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Quantum information science has witnessed significant advancements in the pursuit of fault-
tolerant quantum computers with growing emphasis on realizing large-scale quantum net-
works. However, the community has yet to identify a single or composite quantum sys-
tem that will enable robust and scalable quantum communication technologies. Among a
plethora of candidates, the neutral shallow donor in zinc oxide (ZnO) has recently emerged
as a promising platform due to its unique combination of efficient light-matter interaction
and potential for long coherence times.

In this dissertation, we present a comprehensive study of the spin and optical proper-
ties of aluminum (Al), gallium (Ga), and indium (In) donors in natural isotopic abundance
ZnO, with an emphasis on assessing their suitability for photon-based quantum networks.
Using optical spin initialization via the donor-bound exciton, we demonstrate ensemble lon-
gitudinal spin relaxation times nearing half a second, which suggests a great potential for
long transverse spin relaxation (coherence) times in isotopically and chemically purified ZnO.
Photoluminescence excitation spectroscopy reveals narrow, non-thermally-broadened ensem-
ble optical linewidths (less than two orders of magnitude larger than the lifetime limit) at
liquid helium temperatures, further improvable by isotopic and chemical purification. We
further showcase that single In emitters can be spatially and spectrally isolated via focused

ion beam milling while preserving their favorable optical properties, albeit with reduced



radiative photoluminescence and increased emission inhomogeneity. Finally, we report on
the progress of emission frequency tuning by employing the Stark effect, realized via the
fabrication of planar capacitors on the host crystal surface.

Our findings, coupled with the potential for subsequent optimization, establish the neu-
tral shallow donor in ZnO as a compelling platform for photon-based quantum technologies.
This work underscores the need for the research and development of higher purity ZnO pro-
duction techniques. It ushers in future research aimed at deciphering and eliminating optical
linewidth broadening mechanisms, achieving scalable and deterministic isolation of single
emitters, and, ultimately, integrating this platform in both homogeneous and heterogeneous

quantum networks.
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Continuous-wave excitation at 3.44 eV. (a) Confocal PL image collecting 3.354—
3.357¢V. T = 5.2K. (b) PL spectra of four emitters at 5.2 K. Spectra are
shifted to adjust for strain-induced energy offsets. (c) Sideband PL of emitter
2 under resonant excitation at 3.355948 eV, T = 5.2 K, normalized to the peak
of the on-resonance spectrum. Dashed lines mark reported transitions [81,
84]. Inset depicts energy diagram of resonant excitation, sideband PL col-
lection scheme. (d) and (e) PL spectra with B L ¢ (T = 8.2K) and B || ¢
(T = 6.6K), respectively, at 0T (circles) and 6 T (squares), with Gaussian
fits. The Al/Ga background emission is subtracted. Spectra are normalized
to their maximum value. . . . . . .. ..o

PL spectra as a function of magnetic field on emitter 4 in B L ¢é orientation.
Each PL spectrum (single vertical line) is normalized to the maximum PL
counts in the depicted energy region after subtracting the minimum PL counts
in the same region. The dashed lines correspond to a linear fit of the centers
of two Gaussian functions, yielding geg = 1.52£0.01. . . . . . . .. .. ..

T = 5.2K. (a) PLE spectra of emitters 2-4 normalized to the maximum counts
of the emitter 2 spectra. Detector dark counts are insignificant. Exposure
time at each excitation frequency varies between 20 — 60's, based on emitter
intensity. Peaks are fit to Lorenzians and labelled with the fit full-width-at-
half-maximum. (b) Time-resolved PL of emitters 1-3 under pulsed excitation
(2 ps width, 12.5ns repetition rate) at 3.44eV. Response function measured
with a direct laser reflection and fit to a Gaussian. Time-resolved PL is fit with

two exponential-Gaussian convolution profiles to account for the In emitter
and the Al/Ga background (App. C.7). Fits are labelled with the In lifetime.

Temperature dependence of the integrated PL intensity for emitters 1, 2, and
3. For each emitter we normalize all data to their lowest temperature values.
Excitation is 3.44eV. . . . . . ..

Frequency shifts of In®, In°X-e, and In’X-h states and the overall In® «+ In°X
transition shift as a function of electric field amplitude present on the In
defect site. Horizontal lines mark the spectrometer resolution of 80 GHz and
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Optical image of fabricated devices with three different sets of design param-
eters, alongside the electric circuit used for the experiments. A black dot near

the center of Device 1 marks an example location that was probed optically.
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COMSOL electrostatics simulation results. Applied voltage differential is
10V. (a) Electric field amplitude parallel to the & axis in the y = 0 pm slice.
The white boxes denote the metal contacts. The dotted line denoted the tar-
get implantation depth. (b) Electric field amplitude parallel to the & axis in
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Chapter 1

INTRODUCTION

In the past few decades, there has been a growing effort to advance the field of quantum
information science (QIS) and develop revolutionary technologies based on the principles of
quantum mechanics. Prominent areas of QIS research include quantum computation [1-4]
and communication [5-9] networks, quantum sensing [10, 11] and quantum metrology [12—
14]. These fields hold the promise of transforming various aspects of technology and science;
with quantum computers solving certain types of problems faster than classical comput-
ers [15-18|, communication and encryption becoming more secure 6], and measurements of
physical phenomena becoming more sensitive than classically possible [11, 12|. Recently,
QIS has gained significant momentum and visibility, driven by milestones toward the devel-
opment of commercially viable quantum computing hardware, such as Google’s controversial
proof-of-concept demonstration of computational quantum advantage [19, 20]. In parallel to
the development of quantum computing systems is the development of quantum communica-
tion networks with the ambitious goal of a quantum internet [21]. The envisioned quantum
internet would be a vast quantum network (QN) that enables or enhances a range of QIS ap-
plications |21, 22|, including fundamentally secure communication 23] , distributed quantum
computing [24] and quantum sensing 25|, navigation, timing, and clock synchronization [26].

The overarching concept of QIS is the use of the elementary unit of quantum information,
the quantum bit or qubit [27], a quantum system consisting of two energy levels or states.
The term ‘qubit’ encompasses a diversity of physical implementations with different prop-
erties that are derived from the nature of the physical two-level system and its interactions

with the environment. Ideally, the qubit interacts with the environment only during state



manipulations and measurements. However, realistic physical implementations of qubits are
subject to unintentional, state-altering interactions with their environment, resulting in loss
of information, or decoherence |3, 28]. Mapping these interactions is challenging, and miti-
gating their effects poses even greater difficulty, creating unique challenges for the operational
performance, reliability, and scalability of QIS applications [29]. However, it is not all dire.
These same interactions can be used as an advantage, e.g., to ‘sense’ the environment |25, 26/,
alter the inherit qubit properties [30], or interact with other qubits [31-34|. Consequently,

different QIS applications may require and/or benefit from use of different qubit platforms.

The search for qubit platforms that sufficiently satisfy the established criteria for quantum
computing and communication networks [28] is an ongoing effort. Key criteria for quantum
computation include the ability to perform operations much faster than it takes for the qubit
to decohere (gate time versus coherence time), the ability to accurately initialize, operate on,
and measure the qubit state, and the ability to scale up to large multi-qubit platforms [28|.
For quantum communication, we additionally need to convert stationary qubits to flying
qubits (e.g. photons) and faithfully transmit them between locations [28]. Many differ-
ent types of qubits are being investigated for quantum computing applications, including
all-photonic platforms, trapped atoms and ions, solid-state color centers, gate-defined and
epitaxial quantum dots, and superconducting circuits. Some of these quantum computing
qubit candidates can more efficiently couple to photons, making them directly suitable for
quantum communication applications as well. All physical implementations come with their
own strengths, challenges, and constraints. For example, all-photonic platforms can operate
at ambient conditions and can have high operation speed, but they are hard to scale up
because of the probabilistic nature of the gates [35]. Trapped atoms and ions boast long
coherence times reaching seconds or even hours, can be operated with high fidelity, can be
efficiently coupled to photons and can operate at high cryogenic temperature environments,
but demonstrated gate times are in the order of 100ns - 100 ps which inhibits operation
speeds [29, 36, 37]. However, they need to operate in ultra high vacuum, suffer from low

photoluminescence collection efficiency and rely on tabletop setups for optical control which



poses a significant scaling challenge [29, 37]. Scale-up efforts, e.g. via photonic device in-
tegration in on-chip planar traps [38|, come with their own set of challenges, including the
need to achieve high fabrication precision of increasingly complex electronic and photonic
circuits, and need to mitigate optical losses, cross-talk and increased heating [29, 37|. Super-
conducting qubits have short gate times (10 ns - 1 us) and superconducting circuit fabrication
technology is more advanced. However, they exhibit short coherence times (up to 1 ms), and
operate at very low cryogenic temperatures (0.1 K) [29, 39]. Lastly, color centers and quan-
tum dots includes a vast array of quantum systems, each one with different properties, from
spin defects in silicon that have great spin properties [40-43|, but are challenged by the
indirect band gap making for (usually) poor optical efficiency [44, 45], to quantum dots in
ITI-V semiconductors with excellent optical properties but short coherence times due to host
lattice nuclear spin baths [46-50]. There is not a clear winner in the quantum network qubit

race, and new qubit discovery is an active area of research.

An emerging platform for quantum communication applications is the shallow donor in
ZnO. As a material host, ZnO boasts advantages from both group IV and III-V semicon-
ductors. Similar to silicon and diamond, both Zn and O can have stable nuclear spin-free
isotopes, which allow for long coherence times. ZnO is a direct band gap material, usu-
ally related to favorable optical efficiency, similar to III-V semiconductors such as InP and
GaAs. ZnO is also radiation-hard [51] and compatible with excising micro-fabrication pro-
cessing [52], which are beneficial for defect introduction via ion implantation and device
fabrication with focused ion beam milling. Shallow donors in ZnO are of particular interest
because they are effective mass point defects, relatively easy to physically create and the-
oretically model, with an optical coupling to the donor-bound exciton with 90 % efficiency
in the zero-phonon line [53]. Recent findings [54] indicate that gallium electron spin ensem-
bles in natural-abundance ZnO yield 100 ms longitudinal spin relaxation 7} times, and 50 ps
spin echo coherence 75 times via all optical measurements. This result is promising, as the
observed times may not represent an inherent limit of the system, but rather a need for

higher host purity. The 77 measurement was constrained by the ensemble spin initialization



at low magnetic fields where the DY «++ DX linewidth is comparable to the Zeeman splitting.
Also, Ty is limited by instantaneous diffusion or the %7Zn nuclear spin diffusion. In addition,
gallium and other group III isotopes possess nuclear spin which may exhibit longer coherence
times compared to the electron spin due to its weaker coupling to the environment [55|. These
nuclear spins can be used as long-lived quantum memories, similar to phosphorus shallow
donors in silicon [56]. The shallow donor in ZnO is therefore promising both for photon-based
quantum processing and optical quantum memory applications, where information can be
transmitted via the donor-bound exciton transition and stored in the electron or nuclear
spin. As described in the next section, a quantum platform must meet several criteria before
being utilized in such applications. In this dissertation, we take the first steps toward this
goal by extending our understanding of the underlying properties of this quantum system
and its interactions with the environment; we measure the spin relaxation time and optical
linewidth of emitter ensembles, isolate single emitters with favorable optical properties, and

report progress on optical frequency tuning.
1.1 Photon-based quantum networks

1.1.1 Realizing a two-node measurement-based quantum network

A quantum network is a collection of quantum nodes and quantum channels (Fig. 1.1a). The
quantum node is where information is stored and processed and is comprised by one or more
qubits. The quantum channel is the interconnection between nodes which is achieved via
quantum entanglement. One way to create a quantum network using photon-emitting defects
is to entangle the qubit of each node with the emitted photon and then use a measurement-
based protocol where photons interfere on a beam splitter to erase which-path information
(Fig. 1.1b). Upon photon measurement, the node qubits are projected into an entangled
state. A stationary qubit [¢)) in a pure state can be described by a wavefunction that is a

linear combination of the two computational states |0) and |1)

) = al0) + B[1), (1.1)
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Figure 1.1:  (a) Schematic depiction of quantum network with quantum nodes, depicted
as spheres, interconnected via quantum channels, depicted as lines. (b) A schematic of the
measurement-based entanglement protocol. (c¢) The energy level diagram for the qubits used
in the aforementioned protocol.
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where v and [ are complex coefficients and correspond to the amplitude of each state with
laf* + 8" = 1.

For this simple quantum network demonstration we utilize two qubits A and B with
corresponding states |¢) , and [¢) 5. Both qubits have optical access to an excited state |e)
via the |1) state (Fig. 1.1c). The excited state is not occupied unless the qubit is driven by
an external excitation field, in which case it relaxes back to the |1) state with a lifetime of
7 with the emission of a photon in mode (in this case, path) . The emitted photon can
be described as an excitation to the photonic vacuum state |vac) as a [vac), where al is
the raising operator of mode z. Therefore, this two qubit system with optical access can be

described by the tensor-product of three states: spin A, spin B, and photonic state as
(W) = [¢) 4, ®[¢) 5 ® |photon) . (1.2)

When a photon interacts with a 50-50 beam splitter, the photon path is split in two, a
transmitted ¢ and a reflected r path. In this example, we use a beam-splitter that introduces

a symmetric phase-shift to the outgoing reflected beams, meaning that the reflected photon



receives a 45° phase shift in each incident direction, yielding a transfer matrix of

M= L (1.3)

Therefore, the resulting transformation can be described as af — \% (aI + ial).
Here, we follow the protocol described in Ref. [44] to entangle the two stationary qubits

that are optically accessible.

e Initializing each qubits in the [+) = == (|0) + |1)) state, the system wavefunction is

1

1
|\I’> R~ (|O>A + |1>A) & \/5

i~ /3 (10} + 1)) @ [vac) , (1.4)

e After successful initialization, we resonantly drive the optical transition from the |1)
state to the |e) state for both qubits. The resulting system wavefunction is
1 1

|WMZ;EO®A+EM%®¢§

e Within the time-range of the optical transition lifetime, both qubits will relax back to

(10) 5 +|e) g) ® |vac) . (1.5)

the |1) state while emitting a photon in two different paths, a and b, coupling the |1)
states to their corresponding photons

¥), = = (00, + Dae) © 7= (105 + Dpal) O ). (10

e Using a 50-50 beam splitter, the photons from paths a and b will interfere with the cor-

responding transformations aj — \/Li (aji + ial) and aZ — \/LE (al + iaL). Rearranging

the various terms to group by different photon paths, the system wavefunction becomes

)= 2 [10),10)5 +
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e In this form, we notice that the detection of a single photon in path ¢ or d will collapse
the wavefunction in a different entangled state of spins. For example, the detection of

a single photon in path c¢ results in the final state

’\Ij>f:%(‘O>A®‘1>B+”1>A®‘O>3) (1.8)

This simple demonstration of a two-node quantum network outlines the requirements of
stationary-to-flying qubit quantum networks, most of which have been extensively discussed
by Ref. [28] and briefly discussed in the previous section. To realize a complex quantum
network with multiple qubits, each qubit must be individually addressable, otherwise entan-
glement generation between specific qubits is impossible. As we saw, successful qubit initial-
ization is paramount to creating a specific entangled state. Since the protocol is dependent on
the reliable emission of a photon after optical excitation, there needs to be efficient coupling
between the stationary qubit and the flying qubit. Additionally, photon entanglement ne-
cessitates that the photons are identical, both in the frequency and time domains, otherwise
the ability to distinguish between photon sources will result in reduced entanglement fidelity.
While in this protocol we talk about optically active qubits, any qubit that has access to a
flying qubit interface (e.g., superconducting qubits coupled to a microwave-to-optical trans-
ducer [57]) can utilize this scheme. Moreover, realization of the entanglement is dependent
on the successful measurement of single photons. Finally, in order to perform any quantum
operations, the entangled state will need to persist without significant decoherence within
the timescales relevant to the realization of the entanglement and any subsequent operations
on the qubits. Even in a perfect system this process is probabilistic. Thus, scaling to large
networks with single qubit nodes is challenging. Deterministic scaling becomes possible with
a local quantum memory at each node. Throughout this thesis, we investigate donor spin

qubits in ZnO while reflecting on these requirements.



1.1.2  Optical quantum memories

In photon-based quantum computation, storing information is crucial for synchronizing quan-
tum operations between distant nodes [58]. A key aspect of realizing long-distance quantum
networks is the faithful transmittance of photons. However, current communication channels
(optical fibers, atmosphere) lose information exponentially with transmission distance due
to absorption, making practical quantum networks unfeasible. Quantum repeaters can miti-
gate this by enabling polynomial loss over distance [58, 59|. These repeaters need to enable
entanglement between the receiving and outgoing flying qubits in a synchronous manner,
achievable via an optical quantum memory. Thus, both quantum computation and commu-

nication networks benefit from storing optical quantum information.

Figure 1.2: The energy level diagram of a three-level system with two driving fields (control
and signal) interfering on the |e) state.

There have been many proposals exploring different methods of realizing optical quantum
memories |22, 58|. One class of quantum memories that has been proposed and experimen-
tally demonstrated to varying levels of success uses ensembles of optically active qubits to
temporarily store an optical pulse in the ensemble [22, 58—60|. These ensemble optical quan-
tum memory protocols are based on electromagnetically induced transparency (EIT) [58-60].
EIT is a quantum interference effect observed in 3-state quantum systems in the presence
of two driving fields (Fig. 1.2). Assume an ensemble of quantum systems whose two qubit
states |0) and |1) are both optically coupled to an excited state |e). Each driving field, called

control and signal is set near each of the |1) <+ |e) and |0) <> |e) transition resonances. In



the presence of only the control field, all N qubits in the ensemble will be initialized to the
1) state

)i = @) 10), = 10105 (19

The two fields destructively interfere with each other, resulting in a superposition state just
between the |0) and |1) states of the atomic ensemble. If the signal beam is a single photon,
then only a single qubit state will be transferred in the |0), but it is not known which one.

The resulting state is

), = %ﬁi [(@ |o>j) ® 1),

i=1 i

1 N
_ _NZ 104...1;...0x) - (1.10)

By turning off the control field adiabatically after the signal is absorbed, the ensemble will
stay in this superposition state. The signal pulse can be retrieved by turning back on the
control field. Put simply, the single photon signal has been stored in the qubit ensemble and

was later retrieved on demand due to a transparency window created by the control field.

This simple protocol outlines the requirements for successful storage and retrieval of
information. Firstly, the optical pulse must be fully contained physically in the host medium
at the time of storage, and spectrally within the transparency window, which require the
contrast of the window — or optical depth of the transition — to be as high as possible [58, 61].
Secondly, the amount of time the information can be stored for is related to the coherence
time of the qubit ensemble. Therefore, long storage times require long coherence times. These
two requirements are the key characteristics physical systems must satisfy for successful
realization of EIT-based optical quantum memories. The most prominent platforms have
been atomic ensembles and rare earth doped crystals [62]. Atomic ensembles boast high
optical depths, efficient signal retrieval, and storage times up to seconds, while REIs yield
storage times in the order of hours, but have limited optical depth [62]. In Chapter 5, we

will see how donor ensembles in ZnO could compare with these leading systems.
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1.2 Overview

In Chapter 2, we review the properties of neutral shallow donors in ZnO. We discuss how
donor impurities such as aluminum, gallium, and indium, can be introduced either during
growth or through ion implantation and explore their optical properties in the context of
photon-based quantum network applications, where the donor-electron spin-1/2 states in the

presence of magnetic field can be the physical qubit implementation.

In Chapter 3, we describe the experimental setup and techniques. We provide a list of
key donor properties and explain how each measurement scheme is used to extract them.
Common measurement schemes throughout this thesis include photoluminescence, optical
pumping, spin relaxation, steady-state resonant photoluminescence excitation with one or

two lasers, as well as time-resolved photoluminescence excitation measurements.

In Chapter 4, we focus on the experimental and theoretical study of the longitudinal spin
relaxation time (7)) of in situ Ga donor ensembles, a property that determines the maximum
possible coherence time of a qubit. We perform 7T} measurements as a function of applied
magnetic field, temperature and excitation photon energy. We measure 7 nearing 0.5s, at
1.75T and 1.5 K, with potential for longer values at smaller magnetic fields. Additionally,
we find excellent agreement between the experimental data and a theoretical model based
on the spin-orbit (admixture mechanism) and electron-phonon (piezoelectric) couplings for
ZnO’s wurtzite crystal symmetry. This work highlights the potentially advantageous spin
properties of the ZnO-base qubit platform.

