S. Temperature dependence of g(z)(O) for quantum dot-based
telecom single photon emitters. Dashed line corresponds to g¥(0) =
0.S. Filled symbols: above-band excitation. Open symbols: p-shell
excitation. Crosses: Defect-based sources. Values measured at close to
maximum count rates indicated by an asterisk in the legend.

increased from 10 to 120 K. Above 120 K it saturates at just
under 0.5 until 300 K where it is just over 0.5. A measured
nonzero g(z)(O) for a quantum dot can arise from a number of
mechanisms; detector dark counts, scattered excitation laser,
multiple independent emitters, re-excitation of the dot from the
same excitation pulse, and multiple emission lines from a single
dot. The increase in g(z)(O) with increasing temperature is
clearly not a consequence of dark counts (which would be a
uniform background), or scattered laser emission (which would
be a narrower peak with a width limited by the detector timing
jitter of 60 ps). Multiple independent emitters are also very
unlikely since the nanowire can contain one and only one dot by
design and has a very low g(z)(O) at low temperature. This leaves
re-excitation and multiple emission events from the dot as the
likely causes. Re-excitation of the dot typically results in a dip in
the g(z) (7) value around zero delay, which is not observed here,
although the time scale for re-excitation at higher temperatures
may be too short to resolve.

Multiple emission events from the dot, such as biexciton
followed by exciton emission are also quite likely. At low
temperature these transitions can be separated spectrally. With
increasing temperature these transitions broaden and eventually
overlap so they can no longer be isolated, increasing g(z)(O). By
dropping the excitation power at high temperatures the g(z)(O)
should improve due to the decreased probability of creating a
biexciton, and indeed this is observed, but at the expense of
overall count rates. Considering the apparent saturation g‘?(0)
at a value of ~0.5 (ie, two photons per excitation pulse)
observed in Figure S, it is likely that this last mechanism,
involving only a single additional transition, dominates the
observed temperature dependence.

For comparison, we also plot literature values of g»(0) from
other quantum dot-based single photon sources emitting at
telecom wavelengths. Only results obtained from nonpost-
selected measurements (ie., using pulsed excitation) are
included. Measurements where the excitation power was
specified to be at or close to P, as is the case here, are
indicated by an asterisk in the legend. This applies strictly to the
low temperature measurements since at higher temperatures it is
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difficult to observe saturation of a single transition when it
overlaps with another.

We first consider experiments performed using above-band
excitation, as is the case here, indicated in the figure by filled
symbols. The sources in this study, under these operating
conditions, outperform, to our knowledge, all other existing
approaches based on quantum dots. Next we consider
experiments performed using quasi-resonant excitation (i.e.,
exciation via a p-shell level in the dot), indicated in the ﬁ§ure by
open symbols. Here we observe several sources'>'””" that
display reduced multiphoton emission probabilities compared
to the devices in this study. In approaches utilizing randomly
nucleated quantum dots such that multiple emitters may be
simultaneous probed, quasi-resonant excitation will mitigate
both spectral pollution from other emitters as well as re-
excitation from the same emitter. For the sources studied here,
which are fabricated using a site-selection technique that assures
each device contains only one emitter, quasi-resonant excitation
is also expected to improve the single photon purity by
mitigating re-excitation process responsible for the nonzero
g(z)(O) values, specifically at lower temperatures (see Figure 2d).

For completion, we also include other solid-state 2-level
systems that have demonstrated telecom single photon
emission, specifically at room temperature, indicated in the
figure by crosses. These include sources based on defects in
SiC,* GaN,* and carbon nanotubes.* Although the nanowire-
based sources described here technically generate nonclassical
light up to temperatures of 220 K, devices with such high
multiphoton emission probabilities are of limited practical
application.*® To achieve high temperature operation with
reduced multiphoton emission probability to levels comparable
to these defect-based systems will require engineering of the
quantum dot electronic levels*” such that they are sufficiently
separated when severely broadened to eliminate any overlap
between them.

In conclusion, we have demonstrated high purity telecom
single photon emission from devices operating with high
efficiency and grown using a position-control technique. We
have also evaluated the temperature-dependent performance of
the sources, quantifying the degradation of single photon purity
with temperature. Finally, we note that the structures described
can be incorporated in a hybrid on-chip platform™® to provide a
stable and robust plug and play* field-ready source that will be
required to scalably build a future telecom quantum network.
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Chapter 11

Conclusion

In this work, we conducted six independent studies on the quantum optical properties of
InAsP/InP nanowire quantum dots grown using a position-control technique (SA-VLS epi-

taxy).

In Chapter 5 (Article 1), we characterized 42 nominally identical nanowire quantum dots. We
provided a study on the characterization of excitonic emission by their power-dependent pho-
toluminescence and correlation measurements which included both auto- and cross-correlations.
We show that different excitonic complexes exhibit different correlation spectra and that the
cross-correlations between excitonic complexes provided a more accurate way to discern be-
tween them. We show that the mean biexciton-exciton, X X — X, separation is ~ 2meV and
the mean charged exciton-exciton, X~ — X, separation is ~ 6 meV. A simulation was also
provided to calculate the emission spectra, which highlight the importance of the distribution
of arsenic (As) atoms within the quantum dot. We show that a decreased X X — X binding

energy can be obtained by assuming an inhomogeneous distribution of As atoms.

In Chapter 6 (Article 2), we looked at a 10 x 10 array of nanowire quantum dots which showed
100 % growth yield. We characterized the nanowires in terms of their source efficiency, single-
photon purity, and spectral purity. From sampling 14 devices, we found that the devices
yielded a mean source efficiency of n = 23% with a peak value of 30 %, a mean single-photon
purity of 96 % with a peak value of 99.4 %, and linewidths ranged from 4x to 20x greater
than their transform-limited values. We established that nanowire quantum dots provide a

viable route towards efficiently generating single-photons.

