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Quantum light sources and spin based qubits are essential building blocks for on-
chip scalable quantum computation and information processing. To achieve scalability,
information-storing qubits should exhibit long coherence times. These qubits should also
be efficiently interfaced with information-carrying single photons. Semiconductors are
not only able to host such qubits and single photon sources but also they offer a platform
to interface them with the help of photonic structures. Hence, optically active solid-
state qubits such as quantum dots, crystal defects and color centers have been extensively
studied to date in various semiconductors. However, we still lack of a suitable platform
to satisfy all the requirements needed to realize a scalable quantum technology.

Impurities in epitaxially grown ZnSe are particularly promising single photon sources
and qubit candidates due to the direct bandgap of the material and potential for isotopic
purification to achieve nuclear spin-zero background. These impurities possess impurity-

bound electrons that can serve as spin-qubit. They also form impurity-bound excitons



that can generate single photons. Various impurities have been studied in ZnSe, but only
F impurities have been isolated as single emitters to date. Despite the great potential
suggested by previous results, there are many impurities waiting to be explored for their
quantum capabilities.

In this thesis, we study isolated Cl impurities in ZnSe for their photon emission
and spin properties. We utilize a ZnMgSe/ZnSe/ZnMgSe quantum well to increase the
binding energies bound excitons and to better separate donor bound exciton emission
from the free excitons. In the PL spectrum, we observe narrow emission lines around
440 nm, which are originated from the single bound excitons. We calculate the average
binding energy as 15 meV (at least 2 times higher than bulk values) and inhomogeneous
broadening as 6 meV. We confirm the single photon emission by observing clear photon
antibunching in the second order autocorrelation measurements. The time-resolved photo-
luminescence measurements show short radiative lifetimes of 192 ps. Our results demonstrate
first time isolation of donor impurities in an unstructured ZnSe, and provides complete
characterization of radiative properties single Cl bound excitons.

The bound electron of a donor impurity atom can serve as a spin qubit. We verify
that the presence of ground state electron of the Cl donor complex by observing two-
electron satellite emission. We also characterize the Zeeman splitting of the exciton
transitions by performing polarization-resolved magnetic spectroscopy on the single emitters.

We also discover the presence of single biexcitons bound to Cl impurities. We
demonstrate a radiative cascade from the decay of bound biexcitons. The emission exhibits
both single photon statistics and clear temporal correlations revealing the time—ordering

of the cascade.



Finally, we discuss the design of nanophotonic cavities in the ZnSe platform. We
develop a nanofabrication recipe to create suspended photonic crystal cavities. Then, we
optically characterize the fabricated cavities.

The results presented in this thesis provide the first complete study of single Cl
impurities in ZnSe. Based on the results discussed, single Cl impurities in ZnSe manifest

themselves as promising quantum light sources and appealing solid-state qubit candidates.
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Chapter 1: Introduction

I.1  Quantum Computing and Information Processing

In today’s classical digital computers, the information is encoded as bits, O or 1,
usually in the form of physical state of a classical system such as stationary charge or
flowing electrical current. The information is processed by manipulation of the state
by using logical gates. As we have witnessed miracles of the electronics technology
in the last century, more challenging computational problems have emerged, sometimes
practically impossible to solve with classical computers. Some of these hard problems
can be addressed by recently developed algorithms based on a new type of computational
approach, called quantum computing [1]. These algorithms are using advantage of the
quantum states of the matter that are not available with classical systems to perform
mathematical operations. In addition to enabling quantum computers, quantum mechanics
can also be used for other applications such as secure communication (quantum key
distribution) [2] and advanced sensing [3]. Hence, due to these great potential benefits,
there is a growing interest in research community to engineer feasible quantum systems
that can realize the proposed operations.

It is hard to predict the form of most suitable quantum hardware that will operate

robustly in a practical setting. The qubits, quantum counterparts of classical bits, can be



constructed with various quantum systems such as spin states of electrons [4], superconducting
circuits [5] or polarization of single photons [6]. Although the very basic units of quantum
computation have been demonstrated with all these systems, there are still unsolved

engineering issues to realize truly scalable system to perform complex tasks.

1.2 Some Concepts

Regardless of the form of the quantum device, the requirements to create robust
devices to perform quantum operations can be generalized [7]. The performance of a
quantum computer depends on the capability of satisfying all these requirements. However,
often times, it is hard to find a system that can satisfy all requirements at once. Hence,
the motivation of this research is to study a new platform to examine its capabilities for
the quantum computing and quantum information applications.

Before discussing the content of my research, here, I would like to briefly introduce
some concepts and requirements to the reader.

Stationary qubits are localized quantum states where the information can be written,
read and stored. The quantum state is not often isolated from the environment. Hence, due
to the interactions, fragile quantum information is lost over short a time duration, usually
much less than seconds. For example, spin qubits can be formed by spin of a particle such
as electron. When the qubit is in the superposition state of spin-up and spin-down, the
relative phase and amplitude of superposition state will be preserved for certain amount
of time until the system decays to more favorable energy state. The amount of time that

qubit can store the information is called as decoherence time.



Three well known decoherence mechanisms are defined to quantify the total decoherence

time [8]. 77 is called the spin-lattice relaxation time, which represents the time it takes
flipping of spin from one state to another, usually exchanging energy with phonons in
the crystal. 75 is called intrinsic decoherence time, which represents the time it takes
loosing the phase information in the spin superposition state. 7% is called spin dephasing
time, which represents the time it takes losing the coherence of spin vector. Usually, 75 is
the shortest among three and it sets the limit time duration a qubit can store information.
Spin dephasing and coherence times are usually limited due to interactions between single
spins and spin background of the host crystal. The broader goal is to find qubits or
engineer materials such that long coherence times can be achieved. The decoherence
times ranging from nanoseconds to seconds have been reported in the literature. The
trapped ions usually are well isolated in the vacuum, hence they exhibit decoherence
times longer than seconds [9]. The solid state systems such as impurities and defects
in crystals usually exhibits much less decoherence times in the order of miliseconds to
nanoseconds [10]. To date, spin coherence times of single donor impurities in ZnSe have
not been reported yet, however, ensemble measurements showed coherence times that are
in the order of nanoseconds [11].

To create interactions between different localized qubits, single quantum particles
that have ability to transport the information (such as photons) should be used. Interfacing
the stationary qubits with photons can allow mapping the qubit state to the photon state
(such as polarization). This interfaces are called spin-photon interfaces. They form the
fundamental pieces to realize quantum gates by allowing reading, writing and manipulating

the spin state [12].



To realize efficient interactions between many spin qubits, single photons should
exhibit number of features. First, photons emitted from different emitters should be
indistinguishable in terms of wavelength and polarization. The figure of merit describing
the “indistinguishability” of photons are called homogeneity. Secondly, we should be
able to create a large number of single photons to have multiple operations within the
decoherence time of qubits. The ability to generate single photons in a given time interval
is called brightness. The brightness of the emitter is limited by the radiative lifetime of
the emitters. Hence, short radiative lifetimes usually result in more number of photons
per second. (higher “’brightness”).

Interfacing stationary qubits and single photons is a challenging task due to the
probabilistic nature of the interaction. To increase the efficiency of the process and to
create more deterministic interactions, nanophotonic devices that enhance light-matter
interactions are employed [13]. Due our capability to process semiconductors to create
such interfaces, solid state qubits based on semiconductors usually offer more practical

and scalable approach to realize scalable quantum computing.

1.3 Motivation for This Study

Impurities in wide-bandgap semiconductors are promising candidates to address all
requirements and to create quantum photonic devices [14—16]. These isolated impurities
generate single photons that exhibit transform-limited linewidths [17,18] and small inhomogeneous
broadening [19,20] through their radiative optical transitions. Impurity atoms also provide

isolated bound electrons [21] or holes [22] that can serve as spin-photon interfaces with



long coherence times [23,24]. Furthermore, semiconductor fabrication and integration
methods allow efficient spin-photon interfaces [25-27]. Hence, these platforms could
satisfy major requirements of scalable quantum technology by combining pristine radiative
properties with long-coherence time spin qubits in a practical setting.

Zinc Selenide (ZnSe) is appealing material as the host crystal for impurities because
it possesses a direct optical bandgap and large natural abundances of nuclear spin-0
isotopes. The direct band gap allows efficient radiative transitions that can generate
bright excitonic emission. Both single fluorine (F) donors [28] and single nitrogen (N)
acceptors [22] have been optically isolated in this host material. Ensemble measurements
have also revealed the potential for optical active spin qubits [11]. Recently, the growth
of isotopically purified (Zn,Mg)Se/ZnSe quantum well structures was also demonstrated
[29]. Spin purification of the host crystal further resulted in extended spin coherence
times [30]. Moreover, donor-bound excitons in nanostructured pillars have been used to
demonstrate indistinguishable single photon emission between two independent emitters
[19], two-photon entanglement [20], and optical pumping of the donor spin [31].

Most studies on impurity-bound exciton emission have focused on the fluorine (F)
impurity measurements, which possesses a smaller atomic radius compared to selenium
(Se) atoms. Due to size difference between F and Se atoms, the crystal quality is worsened
due to the defects generated at high doping concentrations. This effect is called self-
compensation and limits the range of doping. On the other hand, chlorine (CI) has an
atomic radius closer to that of Se and is therefore more suitable as dopant with a low
probability of self-compensation [32]. This enables CI doping levels that cover a wide

range of densities between 10'® cm™ and 10'® cm™3. But all past work on Cl impurity
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bound exciton emission was in the large ensemble regime, and single Cl donor bound
exciton emission has yet to be studied.

In this thesis, we will focus our attention to one particular type of impurity, Cl
donors in ZnSe. We aim to study the optical characteristics of bound excitonic emission
originated from CI impurities, and show single photon emission from isolated Cl bound
excitons. While doing that, we will also attempt to understand the spin properties of ClI
impurity bound electrons. Lastly, we will demonstrate the fabrication of photonic devices

in this material platform.

1.4 Thesis Outline

In Chapter 2, we will start with a short introduction of bound excitons in ZnSe
where we will discuss how bound excitons are used to generate single photons. In Chapter
3, we will discuss the growth of the material and incorporation of Cl atoms to the ZnSe
crystal. We will also discuss the motivation for using quantum wells and their effect on
the radiative properties. In Chapter 4, we will detail optical characterization of radiative
transitions of bound excitons. We will demonstrate the single photon emission from
single Cl impurities. Following this discussion, in Chapter 5, we will discuss the energy
levels, Zeeman splittings and allowed optical transitions of impurity bound electron. In
the Chapter 6, we will report the formation of biexcitons from Cl complexes. We will
demonstrate cascaded single photon emission from exciton-biexciton pairs. Finally, in
Chapter 7, we will report our efforts to design and fabricate photonic crystal cavities in

ZnSe platform.



Chapter 2: Bound Excitons in ZnSe

Isolated single impurities in crystals may host a bound electron that can serve as a
spin qubit. They can also support bound excitons, excited electron-hole pairs, that can
generate single photon emission. Combining these two capabilities in the same system is
promising to realize spin-photon interfaces, which are fundamental blocks of spin based
quantum computing. To achieve this broader goal, first, a number of fundamental steps
must be realized. These are a) to isolate single impurities b) to realize efficient spin-
photon interfaces c) to create interaction between multiple single qubits on the same chip.

The donor impurities at low doping concentrations can be used to isolate single
photon emission and single spins. The donor bound electron generates a shallow potential
trap for excitons, resulting in a donor-bound exciton emission localized at donor site. The
donor bound exciton emission acts as a single atom-like quantum emitter that can emit
single photons. The spin of the bound donor electron can serve as isolated single spin,
that can be used as a quantum register.

To realize efficient spin-photon interfaces, impurities can be integrated in photonic
cavities. These cavities serve as a medium to increase the interactions between electron
spins and single photons.