In Chapter 5, we study optical parameters of in situ Al, Ga, and In as well as implanted
In donor ensembles essential to quantum network applications — namely the optical linewidth
and optical depth. Via photoluminescence excitation spectroscopy, we find that the zero-
field linewidths are not thermally broadened at temperatures below 5 K. The extracted 0 K
linewidth limit is 7 — 11 GHz, less than two orders of magnitude larger than the O (0.1 GHz)
Fourier lifetime-limit. Transmission spectroscopy reveals a nearly identical inhomogeneously

broadened linewidth for donor ensembles throughout the entire 0.3 pm-thick crystal. We also
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observe a large optical depth of 20 — 300, a beneficial property for optical quantum memory
applications. Utilizing transient spectral hole-burning spectroscopy, we observe a marginally
narrower homogeneous linewidth of 4 GHz. While the source of the moderate inhomogeneous
broadening is identified as the isotope mass variation between different hyper-local donor
environments, the source of the large homogeneous broadening of donor ensembles remains
elusive. Nevertheless, the surprisingly narrow optical linewidths and large optical depth of
donor ensembles of unintentional dopants in natural abundance ZnO emphasize the favorable
optical properties of this system.

While ensemble properties are an important metric of qubit fitness, most quantum net-
work applications require access to individual qubits. Our previous studies focused on unin-
tentionally doped samples with concentrations far exceeding single-defect levels within our
probing depth, due to the difficulties in producing high purity ZnO. Chapter 6 shows how
we overcome this challenge, by using a focused ion beam to mill a thin slice out of bulk
Zn0O. Using spatial and frequency filtering, we demonstrate isolation of stable single emitters
which are identified as In donors based on their emission frequency and magnetic field spec-
troscopy signature. This work underlines the qubit’s properties’ resilience against irradiation
and indicates a path toward device integration.

The isolated emitters experience substantial inhomogeneous broadening attributed to
the strained environment of the thin ZnO slice. In Chapter 7 we report our progress toward
frequency tuning implanted In ensembles by applying a strong electric field parallel to the
sample surface. The electric field is generated by applying a voltage differential on planar
capacitors fabricated on the ZnO surface. In the first generation of devices, featuring a 10 nm
Si0O, layer and chromium-gold contacts, we observe a small frequency shift — much smaller
than predicted — and significant linewidth broadening as a function of applied voltage. Our
results indicate that this shift is not due to an electric field, but due to a local change in the
temperature of the substrate caused by high current flow. Nevertheless, this is an important
step towards the realization of frequency tuning of shallow donors in ZnQO.

Finally, Chapter 8 summarizes the key experimental results and outlines the future
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prospects for shallow donors in ZnO as qubits. It rehashes our findings on spin properties,
optical characteristics, and single donor isolation, highlighting both the promising aspects
and the challenges of this platform for quantum network applications. The chapter identifies
critical areas for future research, including material purification, photonic integration, and
qubit control techniques. By addressing these challenges, we anticipate significant advance-
ments in ZnO-based shallow donor spin qubits, potentially enabling entanglement between

single qubits and opening avenues for heterogeneous quantum networks.
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Chapter 2

THE NEUTRAL SHALLOW DONOR IN ZINC OXIDE
2.1 Zinc Oxide

2.1.1 Crystal structure

Zinc oxide (ZnO) is a direct band gap semiconductor. It is typically called a II-VI or 12-16
semiconductor due to the columns zinc (Zn) and oxygen (O) occupy in the periodic table,
using the old, and modern assignments, respectively. Crystalline ZnO is usually found in a
hexagonal wurtzite structure, the most stable structure under ambient conditions. However,
cubic zincblend and rocksalt structures are also observed when grown on cubic substrates or
under very high pressures, respectively [63]. Here, we will focus on hexagonal wurtzite ZnO
crystals. This structure, is characterized by three dimensions, a ~ 3.25 A and ¢ ~ 5.2 A and
u ~ 0.383 [63], labeled in Fig. 2.1a. It also exhibits an intrinsic polarity between Zn and
0, leading to two polar faces: (0001) and (0001), the Zn-face and O-face, where the (0001)

direction is parallel to the crystal ¢ axis.

2.1.2  Crystal growth

Ultra-high-quality single crystal ZnO substrates are still elusive, despite the plethora of
growth methods that are being simultaneously researched, including melt growth, seeded
chemical vapor transport and hydrothermal (solvothermal with aqueous solvent) growth |65,
66]. Among these bulk crystal growth methods, hydrothermal growth yields the best re-
sults in terms of structural quality and chemical purity [65, 66]. The common growth di-
rection is along the ¢ axis, and the resulting crystal is called a c-plane or [0001] crystal.

After growth, these crystals need to be subsequently processed: the surface needs to be
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Figure 2.1: (a) ZnO wurtzite structure. Oxygen atoms are depicted with red spheres, while
zinc atoms are depicted with smaller gray spheres. The two polar surfaces are depicted as
semi-transparent planes (purple (top) for oxygen, yellow (bottom) for zinc). (b) and (c)
Images of a 3-inch c-plane ZnO crystal without and with a CMP finish. Scale bar is 80 mm.
The images in (b) and (c) are reprinted from [64], with permission from Elsevier.

chemically-mechanically polished (CMP) [67] to a roughness of O(1A), and high concen-
trations of lithium (Li) must be removed [64, 66, 68| via annealing in an O, atmosphere
at 1100°C [69, 70]. Even after careful preparation and processing, TD substrates still ex-
hibit high concentrations of in situ impurities — introduced unintentionally during growth
either from the seed substrate, the growth process or contamination of the growth cham-
ber — with concentrations of different contaminants ranging between 10'* atoms/cm?® and
10'" atoms/cm? |64, 67]. However, higher quality (lower contaminant concentration) ZnO

layers can be produced via molecular-beam epitaxy (MBE) [67, 71].

Atomic isotope | %Zn 6Zn  67Zn  %Zn  Zn 160 170 180

49.178 27.740 4.042 18.456 0.611 | 99.757 0.038 0.205
5/2 0 0 0 5/2 0

Abundance (%)
Spin 0 0

Table 2.1:  Relative isotopic abundance in nature, and nuclear spins of stable zinc and
oxygen isotopes [72].

In this dissertation, we study hydrothermally grown c-plane ZnO substrates by Tokyo
Denpa Co. Ltd. (TD) (64, 69] (Fig. 2.1b and Fig. 2.1c). In some cases, we study TD
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substrates with an MBE layer on the Zn-face. Neither the substrates nor the MBE layers
used for this work are isotopically purified; they contain both Zn and O in their natural

isotopic abundance (Tab. 2.1).

2.1.8 Band gap structure

ZnO, similar to other II-VI semiconductors, exhibits a wide band gap of 3.437¢V [77] at 0K
and 3.355 eV at room temperature [78-80]. The valance band is split into three bands (A, B,
and C from higher to lower energy) due to the crystal field and spin-orbit interactions [74].
A unique characteristic of ZnO is that it boasts a negative and small spin-orbit coupling [74].
Due to the relative anisotropy in the hexagonal wurtzite structure, ZnO properties are differ-
ent between the longitudinal (parallel to the ¢ axis) and transversal (perpendicular to the ¢
axis) directions of the crystal lattice. However, the effective electron/hole masses and dielec-
tric constants between the two directions do not substantially differ from each other [73-76|

(Table 2.2). This will allow for modeling simplifications later on (App. A.1).

Constant Value  Reference Notes

mel | 0.28me 73]

m>t || 0.24m, [73]
m: | 0.252m,  [74] 3/m: = 1/mil +2/mst
m;, | 0.59m, 75]  my, = mi = myh, = my,

a ol 8756 |76]

€710 7.8 € [76]

emo | 8.1e [74] ek =1/e o +2/ek

Table 2.2: Band gap structure-related constants for ZnO: electron effective masses, hole
effective masses, and static dielectric constant. The parameters m, and ¢, represent the free
electron mass and vacuum permittivity, respectively.
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2.1.4 Band-edge photoluminescence
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Figure 2.2: A photoluminescence (PL) spectrum of an indium-implanted TD ZnO substrate,
taken at 1.7 K. The sample was excited with a 360 nm continuous wave (CW) laser focused
near the diffraction limit, with 30 nW excitation power. The reported intensity corresponds
to the detected electrons.

With incident light near or above the band gap energy at low temperatures, multiple
sharp photoluminescence (PL) lines are observed. Emission near the band-edge is often
related to recombination of excitons X (electron-hole pairs) that are either freely traveling
throughout the lattice (FX) or bound to a defect such as structural imperfections and impu-
rities (BX). In order to distinguish between these sharp PL lines we must use a spectrometer
with high enough resolution. Fig. 2.2 shows an example PL spectrum taken at 1.7 K. In this
spectrum we can identify emission related to recombinations of free excitons consisting from
a conduction band electron and a valance A band hole (FX,), neutral and ionized shallow
donor-bound excitons (DX and D*X, respectively) — some of which are historically noted as
[-lines — and structural defect-bound excitons (Y-lines). Lastly, we can identify the neutral
donor first excited bound exciton line as D°X" (described further in Chapter 5). The energy

difference between the FX 4 and a bound exciton recombination line is called the localization
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energy (Ejoep = Erx, — Epx). From the I-lines, the I; line has been identified as a bound
excitonic line of the interstitial hydrogen donor (HY), while Is, Is, and Iy have been identified
as bound excitonic lines of neutral Zn-substitutional aluminum, gallium and indium donors
(Al),,, Ga),, and In) ), respectively |76]. Here, we will focus on the substitutional neutral

shallow donors Al°, Ga®, In®, where the ‘Zn’ subscript is dropped for brevity.

2.2 Donor impurities

2.2.1 Introduction of donors to samples

As it was alluded earlier, chemical impurities can be introduced into the ZnO crystal n
situ during growth. In situ impurity concentrations of Al, Ga, and In vary between differ-
ent samples and different suppliers. Tokyo Denpa ZnO substrates host 10 atoms/cm? to
10' atoms/cm? of Al and Ga, while In concentrations are below 10* cm™. Quantum commu-
nication protocols utilizing single defect qubits require a scalable method of defect synthesis.
To that end, a straightforward solution to introducing defects on demand in existing bulk
ZnQO substrates is via ion implantation. This method is enabled by ionizing and subsequently
accelerating the impurity of interest. The accelerated ions are directed to the target sub-
strate. Varying the total kinetic energy of the ions determines the mean implantation depth,
while changing the accelerated atom density and/or irradiation time determines the final
concentration of impurities. However, this process can damage the surface and the volume
of material ions traveled through and does not guarantee that the implanted impurities will
occupy a Zn lattice site. Annealing (heating up) the sample to 700°C for an hour in an O
atmosphere allows some fraction of the implanted impurities to occupy a Zn site and heals

some of the implantation damage [81].

2.2.2  Donor properties

The neutral shallow donor, or D°; in ZnO (Fig. 2.3) is an effective-mass impurity. It has

one more electron compared to Zn, loosely bound to the positive donor nucleus. Since
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the longitudinal and transversal effective electron masses and dielectric constants do not
substantially differ from each other [73-76| (Table 2.2), these impurities can be approximated
as a hydrogen-like system with an isotropic single electron mass (App. A.1). The energy
difference of the effective 1s orbital level of a donor from the conduction band is called donor
binding energy (Ejp). Following second order perturbation theory, this energy is modified by
a mere 0.1 % due to the crystal anisotropy [76], inconsequential compared to the uncertainties
of the effective mass and dielectric constants that define the donor binding energy. However,
the short-range chemical potential of the impurity leads to a significant differentiation of the
donor binding energy among impurity species |76] (Table 2.4). Higher level orbitals (2s, 2p)
are more affected by the crystal anisotropy and are further modified due to interaction with
optical phonons [76]. The effective D°-electron Bohr radius (where the probability density
is maximized) is about 1.6nm (Table A.1). Lastly, the D% electron state is modified due to
the electron-nuclear spin hyperfine interaction, which is different for different impurities. In

the absence of an external magnetic field, the D° (1s) state, with degeneracy of 2(2Ip + 1),

will be split in two manifolds with an energy difference of Ap \/ 1/4+ Ip(Ip + 1), where Ap
is the hyperfine constant (Table 2.4) and Ip is the nuclear spin (Table 2.3).

Atomic isotope | 27Al | ®Ga ™Ga | 'BIn 1%In

Abundance (%) | 100.00 | 60.11 39.89 | 4.28 95.72
Spin | 5/2 | 3/2 3/2 | 9/2 9/2

Table 2.3: Relative abundance in nature, and nuclear spins of stable aluminum, gallium
and indium [72]. It must be noted that ''°In is not stable, but its lifetime is estimated to
be 441 Ty |72], four orders of magnitude larger than the current estimates of the age of the
universe (13.8 Gy) [82].

The neutral donor is optically coupled to the neutral donor-bound exciton (D°X) at
cryogenic temperatures. As the temperature rises, the bound exciton will disassociate to
a free exciton and a neutral donor with a disassociation activation energy nearly equal

to the donor bound exciton localization energy [83]. The D®<« DX transition energy is



19

Figure 2.3: (a) A Zn-substitutinal shallow donor in wurtzite ZnO. (b) Donor and donor-
bound exciton sketch and corresponding energy diagram. The sketch depicts the electron(s
and hole) on the radial distance from the donor nucleus where the probability density is
maximized. The energy diagram depicts the D°X — D%(1s), DX — D°(2s), D°X — D°(2p)
and their corresponding first phonon replicas. The energy level differences are not to scale,
but can be found on Table 2.4.

approximately 3.36 eV near 0K, with the exact value dependent on the donor species |76]
(Table 2.4). Additionally, the D°X — D° transition is characterized by a “slow” radiative
lifetime of ~1ns and a “fast” non-radiative lifetime of ~ 300 ps, depending on the donor
species [84, 85| (Table 2.4). The latter component is attributed to energy transfer from
the DX to surface recombination centers that relax non-radiatively. [85]. During radiative
relaxation from the DX state, approximately 90 % goes to the D (1s) state with only the
emission of a photon. This is the zero phonon line (ZPL). Approximately 5% goes to the
D? (2s) and DY (2p) state with only the emission of a photon (Table 2.4) — also called two
electron satellite (TES) transitions — while the rest is phonon-assisted emission to various
DY states (i.e. 1s, 2s, 2p, etc) — replicas with n number of longitudinal optical phonons (n-
LO) [84] with energy Ero = 72meV [86]. All transitions are specific for each donor species
and can be used as an identifying signature. We will primarily look at the TES, 1-LO, TES
1-LO, and 2-LO transitions, which we collectively call sideband transitions (Fig. 2.4). The
phonon-assisted emission is characterized by the Huang-Rhys factor .S, which determines the

mean number of created phonons and takes the value of ~0.06. The intensity of each replica
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Figure 2.4: Photoluminescence spectra of sideband under resonant continuous wave exci-
tation at 1.7K and 0T. The spectra were normalized to the maximum value of the 1-LO
transition. Each family of lines is depicted at the top of the figure. The vertical dashed
lines correspond to the specific literature value lines within the line family. Each species is
represented by a different color corresponding to the spectrum color. For TES-related lines,
there will be two lines, with the lower energy being the corresponding 2p line and the higher
energy being the corresponding 2s line.

n follows a Poisson distribution [84]
I,=e7—. (2.1)

The oscillator strength of the D® — DX transition is near 0.35, with a corresponding dipole
moment of 12D (Sec. A.2). Similar to the D° the D°X can be approximated with an
effective mass system with a positive donor nucleus and three particles with independent
wavefunctions (App. A.1). The two electrons spins form a spin-singlet state and interactions

between them and the hole spin are expected to be small [87]. The effective D"X-electron
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Bohr radius is about 2.0 nm, while the D°X-hole Bohr radius is about 3.3nm (Table A.1).

Species || HY(I,)  EM Al°(I) Ga(Ig) In’(Iy)
Bound Exciton ZPL (eV) | 3.3628 (3.3614)  3.3608 3.3598 3.3567
Bound Exciton TES 2s (éV) || 3.3278 (3.3236)  3.3228  3.3101 3.3101
Bound Exciton TES 2p (eV) | 3.3287 (3.3240) 3.3220 3.3177 3.3061
Ion. Bound Exciton ZPL (eV) - (3.3742) 3.3734 3.3718 3.3676
Localization Energy (meV) || 13.1 (14.5) 15.1 16.1 19.2
Binding Energy (meV) | 46.1 50.2 51.6 54.6 63.2
Radiative Lifetime (ps) 570 - 750 — 860 800 — 1060 1050 — 1350
Non-radiative Lifetime (ns) | 230 - 200 - 320 250 - 375 250 - N/A
Huang-Rhys factor || 0.052 - 0.058 - 0.067
Hyperfine constant (MHz) 1.4 - 1.45 11.5 100.2

Table 2.4: Characteristic constants for different donor species including the pure effective
mass donor. Bound exciton lines, localization energy, and binding energies were taken from
Refs. [76, 84, 88|. The lifetime values are taken from Refs. [84, 85]. The Huang-Rhys factors
are taken from [84]. The hyperfine constants where taken from Ref. [89] for H?, Ref. [90]
for Al°, Ref. [91] for Ga°, and Refs. [91, 92| for In®. The effective mass (EM) donor is not
observed, but the values are listed for comparison between the observed donors and the ideal
hydrogen-like impurity.

2.2.3 Donors in the presence of magnetic field - a qubit platform

In the presence of large magnetic field B (g.uupB > Ap), where g. the electron g factor and
pp the Bohr magneton) the D° spin up (|1)) and spin down (|})) electron states split due
to the Zeemann effect. These two states constitute the electron spin qubit. Each electron
spin state is a manifold consisting of (2Ip + 1) energy levels due to the hyperfine interaction
between the electron and the nuclear spin of the donor, with energy splittings equal to Ap /2.
The D°X state will split in two hole-spin manifolds due to the Zeemann effect on the hole,
with hole spins up and down (|ft) and [{}), respectively). The electrons do not contribute
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Figure 2.5:  Energy diagram of DY and DX electron/hole spin states (nuclear spin is
neglected) and D? +» DX transition polarization selection rules in the absence (middle) and
presence of magnetic field perpendicular (left) or parallel (right) to the crystal axis ¢ || 2.
The polarization selection rules are deduced by combining results in Refs. [53, 74, 93]. Here,
X =52 Y =%y and Z = b2 [93], where a = 0.995 and b = 0.0999 [74]. This figure is
reprinted from Ref. [94].

to the splitting because they form a spin-singlet state (|1])). Consequentially, the DX
state will not exhibit a substantial hyperfine splitting, since the hole wavefunction overlaps
weakly with the donor nucleus (App. A.1). Due to the anisotropy of the crystal lattice, the
hole g factor that determines the D°X splitting is different for different magnetic field (é)
orientations. Figure 2.5, shows the energy level splittings and polarization selection rules for

the different magnetic field orientations.

Throughout most of this thesis, the optical ki axis is parallel to the crystal ¢ axis. In
this configuration (Fig. 2.6a-b), we have the Voigt (B L &) and Faraday (B || é) geometrics.
In the Voigt geometry we detect four linearly polarized transitions, and in the Faraday
geometry two circularly polarized transitions. Photons emitted via the two cross transitions

in the Faraday geometry will primarily travel perpendicular to the crystal ¢ axis and will
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Figure 2.6:

Energy (eV)

(a) Energy diagram of D? and DX electron/hole spin states (nuclear spin

is neglected) and DY < DX transition polarization selection rules in the absence (middle)
and presence of magnetic field perpendicular (left) or parallel (right) to the crystal axis
¢ || 2, when the incident light is parallel to the crystal axis (k || ¢). Vs, H, o, and o~
represent the vertically linear, horizontally linear, right-handed circular, and left-handed
circular polarizations, with the subscript ‘s’ denoting the electron spin state the transitions
are associated to. (b) A schematic representation of the sample orientation with respect
to the magnetic field and the various incident polarizations. (c¢) PL spectra under 3.45eV
excitation of in situ Al and Ga donor ensembles (~ 10* — 10%) in a TD ZnO substrate with
an 700 nm MBE layer grown on top on the Zn-face in different magnetic field configurations.
Most collected PL is not from the MBE layer. (b) and (c) are reprinted from Ref. [95] with

permission from APS.
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Figure 2.7:  Electron and hole Zeeman splitting of Ga donor ensembles (same sample as
in Fig. 2.6 as function of the magnetic field in the Voigt geometry. Each point is obtained
via Gaussian profile fits of PL spectra under 3.45 eV excitation at different fields and 5.2 K.
The error bars depict the standard deviation error of the Gaussian profile fits. The red and

blue lines are linear fits of the Zeeman splitting. This figure is reprinted from Ref. [54] with
permission from APS.

not be observed. Fig. 2.6c shows PL at zero magnetic field, Voigt, and Faraday geometries,
showcasing the different observed transitions.