In Chapter 7 (Article 3), we performed power-dependent correlation spectroscopy of two dis-

tinct nanowire quantum dots. We provided a comparison of the auto- and cross-correlation
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measurements between nominally identical nanowire quantum dots emitting from three com-
plexes, the neutral exciton, X, the charged exciton, X, and the neutral biexciton, X X, and
a second emitting a fourth complex, the positively charged exciton, X . We describe the rich
temporal features observed in the correlation measurements in terms of capture rates of car-
riers, bunching amplitudes, and decay rates. The results suggest that electrons and holes are
captured within quantum dots at different rates. We developed a 16-level stochastic model
to simulate the auto-correlation measurements which allows for the individual control of the
capture times of electrons and holes. The model provided reasonable fits to the measured
data and highlighted the rich carrier dynamics within nanowire quantum dot systems. We
describe memory effect in terms of carrier capture rates and unwanted memory effects can
be obtained using simulations that provide a much larger capture rate of electrons compared

to holes.

In Chapter 8 (Article 4), we investigated the linewidth of an optimized nanowire quantum
dot which showed a Lorantzian linewidth corresponding to 2x its lifetime limited value at
low excitation power and temperature. We investigated the effect of increasing the growth
temperature of the shell of the nanowire on the optimal linewidth and found that defects
within the shell did not significantly affect the measured linewidth. We further studied the
linewidth as a function of excitation power and temperature where we observed significant
broadening of the linewidth for temperatures above 8 K. We concluded that, for low excitation
powers, P < 0.4F,,;, and temperatures, T' < 8 K, phonon dephasing was not the source of the
excess broadening. We speculated that, instead, it likely arises from residual inhomogeneous
broadening, which is not revealed using a simple lineshape fitting procedure. We also provide
a calculation for the temperature dependent linewidth broadening using an independent

Boson model that considers both deformation and piezoelectric exciton-phonon coupling.

In Chapter 9 (Article 5), we studied a nanowire system consisting of five quantum dots, which
were selectively positioned within a single nanowire core. Individual quantum dot emission
wavelengths were tuned by changing the As concentration within the dots which provided
a spacing of ~ 7nm. We characterize each quantum dots by their single-photon purity and
detected count rates. We found that the total count rates scaled linearly with the number of
emitters and provided an average multiphoton emission probability of < 4 % when excited at
saturation. We further studied the single-photon purity of each dot as a function of excitation
power. Using a stochastic model, which included band-to-band decay rates, carrier capture
rates, and the radiative decay rates of the dot, the re-excitation probability as a function of
excitation power was extracted. We showed that re-excitation scaled linearly with excitation

power and, in most cases, tended to zero. Due to the emission rate of the quantum dots being
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limited by their emission lifetimes, this multiplexing method provides a way to increase the

emission rate which would only be limited by the number of emitters.

Finally, in Chapter 10 (Article 6), we studied a nanowire quantum dot-in-a-rod structure
which provided excitonic emission at 1310 nm (O-band). The emission is characterized by its
single-photon purity, and efficiency at 4 K. We measure detector count rates up to 1.9 Mcps
under above-band pulsed excitation at 80 MHz corresponding to a source efficiency of ~ 28 %
with a single-photon purity of ~ 98 % measured at saturation. Such a source operating at
4K is on par with state-of-the-art devices. We further investigated the single-photon purity
as a function of temperature where we measured a steady rise in multi-photon emission
probability as the temperature was increase from 10K to 120 K. The single-photon purity
is shown to saturate at ~ 40% for T > 120K and increased to ~ 57 % at 300 K. To my
knowledge these results demonstrate superior performance compared to all other quantum

dot based approaches operating at telecom wavelengths.

Chapters 1 and 2 describes the fundamental characteristics required for ideal single-photon
sources in terms of efficiency, single-photon purity, coherence, and indistinguishability. The
above-band excitation scheme utilized throughout this work showed promise in efficiently
generating single-photons with high single-photon purity, at a repetition rate limited by
the lifetime of the emitter. Such source can be utilized in some implementation of QKD
protocols such as BB84 where the single-photon purity is only required to be > 90 % without

the requirement of indistinguishability.

However, most proposed applications for quantum photonic information technologies require
the generation of indistinguishable photons. The timing jitter and charge noise introduced by
the above-band excitation scheme provides a source of distinguishability in the emission times
of sequential photons, limiting its two-photon interference visibility at a beamsplitter. Al-
though instrumental in developing the sources, above-band excitation is not the envisioned
mode of operation in the long term. For sources exhibiting highly indistinguishable pho-
tons over long time scales, coherent excitation schemes will be required, including strictly
resonant, two photons excitation, notch-filtered adiabatic rapid passage (NARP)[160], and
swing-up|161].

To summarize, we have shown that InAsP /InP quantum dot nanowires grown using the SA-
VLS position control technique provides a viable route towards the efficient generation of
high quality single-photons. Such devices also show promise for its integration with hybrid
on-chip platforms. Using a “pick and place” technique, Mnaymneh et al.[162] showed the

integration of these nanowires on SiN waveguides. The transfer process was shown to be
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a promising method of creating hybrid integrated devices. Using this approach with more
complicated structures such as ring resonators, one can utilize the Purcell enhancement
within the ring cavities which would allow faster emission rates by decreasing the lifetime
of the emitters[I63]. One can envision many wavelength multiplexed nanowire quantum dot
sources integrated on chip where total emission rates would benefit from the multi-dot usage
and the Purcell enhancement. Such devices would provide a route towards several GHz

emission rates.
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