To create interactions between multiple single qubits on the same chip, single photons



can be used. Photonic pathways such as waveguides enable the efficient transport of
quantum information (encoded on single photons) on the different positions in the same
chip. Hence, broad networks that allow the interaction of multiple localized spins can be
realized.

Zinc Selenide (ZnSe) is appealing as the host crystal to host such impurities because
it possesses a direct optical bandgap and large natural abundances of nuclear spin-0
isotopes [29, 33]. The direct band gap allows efficient radiative transitions that can
generate bright excitonic emission. The existence of nuclear spin-0 isotopes allows to
create spin-free background so that long coherence times can be achieved [30].

In this chapter, we will start with the discussion of the ZnSe crystal structure. We
will discuss how CI impurity is incorporated in the ZnSe crystal upon doping. Then, we

will discuss the formation of bound excitons and their optical transitions.

2.1 Crystal Structure

Figure 2.1 illustrates the atomic structure of a ZnSe crystal with a single Cl impurity.
In its intrinsic form, zinc and selenium atoms are arranged in a face centered cubic lattice
where each zinc atom is surrounded by 4 selenium atoms. A single Cl impurity replaces
a Se atom [34] when chlorine impurities are introduced into the lattice via in-situ doping
or ion implantation. The CI impurity serves as a neutral electron donor, consisting of the

positively charged chlorine core and a bound electron, as shown in Figure 2.1.



Figure 2.1: Crystal structure of ZnSe with a single CI impurity substituting a Se atom.

2.2  Donor Bound Exciton State

A substitutional Cl donor in the ZnSe crystal provides a single electron. At the room
temperature, this electron is in the conduction band due to the thermal energy. However,
at sufficiently low temperatures, the attractive potential created by the donor atom can
trap the free electron, hence the impurity electron becomes a localized bound electron at
the impurity site. This donor-bound electron may serve as a stable electron spin qubit.

Figure 2.2 shows the energy level structure of the Cl impurity. Optical excitation
above the ZnSe band gap produces free electron-hole pairs in the material. These electron-
hole pairs, also called as free excitons, can become bound to the Cl impurity, and they
form a bound state. This excited state is called the donor-bound exciton state and is

shown as DYX. Bound excitons can radiatively recombine back to the 1s ground state by
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Figure 2.2:  Energy band diagram showing the ground state (D°) and
excited state (D°X), along with the bound exciton and two-electron-satellite

emission, shown as blue and red arrow, respectively.

emitting a photon around 440 nm.

During the exciton recombination process, the bound electron can be excited temporarily
to its higher energy 2s, 2p states and decay back to its ground state through an Auger
recombination. If this happens, due to energy absorbed by the electron, bound exciton
recombination produces a longer wavelength photon compared to D°X. This emission is
called as two-electron-satellite (TES) emission. TES signal can only be observed in the
presence of the bound electron. Therefore, the observation of TES in the PL spectrum

establishes the presence of the impurity-bound electron.
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The binding energy of the donor-bound exciton can be approximated by the Hydrogenic
model by using effective mass theory. Previous theoretical calculations show that the
bound state formed by Cl impurity is a shallow state with a small binding energy, which is
less than 7 meV. These bound excitons have Bohr radii of around 5 nm. These calculations
will not be part of this thesis. Hence, we refer the reader to the references for detailed

discussions [35].
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Chapter 3: Material Growth

All samples studied in this thesis were grown by molecular beam epitaxy (MBE)
process on the GaAs wafers. The quantum well structures are composed of ZnMgSe
barrier layers and Cl doped ZnSe wells.

In this chapter, we will first discuss the layer structure of the samples, growth and
doping process. Then, we will discuss the effects of the quantum wells on the optical

properties of bound excitons.

3.1 MBE Growth

The growth of the material starts with a commercially available GaAs wafer. First,
a thin (a few hundred nm) epi-layer of GaAs is grown on the GaAs wafer to achieve a
clean and atomically flat surface. After the growth of the GaAs epilayer, the surface is
passivated by arsenic cap-layer. Without exposing the surface to the air, the sample is
transferred to the another chamber to continue the growth of ZnSe layers. During the
transfer, ultra high vacuum is maintained to reduce the undesired impurity contribution
from the background and to achieve defect-free growth. The details of the growth process
can be found in the related literature [36-38].

Figure 3.1 shows the epitaxial layer structure of the sample used in this work. The
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Figure 3.1: Layer structure of the grown material with in-situ doped Cl

impurities in the ZnSe quantum well.

sample is composed of a 4.6 nm ZnSe quantum well embedded in a (ZnygsMgg.12)Se
barrier on top and bottom each with a thickness of 31 nm. To achieve controlled doping
of impurities while sustaining the high crystalline quality, we grow a thin CI delta-doped
layer in the middle of the ZnSe quantum well. The delta-doped layer has a CI sheet

concentration of approximately 10° cm™2.

The overall structure is grown on a GaAs
substrate covered with a 10 nm ZnSe buffer layer.

The lattice mismatch between ZnSe and GaAs is between % 0.2 and % 0.4. The
small mismatch allows two dimensional growth and high-quality epitaxial layers [39].

However, due to the small but existent lattice mismatch, the quantum well layer experiences

a compressive strain.
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3.1.1 Delta Doping of CI Impurities

The delta doping of chlorine impurities is performed during the MBE growth of
ZnSe/ZnMgSe layers. During the growth of the ZnSe quantum well, ZnCl, cracker
cell is heated to 300 C° to dissociate Cl atoms. The precise control of doping time
is achieved with the magnetic shutter that can be opened and closed in milliseconds
resolution. Opening the shutter for short amount of time (usually 1 second) allows §-
doping of impurity atoms within a monolayer at the center of the well. The position
of the Cl impurities within the well directly affects their binding energies due to the
change in the strength of the quantum confinement. Limiting the doping profile to a
single monolayer allows precise location of the CI atoms (ignoring the diffusion), and it
decreases the binding energy variations.

To calculate the doping concentrations in the d-doped sample, we first measured
the volume concentration (atoms/cm ™) of impurity atoms in a uniformly doped epilayers
with secondary ion mass spectroscopy (SIMS) and then we calculated the density of

impurity atoms per monolayer.

3.2 The Effect of Quantum Confinement

Using quantum wells serves two purposes. First, due to the quantum confinement
effect, the binding energies of the donor bound excitons are increased [40,41]. Second,
ZnMgSe barrier prevents the leakage of bound excitons from the the quantum well region,
hence enhanced optical brightness can be achieved [42].

We define the binding energy of the bound exciton as the energy difference between
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the free exciton emission in ZnSe (Frx) and bound exciton emission of the impurity
(Epx). In the bulk, this binding energy (Erx — Epx) has been reported as 7 meV
for Cl impurities [43]. Considering the similarity of Bohr radius (about 5 nm) of the
excitons and quantum well thickness (4.6 nm), we expect both free exciton and bound
exciton wavefunctions to be squeezed in the axis of the growth. This confinement causes
an increase both in the binding energy of the free exciton (£, — Erx) and the binding
energy of the bound exciton (Erx — Epx). Using the variational method for hydrogenic
states, the increase in the binding energy can be estimated [44]. Using the quantum
well has increased the binding energies by 2-3 times compared to the bulk values. This
enhancement allowed us better separating the single bound exciton emission from the

free-exciton spectrally.
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Chapter 4: Radiative Properties of Single Bound Excitons

4.1 Introduction

Isolating impurities in ZnSe allows direct access to the atom-like transitions of
single bound excitons. To understand the radiative properties of these transitions, the
detailed characterization involving spectral and temporal measurements are required. Previous
studies discussed in the Chapter 1 employed the nanopillars to isolate single F impurities.
However, the bound exciton emission is susceptible to surface charge effects and material
strain, both of which are modified due to the pillar geometry. Studying the optical
transitions of donor bound excitons in an unstructured bulk material has greater importance
to understand the both radiative and non-radiative properties. Nevertheless, to my knowledge,
no previous studies have isolated single bound excitons in the bulk material to date.

Here, we optically isolate a donor impurity in a bulk material without using any
nanostructure, and characterize the radiative properties of single bound exciton emission.
Optical isolation of single bound excitons requires a sufficiently low density of impurity
atoms and sufficiently large exciton binding energy. The latter is needed to separate bound
exciton emission from the free exciton emission spectrally [40—42]. We achieve both of
these requirements by using a quantum well that is delta-doped with a low concentration
of Cl impurities, as discussed in Chapter 3.
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In this chapter!, we employ high-resolution optical spectroscopy techniques to study
the radiative properties of single bound excitons. First, we start with photoluminescence
measurements and discuss the spectral properties of the samples investigated. These
measurements give us insight about the binding energies, inhomogeneous broadening
and stability of the emission. Then, in section 4.3, we show results of photoluminescence
excitation, and discuss the origin of the observed emission lines. In section 4.4 , we
discuss the temporal dynamics of the emission by measuring the time-resolved photoluminescence.
Then, in section 4.5, we measure photon correlations and demonstrate the single photon
emission from the CI bound excitons. Finally, in section 4.6, we discuss methods to tune
the emission wavelength, and illustrate the temperature tuning. Our results demonstrate
the isolation of single Cl impurities in ZnSe and provide complete characterization of

bound exciton emission.

4.2  Photoluminescence Characterization

4.2.1 Measurement Details

To investigate the spectral properties at cryogenic temperatures, we mounted samples
on an XYZ piezo stage and maintained the sample temperature at 3.6K in a closed-loop
helium cryostat. During this study, we used two different cryostats, namely, Montana
Cryostation CR-270 (Montana Instruments), and AttoDry 2100 (Attocube). Although
both systems offer similar cryogenic capabilities, the latter allowed us to apply the magnetic

field with the help of a built-in superconducting magnet.

IThe results discussed here will be based on arXiv:2203.05748
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To perform optical measurements in the wavelength region of the bound exciton
emission, we built a confocal microscope system with free space and fiber optic components,
working in the range of 400 nm - 550 nm. The optical setup was composed of an objective
(NA:0.8), beamsplitters, waveplates and polarizers, filters, attenuators and fiber couplers.

We excited the samples with either 405 nm CW diode laser (Thorlabs) or frequency-
doubled, tunable, 4-ps pulsed laser (Mira Optima 900P) with repetition rate of 76 MHz.
The excitation wavelength of 405 nm corresponds to 3.06 eV, that is higher than both
quantum well and barrier bandgap energies.

To spatially isolate individual impurities in the bulk material, we used confocal
collection to a single-mode fiber. The single mode fiber has numerical aperture of 0.12.
Using a small NA allowed us to filter the unwanted background signal coming from the
neighborhood of the impurity emitter. We analyzed the photoluminescence signal with an
imaging spectrometer (Princeton Instruments, SP-2750). The spectrometer is composed
of an opening slit, a diffraction grating and nitrogen-cooled CCD. Narrowing the opening

slit width to 30 pm allowed us to achieve a spectral resolution of 15 pm.

4.2.2 Photoluminescence Spectrum

We start by analyzing the photoluminescence spectrum from the sample. We excite
the sample with 405 nm CW laser that creates free electron-hole pairs (called free excitons)
both in the quantum well and the barrier layers. The excitation scheme and creation of
electron-hole pairs are sketched in the Figure 4.1.a. When the electron-hole pairs are

generated in the quantum well, due to the attractive potential created by Cl impurities,
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a single electron-hole pair may be trapped at a local impurity site and form a localized
bound-exciton. The bound exciton state is not a stable state, hence it decays to its ground
state by electron hole recombination. A single photon emission originates from this
radiative recombination process.