We can experimentally determine the electron and hole g factors by performing PL spec-
troscopy over a range of magnetic fields (magneto-PL) and measure the energy difference
between the various D’X — D° transitions. Magneto-PL measurements of donor ensembles
reveal that the electron g factor is nearly isotropic with g! =gt =g.=1.95—1.97 |54, 81,
96|, while the hole g factor is highly anisotropic, with —gyL = 1.2—1.32 and g;- = 0.1-0.34 [53,
54, 81, 95, 96]. Fig. 2.7 depicts the electron and hole Zeeman splitting in the Voigt geometry

and allows us to estimate the electron and hole g factors, g and gi-, with

1
ge,UBB:EV — By, = FEy, — By,
0 + 1 b (2.2)

g}J{MBB - E\/i - EHi = Ejj-[T — EVT’

where Ej; is the energy of transition i as marked in Fig. 2.6. Assuming g = g!, we can
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determine the g,‘l by measuring the energy difference between the two D°X — D transitions

in the Faraday geometry and calculate the hole g factor from the measured effective g factor

gl = g + g), with gloupB = E,v — E,- (Fig. 2.8).
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Figure 2.8: Effective Zeeman splitting of Ga donor ensembles (same sample as in Fig. 2.6 as
function of the magnetic field in the Faraday geometry. Each point is obtained via Gaussian
profile fits of PL spectra under 3.45 eV excitation at different fields and 5.2 K. The error bars
depict the standard deviation error of the Gaussian profile fits. The red and blue lines are
linear fits of the Zeeman splitting. This figure is reprinted from Ref. [95] with permission

from APS.
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Chapter 3
EXPERIMENTAL SETUP AND TECHNIQUES

This chapter describes the experimental set-up for fundamental property measurements,
including the optical transition linewidth and longitudinal spin relaxation time. We start by
describing the base experimental setup, including the microscope, cryostat, and detectors.
We next describe various photoluminescence excitation (PLE) measurements, the experimen-
tal procedure used to measure the optical transition linewidth. We also describe transmission
measurements and how we use them to calculate the optical depth. Lastly, we explain how
we optically initialize the spin state with optical pumping (OP) and how this process allows

us to measure 77 and probe transient properties of the optical linewidth.

3.1 Base experimental setup

For all experiments described in this dissertation we use the same base experimental setup.
We use a home-built optical microscope assembled on a breadboard for ease of movement
between different optical access configurations to a cryostat. While the general microscope
structure remains the same, individual components are moved in and out depending on the
specific experiment. Figure 3.1a provides a schematic of this base setup.

Usually, the microscope has one or more laser excitation sources — either fiber-coupled or
free-space. All excitation sources are combined to a single excitation path, either by using
beam splitters or mirrors on flip mounts (BS1 in Fig. 3.1a). We used three different laser
systems for above band and resonant excitation. For near above band excitation, we used a
CNI MSL-F-360-10mW, which is a continuous wave (CW) laser emitting near 360 nm with a
maximum power of 10 mW. For resonant excitation and tunable frequency control we used a

SpectraPhysics Matisse-TS Ti:sapphire laser emitting near 738 nm. The Matisse is pumped
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Figure 3.1: Principle design of optical path for various experiments, featuring one or more
free-spaced or fiber-coupled excitation lasers to enable confocal imaging of samples in cryo-
genic temperatures using a CCD, spectrometer, or single photon detector. This figure is
reprinted from Ref. [97] with permission from Optica Publishing Group under the Optica
Open Access Publishing Agreement.

by a SpectraPhysics Millenia EV CW DPSS 532nm green laser with a maximum power of
15W. Under a pump power of 9.5 W, the Matisse emits at 738 nm with 1.4 W of power.
The Matisse is doubled to 369nm with a SpectraPhysics WaveTrain frequency doubler,
which utilizes a nonlinear crystal with a unidirectional ring cavity (Fig. 3.1b) and yields a
conversation efficiency between 4% and 10%. For two-laser pump-probe measurements the
second resonant excitation laser is a Toptica DL pro HP external cavity diode laser emitting
near 368.9nm with a maximum power of 30 mW. The laser emission contains a long tail in
the longer wavelength regime, which we filter. Finally, we use the Ti:Saphire SpectraPhysics
Tsunami, a pulsed laser configured for 2 ps pulse with a repetition rate of 80 MHz for above

band pulsed excitation and lifetime measurements.

Since excitation and collection share a path (reflection from BS2 to sample and back in

Fig. 3.1a), we use a beam splitter to allow the emitted photoluminescence (PL) to go to our
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detectors. Hence, the excitation path consists of a beam splitter (BS2 in Fig. 3.1a) and a
mirror mounted on a piezo-mirror mount (M2 in Fig. 3.1a). The beam splitters we use for
the excitation path have a nominal reflection-transmission percentages of either 50 % - 50 %
or 5% - 95%. While the former is great for measurements where high excitation power is
important, the latter is used when the PL signal is weak to we detect as much PL as possible.
The mirror on the piezo-mount is used to enable scanning confocal microscopy, which we only
use for finding spatially isolated single emitters (App. C.2). Instead of the more established
practice of using an objective to focus the beam on the sample, we use a 3.1 mm focal length
aspheric lens (L1 in Fig. 3.1a), since the cryostat space is limited and current technologies do
not yet permit for small footprint near-UV cryogenic objectives. This limits the numerical
aperture of the collected PL to 0.62 (equivalent to a 38° light cone) and results in significant
chromatic aberrations. The spot diameter on the sample is measured to be ~ 500 nm.

Once the collection path is split from the excitation path (transmission from BS2 to M3
in Fig. 3.1a), the PL is focused with L2 onto a confocal pinhole (PH) setup, to spatially filter
the PL from a small depth range. Due to chromatic aberrations, the image of the reflected
input beam is not in the same plane as the image of the PL. Therefore, we adjust the lens L2
of the confocal setup to move between the imaging planes we are interested in. After the PL
is collimated (L3 in Fig. 3.1), the collection path leads to three different detectors with the
use of flip mirrors: (1) a simple CCD camera for looking at the reflection of the input beam
focused on the sample or the emitted PL, (2) an Andor Shamrock 750 spectrometer (Spec)
with a Newton DU920P-UVB CCD and a turret with either NIR or near-UV gratings (for
the NIR we use the second order, which is not very efficient, but results in higher resolution)
to distinguish the photon energy of the PL, (3) a single photon counting module (SPCM)
COUNT BLUE COUNT-50B from Laser Components that has a 1 ns timing resolution and
is more sensitive in collecting single photons than the spectrometer CCD camera.

All of our optics are graded for use in the near-UV regime. Some notable equipment

part numbers are listed below. Our mirrors are either MaxMirror (ultra broadband mirrors)

or Thorlabs BB1-E01. For 50/50 beam splitters, we either use Thorlabs BSW21, Newport
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UVBS14-1, or Thorlabs PBS051. Achromatic lenses in the confocal pinhole setup are New-
port PAC18AR.15, the ashperic lens in the cryostat is a Edmund Optics LightPath 354330,
and fiber-coupler aspheric lenses are Thorlabs C610TME-A, C560TME-A, or A397TM-A.
Our polarizers are either a Thorlabs A-coated Glan-Thompson GTH or a Thorlabs LPUV050.
The waveplates we use are EKSMA Optics 464-4240 (A/2) and 464-4440 (\/4). The ‘PL’
filters we use are BrightLine single-band band pass 370/6 nm and BrightLine single-band
band pass 380/14 nm. In the rest of this chapter, more detailed schematics are provided for
specific experiments.

The samples are mounted in a helium immersion cryostat with a superconducting magnet.
The cryostat is operated with a liquid helium reliquifier. This prevents helium losses due to
helium evaporation. The cryostat can reach down to 5.2 K without helium loss. The sample
is not immersed in liquid helium (LHe), but is rather above the LHe level in the evaporated
helium gas. For lower temperatures, we can reduce the pressure in the sample space so that
the gas-liquid phase-change temperature is reduced. This can be achieved by pumping on
the sample space with the sample either in gaseous or superfluid helium. The former method
is stable for temperatures between 2K and (at least) 6 K, while the later allows us to reach
the range of 1.5 K to 2 K. Magnetic fields B between £7 T can be reached with its direction
is fixed. The cryostat has four windows allowing for access of different B field directions by
moving the optical microscope Alternatively, we can access different B field orientation with
respect to the crystal orientation by rotating the sample on the plane parallel to the surface

of interest.
3.2 Photoluminescence excitation spectroscopy and linewidth

As we have seen in Chapter 2, various optically active defects can be observed, including
donors coupled to donor-bound excitons by optically exciting a donor ensemble with photon
energy near or above the band gap. In addition to the ZPL, the donor bound exciton state
relaxes to the DY 1s state via different channels (e.g., via other DY orbital states or via

phonon replicas, collectively called the sideband), which can be used as a species identifier.
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Figure 3.2: (a) Energy level schematic of PLE measurements, where a CW laser is scanned
near the D <+ DX resonance, while collecting sideband PL. (b) Schematic of Voigt profile
(convolution of a Gaussian and a Lorentzian profile) where the array of Lorentzians represents
an array of evenly spaced sub-ensembles. In the left inset, the purple arrow denotes the total
linewidth of the Voigt profile. In the right inset, the blue arrows denote the homogeneous
linewidth of the Lorentzian profile. (c¢) Optical paths for the micro-PL/PLE experiments,
where The emitted PL is collected with either an single photon counter (SPD) or a spec-
trometer. The photo-diode (PD) is used as a power reference when scanning the probe laser
to correct for power fluctuations induced by wavelength dependent transmission/reflection
of the beam splitter. Subfigure (c) is reprinted from Ref. [97] with permission from Optica
Publishing Group under the Optica Open Access Publishing Agreement.

While above-band gap excitation is useful to identify emitters in the substrate, additional

information can be obtained with resonant absorption and emission.

Photoluminescence excitation (PLE) spectroscopy (Fig. 3.2a), in which a continuous wave
laser is scanned near the transition resonance of interest while collecting emitted PL, allows
the measurement of the transition linewidth. The linewidth is important because photon-
based quantum communication applications require photon indistinguishability both in fre-
quency and time domains. In addition, the linewidth and frequency dependence on external

variables such as temperature and magnetic field may help decipher the fundamental mech-
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anisms with which the donor system interacts with its environment.

In the ideal case, the lineshape of a transition in the frequency domain is related to the
transition relaxation profile in the time domain by means of the Fourier transform (FT) of
the wavefunction. For an exponentially decaying wavefunction amplitude with a lifetime 7,
the Fourier transformed wavefunction’s amplitude is a Lorentzian profile. In this case, the

linewidth I — defined as the full width at half maximum of the resonance — is given by
N=—, (3.1)

and is called the Fourier-transformed lifetime limit. As we will see in Chapters 5 and 6, tran-
sitions can be broadened by different interactions with the environment in two main ways,
homogeneously, and inhomogeneously. Homogeneous broadening occurs when all emitters in
an ensemble are broadened in the same way, regardless of their local environments. Exam-
ples of homogeneous broadening include photon-interactions, and coherent excitation power
broadening effects. In contrast, inhomogeneous broadening occurs when the emission is af-
fected differently between different emitters, and usually has to do with interactions with the
microscopic environments, such as the presence a paramagnetic charge trap, or the nuclear
isotopic environment.

Mathematically, each different broadening mechanism will be convolved with the lifetime-
limited linewidth. Homogeneous effects tend to be Lorentzian in nature, and since the
convolution of two Lorentzians is a Lorentzian, the two linewidths are simply added. Inho-
mogeneous effects tend to be Gaussian in nature, and the convolution of a Gaussian with a
Lorentzian will result in a Voigt profile (Fig. 3.2b), whose linewidth can be approximated by

a the contributing Gaussian I'¢ and Lorentzian I'y, contributions [98]

r /T?
Ftotal = 7L + ZL + Fé (32)

These are the mathematical tools we use to describe PLE lineshape in all chapters.
The transition choice for collected PL depends on various experimental restrictions. In

principal, we could excite and collect the same transitions (ZPL). However, filtering the
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excitation can be challenging. Thus, throughout most of this thesis, we perform PLE while
collecting sideband emission (Fig. 3.2a). With this method, we can spectrally filter the

excitation and collection.

The experimental setup to perform PLE measurements on donors a up to few microns
from the surface (micro-PLE) is very similar to the base setup and is depicted in Fig. 3.2c.
In addition to the base setup, we use a polarizer (P2 in Fig. 3.2¢) in the excitation path,
as well as half and quarter waveplates (HWP and QWP) in the excitation/collection path
to set the appropriate excitation polarization. We also add a photodiode (PD) to collect
reference power data for the excitation laser because both the 50-50 beam splitter transmis-
sion/reflection coefficients and the output power from the doubling cavity are wavelength
dependent. In the collection path we add two sideband filters (FSB) to cut both the Y-line
emission very close to the TES transitions as well as the retroreflected probe laser. As for
the experimental process, first we find the central frequency of the transition of interest from
the above band excitation PL spectrum. Then, we scan the resonant laser frequency while
detecting sideband PL with either the spectrometer or the SPCM. We also measure the laser
power transmitted through the BS2 beamsplitter on the PD photodiode to correct for the
frequency dependence of the incident power on the sample, as described in App. A.4. The
scan is performed in discrete steps where at each step the donor system has time to reach a

steady state.

3.3 Transmission measurements and optical depth

As we have seen in Sec. 1.1.2, the optical depth is an important metric to optical quantum
memories. We can measure the optical depth at a given donor ZPL with transmission
measurements. In the approximation of small transmittance, valid due to near band edge

absorption, the optical depth is

OD = ad =In (@) : (3.3)
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Figure 3.3:  Optical path for the transmission experiments, where the transmitted laser
power is measured with either with a PD or a calibrated SPD. The input power is calculated
by the picked-off input laser in the microscope’s excitation path. This setup still allows
for measurement of emitted PL in the spectrometer. This figure is reprinted from Ref. [97]
with permission from Optica Publishing Group under the Optica Open Access Publishing
Agreement.

where R and 7" are the experimentally measured reflectance and transmittance, respectively.

Refer to App. A.3 for a derivation of this approximation.

Similar to PLE measurements, in transmission measurements we scan a continuous wave
laser near the resonance of interest. We measure the incident and transmitted laser powers.
Unlike micro-PLE which only probes donors a few microns from the surface, transmission

measurements probe donors throughout the entire sample.

For focusing the excitation beam on the sample and collimating the transmitted beam,
we use two 200 mm focal length lenses that are placed outside the cryostat. These yield a
spot diameter of about 40 pm. Figure 3.3 depicts the optical path schematic for this type of

measurement.
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3.4 Optical pumping and spin relaxation measurements
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Figure 3.4: Energy level diagrams showing the pulsed optical pumping process for a 3-level
A-system.

Optical pumping (OP) is a method to change the state of a quantum system with the
use of a third intermediary state optically coupled to the initial and final state. We can
use this process to initialize our qubit to the |1) or |]) state using one of the DX states.
Let us assume an ensemble of shallow donors in ZnO at cryogenic temperatures (~4K) in
the presence of magnetic field in the Voigt geometry with the crystal axis ¢ parallel to the
optical axis k. In these temperatures, most of the population will occupy the less energetic
||) state (Fig. 3.4a). We initialize the qubit to the |1) state with a laser resonant to either
the H = ||) <> [{1)) or the V| = ||) <> |M]) transitions. For simplicity, Fig. 3.4 depicts
only one DX state, marked as |e). The laser will excite the ||) population to the |e) state.
Due to the finite lifetime of the|e) state, the population will relax back to one of the DY
states (Fig. 3.4c). In this specific case, due to the chosen geometry, the probability to relax
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to either the |1) or |{) state is approximately 50 %. Over time, the population that relaxed
to the |]) state will be re-excited and relax over and over again until, after some time, nearly
the entire population is in the |1) state (Fig. 3.4d). In order to measure this behaviour we
can collect PL from any observable transition from |e). The PL intensity from |e) will be
proportional to the population in the |1) state. Hence, collecting PL while illuminating the
donor ensemble will result in an exponentially decaying PL that eventually reaches a steady
state, where the decay rate depends on the relaxation time, excitation power, and branching
ratio from the |e) to the final states. Such 3-level systems can be described mathematically
by a set of rate equations, as it is done for example in Ref. [99].

If there were no other processes taking place, the ensemble would stay in the |1) state
even when the excitation laser is off. However, there is also relaxation between the |1) and
|}) states, which eventually brings the donor ensemble back to thermal equilibrium (Fig. 3.4e
and Fig. 3.4f). This spin relaxation time 7} is an important qubit metric, since it serves
as the ultimate limit of the coherence time 75. In order to measure the amount of time
it takes for the spins to relax back to thermal equilibrium, we need to monitor one of the
two states’ population as a function of ‘laser-oft’ time. To realize this measurement, we
perform sequential OP measurements with varying wait-time between measurements. As
we mentioned earlier, the PL intensity is proportional to the state’s population. Hence,
if we integrate a small window of time in the beginning of the OP curve, we can have a
measure of the initial population of the |1) state as a function of ‘laser-off’ or wait-time.
In this measurement, the integrated PL intensity in the beginning of each OP process will
increase with increasing wait-time, meaning that the |1) state is being repopulated. This
is an exponential behaviour which can be fitted with an exponential curve, whose exponent
coefficient is the spin relaxation time T7.

As was the case with PLE measurements, the transition from which we choose to collect
PL is determined by the experimental geometry. Collecting ZPL is challenging under res-
onant excitation because it is difficult to distinguish the emitted ZPL from the excitation

beam retroreflection. Two ways to achieve that in the presence of strong magnetic field is
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by either collecting transitions with different polarization (and slightly different frequency)
compared to the excitation beam or collecting the sideband transitions whose transition
wavelength is more than 10 nm away from the ZPL. These two methods are employed when

performing optical pumping or spin relaxation measurements in Chapters 4 and 5.

3.5 Two-laser photoluminescence excitation measurements
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Figure 3.5: (a) Energy level diagram for a two laser anti-hole measurement in the Faraday
geometry. The two lasers do not address the same states. (b) Expected behaviour of anti-
hole measurements (i) Ihom = [inn/25 and (ii, iii) Thom = [inn/5, where I'om and iy,
correspond to the homogeneous and inhomogeneous linewidth contributions, respectively,
with a homogeneous contribution amplitude: apom i = 10hom i = 10ahom,i-

While PLE is an excellent way to measure a resonance’s total linewidth, it does not
allow us to measure the homogeneous contributions to the linewidth for an ensemble of
donors. However, adding a second (pump) laser to the PLE measurement allows us to probe
the specific subensemble resonant with the pump and, hence, the homogeneous linewidth
(Fig. 3.5a). Assume that we have an inhomogeneously broadened donor ensemble in ZnO
and that the magnetic field is oriented in the Voigt geometry. If we set the pump laser
on the [|) < [fMl) (Fig. 3.5a) transition resonant with a specific sub-ensemble of donors,
the sub-ensemble population will be optically pumped to the |1) state. If the probe laser
scans the |1) <> ||1]) transition (Fig. 3.5a), we should observe two different features. The

sub-ensemble to which the pump laser is not resonant will emit PL as if there was no pump
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laser on (red curve in Fig. 3.5b). However, the sub-ensemble to which the pump laser is
resonant will experience a cycling of population between the |1) and ||) states, resulting in a
substantially increased PL at this frequency, called an anti-hole (blue curve in Fig. 3.5b). As
we see in Fig. 3.5b, the anti-hole becomes harder to distinguish from the ensemble linewidth
the closer the homogeneous linewidth is to the inhomogeneous one. Furthermore, depending
on the efficiency of the population cycling, the sub-ensemble contribution can become so large
that the ensemble contribution will be insignificant in comparison (Fig. 3.5biii). Hence, the
collected PL is the sum of the two contributions, an inhomogeneously broadened background
and a more intense homogeneously broadened resonance, thus rendering this measurement
a tool in determining the nature of transition linewidth broadening.

Experimentally, we have to bring both lasers in the same optical path using a beam
splitter, and the beams must spatially overlap. Similarly, the beam diameters must be the
same, otherwise one beam could address a larger amount of population than the other and
therefore reduce the observed anti-hole contrast. Therefore, the best option is to bring the
two beams on the microscope via a single fiber output, where the individual outgoing beam
profiles will be exactly the same. Additionally, since the transitions we are exciting are

oppositely polarized, we must set each polarization before the beam splitter.
3.6 Time-resolved photoluminescence excitation measurements

Both single- and two-laser PLE measure the emitted PL while the quantum system is in
a steady state, an equilibrium state different from thermal equilibrium due to the presence
of two driving optical fields. Hence, these measurements prevent the measurement of time-
dependent effects on the linewidth such as spectral diffusion. Time dependent effects can
be probed with time-resolved two-laser PLE measurements. Time resolved two-laser PLE
draws from techniques used for OP and two-laser PLE measurements. Let us assume an
inhomogeneously broadened donor ensemble. The pump laser is set resonant to a sub-
ensemble (e.g. with transition ||) <> [f1J) from Fig. 3.5a) and pulsed at the beginning of

the measurement sequence so that the qubit is initialized to the [1) state. After a delay
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time, the probe laser pulse, set near the |1) <> ||1]) resonance (Fig. 3.5a), probes a specific
sub-ensemble. This method allows us to track the PLE linewidth as a function of probe-on
time, by integrating the PL collected during the probe laser pulse at different time instances.

Experimentally, we set each laser at a given frequency and collect the emitted sideband
PL throughout multiple pump-probe cycles. During these cycles, the probe laser frequency
remains constant. Only at the end of a set of experiments do we change the probe laser
frequency and initiate a new collection session. Therefore, this process provides information
about the average behavior during a given probe-on time window, but it does not capture

individual instances of instantaneous spectral diffusion or spectral drift.
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Chapter 4

LONGITUDINAL SPIN RELAXATION OF DONOR
ENSEMBLES

Unless noted otherwise, originally published as [95]: V. Niaouris, M. V.
Durnev, X. Linpeng, M. L. K. Viitaniemi, C. Zimmermann, A. Vishnuradhan,
Y. Kozuka, M. Kawasaki, and K.-M. C. Fu, “Ensemble spin relaxation of shallow
donor qubits in ZnO”, Phys. Rev. B 105, 195202 (2022).

Reprinted with permission from APS.

In this chapter, we present an experimental and theoretical study of the longitudinal
electron spin relaxation (77) of shallow donors in the direct band-gap semiconductor ZnO.
T} is measured via resonant excitation of the Ga and In donor-bound exciton for n situ
Ga and implanted In ensembles. 77 exhibits an inverse-power dependence on magnetic
field 77 o« B™, with 4 < n < 5, over a field range of 1.75T to 7T. We derive an ana-
lytic expression for the donor spin-relaxation rate due to spin-orbit (admixture mechanism)
and electron-phonon (piezoelectric) coupling for the wurtzite crystal symmetry. Excellent
quantitative agreement is found between experiment and theory suggesting the admixture
spin-orbit mechanism is the dominant contribution to 77 in the measured magnetic field
range. Temperature, excitation-energy, and implantation fluence dependent measurements
indicate a donor density dependent interaction may contribute to small deviations between
experiment and theory. The longest 7} measured is 480 ms at 1.75T with increasing 7} at
smaller fields theoretically expected. This work highlights the extremely long longitudinal

spin-relaxation time for ZnO donors due to their small spin-orbit coupling.
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4.1 Introduction

Long coherence times are an essential requirement of quantum computation and communi-
cation networks [28|. The coherence time of a qubit is ultimately limited by the relaxation
time between the two qubit states. Therefore, the relaxation time is an important metric
of the a qubit’s potential. Understanding the mechanisms that govern state relaxation can
also reveal how the qubit interacts with its environment and how to extend the relaxation
time. Spin relaxation of quantum dots in semiconductors have been investigated both on
a theoretical and experimental level [43, 100-104]. A recent study made significant steps
towards understanding the more robust spin donor systems in three semiconductors of the
ITI-TIV and II-VI groups [105]. While the spin relaxation time of shallow donors in ZnO has
been investigated to some extent experimentally, a theoretical description remained elusive.
Here, we study the dependence of 77 on magnetic field, temperature and excitation energy

to gain a fundamental understanding of the mechanisms limiting 77 .

This chapter is organized as follows: Sec. 4.2 summarizes the experimental techniques
utilized for measuring 77. Sec. 4.3 reports measurements of 7} on in situ Ga ensembles as
a function of magnetic field B in both Faraday and Voigt geometries. 17 as long as 480 ms
is measured with longer times expected at lower magnetic fields. In Sec. 4.4 we analyti-
cally derive an expression for the 7} dependence on magnetic field and temperature for a
single donor, with T} oc B™°. The spin-relaxation model is based on spin-orbit (admixture
mechanism) and electron-phonon (piezoelectric) coupling for a wurtzite crystal symmetry.
In both Faraday and Voigt geometry, remarkable agreement between theory and experiment
in the magnitude of 77 is observed. However the experimental exponent is smaller than ex-
pected, with the difference more pronounced in the Voigt geometry. In Sec. 4.5 and Sec. 4.6,
we present measurements of the 77 dependence on the excitation-energy and temperature,
respectively, to further investigate this discrepancy. We observe dependence of T} on the ex-
citation energy within the inhomogeneous donor-bound exciton line. This variation in 7} at

a single field suggests a secondary relaxation mechanism dependent on donor density. More-
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over, the temperature dependence at a given excitation energy is consistent with the expected
phonon-occupation model supplemented with an additional excitation-dependent contribu-
tion. In Sec. 4.7 we validate that the theoretical model adequately describes implanted In
donors as well. Indium implantation at different fluences enables a more straightforward
study of the effect of the donor density on 73, and is presented in Sec. 4.8. This study
further strengthens the argument for an additional spin relaxation mechanism dependent on
donor density. Sec. 4.9 through Sec. 4.11 address how we can overcome challenges at ini-
tializing and optically controlling the spin states at lower fields, and cross out other possible
experimental parameter dependencies on excitation power and integration time windows.
Finally, section 4.12 concludes with a brief outlook for the ZnO donor system in the context

for quantum information applications.
4.2 T; measurement

In this work, we study a 360 pm-thick single-crystal ZnO substrate from Tokyo Denpa which
is further described in our prior work [54]. The donor concentrations, measured on the
back surface, were determined by secondary ion mass spectrometry (SIMS) measurements
as 5.3 - 10 em™ for Al and 4.4 - 10'° cm™ for Ga (App. C.1). The sample is mounted in the
cryostat either in Voigt (é 1 ¢) or Faraday (é || ¢) geometry. For this chapter, the crystal
axis ¢ is always parallel to the optical axis & (Fig. 4.1(a)). Approximately 10% donors of all
types are in the optical probing volume.

In the Voigt geometry (E 1 ¢), there are four D° +» DX transitions: two with horizontal
and two with vertical polarization as shown in Fig. 4.1(b). These transitions are labeled as
Hy = |4 U0, Hy = 1) © I, Vi = 1) o [0, and V3 = [1) < [111) with the
subscripts corresponding to the ground spin state of the transition. Prior to measuring the
longitudinal spin-relaxation time of the donor ensemble, the spin states are spin-polarized
by optical pumping (OP). As shown in Fig. 4.2(a), the spin state is pumped into the [1) via
the H, transition. The measurement signal, collected from the V; transition, is proportional

to the population of the ||) state. Experimentally, we selectively excite the transition of
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Figure 4.1: (a) Diagram of sample orientation in experimental setup. H and V are the linear

polarization axes of a beam with wavevector k. The beam propagates parallel to the crystal
axis ¢. The external magnetic field B is either parallel (B || ¢) or perpendicular (B L ¢) to
the crystal axis, labeled as Faraday or Voigt geometry, respectively. (b) Energy diagram of
the shallow donor system in Voigt geometry (left), no magnetic field (middle) and Faraday
geometry (right). We use green-orange colors for Voigt geometry-related figures, and blue-red
colors for Faraday geometry-related figures. (c) PL spectra under 3.45€eV excitation in the
Faraday geometry (7T, 1.5K), in the Voigt geometry (4T, 5.2K) and zero field (0T, 5.2 K).
(d) Optical pumping curve in the Voigt geometry, 5.5 T, and 1.5 K. The inset shows the OP
laser sequence, (e) OP curve in the Faraday geometry, 5T, and 1.5K. (f) Spin-relaxation
curve in the Voigt geometry, 5.5T, and 1.5 K. The inset shows the 7} measurement scheme.
The error bars depict the photon shot noise. (g) 7} curve in the Faraday geometry, 5T, and

1.5K.

interest via polarized resonant excitation. Figure 4.1(d) depicts a typical optical pumping
trace in the Voigt geometry.

We measure the spin-relaxation time by fitting the population recovery of the |]) state
as a function of the time delay 7 between OP pulses (Fig. 4.1(f) inset). The population of
||} is proportional to the total counts at the start of the OP trace. The integration window

used is shown in gray in Fig. 4.1(d). Population recovery as a function of delay time 7 is fit
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with an exponential function, as displayed in Fig. 4.1(f).

In the Faraday geometry (B || ¢), there are also four D° ¢ DX transitions as shown
in Fig. 4.1(b). Two of the transitions are polarized parallel to the optical axis, denoted
as z, and thus cannot be detected. The other two transitions are circularly polarized with
ot =1}) « M) and 0= = [1) « [I1]). Because the Z-polarized transitions can not be
observed, we utilize the ~ 10 times less luminescent two-electron-satellite (TES) transitions
D? (2s or 2p) <+ D°X”", one and two longitudinal optical (LO) phonon replicas (1LO, 2LO),
and the first phonon replica TES transitions (1LO-TES), as a probe of the DY population, as
depicted in the energy diagram of Fig. 4.2(b) and the spectrum in Fig. 2.4. We will denote

these transitions as the sideband transitions.

(a) [t P ) T
My -

.

exciting

collecting s ]
%, | collecting

Al

e 1)

Figure 4.2: Energy diagram for OP and 77 measurement schemes in the (a) Voigt and (b)

Faraday geometry. In (b), the unmarked levels correspond to the energy levels related to the
sideband transitions.

The OP and T} measurements in Faraday geometry (Figs. 4.1(e) and 4.1(g)) are similar

to those in Voigt. In Faraday geometry, the pump-down time is longer compared to Voigt
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geometry, because of the ~50-fold weaker Z dipole transition [93]. Hence, a longer integration

window was utilized.

Overall, we have observed a degradation of OP in both Voigt and Faraday geometries
with decreasing magnetic field. We attribute this behaviour to the 84.8 peV (20.5 GHz) inho-
mogeneous broadening of the optical transitions, which becomes comparable to the energy
difference between the transitions of interest. In the Faraday geometry, the OP contrast is
further degraded by collecting the non-resonant sideband transitions and at large fields, due

to pump-down times comparable to the spin-relaxation time (Fig. 4.1(e)).

4.3 T; dependence on magnetic field

The magnetic field dependence of T} at 1.5 K is shown in Fig. 4.3. The minimum magnetic
field (2.25T in the Voigt and 1.75T in the Faraday geometry) was limited by the increased

measurement time and decreased optical pumping contrast at lower fields.

As discussed further in Sec. 4.5, T} exhibits a resonant excitation laser energy dependence.
To minimize deviations in 77 due to this dependence, all measurements were taken at the
excitation energy where the lowest T was expected. In Faraday geometry, this corresponds
to the maximum of the (o) transition. In the Voigt geometry, the energy was chosen to lie

between the unresolved H; and V| transitions.

We observed the longest 77, 480ms, at 1.75T in the Faraday geometry. This is three
times higher than the previously reported T} [54] where measurements where only performed
in Voigt geometry. In Faraday geometry, measurements at lower fields are possible due to
larger hole Zeeman splitting and polarization selectivity of the optical transition. We are
able to observe optical pumping contrast at fields as low as 0.3T (Sec. 4.9); however, T}
measurements were not performed at this field due to the long duty-cycle and low signal
contrast. A comparison of the experimental magnetic-field data with theory is made in the

next section.
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Figure 4.3: T} at 1.5 K as a function of external magnetic field. The error bars correspond
to one standard deviation of the Tj fitting error. Theoretical curves are calculated from
Eq. 4.12. The curve fitted to the Voigt geometry data was Eq. 4.12, where ' ;1 = aB*, with
a single fitted parameter a.

4.4 Theoretical description of T; and comparison to experiments

In this section we consider spin-relaxation mechanisms for donor-bound electrons in ZnO and
calculate the corresponding 77. We focus on the spin relaxation mediated by the phonon
emission /absorption in the presence of spin-orbit coupling (admixture mechanism), which is
the dominant spin-relaxation mechanism for II1I-V quantum dots [100, 101] and donor-bound
electrons in GaAs, InP and CdTe compounds [105]. Due to spin-orbit coupling the spin sub-
levels of the ground donor state contain an admixture of the excited sublevels with opposite

spin projections. As a result, the matrix elements of the spin-independent electron-phonon
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interaction between the ground spin sublevels become non-zero resulting in the relaxation of
electron spin. The matrix element of this second-order process is given by

. [<18¢ Vinle 1) e L [Vaol 15 1) (1 4 [Vaol e 1) (e 1 Vi 15 1)

. 4.1
ElsT - Eei Els¢ - EeT ( )

e
Here |1s) is the ground orbital state of the donor-bound electron, |e) denotes the excited
orbital states, F4 () and Fep) are the energies of the ground and excited orbital states with
+1/2 and —1/2 spin projections onto magnetic field, Vi, and V}, are the operators of the
spin-orbit and electron-phonon interaction, respectively.

The spin-orbit Hamiltonian for electrons in wurtzite semiconductors contains linear in

wave vector k terms [106-108]:
‘/so = a(axky - Uykx) ) (42)

where o, and o, are the Pauli matrices, and « is the constant of spin-orbit coupling. As
for the electron-phonon interaction, we consider only piezoelectric interaction with phonons,

since it is more efficient at small phonon wave vectors [100, 105]. The corresponding Hamil-

tonian is
h
Von = 2o, P (i 7 — iwgat) (eAga)bl, + cc., (4.3)
where
Aga = Zﬁijk&fjei(f’a) ; (4.4)
ijk

¢ and « denote the phonon wave vector and polarization, p is the mass density of the
material, wg, is the phonon frequency, b;.’a is the phonon creation operator, E = {/q is the
unit vector along the phonon wave vector, € is the phonon polarization vector, and ;) is
the piezotensor. The nonzero components of 3 in wurtzite media are §,,, = 8.y, = hs1,
Bize = hssy Buwz = Buzw = Byyz = Bysy = his, where hgy, hss and hys are piezoelectric
constants [109].

In what follows, we use the spherical model for the electronic states of the donor by

introducing the averaged electron effective mass m* and static dielectric constant €. This
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model is supported by the small anisotropy of the electron effective mass and dielectric con-
stant in ZnO [76]. Within the spherical approximation, the donor states can be labeled
by electron angular momentum [ and its projections, in the same way as in the hydrogen
atom. The spin-orbit interaction (4.2) couples the ground |1s) orbital (I = 0) and excited
|np) orbitals (I = 1), where n = 2,3.... In this section we denote the ZnO c-axis as z. In
the Faraday geometry, when B || 2, the nonzero matrix elements of V,, are (np. | [Vio| 15 1)
and (1s | |[Vi|np_ 1), where [ps) = (|p.) £i|p,))/v2. Keeping in mind that the split-
tings between spin and orbital sublevels induced by magnetic field are much smaller than
the energy distance to excited states, as well the relations between the matrix elements
(nps L Vel 1s 1) = — (1s | |Veo| np— 1), and (1s|Vpn| nps) = (np— |Von|1s), the spin-flip

matrix element (4.1) is simplified to

(15 L [Voul o 4) (s 4 1Viol 15 1)

s np

n

(4.5)

Here Eys and E,, are the energies of 1s and npy orbitals at zero magnetic field, g is the
electron g-factor, pp is the Bohr magneton, and w. = |e|B/(m*c) is the cyclotron frequency.
In the derivation of Eq. (4.5), we took into account the splitting gupB between the spin
sublevels of 1s and np-orbitals, as well as the splitting hw,. between the np, and np_ orbital
sublevels.

In the Voigt geometry, B | Z, the nonzero matrix elements of V;, between the states with
opposite spin projections are (np, | |Vio|1s 1) and (1s | [Vio|np, T). Note that here 1 ({)
denote the spin projections onto the x-axis. Using the same arguments as in the derivation

of Eq. (4.5), we obtain

npe 1) (nps | [Veo| 1s 1)
Els Enp)2 .

(1 V
MilB 1) = 2005 x 3 s & [V (46)

In what follows we use the long-wave approximation (LWA) for phonons: gag < 1, where
q = gupB/(hs), s is the sound velocity, and ag is the Bohr radius of a donor. This ap-
proximation is valid in the whole range of experimentally studied magnetic fields due to a

small Bohr radius of shallow donors in ZnO, ay ~ 1.5 nm [76]. Using LWA, the relation
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(o

matrix elements (4.5) and (4.6) are simplified to

E‘ 1s> = im*(E,, — F1s) (np|F]1s) /h*, and the procedure described in Ref. [100], the

am*f(E, +1&,)
2eh? ’

M (B | 2) (2915B — hw,)
am*BE,

eh?

My(B || &) = gupB (4.7)

Here £ = —i{Vyu(7 = 0)/e is the electric field induced by a phonon at the location of the

donor, and

(1s || np,)°
= 2¢ ; T— (4.8)
is the donor polarizability for electric field lying in the (zy)-plane. In the spherical ap-
proximation that we use, the polarizability is found analytically [110]: 3 = 9ea3/2. This
expression omits the impurity’s short-range chemical potential, which is addressed in Sec. 7.2.

The spin-flip transition rates are found using Fermi’s golden rule, e.g., for the transition

from |1s 1) to |1s |) with emission of a phonon:

Dyr = 2057 (M5 6(hase — g B). (1.9
T

Accurate averaging over ¢ direction in Eq. (4.9) is difficult due to the complicated phonon
structure in wurtzite crystals. However simplified estimations can be made within the model
of the effective isotropic elastic medium, when the longitudinal and transverse phonons are
decoupled and propagate with isotropic sound velocities s; and s; [109]. This approximations
seems reasonable since the relations c17 & ¢33, ¢12 ~ ¢13 and ¢yy =~ (11 — ¢12)/2 hold for the
elastic moduli values in ZnO [111] The summation in Eq. (4.9) is then performed for a
longitudinal mode with &% (@) — f and two transverse modes with @ 1 f Averaging
over 5 direction for transverse phonons is done with the use of the formula (egq’t)e§q’t)> =
(0;j — &&;)/2. By substituting the matrix elements (4.7) in Eq. (4.9) and performing the
summation, we obtain
AA3A2 — AA?

Ca(Bl2) = St Tu(B8) = ook
1s 1s

(4.10)
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where

9(eq)? (5h§3 + 8h3, + 32h3; +4h§3 + 4hZ, + 52h§5) | (4.11)

T 448l Bs? 5s?
Ay = gupB, and Ay = Ay — hw./2. Calculation based on Egs. (4.10) and (4.11) using
parameters listed in Tab. 4.1 yields A = 0.02, Tj+(B || 2)/B° ~ 0.08 s7'T~5, and I';+(B |
2)/B° ~ 0.04 s71T5.

Parameter Value Reference
p (kg/m?) || 5.6x10°
m*/mq 0.25 [76]
£ 8.1 [76]
o (meV A) 1.1 [108]
g 2 [54]
hss (V/m) | 1.5x10' [111]
hai (V/m) | -0.6x1010  [111]
his (V/m) || -0.6x101° [111]
s; (m/s) 6.1x10? [111]
s¢ (m/s) 2.9%x10? [111]

Table 4.1: Parameters of ZnO used in calculations of 77. The piezoelectric constants are
calculated using the values of piezoelectric stress moduli e;; as h;; = €;;/(e€o), where ¢ is the
static dielectric constant, and g is the vacuum permittivity. the electron effective mass and
dielectric constant are calculated as 3/m* = 1/mej + 2/m.y, 3/ = 1/e| + 2/e 1, the sound

velocities s; = \/c11/p, St = \/Caa/p.