There are three characteristic spectral features of the PL emission that is shown in
Figure 4.1.b. The highest energy emission region of the spectra (labeled as FX, centered
at 436.7 nm) is from the radiative recombination of free excitons in the quantum well.
Close look up of this broad emission shows several sharp peaks within the bandwidth of
FXline. These narrow lines are result of thickness fluctuations in the ZnSe quantum well.
The second broad region denoted by X~ corresponds to the negatively charged trion state
in the quantum well [45]. This emission is composed of 2 electrons-single hole pairs. In
addition to these broader features, the distinct narrow feature (labeled as D°X), originates
from excitons bound to the single CI donors.

Sharp and localized D°X lines are found around 15 meV away from the FX peak.
As we move the position of the sample, we observe different localized lines appear in the
spectrum at different spectral locations (mostly 5-20 meV away from FX), as opposed to
constant energy F'X and trion lines. Our main focus here will be on the location dependent
narrow lines that are originated from the bound excitons.

To confirm that bound exciton emission originates from a two-level system with
finite number of optical states, we perform intensity-dependent photoluminescence measurements.
We record the spectrum at increasing excitation powers. Then, we fit the emission lines to
a Lorentzian curve. Using the fitting, we extract linewidth and intensity of the emission
for various excitation powers. We perform the same experiments with both pulsed and
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Figure 4.1: Photoluminescence response obtained with the above band
excitation. a) Schematic illustrating the excitation and recombination
mechanisms of the observed FX and DX lines. b) PL spectrum
demonstrating free exciton (FX), trion (X~) and bound exciton (D°X)

emission.
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CW laser excitation. Both excitation schemes result in similar qualitative response. Here,
we only discuss the latter for the sake of simplicity.

Figure 4.2.a shows the emission intensity of both free exciton and bound exciton
line as a function of the pump intensity. The bound exciton line exhibits an intensity
saturation at pump powers above 5 IV, In contrast, the free exciton line exhibits no
saturation behavior in the applied excitation power range. The donor bound exciton state
is composed of a single bound exciton, which can be modeled as a two-level system with
a characteristic excited state lifetime. Due to finite number of optical states, the bound
exciton emission saturates at low powers. On the other hand, we can create many free
excitons within the excitation spot which causes FX emission to saturate at much higher
pump powers. The emission intensity at the saturation is dependent on the brightness of
the emitter.

The Figure 4.2.b shows the log scale power dependence of both curves for the low
excitation powers, shown up to 20 uWW. Fitting of both D°X and FX lines up to 3 pWW
shows linear dependence on the excitation power, with P%% and P!%, respectively. The
observed power dependence is consistent with the exciton power dynamics that is reported
in the literature [46].

To show the effect of excitation power on the linewidth of the emission, we fit the
bound exciton emission line to Lorentzian curve and extract the linewidth with respect
to the pump power. The linewidth (calculated as FWHM) is shown in the Figure 4.3.
At low powers, the linewidth is limited by the spectrometer resolution of 15 pm. At
increasing powers, we observe a linear power broadening. The extrapolation to the zero
power displays power-independent broadening as 0.01 nm (200 GHz). Although the value
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Figure 4.2: a) Power dependent intensity of bound exciton (blue) and free
exciton (red), showing saturation of bound exciton lines. b) Power dependent
intensity plotted in log scale for low powers up to 20 x W, showing linear

dependence for both free exciton and bound exciton emission.
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is close to lifetime limited linewidth of 5 GHz (which will be discussed in later sections),
it is still non-negligible homogeneous broadening. This could be due to combined effect

of charge instabilities and temperature induced effects.

4.2.3 Binding Energies & Inhomogeneous Broadening

Quantum interference between single photons generated by different triggered single
photon sources forms the foundation of many optical quantum information processing
schemes. To realize such quantum interference, one of the fundamental requirement
is indistinguishability of the photons that are emitted by different photon emitters. To
satisfy this requirement, one must ensure that emitted photons have same energies. The
figure of merit that measures the similarity of emitted photons in terms of energy is called
inhomogeneous broadening.

The attractive potential that bounds the exciton to the impurity site can be quantified
as binding energy of the bound exciton. This is the energy needed to remove the bound
exciton from the local impurity site, hence to make it free exciton. The binding energy can
be calculated from the PL spectrum by measuring the relative relative energy difference
between the free exciton (FX) and bound exciton (D°X) emission.

Measuring the distribution of emission energies of emitters from the same sample
will reveal both the inhomogeneous broadening and the average binding energy of bound
excitons. Figure 4.4 plots a histogram of the energies of 29 emission lines acquired at
different locations. X-axis represents the binding energy (emission energy relative to the

free exciton emission). The mean of the distribution is measured as 15 meV, which shows
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Figure 4.3: Linewidth of bound exciton line, extracted from Lorentzian curve
fitting, showing a linear dependence on the excitation power. Extrapolation
to zero power shows significant homogeneous broadening, that could be due

to charge instabilities and temperature induced effects.
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the average binding energy in the quantum well. This value is 2-3 times higher than
reported bulk values (7 meV) [43]. The enhancement of binding energy allows better
separation of FX and DX emission, and it is direct consequence of using quantum wells,
as discussed in Chapter 3.

We calculate the standard deviation of the emission energies as 6 meV. The emission
energy of each bound exciton depends on various factors such as the strength of quantum
confinement and local strain. The strength of the quantum confinement will depend on
the thickness of the quantum well and the position of the impurity in the quantum well
[47,48]. Both monolayer variations in the quantum well and diffusion of impurities in
the growth axis may cause variations in emission energies, hence results in distribution of
binding energies.

Although, the observed inhomogeneous broadening is better than epitaxial quantum
dots [49], it is still significant compared to state of art impurity based systems [50].
However, these emitters exhibit very short lifetimes, which results in increased linewidths.
For quantum interference applications, the ratio of the inhomogeneous broadening to the
transform-limited linewidth is a better figure of merit to compare the emitters. Regardless,
precise tuning of optical transition frequencies can be achieved with methods such as

Raman tuning [51], magnetic field tuning [52], or strain tuning [53].

4.2.4 Stability

To investigate the stability of the emission, we monitored changes in the spectrum

for both short time intervals, 10 seconds, and long time intervals, up to 7 hrs. For short

25



107 '
3l ]
g - N 1Smey | |
o 6f median binding energy il
%
oﬁ I
= 4l «
m L
= .
* 6 mev *
2 » == (—5—') *
| |

0 | | | | |
-5 0 5 10 15 20 25 30 35
Binding Energy (meV)
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Figure 4.5: PL intensity recorded over 7 hrs showing the stability of the emitter.

term stability, we recorded the spectrum with an integration time of 1 ms for a total
duration 10 seconds. The spectrum did not show any significant variation. Figure 4.5
highlights the long-term stability of the D’X. The photoluminescence spectrum over 7
hours under continuous above barrier excitation is recorded. The emission displays no
blinking, though slow spectral wandering is observed over a timescale of hours. We
calculated the standard deviation of spectral wandering as 0.009 nm, which is in the
same order of our spectrometer resolution. Nonexistence of blinking demonstrates of

the stability of the emitter.
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4.3 PLE Measurements

To verify that the observed DX emission originates from a bound state of the
quantum well free exciton, we perform a photoluminescence excitation measurement.
Figure 4.6.a demonstrates the excitation scheme. To avoid excitation of ZnMgSe barrier
layers and selectively excite the ZnSe quantum well free excitons, we resonantly excite
the FX line by tuning the pump laser on FX line. Resonant excitation efficiently creates
free electron-hole pairs in the well. Since the probability of creating bound excitons
depends on the concentration of free excitons, efficient generation of free electron-hole
pairs in the well results in enhanced brightness from the bound exciton.

We use a tunable laser with a fixed pump power of 100 nW. We tune the laser
emission over the free exciton line and monitor the emission from a D°X line. During
this measurement, we also inject a weak above-band laser (about 3 nW at 405 nm).
At this power, the above-band laser produces negligible photoluminescence. However,
it creates a population of electron gas in the barrier that tunnels to the quantum well
and maintain the electron-rich charge configuration in the quantum well [54-56]. In
the absence of above band laser, the quantum well has hole-rich configuration, which
prohibits the observation of bound excitonic emission.

Figure 4.6.b shows the photoluminescence excitation spectrum of a DX line as
we tune the pump laser over the free exciton line. We observe strong emission from the
DX line when the laser is resonant with the free exciton. This enhancement suggests that
free excitons in the quantum well non-radiatively relax to form donor-bound excitons at

the impurity.
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Figure 4.6: Photoluminescence excitation a) Schematic illustration showing
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Figure 4.7: Time resolved lifetime measurement setup a) The measurement
configuration to characterize the timing response of the measurement
system. b) The instrument response function (IRF) showing the limited time

resolution caused by detector timing jitter.

4.4 Lifetime of Emitters

To characterize the donor-bound exciton state’s lifetime, we perform time-resolved
fluorescence measurements. To excite the emitters, we frequency-double a tunable, mode-
locked, Ti-sapphire laser (Mira 900P, Coherent) by using a nonlinear crystal. This configuration
allows us to get 4 ps pulses at 405 nm with a repetition rate of 76 MHz. We use
single photon avalanche photodiodes (PDM Detector, Micro Photon Devices) and a time
correlated single photon counting module (Picoharp 300, Picoquant) to record the photon

arrival times relative to the laser pulse, shown in Figure 4.7.a.
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The detector time jitter is the limiting factor to measure the fast dynamics. To
characterize the limits of our measurement capability, we first record the instrument
response function of the overall system at our measurement wavelength. To do that, we
tune the excitation laser to the bound exciton emission wavelength (440 nm), and record
the each detector pulse with photon detectors. Since the laser pulse is very short, it can be
approximated as delta function, hence the histogram of detection times shows the impulse
response, shown in Figure 4.7.b.

To mitigate the slow timing response of detectors, we reconvolved (EasyTau software,
Picoharp) the detector impulse response recorded at the emission wavelength with custom
defined decay function. We extracted the parameters of decay function by fitting the
reconvolved function to the measured data. Extracted data shows a biexponential decay,
with a dominant fast decay time of 192 ps and a weak contribution from a slower component
with a decay time of 2.49 ns. Figure 4.8 shows the histogram of photon arrival times
obtained from a single bound exciton along with the bi-exponential decay fit.

To investigate the origin of biexponential decay, we repeated the same experiment
at higher temperatures. Although only %4 of photons are originated from the slow
component at 4K, the contribution of slow decay to total photons rises to %24 at 60K.
The origin of the slow component may be caused by the repopulation of the DX state
from longer-lived nearby trapping states and is a matter of further investigation.

The fast decay time of donor bound exciton transitions is an indicator of bright
emission. Combined with small inhomogeneous broadening, these well-defined and fast

emissions are making Cl impurities attractive candidates as efficient single photon source.
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Figure 4.8: Time-resolved photoluminescence measurement, showing
biexponential decay with dominant fast decay component of 192 ps and slow

decay component of 2.49 ns.
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4.5 Single Photon Generation

To optically isolate single bound excitons, we aimed to limit doping concentration
to allow only 1-2 impurity per the optical diffraction spot. The delta doping of Cl impurities
allowed locating the emitters at the center of the quantum well in the growth axis. The
barrier layers serves the purpose of preventing the carrier diffusion into to the lower
bandgap material,i.e. GaAs substrate. The lateral distribution of emitters are random,
but we can search for them by laterally scanning the sample. Hence, by choosing low
doping concentration, we achieve the isolation of individual emitters without need for
further nanostructuring.

In order to demonstrate the single-photon emission, we perform second-order photon
correlation measurements. We use a frequency-doubled Ti:Sapphire laser emitting at 405
nm with a pulse repetition rate of 76 MHz to excite the emitters. We efficiently collect
the emitted photons from the sample by using a high NA objective (NA:0.8). Then, we
couple to collected light to a single mode fiber (NA:0.12) to spatially isolate individual
emitters.