The measured spin-relaxation time 7} at nonzero temperature is 77 = 1/[I' j+(T)+L4 (T')],
where I'4(T") = T' |4 [Non(T') + 1], I'1 (T') = T' 1+ Npu(T'), and Ny, (7') is the phonon occupation
number. With that we find

e’ —1

7=
Lo Tp(e+1)

(4.12)

where v = gugB/kgT and kgT is the thermal energy.
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We note that the simple model used here to calculate donor electronic states does not take
into account the anisotropy of the electron effective mass and the presence of a short-range
impurity potential [76]. These effects result in a small shift of Fj4 [76] and consequently
slightly affect the T; value through the denominator in Eq. (4.10). However, we neglect
these small corrections in order to keep our model simple. We also note, that the spin-
flip rate (4.10) is quite universal, since it does not depend on the electron effective mass,
as the Fi, value can be taken from experiment. Also, other mechanisms of electron-phonon
interaction, such as deformation potential and direct spin-phonon interaction are less efficient
at small phonon wave vectors, result in smaller spin-flip rates and T} o« B~" dependence not
observed in the experiment [105].

Figure 4.3 includes the theoretically expected T} curves. The theoretical T curves include
no fit parameters and lie remarkably close to the experimental values. The calculated Tj
values are sensitive to the values of the piezoelectric constants, which have quite a wide
spread in the literature. This spread may result in ~2-times change of the calculated T;
which still gives a good agreement with experiment. Additionally, through much of the
experimental range of magnetic fields, the expected relationship Ty (B || 2) ~ 2T1(B || %) is
approximately observed. However, the experimental exponential dependence deviates from
the expected B~ (Eqs. 4.10 and 4.12). Specifically, in the Faraday geometry, a softening of
the exponent is observed at higher fields; while, in the Voigt geometry, a B~* dependence
is observed across the full experimental range of magnetic fields (as shown in Fig. 4.3). If
we extrapolate 17 to lower fields, we may expect a cross-over between Faraday and Voigt
geometry 17 to occur for fields below 2T. This discrepancy suggests that while spin-orbit
coupling is the dominant relaxation mechanism for donor-bound electrons in ZnO, there is

an additional mechanism.
4.5 Excitation energy dependence

T at a fixed magnetic field and temperature was found to depend on the optical pumping

excitation energy. Figures 4.4(a,b) show the photoluminescence excitation (PLE) spectra
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Figure 4.4: T} and PLE at 5T and 1.5K for varying excitation energy detuning AE in (a)
Faraday and (b) Voigt geometry. The error bars correspond to one standard deviation of the

T, fitting error.

(dashed curves) and T; (solid curves) in Voigt and Faraday geometry at 5T and 1.5K.
The PLE spectra were taken by tuning the excitation laser over the H| and 0% transitions
respectively, while collecting the sideband transitions. In Faraday geometry, we observe the
expected PLE peak. T} reaches a minimum value near the maximum of the PLE. In Voigt
geometry, two peaks are observed. The low energy peak corresponds to resonant excitation of
the H| transition (Fig. 4.1(b)). The high energy peak corresponds to the resonant excitation
of the V| transition. The observation of the high energy peak indicates either a relaxation
of the polarization selection rules or an impure polarization excitation. In Voigt geometry,

the spin-relaxation time reaches a minimum in between the two peaks.
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A dependence on the pump laser excitation energy for 77 is not expected for an isolated
donor, as the excitation pulse is only used for spin initialization and the relaxation process
occurs while the excitation pulse is off. Laser leakage through the acousto-optic modulator
(AOM) could result in optical pumping during the spin recovery period which would be
more efficient on-resonance if the resonance line is homogeneously broadened. This potential
cause of a reduced 77 on-resonance can be ruled out due to the high AOM extinction ratio
(> 10%) compared to the spin-relaxation time to pump-down time ratio, the similar pump-
down time observed over all detunings (suggesting an inhomogeneous broadened resonance
line), and no observed softening of the exponent or 7} saturation [46] at the measured fields
below 3T with longer 77 (Fig 4.3). For measuring 7; further from resonance, increasingly
longer pump-on times and varying integration window times were used to fully initialize the
system. In control measurements, we find that pump-power, pump-on time (Sec. 4.10) and
integration window (Sec. 4.11) do not significantly affect 77 .

We further investigate the size of the energy dependence of T as a function of field.
Figure 4.5 depicts the change of the excitation energy dependence with varying magnetic
field in the Faraday geometry. We observe that the 7T variation does not exceed a factor of
1.25 for low fields (3 T), but can vary by more than a factor of two at higher fields (5T, 7T).
Hence, the choice of excitation energy can impact the magnetic field dependence shown in
Fig. 4.3. For Faraday geometry, the magnetic field dependence deviates from the theoretically
predicted behavior at the higher fields (B > 5T) where the energy-dependent deviation is
largest. However, we note that the softening of the exponent at high fields would be even

greater if the magnetic-field dependence had been measured in the off-resonance condition.

The higher spin relaxation at larger D°X intensity (indicating higher donor density)
suggests an additional relaxation mechanism based on donor-donor interactions. The origin
of this relaxation mechanism is unknown at this time. We can rule out exchange and dipolar
donor-donor interactions. The Bohr radius of the electron donor can be estimated to be
~1.5nm [76]. Donor densities on the order of 10'® cm™ yield an average distance between

donors of ~30 nm, meaning that exchange interactions would have little to no effect on the the
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Figure 4.5: Normalized 77 measurements at 1.8 K, with varying field, and excitation energy
in the Faraday geometry (solid line, left axis) and the corresponding PLE spectra (dashed
line, right axis). The measurements were taken on a different spot on the sample than
the ones on Fig. 4.4(a). The error bars correspond to one standard deviation of the T}
fitting error. The maximum 77 observed are 1.55ms, 6.69ms, 53.6ms for 7T, 5T, and 3T
respectively, and are equivalent to 100% of the normalized T;.

ensemble longitudinal spin-relaxation process. Dipolar interaction on the other hand would
yield a flip-flop rate of approximately 10 - 1000 Hz, comparable to the the experimentally
observed relaxation rate. However, the hyperfine interaction of the donor with the lattice
677n induces inhomogeneity of tens of MHz in the Zeeman energies [54]. Due to energy
conservation, this hyperfine interaction should effectively block dipolar donor-donor flip-flops

in the absence of an additional energy-conserving mechanism.
4.6 Temperature dependence

The temperature dependence of T} at 5T is shown in Fig. 4.6. The measurements were
taken in the two magnetic field orientations and at two excitation energies which we label
“on-resonance" and “off-resonance". The on-resonant measurements are performed at the

wavelength near the minimum 77. For the off-resonant measurements, we excite 44 neV
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(10.6 GHz) and 118 peV (28.5 GHz) negatively detuned from the resonance condition for the
Faraday and Voigt geometries, respectively. At 1.5 K, T values between the two excitation
resonance conditions differ by approximately a factor of 2. At high temperatures (7" > 10 K),

the on- and off-resonance relaxation times converge.

S

107\ Faraday # On Resonance
Off Resonance

st & ¥

90 LN

E o N

- = N

= A . x =

~ = B

2t —_

T (K)
20— ; ; ; . .
(b) Voigt i On Resonance
Off Resonance
15}
“w
G
_ ~X
2 10 = - x
T 3
~
b |
5 T —— 7
—a————
2 4 6 8 10 12 14 16
T (K)

Figure 4.6:  Spin-relaxation time as a function of temperature at B = 5T. The error
bars in 77 correspond to one standard deviation of the Tj fitting error. The increasing
uncertainty in temperature rises from a systematic underestimation of the temperature due
to the distance and lack of thermal contact between the temperature sensor and the sample.
The dashed lines are least-square fits to the function (T'j4+Fu(T) + Tg) ™. The shaded areas
around each fit depict the model function with I'jy = I' |+ 6 £ I'j4 srene- (a) Faraday, I' | =
0.1647 £ 0.0091 ms™!, T n = 0.0386 4 0.0144 ms™!, T o¢ = —0.0685 £ 0.0108 ms™" and (b)
Voigt, I' 4 = 0.05124-0.0021 ms !, I'pon = 0.035740.0035 ms !, 'y o = 0.001140.0027 ms L.

We are able to obtain reasonable agreement to a simple relaxation model in which the

total spin relaxation is proportional to a sum of a phonon-dependent and a constant term;
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(T1)~' = T4 Fon(T) + T, with phonon factor Fy,,(T') = 2Npn(T) +1 (compare with Eq. 4.12).
The fit was performed with a common I';+ for both on- and off-resonance datasets, and
different I'g o, and I'g o

As shown in Fig. 4.6, this simple temperature dependence model describes both on- and
off-resonance datasets. In both geometries we find a significantly larger I'y for on-resonance
than off-resonance, consistent with the excitation energy dependence. In the Faraday off-
resonance case, the fit in fact produces a negative I'y, indicating that the additional relaxation
mechanism cannot solely be explained by a simple constant. This could indicate a suppres-
sion of the phonon-induced spin-relaxation rate when detuned from the ensemble resonance,
however the simplicity of the model (which does not include a temperature dependence for I'y
or the effect of temperature on the homogeneous exciton linewidth) prevents a firm conclu-
sion. Thus, the origin of the additional relaxation (or stabilization) mechanism is a subject

for future study.
4.7 Comparison of T; between donor species

Originally published in part in [81]: X. Wang, C. Zimmermann, M. Titze, V.
Niaouris, E. R. Hansen, S. H. D’Ambrosia, L. Vines, E. S. Bielejec, and K.-M. C.
Fu, “Properties of Donor Qubits in ZnO Formed by Indium-Ion Implantation”,

Phys. Rev. Appl. 19, 054090 (2023).

Reprinted with permission from APS.

In Sec. 4.4, we presented a species-agnostic model for the spin relaxation time of shallow
donors in ZnO. We found that the spin relaxation time of in situ Ga donors adequately
follows the theoretically predicted dependence on magnetic field. Since the relaxation rate
prefactor a (T'j+ = aB®) is inversely dependent on the fourth power of the donor binding
energy and proportional to the fifth power of the electron g-factor (Eq. 4.10), we expect
even longer T} for deeper donors, such as In. In a follow-up study, we implanted a separate

TD substrate (sample B) with In via ion implantation with a mean depth of 200 nm with
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Figure 4.7: Dependence of T7 on the applied magnetic field for in situ Ga and implanted
In donors in samples A and B. Sample A refers to the same sample as in Sec. 4.3, and
the sample A Ga data are the same as in Fig. 4.3. Sample B refers to the In implanted
sample. The dashed lines represent the theoretically expected dependence for Ga (blue) and
In (red). The dotted line represents a fitted curve with a single parameter a = 0.018 7 T~°
for T'j+ = aB®. Faraday geometry (B ¢), T =1.5K (for sample A), 1.9 K (for sample B).

varying fluence at different sample locations. Fig. 4.7 shows the dependence of T} on B in
the Faraday geometry at 1.9 K for in situ Ga and implanted In in sample B and compares

it to the 1.5 K magnetic field dependence of Fig. 4.3. Theoretically, taking into account
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the different binding energy and g factor of In donors we expect that the spin relaxation
rate of In will be half of Ga (@heory Faraday.m = 0.04s7 T7%). Even though the data suggest
that In follows the same magnetic field dependence as Ga, the experimentally measured
prefactor is 0.018 s7! T, four times smaller than the Ga prefactor. A small dependence of
T} on implantation fluence and excitation photon energy is also observed (Sec. 4.8), which is
consistent with the dependence of T} on excitation photon energy observed in Ga (Sec. 4.5).
These results indicate the longitudinal spin relaxation mechanism is identical for both types
of donors, with no degradation observed for In due to residual implantation damage, The
difference in theoretically vs experimentally observed prefactors could potentially be due to

the effect the donor density has on spin relaxation.
4.8 Dependence of T; on donor density

Originally published in part in the Supplemental Material of [81]: X.
Wang, C. Zimmermann, M. Titze, V. Niaouris, E. R. Hansen, S. H. D’Ambrosia,
L. Vines, E. S. Bielejec, and K.-M. C. Fu, “Properties of Donor Qubits in ZnO
Formed by Indium-Ion Implantation”, Phys. Rev. Appl. 19, 054090 (2023).

Reprinted with permission from APS.

In Sec. 4.5, we demonstrated an excitation-energy dependence that was attributed to
varying effective donor density at a given resonant (or near-resonant) excitation energy. To
directly investigate the donor density dependence of T7 we measure T} in sample B, a TD
substrate that has been implanted with In via ion implantation with a mean depth of 200 nm
with varying fluences at different sample locations. In Fig. 4.8a we show that for a given In
fluence of ~ 1.3 x 10 cm™, T} varies with excitation energy, the same as what was observed
with Ga donors. A shorter longitudinal spin relaxation time is observed when probed on
resonance with the ensemble implanted In donors, indicating that a higher density of the
probed sub-ensemble shortens the measured longitudinal spin relaxation time. Figure 4.8b

depicts the dependence of T7 on the a implantation fluence. At higher implantation fluences,
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Figure 4.8: Faraday geometry, B = 7T and T' = 1.9K. Error bars on 7} correspond to

one standard deviation error. (a) Longitudinal spin relaxation time 7 of In as a function
of excitation photon energy (blue points, left y-axis) and PLE spectrum (red points, right
y-axis) for an implantation fluence of ~ 1.3 x 10'' cm™. PLE data are fitted with a Voigt

profile (red dotted line). Pump pulse resonant with |]) <> [f1{1). (b) T} as a function of the
In implantation fluence.

the longitudinal spin relaxation time becomes shorter, which agrees qualitatively with our

explanation for the effective donor-density dependence of T7.

4.9 Low magnetic field optical pumping
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Figure 4.9: (a) Optical pumping of electrons from the ||) state to the |1) state (exciting the
o™ transition) in Faraday geometry, 0.3 T, 1.5 K . A scrambling pulse is used to initialize
both neutral donor electron states to 50 %. (b) Optical paths of the excitation beam and
emitted photoluminescence in the side-excitation scheme.
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In Sec. 4.2, we discussed two ways to verify optical pumping. In the Faraday geometry
at low field, the optical pumping contrast becomes too low to be detected via the sideband
transitions due to laser background in the corresponding collection energy region. Instead,
the excitation laser beam was offset on the focusing lens. This side-excitation scheme allows
for the reflected excitation beam and the emitted photoluminescence to be spatially filtered
as depicted in Fig. 4.9(b) and resonant photoluminescence to be collected.

Figure 4.9(a) depicts an optical pumping trace at 0.3 T. At such low magnetic fields, T}
is expected to be very long and hence the wait time between pump-on pulses would deem
the experiment very slow. To speed up the measurement, we utilize a short scrambling pulse

at 3.45¢€V to initialize the two D electron spin states to 50 %.
4.10 Dependence of T; on pump-on time and excitation power

For measuring T; as a function of the excitation energy (Sec. 4.5), the pump-on time was
varied to achieve initialization of the ground-state spins (Sec. 4.2). It is possible that the
observed excitation energy dependence of T} (Sec. 4.5) might be due to a variation in pump-
on time. Additionally, while the nominal excitation power was kept constant during these
measurements, it is interesting to test whether 77 displays a dependence on excitation power
in order to understand limiting factors for 77. Thus, we performed experiments to gauge
the influence of different pump-on times and nominal excitation powers on 7T;. Performing
such experiments similar to the approach presented in Sec. 4.2 is challenging, for example,
because at very high excitation powers it is not possible to detect the start population due
to very fast optical pumping. This problem can be mitigated by conducting the experiment
using two lasers (pump-probe experiment).

In Faraday geometry, the pump laser will be set resonant with the o™ transition of a
specific sub-ensemble, and for this sub-ensemble, the ||) population is transferred to the |1)
population. The specific amount of population that is transferred depends on the pump-on
time and/or excitation power of the pump laser. After a delay time 7, the probe laser,

resonant with the o~ transition of the sub-ensemble, probes the remaining |1) population
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Figure 4.10: (a) Optical pumping curve using a pump and a probe laser in the Faraday
geometry at 5T and 1.9 K. The excitation energy was chosen to be close to the maximum of
the ensemble resonance. The inset shows the color-coded spectral position of the pump and
probe levels in the energy level diagram. (b) Spin-relaxation trace in the same condition. The
red curve is the fit curve from which we extract T;. The inset shows the OP and T} pump-
probe measurement schemes. The integration window used is highlighted with gray color
both in the inset and in (a). (¢) 77 pump-probe measurements conducted with various pump
excitation powers and pump-on times (with constant probe conditions). The horizontal axis
depicts the pump powers, while the shape and shade of each point represent the pump-on
time. The number of points of each color is displayed between parentheses in the legend.

(Fig. 4.10(a)). Plotting this population as a function of 7 can be used to obtain 7;. We then
measure 77 while tuning the pump parameters, allowing the T} dependence on pump-on time

and excitation power to be measured without varying the probing conditions (Fig. 4.10(b)).

As shown in Fig. 4.10(c), 77 does not vary more than a factor of 1.2 in dependence on
excitation power and/or pump-on time. Thus, it is unlikely that the specific parameters
chosen for the 77 measurements have a significant influence on the measured value for T;.
In Fig. 4.10(c), the data points with a pump-on time of 500 ps resemble closest the condi-

tions used in the main text for determining 77 because complete spin initialization has been
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achieved.

4.11 Dependence of T; on optical pumping integration time

When measuring 7T via optical pumping, we observe different pump-down time for different
experimental conditions. Since the goal is to only collect signal from the beginning of the
pump-down trace, which is proportional to the population of the state of interest, we need
to integrate the signal in the smallest possible time window. However, the smaller the
integration window (or gate-on time), the less signal we collect, leading to unsatisfactory
statistics. In order to balance the two effects, we choose different gate-on times for each

measurement in the main text.
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Figure 4.11: (a) Optical pumping trace using a pump and a probe laser in the Faraday
geometry at 5T and 1.9 K, fit with a double exponential model, with fast and slow decays
of t¢ and t respectively. The y-axis is in logarithmic scale. (b) Normalized T from a single
pump-probe experiment, as a function of the window integration time. The gray area depicts
the the experimental choices on gate-on time, 0.3xts to 0.9xt,.

As shown in Fig. 4.11(a), the OP curve can be sufficiently described by a double expo-
nential decay model. The fast decay time of the OP is roughly up to one order of magnitude
shorter than the slow decay time. For the excitation energy dependence experiments, the

gate-on time remained between 0.3 to 0.9 times the slow component of the OP curves. To
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investigate the effect of choosing such a wide range of gate-on times we utilize a two laser
pump-probe experiment (Sec. 4.10). Fig. 4.11(b) shows the normalized 7} as a function of
gate-on time normalized to the slow decay time. We observe that for normalized gate-on
times of 0.3 and 0.9 the variation of 77 is negligible (~8 %). It is interesting to note that for
much smaller normalized integration windows, 7T can vary as much as 20 %. However, we do
not probe such short gate-on times due to the low count rate. Overall, we conclude that the
integration window choice does not significantly change the observed T} for all experimental

data.
4.12 Concluding remarks

In summary we have demonstrated long longitudinal relaxations times of up to 480 ms for
shallow donors in ZnO. The measured T} is approximately three orders of magnitude longer
than prior work in other direct band gap materials (GaAs, CdTe and InP [105]) and stems
directly from ZnQO’s small spin-orbit coupling. Quantitatively we find good agreement of
the experimental results with a single-phonon relaxation mechanism. The small longitudinal
spin relaxation supports the promise of donors in direct band-gap II-VI semiconductors in

which isotope purification is possible to enable long spin coherence times.
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Chapter 5

OPTICAL LINEWIDTH CONTRIBUTIONS OF DONOR
ENSEMBLES

Originally published as [97]: V. Niaouris, S. H. D’Ambrosia, C. Zimmermann,
X. Wang, E. R. Hansen, M. Titze, E. S. Bielejec, and K.-M. C. Fu, “Contributions
to the optical linewidth of shallow donor-bound excitonic transition in ZnQO”,

Optica Quantum 2, 7-13 (2024).

Reprinted with permission from Optica Publishing Group under the Optica Open
Access Publishing Agreement.