To spectrally filter the narrow DX emission lines, we use a monochromator and a
narrow slit. The monochromator grating disperses the collected light, and the variable-
width slit allows us to filter wavelength region of interest by tuning the grating angle and
slit-width. This configuration allows us both tuning the center wavelenth and bandwidth
of filtering. After the monochromator, we place a free-space 50:50 beam splitter to split
the incoming photons into two identical paths. Each path has identical single photon

detectors (PDM Detector, Micro Photon Devices) which are connected to time correlated
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function from the DX line. First, the collected light is filtered with the
monochromator, then photons originated from bound exciton emission are
sent to the identical detectors. We enclose the detectors to avoid the room

light contribution.
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single photon counting module (Picoharp 300, Picoquant). During the measurement, we
enclose the photon detectors to avoid any unwanted light. The Figure 4.9 shows the
schematic of the setup.

Photon correlations can be calculated by measuring the photon arrival times between
detectors. In the presence of incoming single photons, we expect to see a dip in the
coincidence counts, because the photon will either be detected in the horizontal or the
vertical detector. This results in photon anti-bunching for zero time delays between
detectors.

To observe the photon anti-bunching, we recorded the histogram of coincidences
for 60 hours. To ensure the stability of the long integration measurements, we constantly
monitored the detector counts and spectrum, and fixed any sample shifts. The Figure
4.10.a shows the raw counts of the second-order auto-correlation measurements performed
on the single line. The photon anti-bunching is clearly observed for the zero time delay.

The spectral filtering allows us to remove the unwanted photons coming from the
nearby wavelengths. However, there are two more noise sources that contribute to the
coincidence histogram. The first one is the detector dark counts. The second one is due
to the the background counts that are within the bandwidth of the monochromator.

To remove the contributions due to detector dark counts and background emission,
we post-processed the data. The detector dark counts are not correlated with the laser
pulse. Hence, they result in uniform rise in the histogram counts. To remove the dark
count contributions, we calculate the average of the uniform base and remove it uniformly
from coincidence counts.

To remove the background emission contribution, we first quantified the emitter and

35



Coincidence Counts

T b)
S0r 1 125} ]
40 b O
30( 1 = L ]
0

20 - B 0.5 ____________________________________________________

0.25F ]

0 o w8 s 0 owen g : P PHE ami @ Hpe a 0 | | I I |
—100 =50 0 50 100 =75 —-50 25 0 25 50 75
Time (ns) T (ns)

Figure 4.10: a) Coincidence counts of two detectors with variable time delay,
obtained with 60 hours of integration, showing emitted photons are single.
b) Noise corrected second-order auto-correlation function obtained from the

single line, demonstrating almost perfect photon antibunching.
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background counts on the detectors. The total counts in detector 1 and 2 can be written
as Dy(t) = Si(t) + Bi(t), Da(t) = Sa(t) + Bs(t), respectively. S(t) represents the
pure emitter counts, whereas B(t) represents the background. Assuming that background
emission has Poisson distribution, it will result in a uniform pulse train in the histogram.
However, we expect S(t) to show perfect antibunching, hence it will result in a perfect
pulse train except for zero time delay. Here, the counts measured at non-zero time delay
pulses will be determined by D1 (¢) * Do(t) but only the contribution coming from Sy () *
Ss(t) is actually emitter counts. Here, we take the average of non-zero time delay pulses,
lets say N, and calculate the numeric contribution of background by N x (D; % Dy — Sy *
S2)/ (D1 % D5). Finally, we extract this background contribution uniformly from all pulse
trains including the zero time delay pulse. After the noise correction [57], the second-
order correlation exhibits almost perfect anti-bunching with g2 = 0.06 (Figure 4.10.b),

which confirms that the emission line corresponds to a single photon emitter.

4.6 Temperature Tuning of the Emission

We demonstrated, in Section 4.2.3, that Cl bound excitons from the same sample
exhibited small inhomogeneous broadening with standard deviation of 6 meV. However,
to increase the probability of frequency matching of the emission from individual donors,
various tuning mechanisms such as electrical tuning, thermal tuning and strain tuning can
be employed. Here, we will limit ourselves to thermal tuning of emitters.

Figure 4.11.a shows the PL emission of both D°X and FX lines with increased

sample temperatures up to 70K. By increasing the temperature in this range, we tuned
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the emission by 3.5 meV without much sacrificing from the integrated brightness. At
temperatures higher than 60K, we observed a significant temperature broadening (Figure
4.11.c), which limited our tuning range.

Figure 4.11.b shows the shift of both FX and DX lines with respect to sample
temperature. Both curves show a similar temperature dependence, proving that wavelength
shift is due to change in the band gap of the material at increased temperatures [58,59].

We achieved tuning the emission more than half of the standard deviation of the
inhomogeneous broadening. Although our results show that temperature tuning can be
employed to some extent to tune the emission of emission from the different emitters,
other tuning mechanisms such as stark shift or local strain tuning may be investigated for

better tuning capabilities.
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Figure 4.11: Temperature tuning of the emission. a) PL spectrum obtained at
increasing sample temperatures up to 70K. b) The relative shift of emission
energies of FX and D°X lines from the 3.6K values, showing a similar
temperature dependence for both curves. c¢) Temperature dependent linewidth

showing that significant broadening starts at 60K
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47 Summary

In this chapter, we optically isolated single excitons bound to the Cl donor atoms
in ZnSe quantum wells. We observed clear saturation of emission intensity at increased
excitation powers, demonstrating the finite optical states of bound excitons. We confirm
the stable single photon emission by observing a clear photon antibunching. The fast
radiative recombination time below 200 ps demonstrates the potential for high brightness.

Our results establish ClI bound excitons as bright and stable single photon sources.
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Chapter 5:  Spin States of Bound Electrons

The realization of spin-photon interface requires robust and optically accessible
spin qubits. The bound electron of an impurity can serve this purpose because ground
state of the bound electron possesses spins that can be employed as a qubit. In this
chapter!, we will study the both ground and excited states of electron donor bound to
the CI impurity by using magneto spectroscopy techniques.

In a neutral donor system, at cold temperatures, we expect the donor electron to be
bound to the impurity and become localized at the impurity site. Before discussing the
spin states, we will first start with resonant excitation of bound excitons and observing for
the existence of two-electron-satellite emission. The presence of TES signal allow us to
establish the existence of the bound electron.

Under no external magnetic field, neither ground nor excited states show significant
fine structure. However, the degenerate spin states split in energy by increasing the
magnetic field, further allowing selective optical access to desired qubit states [60]. In the
rest of the chapter, we will discuss how degenerate energy states of single electron system
will split under external magnetic field. Based on this discussion, we will discuss the

selection rules that govern the allowed optical transitions. In the following sections, we

' A manuscript is under preparation discussing the results from this chapter.
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will introduce our measurement setup to characterize the system. Magneto spectroscopy
results will unleash the detailed level structure under both Faraday and Voigt magnetic
field. Our results will verify the presence of spin qubit states from Cl bound electrons in

ZnSe quantum wells.

5.1 Two-Electron Satellite Emission

Optical excitation above the ZnSe band gap produces free excitons in the quantum
well. These excitons can become bound to the Cl impurity, forming an impurity bound
exciton state D°X. This state can radiatively recombine back its ground state by emitting
a photon around 440 nm. During this process, the bound electron can absorb some energy,
can be excited to higher orbital states such as 2s,2p states. Due to this energy lost, bound
exciton emission is redshifted by around 20 meV. This emission is known as two-electron-
satellite (TES) and shown in Figure 2.2.

The Figure 5.1 shows the PL signal obtained with a weak above-band laser and
varying power of resonant pump laser tuned at the D°X line. Two-electron-satellite (TES)
emission 19.6 meV below the D°X line emerges, and its intensity increases as we increase
the resonant pump power. Satellite emission appears lower in energy by an amount equal
to the spacing of the n=1 and n=2 D" electron orbitals determined by a Hydrogenic donor
model [43]. The weak nature of this emission is due to the predominant relaxation of D°
state to 1s ground state. However, there is a finite probability of relaxation to any of the
excited (2s, 2p, etc.) states as discussed in the Figure 2.2 . To be able to observe this low-

efficiency emission in the existence of other broad features, we used low-power excitation
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and long integration times (60 sec). The background corrected integrated intensities with
increasing pump power shows saturation, shown in Figure 5.2. The observation of two-
electron satellite emission supports the presence of an impurity-bound electron [43,61],

hence potential spin qubit.

5.2 Donor Electron Energy States under Magnetic Field

Energy levels and optical selection rules of electron in an atom can be described
by four fundamental quantum numbers [8]: the principal quantum number (n) (describes
energy eigenstates), angular quantum number (1) (describes the orbital angular momentum),
magnetic quantum number (17;) (describes the orientation of orbital), and the spin quantum
number ().

Due to spin-orbit interaction, both the angular momentum (/) and spin momentum

(mg) can contribute to the total angular momentum (.J), which can be written as:

J=1+s, (5.1)

It semiconductors, electrons in the conduction band exhibit s-like orbital wavefunction

while holes exhibits p-like orbital wavefunction. Hence, we can assume that [ = 0
(my = 0) for electrons and [ = 1 (m; = —1,0,1) for holes while both have s = 1/2
(ms = —1/2,1/2). The total angular momentum for s orbitals becomes J; = 1/2 and for

p orbitals, J, = 3/2 [62].
Considering the spin-orbit coupling, the total angular momentum can have for s-

like states m; = —1/2,+1/2 and for p-like states m; = —3/2,—1/2,+1/2,+3/2.
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Figure 5.3: Energy levels and spin configurations of the (ground) bound

electron and (excited) bound exciton states.

When an external magnetic field is applied, these degenerate energy states will become
non-degenerate due to different coupling ratios to external magnetic field. Due to this
perturbation, lifted degeneracy will result in energy differences between the states. In
our MBE grown sample, ZnSe/ZnMgSe on GaAs exhibits internal strain that lifts the
degeneracy between light-hole (LH) and heavy-hole (HH) states in the valence band.
Therefore, heavy-hole states and light-hole states will exhibit m; = —3/2,+3/2 and

m; = —1/2,+1/2 respectively.
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The Figure 5.3 demonstrates how degeneracy is lifted upon the external magnetic
field. In the neutral charge configuration, where bound electron resides in the valence
band, there are two possibilities, as m; = —1/2 and m; = +1/2. These two states
form the basis for the electron spin qubit. In the excited state, electron-hole pair binds
to the the electron, hence bound exciton is composed of 2 electrons and 1 holes. In this
state, electrons form a singlet, and total angular momentum is determined by the hole of
electron-hole pair.

Due to the internal strain supplied by the quantum well, HH and LH states become
already nondegenerate even without any magnetic field [62]. Also, it is shown that HH
transitions are more profound with higher probability of recombination. In fact, PL
measurements showed only the emissions related to HH states. Therefore, we limit our

attention here only to heavy-hole (HH) transitions.

5.2.1 Energy Splitting

Under the magnetic field, magnetic moment interacts with the magnetic energy, and

the interaction energy can be written as

—

E=—M - B, = guymsB (5.2)

where g is the Landé g-factor of a free electron, 1, is the Bohr magneton. Depending
on the electron/hole spin quantum number, the energy difference between states can be
calculated.

In the real crystal, there are some considerations must be taken into account to
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model the energy splitting. First of all, due to crystal potential, effective g-factors will be
different than free space values. Secondly, electron and hole exhibits different g-factors
which are also dependent on the temperature and crystal conditions such as defect density
and growth conditions [63]. Due to such differences, although the numerical values may
differ from the theoretical calculations, qualitative discussion still will be valid. We will
use the experimental magneto spectroscopy data to extract the effective g-factors for both

holes and electrons.