Essential optical parameters which impact the spin-photon interface include radiative life-
time, optical inhomogeneous and homogeneous linewidth and optical depth. In this chapter
we study the donor-bound exciton optical linewidth properties of in situ Al, Ga, and In as well
as implanted In donors. The ensemble photoluminescence linewidth ranges from 4-11 GHz,
less than two orders of magnitude larger than the expected lifetime-limited linewidth. The
ensemble linewidth remains narrow in absorption through samples with an estimated optical
depth up to several hundred. The primary thermal relaxation mechanism is identified and
found to have a negligible contribution to the total linewidth at 2 K. We find that inhomoge-
neous broadening due to the disordered isotopic environment in natural ZnO is significant,
contributing 2 GHz. Two-laser spectral hole burning measurements, indicate the dominant
mechanism, however, is homogeneous. Despite this broadening, the high homogeneity, large
optical depth and potential for isotope purification indicate that the optical properties of
the ZnO donor-bound exciton are promising for a wide range of quantum technologies and

motivate a need to improve the isotope and chemical purity of ZnO for quantum technologies.
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5.1 Introduction

In chapter 4 we experimentally investigate and theoretically model the longitudinal relaxation
time of the D°, where we showed that the D° has potential for long coherence times. For
photon-based quantum network applications, we must also show that optical properties of
the DY «+ DX are favorable. Two figures of merit for optically-active quantum defects are the
oscillator strength, and the ratio of the optical transition linewidth to the Fourier-transform
limited linewidth. High oscillator strengths are desirable since they are proportional to the
photon emission rate of single photon sources and high optical depth is beneficial for optical
quantum memories. In ZnO, the D <+ DX is bright with a radiative lifetime of 0.86, 1.06 and
1.35 ns for Al, Ga, and In respectively [84]. A linewidth broader than the lifetime transform
limit impacts photon indistinguishability and the strength of the photon-spin interaction, for

both ensemble [58] and single defect applications [112].

Our goal is to elucidate the various sources - both homogeneous and inhomogeneous -
that contribute to the DY+« DX transition linewidth beyond this radiative limit. After
describing the samples in Sec. 5.2, in Sec. 5.3.1 we show that the inhomogeneous ensemble
optical linewidth of D? <+ DX at 1.8 K can be as low as 7 GHz, compared to the O(100 MHz)
Fourier-transformed lifetime linewidth. Transmission measurements also show a very high
estimated optical depth of 25 to 300 for the Ga and Al ensembles, orders of magnitude
greater than those in rare earth ion-doped (REI) crystals [113] and silicon radiation damage
centers [114], and approaching that of cold atoms [115, 116]. By measuring the linewidth as a
function of temperature in Sec. 5.3.2, we find that the dominant phonon contribution to the
linewidth is via population relaxation between the DX excited states. This homogeneous
broadening mechanism is negligible at 2 K. In Sec. 5.3.3, we calculate an intrinsic inhomoge-
neous broadening due to isotopic variation on the order of a few GHz. Finally, in Sec. 5.3.4,
we probe the homogeneous linewidth via spectral anti-hole burning. We find surprisingly
that the spectral anti-hole linewidth, which is measured on microseconds timescales, is the

dominant contributor to the ensemble linewidth. We conclude with a discussion on how
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these properties may impact donor qubit operation and how they may be further improved.

5.2 Samples

The two samples studied in this work are 300 pm-thick Tokyo Denpa single-crystal substrates
from the same parent crystal. Sample A is untreated and Sample B has undergone indium
implantation and annealing to form In donors at the surface (~200nm deep) [81]. Three
donor species are studied: Al, Ga, and In substituting for Zn. The donor concentrations in the
first two microns of sample B’s surface were determined by secondary ion mass spectroscopy
(SIMS) measurements as 1.2-10'” cm ™2 for Al and 9.2-10" cm ™2 for Ga [81]. The bulk doping
concentration for In was below the SIMS detection limit. We note that the PL intensity of
the individual lines can vary by an order of magnitude across the sample. One possible cause

would be non-uniform incorporation during growth.

5.3 Results

5.3.1 FEnsemble Optical Linewidth

A photoluminescence (PL) spectrum showing emission from all three donors in sample B is
shown in Fig. 5.1b. We observe six peaks between 3.355eV and 3.363eV. The transitions
labelled Al, Ga, and In correspond to the transition between the 1s D and the lowest energy
DX state of the respective donor species (D? <+ DX) [84]. The transitions Al*, Ga*, and In*
correspond to transitions from an excited D°X state, which we denote as D°X". The DX"
intensity becomes brighter with increasing temperature. The energy differences between the
DX" and DX for Al, Ga, and In are 1.26meV, 1.46meV, and 2.05meV respectively. As
discussed in Sec. 5.3.2, the presence of these excited states contribute to a phonon-induced
broadening of the DX transitions at elevated temperatures.

The linewidths in Fig. 5.1b are spectrometer resolution-limited (55GHz). We thus
utilize micro-photoluminescence excitation (PLE) spectroscopy to determine the ensemble

linewidths. In PLE measurements, we scan a continuous-wave laser near the D <s DX
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Figure 5.1: (a) Energy diagram and selection rules in Voigt (left) and Faraday (right)
geometries. V, and H, denote vertically and horizontally polarized light with x denoting
the D° ground electron-spin state. Circular polarizations are denoted as o and o™, while 2
corresponds to linear polarization parallel to the optical axis. (b) PL spectrum of Sample B.
Al, Ga, and In (Al*, Ga* and In*) label the corresponding D <+ DX (D <+ D°X") transitions.
Excitation energy is 3.44 ¢V, power is 30nW and diameter is 600 nm. (c¢) PLE of the three
donor species at 1.7 K for Sample A. Fits are to a Voigt profile and take into account incident
power oscillations due to a beam-splitter (App. A.4). Excitation power is 200nW for Al,
100nW for Ga and 1.15pW for In. The beam diameter is 600nm. (d) Optical density for
the three donor species at 1.7 K in Sample A. Fits are to a Voigt profile. For Al and Ga, we
constrain the FWHM to the FWHM found in the PLE measurements in (c). The calculation
of OD from transmission is given in App. A.3. Excitation power is 15nW with a diameter
of 380 pm. PL spectra in this experimental configuration are given in App. B.1.

resonance and sum over the collected side-band PL. The excitation laser is measured by a
wavemeter with a resolution of 0.5 GHz. The side-band PL consists of the two electron satel-
lite (TES) D° (2s or 2p) «» DX", first and second phonon replicas (1LO and 2LO) and first
phonon replica of the TES (1LO-TES), as described in prior work [81, 95]. The measured
PLE linewidths of the Al, Ga, and In DX transitions are 7.140.1 GHz, 11.1£0.3 GHz, and
7 £ 0.3 GHz, respectively.
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The lifetime-limited linewidth I' is given by I' = 1/(277), where 7 is the lifetime measured
in the literature [84]. The Al and Ga lifetimes contain a non-radiative component which is
attributed to a non-radiative surface recombination mechanism [85] but could also be due to
exciton dissociation. Using the faster component as the lifetime value, the lifetime-limited
linewidths are 0.5 GHz for Al, 0.4 GHz for Ga, and 0.1 GHz for In. The PLE linewidth
is almost two orders of magnitude larger than the expected lifetime limit. The observed
broadening could be due to homogeneous factors that would affect a single center on the
timescale of our measurements including phonon-broadening, spectral diffusion and hyperfine
interactions. It could also be due to inhomogeneous factors such as static microscopic electric
and strain fields and isotope disorder. While significantly broader than the lifetime limit,
the PLE ensemble linewidth is still remarkably narrow and is less than 100 times the lifetime
limit. In comparison, the best ratio of inhomogeneous:radiative linewidths for n situ doped
nitrogen vacancy (NV) centers is 1000 [117]; this ratio is even larger for REIs [113].

This narrow linewidth persists in transmission measurements. Fig. 5.1d shows the optical
depth (OD) ad through the d = 300 pm substrate, where « is the frequency-dependent
absorption constant. The In DX absorption linewidth through the 300 pm-thick sample is
only 10 % broader than the micro-PLE linewidth, suggesting that high optical homogeneity
persists over large volumes. The Al and Ga DX transmission measurements saturate at
11.5 OD. This saturation occurs when the resonant PL intensity from the sample exceeds
the transmitted laser power. Assuming that the linewidth does not significantly vary between
micro-PLE and transmission measurements, a fit to the wings of the transmission spectra
give a peak OD of 25 for Ga and more than 300 for Al. The area under each OD peak
is proportional to the number of donors in the probed ensemble. We estimate the average
donor density for each donor species; Naj = 7.5 - 10 cm™3, Ng, = 9.9 - 10 ecm ™3, and
N, = 7.4-108 cm™3 (App. B.2). These values, measured for Sample A, are within an order
of magnitude of the SIMS values measured for sample B. The relative concentrations are

consistent with the PL spectra for this sample (App. B.1).

An optical depth ad > 1 is a critical requirement for the development of efficient optical
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quantum memories [58]. Warm atomic vapors [118] and cold atoms [119] can achieve optical
depths from the tens up to a thousand in cm-scale devices. These high optical depths are
more challenging to achieve in solid-state systems which typically have much lower oscillator
strengths [113, 114| and large inhomogeneous broadening. In comparison, the ZnO donor-
bound exciton system combines high oscillator strength, high homogeneity, and optical depth

at residual donor densities.

5.3.2  Temperature-dependent phonon broadening

Defect-phonon interactions can be a dominant homogeneous optical dephasing mechanism,
hence we need to confirm that we are performing our linewidth study below thermal broad-
ening limit. Fig. 5.2a depicts the PLE linewidth dependence of the D° <+ DX transition
for temperatures varying from 1.5to 18 K for all three in situ doped donors in sample A.
Implanted In (sample B) at low implantation doses follows a similar dependence, however a
stronger temperature dependence is observed at higher doses (App. B.3).

The onset and rate of the temperature-dependent linewidth broadening is different for the
different donor species. The observed temperature dependence can be modeled by a single
phonon absorption process with rate I'(T) from the lowest-energy DX to an excited D°X"
state. In ZnO, the primary interaction is likely the piezo-phonon interaction, as has been
observed in longitudinal spin relaxation [95]. The precise phonon absorption rate is unclear
due to the lack of a satisfactory model for D°X", however, the rate of phonon absorption
is proportional to the phonon number N, at energy AE, the energy splitting between the
DX and DX states. N, will follow a Bose-Einstein distribution. This allows us to express

the total linewidth as

Av(T) = Avg + aNpyp(T) = Ay + a (eAE/kBT - 1)71 , (5.1)
in which Ay is the temperature-independent component of the linewidth, and aN,,(7T") is
the broadening due to excitation from DX to DX, and a is a scaling factor that is donor-

dependent. While this model is valid for low temperatures, it will eventually break down
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near 60 K, where the donor-bound exciton starts dissociating to a neutral donor and a free

exciton [83].
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Figure 5.2: (a) PLE linewidth as a function of temperature for Al, Ga, and In. Each
data-set is shown with the 0 K linewidth subtracted. All data-sets are fit to Eq. 5.1, with
AFE determined from Fig. 5.1b. Avg = 7.4+0.4 GHz, 11.8 £ 0.8 GHz, and 6.5+ 0.5 GHz and
a = 11045 GHz, 99+6 GHz, and 59+4 GHz, for Al, Ga, and In respectively. (b) Magneto-PL
of Al donor in Sample A. (left) Voigt (T=7.4K) (right) Faraday (T = 5.5 K). Excitation at
3.44eV. In Voigt, the splitting of the (unresolved) doublets corresponds to g. = 1.95, while
the DYX”" splitting corresponds to effective g-factors of 1.87 between observed transitions.
In Faraday, the DX splitting corresponds to an exciton g-factor g._, = 0.83. The D°X"
splitting corresponds to an effective g-factor of 3.39.

A fit to Eq. 5.1 using the experimentally measured AE (Fig.5.1a) shows good agreement
to the model (Fig. 5.2a) at least up to 20K. The presence of the excited state places a
fundamental limit on the maximum temperature at which indistinguishable photons can
be obtained from an emitter. In the absence of Purcell enhancement, the temperature at
which the temperature component of the linewidth becomes equal to the radiative limit, i.e.
Avt = Avg is T = 2.7, 3.1, 3.8K for Al, Ga, and In respectively. We note that at the
lowest temperatures in this study, T = 1.7 K, the phonon contribution to the linewidth is
negligible, Ayir—1.7x) = 20, 4.6, 0.05 MHz for Al, Ga, and In respectively. A difference in the
scaling factor a is observed between donors. This difference may be due to the difference in
the polarizability of the donors [95, 100|, which inversely depends on state localization [120].

Polarizability will increase from In to Ga to Al, which is consistent with the observed increase
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in a.

In order to gain insight into the nature of the D°X" state, we collected PL spectra as a
function of magnetic field. Fig. 5.2b depicts the Al D’X and D°X” field dependence. App. B.4
includes magneto-PL for all donors. In both geometries, the DX observed splittings are
consistent with the reported g-factors for the electron and hole i.e. an electron g-factor of
ge = 1.97, and hole g-factors of gi- = 0.34 and gi‘t = —1.22 for Voigt and Faraday geometries
respectively [54, 95]. However we observe three transitions for D°X" in Voigt and a very
large exciton splitting (gexciton = 3-39) in Faraday. Our g-factor measurements differ from
Ref. [121] in which it was reported that the g-factor of D’X" is the same as that of D°X.
We attribute this discrepancy to the high density of overlapping lines around the Ga and Al
DX energies in Ref. [121] which could result in state misidentification. The origin of the

three transitions (versus 2 or 4 observed for D’X) and large g-factor is currently unknown.

Interpretation of the excited states of the bound exciton is discussed further in App. B.5.

5.3.83 Inhomogeneous Broadening Due to Isotopic Composition

After thermal homogeneous broadening, inhomogeneous broadening is often another domi-
nant broadening source. Inhomogeneous broadening of the D° <+ DX transition energy can
be caused by extrinsic factors such as local variations in strain and electric fields due to point
and extended defects. Intrinsic contributions to inhomogeneous broadening can occur due
to nuclear spin or isotopic mass composition of the emitter’s environment. The latter is a
dominant inhomogeneous broadening mechanism in high quality natural silicon [122-124].
Here we estimate the effect of isotopic mass composition on the ZnO D°X optical linewidth.
The effect of the nuclear spin environment on the linewidth was also considered, however,
with the exception of a large In donor hyperfine splitting [81], this was not found to have a
significant effect (App. B.6).

The local isotopic mass environment can effect the D° <+ DX transition by local variation
in the zinc and oxygen isotopes in the defect’s environment, by or variation of the isotope

of the impurity atom. The D« DX transition closely follows the local band gap, which
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is determined in part by the zero-point electron-phonon renormalization [125, 126]. This
zero-point renormalization energy depends on the average mass of atoms present in the local
environment [126]. To assess the effect of isotopic substitution on a specific state or set of
states, the band gap variation must be decomposed into conduction band and valence band
shifts [127, 128]|. These have different temperature dependences, and thus different zero-point
renormalization energies [126]. In ZnO, the valence band will shift by approximately 80% of
the total band gap shift, while the conduction band exhibits a shift in the opposite direction
of 20% [129].

To quantify the resulting shifts, we follow the method presented for silicon in Ref. [123],
modified for ZnO. Here the carrier wavefunction is discretized on atomic sites ;. The model
for the effective mass envelope functions of the DY electron and DX electrons and hole
are given in App. A.1. In this model, the energy shift for a given carrier state due to
perturbation of its isotopic environment is given by (®s . (7;)|HE°|Ps (7)) = 0;.# Wi ., where
| (77)) refers to the Bloch function for state S (D° or DX), carrier ¢ (e = electron or h =
hole), the lattice site i at a distance r; from the impurity, H!*° is the perturbation term, and
Wi . is the energy shift due to the isotopic variation. The energy shift results from a shift in
the top of the valence band or bottom of the conduction band, depending on if the carrier is
a hole or an electron respectively. Shifts are relative to the lowest mass isotope. The values
for these shifts are listed in Table B.2 in App. B.8.

The total shift AEE? on each state S and carrier ¢ is

AEG = AES T+ Y (W ()| H s (i), (5.2)

i € lattice sites

where U refers to a carrier state with an effective mass envelope function as defined in
App. A.1. Egzp is the shift from substitution of the impurity atom isotope, which was
found to have only a small effect, as discussed in App. B.8. The total shift of D <+ DX
is determined by the difference between the D° and the DX shifts. Since they inhabit the
same isotopic environment, their shifts will be correlated (Fig. 5.3a). The total transition

shift is given by AE;,, = (2AESS, .+ AESS, ) — AES¢ | accounting for the two electrons
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and hole in the DX state, and electron in the D state.
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Figure 5.3: Isotopic broadening for each shallow donor type. Different local environments
will shift the energies of the D and D°X by different but correlated amounts, with the
DX shifting more due to the mobility of the valence band in ZnO. We calculate 1.9 GHz
broadening for Al, 2.0 GHz for Ga, and 2.2 GHz for In.

The isotopic mass environment broadening is determined numerically using 2000 simu-
lated environments for each D? and D°X. As shown in Fig. 5.3b, the estimated total contribu-
tion of the isotopic mass environment to the inhomogeneous broadening is 1.9 GHz, 2.0 GHz,
and 2.2 GHz for Al, Ga, and In respectively. Less localized states (e.g. Al) are affected
by a larger number of environmental lattice sites, leading to smaller deviations in the local
isotopic mass environment. Using this model for the phosphorus D? <+ DX transition in nat-
ural silicon, which is known to be isotopically broadened, yields an inhomogeneous linewidth
that is in good agreement with observation (Sec. B.4) [124]. Thus in the current samples,
while not negligible, the isotopic environment is not the dominant broadening mechanism in

the ensemble linewidth.

5.8.4  Homogeneous Spectral Anti-Hole Linewidth

We thus probe the homogeneous linewidth of the Al donor with spectral anti-hole burning
measurements to elucidate the nature of the dominant broadening mechanism. The anti-hole
linewidth will not be affected by the static varying isotopic environment [124|. We perform

these two-laser experiments in a pump-probe configuration to probe time-dependent mecha-
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nisms such as spectral diffusion. We have also performed continuous-wave (cw) measurements
which yield similar linewidths (App. B.9).

Setting a single probe laser resonant to the o~ transition, as shown in Fig. 5.4a, we
optically pump (OP) the sub-ensemble population from the |1) to the |]) spin state. Hence,
when collecting the side-band emission, we observe a decrease in signal that is proportional
to the population depletion of the |]) spin state (Fig. 5.4b). In the absence of a pump beam,
the probe signal is small due to the small thermal population in the |1) state.

When we perform optical pumping as a function of probe laser wavelength, intensity at
the start of the optical pumping curve varies as the laser is scanned over the resonance. If
we integrate this signal in the first 2 microseconds and plot the intensity as a function of
probe frequency, we observe a linewidth of 4.2 + 2.8 GHz. This is comparable to the 7 GHz
0-field ew PLE linewidth. If instead we integrate the signal at the end of the optical pumping
curve, i.e. when the system is in the optically-pumped state, a linewidth of 16.0 + 0.9 GHz
is observed (Fig. 5.4d). The broader linewidth in the optically-pumped state is expected as
efficient optical pumping on-resonance decreases the peak intensity. The similarity between
the zero-field cw measurements and the time-dependent PLE in which the start of the optical-
pumping curve is integrated is expected as optical pumping should not occur at zero-field.

We next introduce a second excitation laser resonant to the ot transition (“Pump” laser in
Fig. 5.4a). The pump laser initializes the sub-ensemble with which it is resonant from the |{)
to the |1) spin state. After a wait time 7, the probe laser optically pumps the sub-ensemble
|1} to the |]) spin state. In Fig. 5.4c an enhanced optical pumping signal is observed when
the probe laser is applied after the pump. The amplitude of the optical pumping signal,
plotted as a function of probe frequency, determines the linewidth of the resonantly pumped
sub-ensemble and thus the homogeneous linewidth of the DY «+ DX transition. As shown
in Fig. 5.4d, we observe a linewidth of 3.9 + 0.5 GHz. Varying the wait time does not affect
initial amplitude of the OP curve (App. B.10). Thus the homogeneous linewidth appears to
be the dominant component to the spectral anti-hole linewidth.