5.2.2 Optical Selection Rules

As discussed in the previous section, the ground state electron has angular quantum
number [ = 0, so it does not have any orbital angular momentum, and orbital shows
perfect spatial symmetry. Hence, the spin of ground state electron will align itself to the
applied magnetic field, independent from the axis. However, excited state hole has p-like
orbital with [ = 1. P-orbitals, unlike s-orbitals, do not posses perfect spatial symmetry.
Hence, their reaction to magnetic field will differ depending on the field direction.

In the absence of quantum well confinement, the hole wavefunction can have any
value of m; = —1,0,1. However, since quantum well has thickness around the Bohr
radius of exciton, the quantum confinement will lead the orbital wavefunction to spread
in the in the lateral direction.

When the magnetic field is applied in the growth direction (Faraday configuration),
hole spin will be oriented in the growth direction. However, when magnetic field is

in-plane (Voigt configuration), the magnetic field will compete with the quantum well
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Figure 5.4: Zeeman splittings of ground and excited states of bound exciton,

along with optical transitions under Faraday magnetic field.

confinement to orient the hole spin. This competition causes a mixture of the hole spin
states in the DX, allowing additional optical transitions [60].

Conservation of angular momentum only allows radiative emissions if Am; =
+1 between the transitions. Figure 5.4 shows the allowed optical transitions in Faraday
geometry. In this configuration, two orthagonal circular polarizations become allowed.

Figure 5.5 shows allowed optical transitions in Voigt geometry. In this configuration
both excited states demonstrate linearly polarized transitions with each of ground state
levels. Optical lambda system formed between transitions allows optical access for manipulating

spin, hence forms the basis for control and readout for spin qubits.
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Figure 5.5: Zeeman splittings of ground and excited states of bound exciton,

along with optical transitions under Voigt magnetic field.

5.3 Magnetospectroscopy Experiments

We have discussed the theoretical background for the optical transitions in Faraday
and Voigt geometry. Here, we provide the experimental demonstration by analyzing

magneto-PL emissions from single bound excitons.

5.3.1 Measurement Setup

To characterize our samples under an external magnetic field, we perform polarization
resolved Pl measurements. We keep the samples in the closed-loop helium cryostat
(Attocube) equipped with an an objective lens and XYZ piezo nano-positioners (ANPx51/LT).
To apply static magnetic fields up to 9T, we use cooled superconducting magnets. First,

we collect the PL signal with high-NA objective. Then, using quarter wave plate, half
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wave plate and polarizer, we set the desired polarization for the collection. Using polarization
optics at different angle configurations allows us to measure the PL at different polarization
basis.

The superconducting magnet has capability to apply magnetic field only in one
axis. To switch between Faraday and Voigt configurations, we change the sample holder
and objective configuration. The rotating the sample holder and replacing the objective
accordingly allow us accessing the sample optically from the top, without changing the
external optics. The Figure 5.6 shows a sketch of both configurations, along with picture

of Attocube insert that holds the objective and sample stage.

5.3.2 Faraday Magnetic Field

The optically allowed transitions in this configuration are presented in Figure 5.4.
The total spin of the bound exciton ground state is given by the single spin-1/2 electron. In
the bound exciton excited state, the donor electron forms a spin-singlet with the electron
of the exciton, giving a total spin determined by the spin-3/2 heavy hole. For increasing
magnetic field, two orthogonally polarized circular emission lines emerge as expected,
shown in Figure 5.7.

Two circular polarized photon emissions; o and o~ circular polarization, can be
distinguished by using a quarter-wave plate with the fast axis at +45° or -45° angle.
Spectra indicated by solid (dashed) lines are recorded for ot (0~) polarization with
increasing magnetic field intensities as shown in Figure 5.7. The energy difference of the

two allowed transitions is proportional to g.rf = ge — 3gnn . From the observed energy
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(a) (b)

Figure 5.6: Optical setup to measure PL under the applied magnetic field.
a and b) Schematic demonstrating the configuration of the insert (composed
of XYZ stage, the sample, and the collection lens) for Faraday (Voigt) field

measurements. ¢) The picture of the Attocube sample insert.
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Figure 5.7: Polarization resolved photoluminescence spectrum recorded
at increasing magnetic field intensity, showing the splitting of orthogonal

circular polarizations.

splitting between those two transitions, we infer g.;y = 0.9 which is in good agreement
with previous results obtained from single fluorine donors in ZnSe. Additionally, we
observe a diamagnetic shift of the DX emission of 3.25ueV/T?.

Nonexistence of fine structure splitting and clear splitting into orthogonal circular
polarizations are consistent with the expected Kramer’s degeneracy of the neutral donor

state containing a single electron in its ground state [60].
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5.3.3 Voigt Magnetic Field

The optically allowed transitions in this configuration are presented in Figure 5.5.
In Voigt configuration four radiative transitions with linear polarization are allowed, two
pairs with horizontal (H) and vertical (V) polarization. These four transitions generate
two double-connected systems which allow for optical rotation of the electron spin bound
to the neutral chlorine donor. The vertically polarized photons can be distinguished from
the horizontally polarized photons by using a half-wave plate with the fast axis at an angle

of 45°.

5.4 Summary

In this chapter, we first established the presence of the bound donor electron by
observing the signature two-electron-satellite emission. Then, we discussed the interaction
of the magnetic field with spin states of Cl bound exciton. From the obtained magneto-
PL spectra, we experimentally verified the optical selection rules, and inferred the electron
and hole g-factors in Faraday configuration. We confirmed the presence of doubly connected
lambda system, which allows optical access to different spin states. Our results establish
that Cl-bound electron can serve as optically accessible spin qubit with bright excitonic

single photon emission.
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Chapter 6: Cascaded Single Photon Emission from Biexcitons

In addition to single excitons bound to Chlorine donors, we also identified a different
set of narrow lines (exhibited themselves as paired lines) with distinct spectral properties
in the sample. With the help of detailed measurements such as power dependent saturation
and polarization resolved spetroscopy, we conclude that paired lines can be attributed to
biexciton complexes bound to donors in the quantum well.

In this chapter!, we will discuss the radiative properties of the observed biexcitons.
In Section 6.1, we will first discuss the properties of biexcitons and how they can be
employed to generate cascaded single photon emission. In Section 6.2, we will share the
experimental setup and discuss the techniques that we use to characterize the biexciton
emission. In 6.3, we will start with the discussion of PL characteristics. Then, we will
use the time resolved PL spectroscopy and statistical correlations between observed pair
of lines to prove the existence of cascaded single photon emission. Photon correlation
measurements will prove that observed emission is indeed in the form of cascaded single
photon emission. Finally, in Section 6.4, we will discuss the polarization of the emission

and energy levels of the biexciton state.

IThe results discussed here will be based on the arXiv:2203.06280
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6.1 Radiative Cascades from Biexcitonic Decay

Radiative cascades can be defined as time-ordered emission of photons. If the
emitted pairs of photons exhibit single photon statistics, they can be used as on demand
sources of entangled photons. One way of realization of cascaded emission in semiconductors
is using exciton-biexciton emission pair, where the biexciton consists of two excitons
that form a lower energy complex due to Coulombic interactions [64]. The decay of
the first exciton initiates a radiative cascade in which the photon emitted by the second
exciton may be entangled in polarization [65, 66], time [67], or both [68]. The photon
pairs generated through biexciton decay could be used as sources of entangled light with
applications in quantum communication [69, 70], photonic quantum computing [71], and
quantum metrology [72].

Entangled on demand photon generation from biexcitons are actively being studied
in various material platforms including III-V quantum dots [73] and in 2D materials
[74]. Impurity atoms in semiconductors are another material platform that shows promise
for realizing both sources of quantum light and spin-photon interfaces [15]. Although
evidence for biexciton formation has been observed in these materials from isoelectronic
impurity dyads [75] and other impurity centers [76, 77], cascaded emission has yet to be

demonstrated.
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6.2 Experiment Setup

The observation of biexcitons depends on the position on the sample. The most
clear feature of them was the pair of lines (mostly separated by 3 nm), which showed equal
fine structure splitting. We used the same experimental setup for initial photoluminescence
measurements, that we have discussed in the bound excitons Chapter 4. To perform
polarization-resolved spectroscopy on the narrow emission lines, we fix the excitation
polarization with a linear polarizer with an extinction ratio of 1:106. Photoluminescence
signal is filtered from the excitation laser with a notch filter and is passed through a
polarization analyzer consisting of a quarter—wave plate, half—wave plate,and linear polarizer.
Changing the waveplate angles allowed us to investigate the complex polarization behavior.

One important modification was required to measure the photon correlations between
pairs of observed emission lines. Our initial setup was designed to measure auto-correlations
of each line, hence a single monochromator (SP-2750, Princeton Instruments) was sufficient
to filter the signal. In the new configuration, we introduced a 50:50 beamsplitter before
the monochromator, and employed an additional identical monochromator. Using two
monochromators allowed us performing narrow filtering at two different wavelengths
of interest. We placed identical single photon detectors (PDM Detector, Micro Photon
Devices) after each monochromator’s exit slit, and measured the time correlations between
two detector detections by using time correlated single photon counting module (Picoharp

300). The Figure 6.1 shows the sketch of the experimental setup.
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Figure 6.1: Schematic of the optical setup used to investigate optical

properties of exciton-biexciton complexes.
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6.3 Demonstration of Cascaded Single Photon Emission

In this section, we will present a set of measurements that demonstrates cascaded
single photon emission from exciton-biexciton pairs. The first indicator of biexcitonic
behavior is coming from photoluminescence measurements. We observe clear emission
line-pairs that exhibit a power dependence consistent with an exciton-biexciton cascade.
To further reveal the cascading, we use time-resolved decay of the emission performed at
low powers, where we only observe single excitons, and high powers where we observe
both emission lines. Comparison of two reveals that due to decay of biexcitons, main
exciton line is delayed by the lifetime of biexciton decay. Along with lifetime data, photon

correlation measurements conclusively reveal the time-ordered nature of the cascade.

6.3.1 Characteristics of PL Response

Using the continuous wave optical excitation above the barrier bandgap at 3.06 eV
(405 nm), we efficiently excited the excitons in the quantum well. We show the photoluminescence
spectrum from the sample at 3.6 K in Figure 6.2. The highest energy line labeled as (FX)
is due to heavy hole free exciton as discussed in the previous chapter. In addition, we
observe a discrete pair of lines D} X and D} XX at lower energies. We also observe
a second pair of lines visible in the spectrum, D;X and Dj XX, which we attribute to
exciton-biexciton emission from a separate impurity center.

Figure 6.3.a shows the excitation power dependence of the emission intensity of
the D3 X and D} XX lines. Although both lines show similar linewidths, we observe

markedly different behaviors for each line under increasing excitation power. In the low
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Figure 6.2: Photoluminescence spectrum measured with above band
continous wave laser excitation, showing free exciton (F'X), bound exciton

(D3 X, DEX) and biexciton (D} XX, D5 XX) states

excitation power regime we fit the intensity of each line to I(p) o p*, where k is a
fit parameter. For the D} X line we observe the exponent k£ = (.95, indicating nearly
linear dependence of the emission intensity on the excitation power. On the other hand,
for the D} XX line we observe £ = 1.40, indicating a super—linear dependence on the
excitation power. The nearly linear power dependence of the D’} X line and the superlinear
power dependence of the D} XX line, followed by saturation of the emission intensity at
higher excitation powers, are characteristic of localized exciton and biexciton emission
pairs [78].

We also investigate power law behavior of the emission intensity for the D5 X and
D3 XX lines, such that /(p) o p*. For the D3X line we observed the exponent k = 1.09,

while for the DEXX line we observed £ = 1.36 in the low excitation power regime.
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Figure 6.3: a) Power dependent intensity for exciton and biexciton lines
b) Energy levels showing exciton and biexciton states c) Time resolved PL
intensity showing delayed emission from exciton lines in the presence of

biexcitonic emission.

Observing the similar power law trend for both D} X, D} XX and D;X, D XX lines

support the assignment of each line as a localized exciton and biexciton, respectively.

6.3.2 Time Resolved Spectroscopy Results

Figure 6.3.b shows the expected energy level diagram of the biexciton, exciton and
ground states. As decay paths reveal, the cascaded emission is originated in the case of
biexciton emission. To demonstrate that emission from D’} X and D} XX are cascaded, we
perform time-resolved lifetime measurements of each line in the emission pair. We excite
the sample with 3 ps optical pulses with a photon energy of 3.06 eV from a frequency

doubled Ti:Sapphire laser and filter the emission with a grating monochromator. Figure
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6.3.c shows the time-resolved measurements of the optical emission from the D} X and

A XX lines. In all panels the recorded transients are normalized by the total number of
recorded counts to better show the relative shape of each decay. The solid lines are fits to
the data using a multiexponential function convolved with the detector response.

Emission from the D} XX line shows a biexponential decay. By fitting a biexponential
decay, we observe a fast time constant of 7{** = 106 ps first and a small contribution from
a slower time constant of 75X = 4.6 ns second. Emission from the D} X line rises more
slowly and reaches its peak intensity only after the onset of D} XX decay. The delay
between peak emission of the D} XX and D% X lines is ~ 110 ps, comparable to 73*%,
suggesting that the decay of D} XX feeds into the D}, X state. The decay of the D} X line
also exhibits a biexponenial decay with a fast time consant of 7% = 142 ps and a slower
time constant of 73 = 3.5 ns. The slow decay components, 75, present in both D% X and

A XX emission may indicate the influence of deeper trapping states, dark excitons, or
possible carrier recapture from the quantum well.

To further reveal the time correlations between lines, we monitored each doublet
for signs of spectral wandering over a period of 10 minutes. In Figure 6.4, we show
the slow drift of the mean emission energy of the D} X and D} XX doublets, and the
DX and DEXX doublets respectively. The D7 family of lines show nearly identical
behavior, consistent with the picture proposed in the main text of cascaded emission
between a localized biexciton and exciton. The Dy family of lines also show nearly
identical behavior, though we note that the spectral wandering of the D7 lines are qualitatively
distinct from the D7 lines. This difference suggests that DX and D5 XX are localized at

a separate impurity complex from D7 .
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Figure 6.4: PL intensity recorded for 10 minutes showing spectral wandering

and intensity correlations between exciton-biexciton lines, for A (top) and B

lines (bottom).
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6.3.3 Photon Correlation Measurements

More definitive proof of cascaded single emission comes from the study of photon
statistics. To demonstrate that each line of emission is due to single photon emission, we
measured second order auto-correlation from each emission line in the Hanbury Brown
and Twiss configuration. We excited the emitters with 4 picosecond pulse laser at 405
nm with a repetition rate of 76 MHz. Then, after the spectral filtering, we recorded the
auto-correlations of both exciton and biexciton line for over 40 hrs. Top and bottom
panel of Figure 6.5.a show the second—order autocorrelations of the D} X and D} XX
lines respectively. Each correlation is showing photon anti-bunching, given by ¢ (0) <
0.5, which verifies the single photon nature of the emitted light. For D} X we measured
gg)(O) = 0.38, while for D} XX we measured g%((O) = 0.43.

In order to verify the correlations between the cascaded single photons, we perform
cross-correlation measurements between the D} XX and D} X emission lines. We used
the modified setup, shown in Figure 6.1, with two identical monochromators as spectral
filtering devices. We used the pulse excitation (same as auto-correlation measurements),
and recorded the counts from each emission line in a separate detector for a time period
of 48 hrs. During the long integration, we kept the samples under dark, and ensured the
stability of the measurement apparatus by carefully monitoring the counts in detectors.
Figure 6.5.b shows the cross—correlation with pulsed excitation which displays significant

photon bunching of ggi)x +(0) = 1.78. The observation of photon bunching, given by

gg?x +(0) > 1, establishes the enhanced probability of detecting a single photon from

the D7, X line after first detecting a single photon from the D XX line. Photon bunching
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Figure 6.5: Single photon correlation measurements. (a,b) Autocorrelation

measurements of (a) the localized exciton line, gg) (7), and (b) the localized

biexciton line, gg?;((T) (c,d) Cross—correlation measurements between the
2

localized exciton and biexciton lines, gy x(7), with (c) pulsed excitation

and (d) continuous wave excitation above the quantum well barrier.
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provides conclusive evidence for the cascaded relationship between the two emission lines
and is therefore direct evidence for the presence of the localized biexciton initiating a
radiative cascade.

Measuring the cross-correlation with continuous wave excitation reveals more information
about the time dynamics of the cascade. Therefore, we also measured the cross-correlations
by using a CW excitation. We used 405 nm CW diode laser (Thorlabs) and the same
experimental setup. We recorded the coincidence counts with a time-correlated single
photon counting module (Picoharp 300, Picoquant) for a time period of 42 hrs. Figure
6.5.d, reveals characteristic temporal asymmetry of ggi)x +(7) expected near 7 = 0 for
cascaded emission [79]. The asymmetry is a signature of ggi)X +(7) sharply transitioning
between antibunching for 7 < 0 and bunching for 7 > 0. Antibunching arises in the
continuous wave measurement because detection of a photon from the D’ X state projects
the system into the impurity ground state, out of which a biexciton photon cannot be
emitted. The temporal response of our correlation experiment (~ 145 ps) prevented the
direct observation of antibunching for 7 < 0 at the required time scale, but still allowed
the clear observation of the resulting asymmetry of the bunching profile. The fit function
is a solution to a three—level rate equation model taking into account the experimentally

measured lifetimes of the D X and D’ XX states convolved with the measurement system

response [79].
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6.4 Fine Structure Splitting and Polarization Response

We consistently observe a fine structure splitting from both exciton and biexciton
lines. In this section, we will study the polarization characteristics of the fine structure to
reveal more insight about the energy level structure of the exciton-biexciton pairs. First
observation is that each doublet composed of orthogonal elliptical polarizations. Figure
6.6.a shows polarization resolved spectra of each line. The spectra reveal a fine structure
splitting between the orthogonal elliptical components of ~ £290 peV for the D}, X and

AXX lines, respectively. The equal magnitude but opposite sign of the fine structure
splitting suggests that the splitting originates in the localized exciton state D} X [80].

A more detailed polarization analysis is performed to quantify the ellipticity of the
emission from of each fine structure component. We perform the polarization analysis
using a combination of a quarter-wave plate, half-wave plate, and linear polarizer. Changing
the angle of waveplates and recording the modulated PL intensity allowed us to access
the relative polarization state of each line. Figure 6.6.b shows the modulated intensities
for various angle configurations. We characterize the ellipticity of each line based on the
fits in Figure 6.6.b

We model the emitted photoluminescence electric field with an arbitrary polarization

in the plane as

EpL = ; (6.1)

where Ey, and Ej, are the normalized amplitudes of field along the horizontal and
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Figure 6.6: Polarization resolved spectroscopy. (a) Measured polarized fine

structure of the D, X and D XX lines. (b) Polarization analysis of the D} X
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vertical directions, and A¢ = ¢, — ¢, is the relative phase difference between each
component. Each optical element can be modeled by a matrix that indicates it’s effect on
the polarization components of incident light that are either parallel or perpendicular to
the element’s birefringent axis. For the quarter—wave plate, half—wave plate, and linear

polarizer we have respectively,

i /4 i /2
in/ , Muawp = em/ , Mpor, = )

Mqwp =€
where the fast axis of each wave plate and the transmission axis of the polarizer were each
taken to be vertical. A rotation of each element by an angle 6 can be considered with the

rotation matrix

cosf —sinf
R(0) = , 6.2)

sinf cos@

such that M(0) = R(0) 'MR,(0). The transmission intensity of the photoluminescence

signal through the polarization analyzer can then be described by

|E.|* = [Mpow(0,)Muwe (01) Mqwr (0,) Ep|?, (6.3)

where 0, 0, and 0, are the rotation angles of the polarizer, half-wave plate, and quarter—
wave plate respectively. In the experiment described in the main text, the transmission

axis of the polarizer is taken to be vertical and the fast axis of the half—~wave plate is
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aligned to the polarizer, such that 6, = 0, = 0. Therefore, the transmission intensity of

the polarization analyzer is given as

1, .
E|* = 5\eZMEO,y(l — 1§08 20,) + i o 5 sin 20, (6.4)

In the experiment, the transmission intensity is monitored as the quarter—wave plate angle
is rotated. The data is then fit to Equation 6.4, taking E , and A¢ as fit parameters and
restricting F , by the normalization condition to determine the polarization of the emitted
photoluminescence.

The Stokes parameters of the signal can be directly determined using the extracted

values of the amplitudes and relative phase for the components of Epy, by then calculating

0 = EJERY + BRG]
1 = ERER — B
2 = FRUER + B

sy (g — ERE).

where s gives the total intensity, s; determines the prevelance of vertical and horizontal
components of the total intensity, s, determines the prevelance of diagonal and anti—
diagonal components, and s3 determines the prevelance of right and left handed circular
components. From each fit we determined the ellipticity angle y, defined in terms of the

polarization ellipse as tan y = ¢, where ¢ is the ratio between the ellipse’s minor and
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major axes. In terms of the calculated Stokes parameters, the angle y can be expressed as
sin 2y = s3/sp.

The angle x therefore assumes the value x = 0 (£7/4) for linear (0. circular)
polarizations. For the D} X doublet we found x,, ,, = F0.13m, while for the D} XX
doublet we found x,,, p, = F0.147 in close similarity.

The ellipticity of the fine structure components observed here contrasts with typical
observations of neutral biexciton cascades in self—assembled quantum dots where the
fine structure components are well described by orthogonal linear polarizations [65].
The magnitude of the fine structure splitting and optical polarization of each line are
closely related to the confinement symmetry and charge configuration of the localized
excitons, and typically emerges from a confinement symmetry below D, [80]. Possible
candidates for the observed impurity center are a neutral chlorine donor (D), an ionized
Chlorine donor (D™), which is stable in ZnSe and known to have a higher excitonic
binding energy than the neutral donor [43], or potential multi-donor complexes which
cannot be ruled out. In particular, the observed elliptical polarization of the fine structure
components may be explained by anisotropic electron-hole exchange in the presence of a
highly charged biexciton cascade [81,82]. Further understanding of the impurity center’s
charge configuration will enable strategies for minimizing the observed fine structure
splitting, which is a requirement for realizing a source of entangled photons. Strategies
for minimizing the fine structure splitting may include tuning with electric or magnetic

fields or strain [83—-85].
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6.5 Summary

In this chapter, we reported the observation of biexcitons in a chlorine doped ZnSe
quantum well. The power dependent intensity measurements showed that excitons and
biexcitons exhibited linear and superlinear power dependence, respectively. We confirmed
the single photon nature of both exciton and biexciton line by measuring the second order
auto correlation measurements in Hanbury Brown and Twiss configuration. The resulting
radiative cascade was clearly observed in both time-resolved photoluminescence and
single—photon correlation measurements. The observed fast decay times of 106 ps and
142 ps for the biexciton and exciton further highlight the promise of this system to
produce fast and bright emission of single photons and photon pairs. These results provide
a path for the development of on—demand sources of entangled photons with impurity

atoms in semiconductors.
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Chapter 7:  Design and Fabrication of Nanophotonic Cavities

7.1 Introduction

Photonic crystals (PCs) are devices that have periodically modulated refractive
index. The local refractive index changes can be achieved with various techniques such as
removing the material (making holes), doping and placing a different materials periodically
[86].