The observed spectral anti-hole linewidth can be attributed to the DX state; two laser co-
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Figure 5.4: (a) An energy diagram for spectral hole burning experiment. (b) Single laser
optical pumping (OP) curve with 230 nW probe laser power. (¢) OP curves in pump-probe
experiment with the 230 nW probe laser, 440 nW pump power and 100 ps pump pulse length.
Three excitation frequencies are shown (on resonance, +2.2 GHz, and +3.3 GHz detuned).
Both (b) and (c) contain a schematic of the pulse sequence. Between cycles, the wait time
is 6x the 1.5ms longitudinal spin relaxation time (7). (d) PLE curves for transient experi-
ments. Fit is to a Voigt profile. For clarity, each spectrum has been offset vertically, and the
steady state and single laser initial state curves are scaled x10. Faraday geometry at 7T
and 1.8 K.

herent population trapping experiments, which probe the DY coherence report a two-photon
spin linewidth in the tens of MHz for Al [81]. The time dynamics of the optical pumping
curve (Fig. 5.4c) suggest a laser-induced diffusion process is occurring. In contrast to single
laser experiments, in which the optical pumping curve can be characterized by a single expo-
nential [54], complex temporal dynamics of the curve are observed following the pump pulse.
As both the intensity and frequency of the probe pulse are fixed, this temporal dynamics
suggest a time-dependent change in the transition frequency/lineshape of the probed donors.
We expect spectral diffusion is also occurring during the pump pulse, i.e. as DX population
is depleted at the resonant pump frequency, near-in-frequency D°X population diffuse into
this depletion region. Future studies are required to elucidate the origin of the spectral dif-

fusion process. Potential sources include changes in the microscopic charge environment due
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to nearby impurities and defects, and instantaneous spectral diffusion (ISD) [130], in which
excited DX within the ensemble interact electromagnetically. This is a well-documented
phenomenon in REIs where the interaction is dipolar. In the DY case, the effect may be
more severe. The D? and DX effective mass states are significantly extended as compared
to REI’s with a significant difference between the single electron D? and three-carrier D°X

wavefunctions (App. A.1).
5.4 Discussion and Outlook

Further studies are required to confirm the origin of the homogeneous linewidth. If it is
due to ISD, there are two immediate impacts on quantum information technologies. First,
for single quantum defect applications, lower donor densities are required. In REI’s, this
can be achieved by burning a large spectral hole from which a narrow, low-density anti-hole
can be established [131]. This strategy is only feasible when the homogeneous linewidth is
much narrower than the inhomogeneous linewidth, a condition not satisfied in our samples.
Thus lower donor dopant densities will be required. On the flip side, a large ISD linewidth
indicates a large D°X-D’X interaction which long-term could provide a mechanism for D°-D°
gates [132].

The total lineshape will be a convolution of the inhomogeneous and homogeneous line-
shapes. In the simple model in which we take the homogeneous lineshape to be Lorentzian
with FWHM Ay, and the inhomogeneous lineshape to be Gaussian with FWHM Avg, the
ensemble linewidth can be approximated by Avy/2 4+ /AvZ/4 + Avg [98]. For Al, the nar-
rowest measured homogeneous linewidth is 3.9 GHz with an ensemble linewidth ranging from
4.2-7T GHz, resulting in an inhomogeneous linewidth ranging from 1.1 to 4.6 GHz. This range
is consistent with the 1.9 GHz inhomogeneous broadening estimated due to isotope disorder
and suggests isotope broadening is the dominant inhomogeneous broadening mechanism.

Both chemical and isotope purification will thus be key to the development of opti-
cal quantum technologies with ZnO. Isotope purification, already required to improve the

DY spin coherence by removing non-zero spin nuclear isotopes [54], will be further advan-
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tageous to reduce broadening from mass disorder. Chemical purity will improve the ho-
mogeneous linewidth, either by eliminating impurities/defects that contribute to spectral
diffusion and/or lowering the inter-donor spacing to reduce instantaneous spectral diffusion.
Even without these materials improvements, the current linewidth properties are sufficient
for several applications if donors can be integrated into photonic devices. A Purcell en-
hancement of less than 100 can enable the generation of indistinguishable photons. Detuned
Raman excitation schemes can also mitigate against excited state dephasing [49, 133|. Fi-
nally, if single donors can be isolated, theoretical schemes to entangle donors with trapped

ions [134] should be possible with the current optical properties.
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Chapter 6
ISOLATION OF SINGLE DONORS

Originally published as [94]|: E. R. Hansen, V. Niaouris, B. E. Matthews, C.
Zimmermann, X. Wang, R. Kolodka, L. Vines, S. R. Spurgeon, and K.-M. C. Fu,
Isolation of Single Donors in ZnQO, 2024, arXiv:2310.05806 [cond-mat.mes-hall]

In this chapter, single indium donors are isolated in a commercial ZnO substrate using
plasma focused ion beam (PFIB) milling. Quantum emitters are identified optically by
spatial and frequency filtering. The indium donor assignment is based on the optical bound
exciton transition energy and magnetic dependence. The single donor emission’s stability in
intensity and frequency, alongside a transition linewidth less than twice the lifetime limit,
highlighting the suitability of single In donors as optically accessible spin qubits. Moreover,
the optical stability of single donors post-FIB fabrication is promising for optical device
integration required for scalable quantum technologies based on single donors in direct band

gap semiconductors.

6.1 Introduction

In chapter 4 and chapter 5 we have shown ensemble optical and spin properties favorable for
photon-based quantum network applications. However, most of these applications require
individually addressable qubits. The low chemical purity of commercially available ZnO
substrates [81, 135] compared to host materials like silicon and diamond is a challenge for
isolating single donors in ZnO. This difficulty is compounded by the ease of forming single
atom substitutional point defects compared to defect complexes such as the nitrogen-vacancy
and silicon-vacancy center in diamond [136] and radiation damage centers in silicon [137].

Commercially available ZnO crystals, with total donor concentrations exceeding 10 cm™,
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render optical isolation of single donors unattainable through optical confocal imaging. While
single fluorine donors [138, 139] and nitrogen acceptors [140] have been isolated in the direct
band gap semiconductor ZnSe using very narrow quantum wells, there exists a high-level of
inhomogeneity induced by the inherently fluctuating quantum-well potential. This results in
observed linewidths of ~54 GHz, which is 65 times greater than the expected lifetime-limited
linewidth [139]. Here, we aim to isolate single donors in ZnO while maintaining the bulk
donor and donor-bound exciton properties by reducing the material volume and focusing on

lower abundance In donors.

Focused ion beam (FIB) milling has been extensively used to extract and shape materials
at the nanoscale [141-144|, enabling the fabrication efficient photon extraction devices [145—
147| for quantum defects [148]. FIB fabrication, however, results in a damaged layer of
material [149, 150] which can degrade the optical and spin properties of some quantum
defects [151, 152]. Given that ZnO is a radiation resilient material [51|, FIB milling may be
a viable method for isolating single In donors without diminishing their favorable spin and

optical properties.

We isolate single In donors in ZnO via Xe™ plasma FIB (PFIB) milling and perform an op-
tical characterization, revealing stable and narrow emissions well suited for use as single spin
qubits. Following PFIB processing, the optical properties of the ZnO are severely degraded;
however, a 1-hour oxygen anneal recovers sharp donor-bound exciton (D°X) to donor-bound
electron (DY) photoluminescence (PL) lines. Single In donor candidates are optically iso-
lated with spectral and spatial filtering. Verification of emitters corresponding to In donors
is achieved via collection of the two-electron satellite transition under resonant excitation
and magneto-photoluminescence. Lifetime measurements reveal a ten-fold lifetime reduction
relative to bulk ZnO, indicative of non-radiative channels. Measured linewidths, however,
are less than a factor of two broader than the measured lifetime-limit. Further materials and
fabrication improvements, combined with device integration for Purcell enhancement, could

be used to enhance the radiative efficiency.
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6.2 Sample and fabrication process

For this work, a 360 pm-thick Tokyo Denpa ZnO crystal is used as the parent substrate, with
the crystal axis ¢ perpendicular to the substrate surface, the same sample used in chapter 4.
We observe Al, Ga, and In donor-bound exciton (Al°X, Ga’X, and InX) in the substrate.
The donor concentrations, measured on the back surface, were determined by secondary ion
mass spectrometry (SIMS) measurements as 5.3 - 101 cm™ for Al and 4.4 - 10'° cm™ for Ga
(App. C.1). The In concentration was below the SIMS detection limit. Since the donor

concentration can vary across the substrate, these values provide an order of magnitude

estimate.
(i) Extract é (ii) Weld  ¢®
Lamella
- H
(iv) Pohsh ¢® (iii)  Shape c®
X ® ® ®
) 1\(\
|® X ® ®I . I
Figure 6.1: Lamella preparation process: (i) lamella extraction from ZnO substrate, (ii)

lamella welded on SiO, wafer, (iii) PFIB mllhng of lamella, (iv) removal of high energy
PFIB-related damage with low energy PFIB.

Traditionally, FIB technologies use Ga™ beams [143] which could unintentionally intro-

duce a high-density of Ga donors in ZnO, thus we utilize a PFIB with an inert ion gas
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Figure 6.2: (a) Scanning electron microscopy image of lamella. (b) Orientation of crystal
(¢) and optical (k) axes with respect to the magnetic field B.

source, Xe", to cut a 5 pum-thick cross-section (lamella) from the ZnO parent substrate. Us-
ing standard lift-out techniques, a micro-manipulator needle removed the lamella (Fig. 6.11)
and laid it over a PFIB-milled trench on a SiO, wafer (Fig. 6.1ii). The edges of the lamella
were secured with Pt deposited by cracking a metal organic gas (flowed in using a standard
gas injection system) with the Xe™-beam (Fig. 6.1ii). Tiered steps of thicknesses ranging
from 0.5 pm to 3 pm were milled using a 30 keV beam, with the crystal ¢ axis parallel to the
step edges (Fig. 6.1iii). The lamella was then polished with a 5keV beam on both sides to
remove re-sputtered material and amorphous damage that often occurs during the higher
energy milling processes (Fig. 6.1iv). The lamella (Fig. 6.2a) was annealed at 700°C for 1

hour under O, flow to reduce remaining milling damage [81].

All measurements were conducted with a confocal microscope that images the lamella
inside a helium immersion cryostat with a superconducting magnet (App. C.2). The magnetic
field B is always parallel to the lamella plane. We access two magnetic field orientations,

B | ¢ and B 1 ¢, by rotating the lamella (Fig. 6.2b).
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6.3 Annealing effect on photoluminescence
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Figure 6.3:  Continuous-wave excitation at 3.44eV, T = 5.2K. (a) Confocal PL image
of lamella post-anneal. Cross (circle) markers indicate the locations for spectra in Fig. 6.3b
(Fig. 6.3d). (b) and (d) PL spectra of pre- and post-annealed lamella respectively, normalized
to maximum intensity. Dashed lines mark the DX transition for different donors [84]. Insets
depict expanded views near the Y, (left) and In°X (right) lines. (c) and (e) PL kinetic series
from region C of the pre- and post-annealed lamella, respectively.

Fig. 6.3a displays a confocal PL image of the lamella post-annealing. PL spectra from the
substrate and each region of the pre-annealed lamella are shown in Fig. 6.3b. The substrate
spectrum shows a small shoulder at the In’X transition [84] with a peak intensity roughly
3 -107* times that of the Ga’X peak. Based on the measured Ga density and assuming
that the relative peak intensity and donor concentration are proportional, we estimate 102
In donors/cm?. With an excitation spot diameter of ~450nm, a ~5pm thick slice of the
substrate would yield one In donor per excitation spot, with smaller concentrations for the
0.5 — 3um thick steps of the lamella.

A weak Y line, related to excitons bound to structural defects [84], is observed in the
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substrate PL. After PFIB fabrication, an increase in the Y, PL intensity relative to the
Ga’X and AlI°X lines is observed, which we ascribe to the creation of structural defects
during fabrication (Fig. 6.3b). Additionally, an overall PL shift varying across the lamella
is observed, consistent with differential strain environments. Within a single excitation
spot, the Ga’X and AI°X lines also show splitting and broadening which we attribute to
microscopic strain (Fig. 6.3b).

We monitored the PL spectra as a function of time in kinetic series measurements;
Fig. 6.3c shows a series from region C. Multiple weak features are observed, with a stronger
line at the In°X transition. Similar features are observed at multiple locations in the lamella
(App. C.3). These stronger emitters at the In°X transition exhibit discrete spectral jumps,
a behavior characteristic of isolated single emitters in an unstable environment [153—155].

After annealing, the broad Ga’X and Al’°X lines become single, sharp transitions, sug-
gesting that annealing removed a majority of the milling-induced damage (Fig. 6.3d). A
small overall PL shift persists after annealing. Interestingly, the intensity of the Ga’X line
relative to the A1°X line is greatly diminished when compared to the substrate PL. The cause
of this reduction is unknown.

Near the In°X line we now observe spots with strong, spectrometer-resolution limited
emission (Fig. 6.3d right inset). A representative PL kinetic series is shown in Fig. 6.3e
(more available in App. C.3). Compared to the pre-annealed PL spectrum, the PL emission
at the In’X transition becomes stronger and spectrally stable. Additionally, the weaker
features around the In’X region are no longer observed, suggesting that they may have been

surface-related shallow defects which were eliminated via annealing [156].
6.4 Observation of localized In donor emitters

To spatially resolve single In donors, we perform confocal PL scans while spectrally filter-
ing the In°X emission; the resulting image is shown in Fig. 6.4a. Localized emission with
spectrometer-resolution limited linewidths at In"X are observed (Fig. 6.4b). The highest

density of emitters is found in regions B and C rather than the thicker region A. We note
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Figure 6.4: Continuous-wave excitation at 3.44 eV. (a) Confocal PL image collecting 3.354 —
3.357eV. T = 5.2K. (b) PL spectra of four emitters at 5.2 K. Spectra are shifted to adjust
for strain-induced energy offsets. (c) Sideband PL of emitter 2 under resonant excitation
at 3.355948 eV, T = 5.2 K, normalized to the peak of the on-resonance spectrum. Dashed
lines mark reported transitions [81, 84|. Inset depicts energy diagram of resonant excitation,
sideband PL collection scheme. (d) and (e) PL spectra with B L é (T = 8.2K) and B || ¢
(T = 6.6 K), respectively, at 0T (circles) and 6 T (squares), with Gaussian fits. The Al/Ga
background emission is subtracted. Spectra are normalized to their maximum value.

that the the total PL intensity is also brighter in these regions (Fig. 6.3a) and suspect that
the PL intensity may be dominated by surface-related non-radiative recombination. While
5keV PFIB polishing was performed across the entire sample, different regions were polished
by different amounts which could account for the variation in PL intensity.

For the remainder of the paper, we focus on four emitters whose positions are labelled
in Fig. 6.4a. The PL spectra corresponding to each emitter is shown in Fig. 6.4b, where the
spectra has been shifted utilizing the location of the Al°X and Y| lines to adjust for relative
energy offsets induced by strain (App. C.4).

To verify these emitters as In donors, we resonantly excite the transition between the
In’(1s) state to the In°X state and collect the PL sideband consisting of the 1-LO phonon-

replica and the two-electron satellites (TES) transitions. The TES transitions correspond to



84

relaxation from the lowest In’X state to the excited 2s and 2p states of In° (Fig. 6.4c inset).
Fig. 6.4c displays the sideband PL for emitter 2 with both on- and off-resonant excitation
(see App. C.5 for emitters 3 and 4). For emitters 2—4, resonant PL enhancement is observed
at the In 1-L.O, 2s and 2p TES transitions [84], as well as an unidentified In-related transition
at 3.243 eV that has been observed on a similar ZnO substrate implanted with In (App. C.5).
We observe a large background in the In sideband PL. We believe that this is sideband PL
from the tails of the much brighter Al°X and GaX zero-phonon transitions upon which
the In’X transition resides. In contrast with the In-assigned sideband PL, the sideband
PL background shifts with laser excitation energy. Resonant sideband enhancement is not

observed for emitter 1.
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Figure 6.5: PL spectra as a function of magnetic field on emitter 4 in B 1 ¢ orientation.
Each PL spectrum (single vertical line) is normalized to the maximum PL counts in the
depicted energy region after subtracting the minimum PL counts in the same region. The
dashed lines correspond to a linear fit of the centers of two Gaussian functions, yielding
Jet = 1.52 £ 0.01.

We perform magneto-photoluminescence (magneto-PL) measurements with both Ble

and B || ¢ to verify that the observed Zeeman splittings are consistent with emission from
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neutral donors. Fig. 6.4d (Fig. 6.4e) shows the PL of each emitter at 0T and 6 T with Bleé
(é || ¢). In both orientations, we only collect linearly polarized emission perpendicular to
the crystal axis ¢, which is expected to be 50 times larger than linearly polarized emission
parallel to ¢ (App. C.6 and Refs. [53, 74, 93]). This strong polarization dependence is also
experimentally observed (App. C.6). The effective g factor (geg) for each orientation is
calculated according to ger = AFE/ (upB), where AE denotes the energy splitting of bound
exciton transitions and pup denotes the Bohr magneton. This splitting results from the hole

Zeeman splitting of D°X and the electron Zeeman splitting of D°. The hole ¢ factor (gﬂ/ L)

is then calculated according to gi- = g — g (g,ll = gﬂ — g!ﬁ), where gt ~ g! = 1.95 [81, 96|.

In both orientations, the emission of all emitters splits into two peaks linearly dependent
on field as shown in Fig. 6.5, consistent with a donor. If a donor electron is not present,
as is the case for an ionized donor-bound exciton, electron-hole coupling yields a non-linear
dependence [96]. Measured hole |g| factors are consistent with ensemble measurements|53,
54, 96]. With B || ¢, we find glll to range between —1.14 and —1.2 for all emitters. With
Bl ¢, we find gi- = 0.22 for emitter 1, and between 0.46 and 0.54 for emitters 2-4, which

qualitatively follows the literature where reported g; values vary between 0.1 and 0.34.
6.5 Emission linewidth and lifetime

We utilize photoluminescence excitation (PLE) spectroscopy to determine the linewidth and
spectral stability of emitters 2-4. In PLE measurements, we resonantly scan a continuous-
wave laser over the In” <3 In’X transition and collect sideband PL (Fig. 6.4c). The spectral
stability under resonant excitation, with energy less than the ZnO band gap, supports that
the donors remain in the neutral charge state in the absence of semiconductor carrier genera-
tion. This could be an advantage compared to deep-level defects such as the nitrogen-vacancy
center in diamond which undergo two-photon ionization under resonant excitation [157] and
require a charge re-pump laser [153, 154].

As shown in Fig. 6.6a, the high resolution PLE spectroscopy enables us to determine

the absorption linewidth and also resolve multiple emitters. For example, for emitter 2 we
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Figure 6.6: T = 5.2K. (a) PLE spectra of emitters 2—4 normalized to the maximum counts
of the emitter 2 spectra. Detector dark counts are insignificant. Exposure time at each
excitation frequency varies between 20 — 60s, based on emitter intensity. Peaks are fit to
Lorenzians and labelled with the fit full-width-at-half-maximum. (b) Time-resolved PL of
emitters 1-3 under pulsed excitation (2 ps width, 12.5ns repetition rate) at 3.44 eV. Response
function measured with a direct laser reflection and fit to a Gaussian. Time-resolved PL is
fit with two exponential-Gaussian convolution profiles to account for the In emitter and the
Al/Ga background (App. C.7). Fits are labelled with the In lifetime.

observe a weak second peak corresponding to a second emitter. The emitter linewidths range

between 3.4 GHz and 5.8 GHz.