The propagation of electromagnetic waves in a medium obeys certain phase relations.
The modulation of refractive index by introducing periodic elements in the length scales
of optical wavelengths can lead to suppression of certain modes while supporting the
others. Changing the local refractive indexes and periodicity allows engineering photonic
crystals to open a photonic band gap, which prohibits the propagation of photons for
certain directions within some frequency range [87].

Introducing local defects in a photonic crystal can lead to lateral confinement of
electromagnetic mode in the defect site in the photonic band gap. The out-of-plane
confinement is achieved by using thin slab of material suspended in the air. The total
internal reflection provides the out-of-plane confinement, hence 3D confinement of the
mode is achieved. Such devices are called photonic crystal cavities due to their highly
localized, cavity-like, mode distributions. The optical properties of defect modes can be
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engineered by tailoring the geometrical parameters of defect site such as size , shape and
type of defects. Hence, designing photonic crystal with defects allows controlling the
mode profile, resonant frequency, mode volume and quality factors [88].

Integration of photonic crystal cavities with quantum emitters serves multiple purposes.
First, the coupling of quantum emitter radiation to cavity modes can lead to increase of
the brightness of emitter via the Purcell effect [89]. Secondly, it allows engineering the
radiation pattern of the emission to increase the directionality of emission [90]. Due
to coupling of emitter to the cavity mode, the far field radiation pattern is governed
by the field distribution of the cavity which can be engineered by tailoring the defect
parameters. One greater application is to exploit the cavity quantum electrodynamics.
When the emitter is strongly coupled to the cavity mode, the reflectivity of the cavity can
be modulated by the existence of excited state coupled to the cavity resonance [91]. This
can lead to realization of quantum gates with single qubits [92].

Photonic crystal cavities integrated with quantum emitters have been demonstrated
in various semiconductor platforms. Here, we will focus our attention to design,fabrication
and testing of a spesific photonic crystal cavity in ZnSe designed to operate at wavelengths
of bound exciton emission. Here, we limit our interest only to showing a proof of concept
device that can work in ZnSe. Hence, our results are far from being comprehensive, but
establishes that photonic structures can be designed and manufactured in ZnSe for future

integration of quantum emitters.
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Figure 7.1: Schematic of L3 cavity. Three missing holes as linear line at the
center, labeled as c, forms the cavity in the triangular lattice. The geometrical
parameters optimized for the design has been labeled as lattice constant (L),

radius (r), displacements (a,b,d).

7.2 Design of L3 Photonic Crystal Cavities

The starting photonics crystal consists of a slab of material with etched holes in the
form of triangular lattice. Removing the three holes at the center allows the confinement
of the mode, and forms the basis for the L3 cavity [93]. The Figure 7.1 shows the
schematic of the cavity design, where missing holes are represented by dashed circles,
labeled c. The quality factor of the resonance can be increased by decreasing the radiation
losses. This can be achieved varying the size of the etched holes nearby the cavity and by

displacing the end holes in the outward direction.
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The cavity supports multiple modes. The fundamental mode (called as M1) has
longest wavelength and highest quality factor. The wavelengths of resonances depend
on the lattice constant (labeled as L). Hence, changing the periodicity of holes allows
matching the resonance wavelength to bound exciton emission wavelength, 440 nm.

We performed FDTD simulations by using a commercial simulation package (ANSYS
Lumerical) to find the physical parameters of the design. The thickness of suspended
ZnSe slab is set to 100 nm. Changing the parameters namely lattice constant (L), hole
radius (r) and displacement of nearby holes (a,b,d), we optimized the quality factor at the
wavelength of interest.

In the first design, Q factor of 50, 000 has been achieved by setting the L = 134 nm,
r = 27 nm, a = 33 nm. The Figure 7.2.a shows the electric field intensity of the
M1 mode at resonance. The cavity mode is confined in the region where the missing
holes are located. The field intensity decreases rapidly in the lateral direction since no
modes are supported to the photonic band gap. Although this design achieves very high
quality factors, there are two issues. First, the far field radiation pattern (shown in Figure
7.2.b) exhibits two strong lobes at high angles. Due to limited numerical aperture of
the optical setup, this mode is hard to collect with the objective lens, hence it is not
feasible in terms of measurement perspective. The another issue is the physical sizes
of holes and displacements. The numbers mentioned above are already in the limit of
our fabrication resolution, hence this design is hard to fabricate robustly even by using
state-of-art nanofabrication techniques.

To address both issues, we re-designed the cavity by sacrificing from quality factors.

In the new design, we achieved Q-factor of 35, 000 by setting L = 134 nm, r = 38 nm,
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Figure 7.2: FDTD simulation results. a) Electric field intensity distribution

of the fundamental mode at the resonance b) Far field radiation pattern of

high-Q design c¢) Far field radiation pattern of lower-Q design

a = 27 nm and d = 27 nm. The far field pattern of the new design shows that increased
ratio of the emitted radiation is within the acceptance cone of our objective. Therefore,

we have chosen to proceed with these parameters.

7.3 Fabrication of Cavities

The sample is composed of 100 nm thick ZnSe/ZnM gSe quantum well layer
epitaxially grown on GaAs substrate. The details of the quantum well and sample growth
have been discussed in the Chapter 3. The Figure 7.3 depicts the steps of fabrication
recipe.

To fabricate the photonic crystal cavities, we used high resolution e-beam lithography

with directional etching. We discuss the detailed steps below.
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Figure 7.3: Nanofabrication steps to create suspended photonic crystal cavities
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In the first step, we deposited 120 nm SiN by using Plasma Enhanced Chemical
Vapor Deposition (PECVD). The thin SiN layer serves as hard mask while etching the
ZnSe. The thickness of SiN has been determined by measuring the etch rates ZnSe and
selectivity of recipe between ZnSe and SiN.

Secondly, we spin-coated a positive e-beam resist (ZEP520A) diluted with a solvent
(Anisole). The diluting the resist and using high spin coating speeds (4000 rpm) allowed
us achieving very thin layer of resist (160 nm) to achieve the better resolution needed for
small holes.

Then, we performed electron beam lithography (Elionix ELS-G100) by using 100
pA current with 100keV acceleration energy. The small radius of holes requires very
high resolution, therefore very careful alignment of the beam is necessary to achieve the
increased resolution. The exposed regions of resist is then developed by using developers
MIBK and ZED.

The directional etching is composed of two steps. In the first step, we transferred the
resist pattern to the SiN mask layer by using F based Inductively Coupled Plasma Etching
(Oxford ICP-RIE). Then, we used another recipe optimized for directional etching of
ZnSe to transfer the mask pattern to the ZnSe layer.

To make ZnSe slab suspended, we used a wet chemical etch step to selectively etch
GaAs underneath. To allow the etchant to reach underneath uniformly, we placed large
rectangular holes around the PC. Considering the small size of etched holes, it is critical
to have very selective wet etch, etching GaAs while not etching the ZnSe layer.

The Figure 7.4 shows SEM images of the fabricated device after all steps. Using

a wet etch recipe that is not perfectly selective results in enlarged holes. Our wet etch
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Figure 7.4: SEM images of fabricated photonic crystal cavities. a) Cross
sectional view of the etched lines, showing the directionality of the dry etch
process. b) Top view showing the triangular lattice with 3 missing holes,
forming L3 cavity. Inset shows the close up image of the cavity region.
Rectangular holes around the structure are etched to facilitate undercutting of
GaAs to make structures suspended. ¢) Angled view image of the fabricated

device, showing that substrate is not etched completely.
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recipe did not have perfect selectivity, therefore we had to limit etching time not to distort
holes more than tolerable limits. That resulted in partial etching of the substrate material,
as seen in the Figure 7.4.c.

To address the undercut issue, we recommend using a modified layer structure as
shown in Figure 7.5. Using a sacrificial layer such as AlGaAs will allow us using more
selective chemical such as HF, and hence will result in better undercut while maintaining
the size and shape of the etched holes. Nonetheless, we will discuss the measurement
results of only the original structure in the next section. We leave the rest as an open

question to the future fellow researchers.

7.4 Optical Characterization

To measure cavity properties, we mount the sample in a closed-cycle cryostat and
we kept the sample at 3.6K. We excite the sample with 405 nm CW laser, that excites both
free excitons and bound excitons. We collect this emission with a confocal microscope
with an objective lens, NA of 0.7. Even in the absence of narrow lines originated from
bound excitons, sample PL shows a faint background in the broader range of wavelengths
between (437 nm to 442 nm). We use this background emission to hunt for cavity
resonances.

Due to fabrication imperfections and non-perfect modeling of refractive index of
ZnSe/ZnMgSe layer, the fabricated structures may deviate from the designed optical
optical response. To mitigate those effects, we fabricated various designs with varying

geometrical parameters. Then, we scanned the sample and look for signs for cavity
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AlGaAs Sacrificial layer

Figure 7.5: Layer structure of the fabricated devices. Left image shows the
the sample in-use. Lack of sacrificial layer resulted in non-selective etching
of GaAs. Right image shows the proposed structure with AlGaAs sacrificial

layer.
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resonance.

The Figure 7.6 shows the spectrum of the device with a cavity mode. The blue
curve shows the reference spectrum measured at the unstructured portion of the sample.
On the photonic crystal structure, the center wavelength of the FX line is slightly red-
shifted due to the strain relief, and it is consistent when measured on other devices in the
same chip. The enhanced peak at 445, on the other hand, is device dependent and only
brightens at the center of the photonic crystal, where the cavity is located. We measure the
quality factor of this peak as 110, which is two orders of magnitude smaller than FDTD
results. The difference can be explained by non-perfect etching of the substrate. As seen
in the Figure 7.4, non-etched substrate creates lossy path towards the high-refractive index

substrate, significantly decreases the quality factor of the cavity.

7.5 Discussions

In this chapter, we discussed our attempts to realize photonic crystal cavities on
ZnSe platform. Our efforts to achieve high-q cavities coupled to donor bound excitons
are interrupted mainly due to non-availability of the material with the sacrificial layer.
However, the photonic designs and fabrication results showing patterning of ZnSe establishes
that ZnSe photonic cavities can be integrated with donor bound excitons. We worked
towards this goal by working with our collaborators who are specializing in the MBE

growth. However, those studies will be the topic of another thesis.
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Figure 7.6: The measured spectrum of the sample. Blue line shows PL

spectrum from unpatterned bulk region. The orange curves demonstrates

cavity mode with g-factor of 110. The low g-factor is caused by radiative

losses, due to non-perfect undercutting.
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Chapter 8: Conclusion and Outlook

Using solid state qubits to realize scalable quantum computing has a great advantage
due to our capabilities to process solid state materials with modern nanofabrication methods.
Integrating photonic devices with solid state qubits in the same platform enables realization
of efficient spin-photon interfaces to read/write quantum information by using photons.
Furthermore, lossless photonic pathways allows the routing of quantum information encoded
photons to any place on the chip.

Great benefits of scalability and photonic integration have led to numerous efforts
to implement qubits in solid-state systems. Quantum light sources and solid state qubits
have been extensively explored for various platform ranging from quantum dots to color
centers in diamond. However, we are still lacking a qubit system that provides the full set
of capabilities required to achieve scalable quantum technology.

Donor impurities in ZnSe were proposed as the basis for single photon sources and
qubits. To this extent, only flourine impurities have been isolated as single impurities to
date.

In this thesis we aimed to investigate single Cl impurities in ZnSe for their radiative
properties and quantum applications. We achieved the optical isolation of single impurities

in the unstructured ZnSe by using low doping concentration samples and high-resolution
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confocal spectroscopy.

Donor bound excitons in ZnSe exhibit very small binding energies that leads to
short radiative lifetimes and bright emission. However, due to background emission
originated from free excitons in the material, high single photon purities are hard to
achieve. To increase the binding energies of bound excitons, we employed the quantum
confinement effect. We delta doped Cl impurities in the center of ZnSe/ZnMgSe quantum
wells. Using the quantum well increased the confinement of bound excitons, resulting in
high brightness and high binding energies.

We performed complete characterization of radiative properties of Cl bound excitons
in Chapter 4. The photoluminescence measurements showed that Cl bound excitons have
narrow linewidths with small inhomogeneous broadening. Time resolved photoluminescence
data show that they also exhibit short lifetimes in the order of 200 ps. We confirmed
the single photon emission by measuring the second order auto correlations in Hanbury
Brown and Twiss configuration. Our study shows that Cl bound excitons are promising
single photon sources with high brightness and small inhomogeneity. Future studies
may focus on the improvement of single photon emission by integrating emitters with
nanophotonic devices such as photonic crystals and bulls-eye cavities. Our first results
establish that temperature tuning can be employed at some extent to tune the emission
wavelength. The other tuning mechanisms such as strain tuning and Stark shift may also
be investigated to increase the tuning capability.

We studied the energy levels of the Cl bound electron in Chapter 5 to investigate the
potential for spin-qubit applications. We started with the discussion of energy levels of

single electron system and recombination pathways for the excited state. The observation
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of two-electron-satellite emission upon resonant excitation established that Cl impurity
hosts a single electron in its ground state. After confirming the presence of the ground
state electron, we discussed how energy states of neutral donor evolves under the applied
magnetic field. Polarization-resolved photoluminescence measurements revealed allowed
optical transitions and effective g-factors. Our results establishes that Cl impurity hosts a
single ground state electron that can serve as a potential spin qubit. To realize the optical
control of the electron spin, in-plane magnetic field may be used in the future studies. In
Voigt configuration, optical pumping of desired spin states can be realized and electron
spin dephasing times can be characterized. To improve the spin coherence times, spin
purification of the host crystal may be performed and dilution fridge temperatures may be
exploited.

In Chapter 6, we reported the observations of exciton-biexciton pairs from the
same Cl complex. We confirmed the single photon nature of both exciton and biexciton
emission lines by measuring the photon statistics. The time resolved photoluminescence
data showed short lifetimes from both exciton and biexciton line. Finally, we studied
photon emission correlations between exciton and biexciton pairs, proving the cascaded
emission. Our results are first time demonstration of cascaded single photon emission
from an impurity based system. Demonstration of fast, cascaded single photon emission
from Cl complexes provides a path for the development of on—demand sources of entangled
photons with impurity atoms in semiconductors.

In Chapter 7, we discussed the design, fabrication and testing of photonic crystal
cavities on ZnSe platform. We, first started with FDTD simulation results, discussing

the cavity mode and far-field emission pattern. Then, we developed a nanofabrication
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recipe to create suspended photonic crystal cavities, and showed images of the devices
that we fabricated. The optical characterization showed that cavities exhibit high losses,
which limit their quality factors. We identified the source of the loss as etched parts of
the substrate, which is caused by non-perfect undercut recipe. To increase the selectivity,
we proposed a modification in the MBE growth process. Future studies may involve
using sacrificial layers to allow easier undercut of the samples. Moreover, other photonic
devices such as bulls-eye cavities or nanobeam cavities may be investigated.

The results presented in this thesis provide a first complete study of single Cl
impurities in ZnSe. Promising radiative properties, suitable spin states and potential to
integrate emitters with photonic devices demonstrate significant potential of Cl bound
excitons. Based on the works presented in this thesis and further potentials to be realized,
single Cl impurities in ZnSe manifest themselves as attractive quantum light sources and

appealing solid-state based qubit candidate.
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Appendix A: Fabrication Details

A.1 Nanofabrication Recipe for ZnSe Photonic Crystals

Step 0: Cleaning
Before starting the fabrication, the sample is cleaned thoroughly. The cleaning steps

are as follows:

Acetone [90 seconds]

Methanol [90 seconds]

IPA [90 seconds]

DI Water [90 seconds]

Hot Plate [90 seconds]

Step 1: Silicon Nitride Deposition

120 nm Silicon Nitride (SiN) is deposited with PECVD.
Pressure : 1000 mTorr

Table Heater : 300 °C

Chiller Control: 70 °C

Time: 5 minutes
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Conditioning:
Purge with 500 sccm N2 [30 seconds]

Gases:

%5 SiHy %95 N,  [400 sccm]

NH; [20 sccm]

Powers:

LF : 30 Watts [7 seconds]

RF : 20 Watts [13 seconds]

Step 2: Resist Coating

ZEP 520A (5) : Anisole (3) [mass ratio]
4000 rpm, 50 seconds

Thickness: 150 nm

Step 3: E-Beam Lithography

Beam Current: 100 pA

Acceleration: 100 keV

Write Field: 100 ym

Pitch: 80 pm

Dose: 300 j1C/cm?

Step 4: Etching of Silicon Nitride Mask
Pressure : 10 mTorr

Table Temperature : 5 °C
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He Backing : 7.5 sccm
Time : 43 seconds [full etch]

Gases:

e CHF; [45 sccm]

e SFg [5sccm]

Powers:

e RF : 50 Watts

¢ ICP : 500 Watts

Step 5: Removal of Resist Residue
Hot PG remover [>> 2 hrs]

Step 6: Etching of ZnSe

Pressure : 4 mTorr

Table Temperature : 60 °C

He Backing : No

Time : 17 seconds

Gases:

e CHF; [45 sccm]

e SF¢ [5 sccm]

Powers:

e RF : 50 Watts
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e ICP : 500 Watts

Step 7: Removing Hard Mask
22 seconds of Step 4

Step 8: Undercut

Time: 2 minutes

Mixture H,O, [7mL] + H,O [190mL]+ NaOH [1.72 gram]
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Appendix B: Other Research Contributions

B.1 Demonstration of Robust Quantum Photonic Devices with Topological

Edge States

In this work (Appendix C: Publication J.3), we use the topological insulator concepts
from the condensed matter physics to implement topologically robust edge states at the
interface between two topologically distinct photonic crystals. We use finite-difference-
time-domain simulation (FDTD) techniques to design two perturbed honeycomb photonic
crystals, for which equilateral triangular air holes are shifted concentrically inward and
outward direction, respectively. We show that confined edge modes exist at the interface
with chiral propagation properties. To show the presence of the guided mode coupled to
the embedded quantum emitter, we excite the Gallium Arsenide/Indium Arsenide (GaAs/InAs)
quantum dots and measure the transmission at both ends by outcoupling the light via
diffraction gratings. To demonstrate the helical light matter coupling, we apply a magnetic
field to induce Zeeman splitting, and separate two orthogonal circular polarizations of
quantum dot emission. Then, we spectrally resolve the opposite polarizations in opposite
ends of the waveguide, which proves the chiral coupling of the emitter. We verify the

robustness of the waveguide by implementing various bends on straight waveguide and
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measuring the transmission.

By using a similar topological framework, in another work (Appendix C: Publication
J.4), we demonstrate a topological resonator that exhibits strong light-matter interactions.
In our earlier work, we demonstrate that sharp bends do not cause any significant scattering
due to the topological protection. We use this advantage to make sharp bends that form
closed loop circuit-track resonator. We use FDTD simulations to determine the length of
the resonator to create measurable free spectral range. Then, we fabricate our structures
with nanofabrication techniques. We demonstrate a cavity induced Purcell enhancement
of 3.4 by measuring the intensity enhancement of the quantum dot. Our novel experimental
results open an avenue to design complex nanophotonic circuits for quantum information
processing and to study novel quantum many-body dynamics.

In this project, I developed the fabrication process for GaAs and partially contributed
the characterization of devices. I employed electron beam lithography and dry etching
steps to achieve high-resolution fabrication of photonic crystals. I optimized the e-beam
layout to allow realization of sharp triangular features. For the characterization of the
samples, I used a home-built optical measurement setup, and performed polarization-

resolved photo-luminescence measurements.

B.2 Integration of Quantum Emitters with Telecom Photonics

Quantum networks have great potential applications such as distributed quantum
information processing and quantum key distribution. One of the many requirements

to realize such networks is to efficiently extract the quantum light from the solid state
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systems and to efficiently couple it to the existing telecom photonics infrastructure. In
this project, we integrate Indium phosphide/Indium Arsenide (InP/InAs) quantum dots
emitting at telecom wavelengths to telecom fiber optics and lithium niobate photonics.
We use finite-difference-time-domain methods to design InP nanobeam waveguides with
tapering tip to efficiently couple quantum dot emission into much larger waveguide modes
such as integrated lithium niobate waveguides and optical fibers. The one end of the
waveguide utilizes distributed Bragg gratings to reflect light into the tapered side. By
increasing the taper length, we adiabatically change the mode size of the nanobeam and
match it to mode size of the corresponding waveguide mode. We fabricate our designs
with e-beam lithography and directional plasma etching.

In the first part of the project (Appendix C: Publication J.6), we transfer InP nanobeam
waveguides to the another photonic chip by using a technique called as “pick-and-place”.
In this method, we utilize Tescan FIB/SEM system integrated with a motorized tungsten
probe, and remove the suspended nanobeam waveguides from the sample and transfer
them to the on top of pre-fabricated lithium niobate waveguides. Due to the evanescent
coupling between two waveguide modes, we are able to efficiently extract the quantum
dot emission into the lithium niobate waveguides. Then, we outcouple the light from the
lithium niobate photonic integrated circuit to characterize the coupling efficiency and to
measure photon statistics. In the second part of the project (Appendix C: Publication J.5),
we use a similar nanobeam waveguide design to couple light directly to tapered single
mode fiber optic cables. Using tapered nanobeam waveguide and tapered fiber tip, we
show efficient coupling between the single quantum emitters and the single mode fiber.

Our results establish that quantum dots emitting at telecom wavelengths can be integrated
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with mature photonic integrated circuits and existing fiber optic networks.

In this project, I designed the nanobeam waveguides with Bragg gratings and developed
the fabrication process to create suspended InP devices. I used the FDTD simulation
techniques to optimize the waveguide geometry in coordination with other designers. I
employed electron beam lithography and dry etching steps to achieve high-resolution
fabrication of the suspended nanobeam waveguides. In coordination with the transfer
team, I optimized the nanofabrication recipe to increase the yields of the pick-and-place

process.
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Appendix C: List of Publications and Conference Talks

J.1. A. Karasahin, R.M. Pettit, N. von den Driesch, M.M. Jansen, A. Pawlis, E. Waks,
“Single quantum emitters with spin ground states based on Cl bound excitons in

ZnSe”, arXiv:2203.05748, under review.

J.2. R.M. Pettit, A. Karasahin, N. von den Driesch, M.M. Jansen, A. Pawlis, E. Waks,
“Correlations between cascaded photons from spatially localized biexcitons in ZnSe”,

arXiv:2203.06280, under review.

J.3. S. Barik, A. Karasahin, C. Flower, T. Cai, H. Miyake, W. DeGottardi, M. Hafezi,

E. Waks, ”A topological quantum optics interface”, Science, 359, 6376 (2018).

J.4. S. Barik, A. Karasahin, S. Mittal, E. Waks, M. Hafezi, “Chiral quantum optics

using a topological resonator”, Physical Review B, 101, 20 (2020).

J.5. C.M. Lee, M.A. Buyukkaya, S. Aghaeimeibodi, A. Karasahin, C.J.K. Richardson,
E. Waks, “A fiber-integrated nanobeam single photon source emitting at telecom

wavelengths”, Applied Physics Letters, 114, 17 (2019).

J.6. S. Aghaeimeibodi, B. Desiatov, J.H. Kim, C.M. Lee, M.A. Buyukkaya, A. Karasahin,
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with lithium niobate photonics”, Applied Physics Letters 113, 22 (2018).
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