The expected linewidth of a lifetime-limited emitter at 5.2K is estimated by adding
three different contributions. First, the line is split by 0.5 GHz due to the zero-field hyperfine
interaction between the donor electron spin-1 and the In nuclear spin-2 (Ay, = 100 MHz) (91,
92]). At 0K, the two hyperfine lines would have a lifetime-limited linewidth of 120-150 MHz,
given by the reported In ensemble lifetime [84, 85]. Each line is further broadened by
0.65 GHz due to a phonon-assisted thermal population relaxation between DX states at
5.2K (Sec. 5.3.2). Under these effects, the two lines are not resolvable, with a total effective
linewidth of 1.2 GHz; 3 times smaller than the observed values. Additionally, the disparity

between the expected and measured linewidths could be a result of a shortened lifetime

compared to the literature value.
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We performed time-resolved PL measurements using pulsed laser excitation to probe
the emitter lifetime. As shown in Fig. 6.6b, we observe excited state lifetimes between
90 ps and 140 ps, one order of magnitude smaller than ensemble lifetimes [85]. We attribute
the shortened lifetime to non-radiative surface recombination which has been suggested to
explain the fast decay component in studies on ensemble lifetimes in ZnO [85]. The intensity
of the emission does not increase when lowering the temperature to 2 K (Fig. 6.7), suggesting
that the recombination mechanism is not thermally activated. Accounting for the diminished
lifetimes, we estimate a radiative efficiency of ~10 % and lifetime-limited linewidths ranging
from 1.1 — 1.8 GHz, depending on the emitter. The total homogeneous linewidth increases to
2.0 — 2.6 GHz once contributions due to phonons and the hyperfine interaction are included.
The measured linewidths, while only 1.3 — 3 times larger than the lifetime-limited linewidth,
has an additional unidentified broadening component of 1 GHz. To realize spin-selective
excitation, the non-radiative relaxation and this additional broadening mechanism need to

be understood and eliminated.
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Figure 6.7: Temperature dependence of the integrated PL intensity for emitters 1, 2, and
3. For each emitter we normalize all data to their lowest temperature values. Excitation is

3.44¢eV.
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6.6 Conclusion

In summary, we have isolated and characterized single In donors in ZnO, revealing charge-
stable emission with near lifetime-limited linewidths which underscore the potential for single
In donor spin qubits. Through resonant excitation and magneto-PL, we identify three emit-
ters as In donors. The isolated donors exhibit near lifetime-limited linewidths with charge-
stable emission. The estimated 10 % radiative efficiency motivates future dedicated studies
on surface damage and understanding of surface effects on near-surface quantum emitters in
ZnO. However, ZnO is a fairly new quantum defect host and the relative ease of single donor
isolation and observed signal recovery after one annealing step is promising. Additionally, the
FIB-robust optical signal suggests FIB is appropriate for optical device fabrication in ZnO,
an important requirement due to the monolithic nature of ZnO and the need for features
small/comparable to the 369 nm transition wavelength. Finally, we note that this work fur-
ther motivates the need for high purity ZnO material to reduce the band-edge luminescence

from unintentional dopants.
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Chapter 7

PROGRESS TOWARDS FREQUENCY TUNING OF DONOR
ENSEMBLES

7.1 Introduction

To realize heralded entanglement of single spin qubits via photons as described in Sec. 1.1.1,
indistinguishable photons are required. In bulk samples, as we saw in Chapter 5, the inho-
mogeneous broadening is in the order of a few GHz, similar to the homogeneous broadening.
Moreover, as we saw in Chapter 6 where we were able to isolate single emitters via FIB
milling, varying local strain environments — a result related to the fabrication process — lead
to large inhomogeneous broadening with central frequency deviations as far as 100 GHz, much
larger than the single emitter linewidth of 3-6 GHz. This inhomogeneity challenge is preva-
lent in most optically active solid state qubits, including color centers, quantum dots, and
rare earth doped solids [158-161]. Two common solutions of tuning the emission frequency
include electric field tuning via the Stark effect and strain field tuning via electro-mechanical
coupling [162, 163]. Color centers in diamond and divacancies in SiC have demonstrated
Stark tuning range of O (10) GHz, while InAs/InP quantum dots have demonstrated tuning
ranges up to 1.2THz [163-167]. The symmetric effective mass wavefunction of the donor
and the donor bound exciton in ZnO means that this defect will primarily be affected by the
electric field to second order in the applied electric field. Despite this, the large size of the
donor bound exciton wavefunction may allow for shifts on the order of 100 GHz.

Here, we attempt to employ the Stark effect to frequency tune implanted In ensembles
by fabricating interdigitated electrodes on a bulk ZnO substrate. In Sec. 7.2 we present a
theoretical model to estimate a frequency tuning range of 100 GHz. Section 7.3 describes

the device design and fabrication challenges. Section 7.4 details the fabrication process
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that resulted in the first generation of Stark tuning devices. In Sec. 7.5, we present device
measurements indicating that the observed shift and line broadening is due to heating and
not the electric field. Finally, Sec. 7.6 concludes with a discussion on current challenges and

future steps towards frequency tuning shallow donors in ZnO.
7.2 Stark effect on the donor — donor-bound exciton transition

Since both the DY and the DX states can be approximately described as effective mass
wavefunctions, we can estimate the effect of an applied DC electric field on these states by
drawing parallels with the DC Stark effect in hydrogen. In the presence of electric field &,
the 1s state of the hydrogen-like state will not be affected in the first order of £ because the
state is spherically symmetric. Instead, the field will induce a dipole moment on the state,
which will be affected by the electric field in the second order. This perturbation on charge ¢
under the electric field potential V' = ¢€z, with the electric field parallel to the z axis, yields
an energy shift of

AB, = - (7.1)

where « is the state polarizability and is given by [110]

| ¢k |Z| 7/’15 3
= —4dmey X 2q Ek; B = 4meey x 2C a3, (7.2)

where €y and € have their usual meaning, a, is the Bohr radius, |¢) the kth eigenstate’s
wavefunction with energy Ej, and |1)1,) the ground state wavefunction with energy F14 and C'
a constant related to the sum. A hydrogen-like system that does not account for short-range

chemical potential of the impurity is described by a radial wavefunction given by

2 . T
wEM,e(T) = 3—/26 YEM , (73)
apm

For this wavefunction, the summation constant C' is found analytically (using only the 1s
orbital state) to be Cryanal = 9/4 [168]. However, the D? and DX-e radial wavefunctions

that take into account the short-range chemical potential of the impurity and the D°X-h
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radial wavefunction that is approximated by the Kratzer potential, discussed in detail in

App. A.1, take the form

e e (7.4
s\I") = Tt e as, :
I(2Q, + 1) a2?™

where (), is a unitless correction factor. There is no straightforward analytical expression for
the polarizability. We can instead approximate the hydrogen polarizability using a classical
uniform charge distribution of radius R, around the nucleus, yielding o, ~ R3 [169], and

choose R, as the RMS radius

(rs P2 rs) =22 /302, (7.5)

to get

aspn A RS = dreey x 3%%a% = dreey x 5.1960° (7.6)

or CeM approx = \/53 /2. Therefore, this approximation yields a C' value slightly higher than
the analytical solution by a factor of Cry anal/ CeM approx = \/3/ 2. Using Eq. 7.4 in Eq. 7.5
and correcting for the factor mismatch of the approximation, we find from the effective mass

wavefunction, we obtain an approximate polarizability of

Qg A 4meeg X 2 (? V(I +Q)(1+ 2Qs)/23) a’. (7.7)

Therefore, we can estimate the energy shift for all three individual states (D°, D°X-e, and
DYX-h) using Eq. 7.7 in Eq. 7.1. The overall D? <« DX transition shift will be given by

difference between the total D’X energy shift and the D° energy shift, or
AEtOt — AEDOX_h + 2 X AEDOX-E — AEDO. (78)

As shown in Figure 7.1, the largest contribution to the frequency shift comes from the
DX hole, which is expected since the hole wavefunction is much larger than the electron
wavefunctions (Fig. A.1). We must also note that the D’X-h model is also the most question-

able, because it does not take into account interactions between e-e nor e-h. Despite this,
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Figure 7.1: Frequency shifts of In°, In°X-e, and In°X-h states and the overall In® <+ In°X
transition shift as a function of electric field amplitude present on the In defect site. Hori-
zontal lines mark the spectrometer resolution of 80 GHz and the spectrometer pixel size of

26 GHz.

based on results in Chapter 5, this model successfully predicts the D <+ DX inhomoge-
neous broadening within less than an order of magnitude. Therefore, in this approximation,
we expect the In® <> In°X transition shift range to be in 100s GHz near a field of 1V /pm.
These fields are achievable, with ZnO breakdown electric fields ranging between 1V /pm and
20 V/pm depending on the crystal quality and growth method [170, 171]. Experimentally,
we expect the shifts to be resolvable in PL spectra near the 0.5V /pm - 1V /um limit, while
1 GHz shifts — resolvable in PLE spectra — are expected near 0.1 V/um. Therefore, PLE is a

better measurement for this experiment.

Since ZnO is a good piezoelectric material, the applied electric field will also result in

strain that can further tune the frequency. This theoretical approximation does not take
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into account any strain effects.

We also note that in Sec. 4.4 we estimated the longitudinal spin relaxation rate using
the non-corrected hydrogen-like polarizability. If we take into account the correction from
Eq. 7.7, we find that the rate constant a in I' ) = aB® for Ga reduces from 0.080s™! T~ to
0.070s™! T~° in the Faraday geometry. Similarly, for In in the Faraday geometry, it reduces
from 0.040s™* T to 0.032s~ 1 T5.

7.3 Device design

For this application, we fabricate on-chip planar interdigitated capacitors, where the electric
field is perpendicular to adjacent digits (strips) within the x-y plane (Fig. 7.2 and Fig. 7.3).
This geometry allows for a straightforward fabrication process on a single substrate surface.
An optical image of three fabricated devices is shown in Fig. 7.2. A potential difference is
applied at two opposing pads. PL spectra are measured between the digits as illustrated in

Fig. 7.2.

K
. |
Device 2 mp—
—_—

Figure 7.2: Optical image of fabricated devices with three different sets of design parameters,
alongside the electric circuit used for the experiments. A black dot near the center of Device
1 marks an example location that was probed optically.
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Resistive contacts may result in significant reduction of the applied electric field within
the substrate. However, fabrication of non-resistive Schottky contacts on ZnO has been
historically challenging [172, 173]. Commonly used methods such as gold evaporation are
only partially successful, often leading to resistive ohmic contacts [174] while exhibiting low
adhesion even with the use of adhesive metal layers such as titanium. Recent efforts showcase
low resistivity contacts by sputtering iridium in the presence of oxygen-argon plasma [175].
While this method is highly successful, it may damage the surface of the sample. Due to the
limited supply of high quality ZnO, such methods become prohibitive. Instead, we cover the
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Figure 7.3: COMSOL electrostatics simulation results. Applied voltage differential is 10 V.
(a) Electric field amplitude parallel to the & axis in the y = Opm slice. The white boxes
denote the metal contacts. The dotted line denoted the target implantation depth. (b)
Electric field amplitude parallel to the & axis in the z = —0.25 num slice. The semi-transparent
white boxes denote the metal contacts on the sample surface.
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sample with a 10 nm layer of SiO, which (1) acts as a protective layer for the ZnO substrate,
(2) acts as an insulating layer between the substrate and the metal contacts, (3) enables the
use of metal evaporation using e.g., chromium (adhesive) and gold (conductive).

We perform an electrostatic simulation for the proposed design using COMSOL, where
Zn0O and SiO, are assumed to be a perfect dielectrics, while the effects of impurity charges
and screening are ignored. Fig. 7.3 shows electric field amplitude for an electrode distance
of 10 pm and an applied voltage differential of 10 V. We expect that the electric field scales
linearly with the applied voltage and inversely linearly with the electrode distance. For these
design parameters, we expect the electric field in between the two strips at a depth of 250 nm

to be 0.6 V/pm, which is well within electric fields that theoretically yield 100 GHz tuning.

7.4 Fabrication Process

Prior to fabrication, we implant In defects via ion implantation. The target implantation
fluence is 1 - 10* cm™ and the expected mean implantation depth is ~250nm. We anneal
the sample at 700°C in an O, atmosphere for 1hour to heal the ion impact damage and
to incorporate the implanted defects in Zn sites [81]. To fabricate the Stark-tuning devices,
we first remove any contaminants from the surface. We start with a sequence of 5-minute

ultrasonic baths in acetone and then IPA, followed by drying with nitrogen gas. Next, we

Strip width (pm) Distance (pm)
Device
Designed Fabricated | Designed Fabricated
1 10 11 20 19
2 10 11 10 9
3 5 6.7 10 8.3

Table 7.1:  Designed and fabricated dimensions for each device. The inter-strip distance
(strip width) is consistently smaller (larger) for all fabricated devices because the sample
was overdeveloped.
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etch the sample with a ~0.028% dilute hydrocholoric acid (HCI) solution (pH =~ 1.5-2) for
30seconds. With a clean surface, we deposit 10 nm of silicon dioxide (SiO2). The sample is
then spin-coated with a bi-layer of PMMA electron beam resist and a coat of aquaSAVE. The
PMMA bi-layer with different polymer masses helps prevent sticky sides during lift-off, while
aquaSAVE creates a conductive layer for excess charges to escape during the electron-beam
write. After successful spin-coating, we write the pattern with e-beam lithography (beam
width of 120nm as per the device parameters), and develop in an IPA /water mixture for
2.5 minutes. Metals are deposited with an electron beam evaporator: a 10-nm adhesion layer
of titanium, and then a 100-nm conductive and non-oxidizing layer of gold. Lastly, we lift-off
the remaining resist with a 12hour acetone bath. Table 7.1 shows the device parameters

corresponding to the fabricated devices in Fig. 7.2.
7.5 Results

We characterize the behavior of the In® <+ In°X in the presence of an applied voltage via
PLE measurements using a DC source measurement unit (Keithley SMU 2450). Fig. 7.4a
shows PLE measurements using Device 2 in a liquid helium immersion environment at 1.8 K.
We observe a central frequency shift up to 30 GHz, much smaller than the theoretically
expected 300 GHz, line broadening, and an overall intensity drop. In addition, increasing
applied voltage results in very high leakage current, up to 7mA at 30V (Fig. 7.4b), and
increase of the superfluid helium bath temperature in which the sample is immersed from
1.8 K to 2K. The temperature is measured 3 inches above the sample. Higher voltages could
not be reached as the devices breaks down. Frequency shift, line broadening, and intensity
decreases are all behaviors that can be attributed to a significant temperature increase. This
temperature increase could be the result of Joule heating due to the large leakage currents.

To determine whether the observed behavior is related to temperature, we (1) measured
emitted PL under CW above-band excitation as a function of applied voltage and (2) com-
pared the linewidth as a function of frequency shift between voltage dependent measurements

and temperature dependent measurements on implanted In ensemble from chapter 5. As we
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Figure 7.4: (a) PLE of implanted In ensemble as a function of applied voltage under CW
excitation with 150 nW of power on Device 2. (b) Current - Voltage (IV) measurement of
Device 2. The blue line depicts the device behaviour without illumination. The red line
depicts the device behavior under above band CW excitation at 360.5nm and 1 pW. During
these measurements the voltage was changed by 0.1V every 0.1s. The arrows indicate the
voltage change direction. The yellow line with circles depicts the mean device behavior under
resonant CW excitation with 150nW for each applied voltage used in (a). For both plots,
the sample is immersed in liquid helium bath with base temperature of 7' = 1.8 K.

see in chapter 5, an increase in temperature also results in the increase of D «» D°X" lumi-
nescence. Figure 7.5 shows PL spectra for a range of voltages where a significant increase
in D%« DX PL for all In, Ga, and Al donors is observed. This behaviour could be at-
tributed to either a change in the transition oscillation strength in the presence of electric
field or a temperature increase on the sample. Figure 7.6 depicts the frequency shift as a
function of additional linewidth broadening for voltage variation measurements with Devices
1 and 2, as well as temperature variation measurements performed with implanted In en-
sembles at a depth of 200 nm from Fig. B.2 for three different implantation fluences (0.8, 1.3

and 1.9:-10' cm=2). The temperature varying experiment suggests that increasing implan-
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Figure 7.5: PL spectra with varying applied voltage under CW aboveband excitation with
1 pW of power. The intensity is normalized to the total counts of the In peak (within the
light gray area). T'= 1.8 K, immersed in superfluid helium bath.

tation fluence results in increasing linewidth broadening. The voltage variation data follow
a behavior similar to the temperature variation data for the lower implantation fluences of
0.8:10' cm™2 and 1.3-10* cm ™2, which is similar to the target implantation fluence for these
devices. This comparison, albeit indirect, also indicates that the observed behaviour may be

thermal in nature.
7.6 Discussion

The first Stark tuning device results suggest that the large leakage current results in large
increase in temperature. Moreover, the observed frequency shift is comparable to frequency
shifts related to a change in the band gap due to temperature. Therefore, there is no
convincing evidence that the observed tuning is related to the Stark effect, but instead may
be a result of Joule heating. These results indicate the applied electric field is screened

by free carriers [176], the contact resistance of the electrodes is too high to allow a large
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Figure 7.6: Full width at half maximum (FWHM) of PLE measurements relative to the
lowest measured FWHM in each dataset as a function of the central transition frequency for
two types of experiments: (1) with varying the applied voltage at 1.8 K and (2) with varying
temperature with no applied voltage. The voltage dependent data are taken on Device 1
and Device 2. The temperature dependent data are taken from the temperature dependence

measurements performed as part of Ch. 5 on implanted indium ensembles at a depth of
200nm at three different fluences: 0.8-10'* em=2, 1.3-10"* em ™2, and 1.9-10* cm—2.

voltage drop within the substrate, and/or that the applied electric field may not affect the
DY and DX states as expected. Future endeavors towards realizing frequency tuning of
donor bound excitonic transitions in ZnO will focus on determining whether screening or
some other physical effect prevents the electric field from reaching 250 nm in the substrate.
Additionally, thicker dielectric layers between the electrodes and ZnO substrate could be
used to suppress leakage current. If this limitation cannot be surpassed with a different

device geometry, strain tuning could be another viable option moving forward.
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Chapter 8

SUMMARY AND OUTLOOK

An initial study of the shallow donor ensembles in ZnO in the context of quantum net-
works highlighted the promising spin properties of this defect by demonstrating all optical
coherent spin control via the donor-bound exciton as well as long longitudinal spin relaxation
times 77 up to 100 ms at high magnetic fields (2-7T) [54]. It was revealed that the spin-echo
coherence time T4 of 50 pis was limited by either instantaneous diffusion or ”Zn nuclear spin
diffusion. Therefore, isotopic and chemical purification, alongside microwave coherent spin
control and single qubit isolation, are key challenges to enable optical quantum networks

with this platform.

This result motivated us to further understand the interactions of the donor spins with
their environment. We performed an extensive experimental study on the longitudinal spin
relaxation time 7} via optical manipulation of the donor spin state as a function of magnetic
field, temperature, excitation photon energy, donor density, and donor species. We showed
that our observations can be primarily explained by the combined effect of spin-orbit and
electron-phonon couplings under an effective mass approximation of the donor envelop wave-
function. Small discrepancies between the experimental data and the theoretical prediction
can be partially explained by the experimentally observed donor density dependence, whose
physical mechanism is still elusive. The longest observed T} is 480ms at 1.75T and 1.5K,
and even longer values can be achieved at smaller magnetic fields. Due to the large elec-
tron g factor resulting in an electron spin energy splitting of ~27h GHz/T, working at lower
magnetic fields (~0.3T) will also enable the use of widely available microwave equipment
for coherent microwave spin control at the frequency range of 5-10 GHz (instead of the much

more technologically niche range of 25-100 GHz we need for magnetic fields between 1T and
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3'T). However, high fidelity optical spin initialization at lower magnetic fields is challenging
because (1) increased overlap of the lines at low fields (near 20 GHz) and leakage of excita-
tion beam retroreflection reduce the optical pumping contrast, and (2) the overall collected
sideband PL is low, resulting in low contrast between the signal and the background. In fu-
ture endeavors, increasing the overall collected PL can be achieved by using side-excitation
as described in Sec. 4.9 to collect the ZPL instead of the sideband PL with bulk optics.
Eventually, using photonic integrated circuits will allow for efficient excitation and collection

on the ZPL while minimizing leakage of the excitation beam into the collection path.

After advancing our understanding of the spin properties, we studied the donor ensem-
ble optical properties, and more specifically the optical linewidth and optical depth. Our
in-depth investigation of the PL linewidth from emitters near the Zn-face reveals a homo-
geneous linewidth of 4 GHz, and similar inhomogeneous broadening, only one to two orders
of magnitude larger than the Fourier lifetime limit. We found that the dominant inhomoge-
neous broadening mechanism is related to the disordered isotopic environment of the defect
due to the Zn and O isotope mass variation. The large homogeneous linewidth may be
caused by either instantaneous spectral diffusion due to D°X-D®X interactions or environ-
mental charge variation due to nearby impurities. This further highlights the importance of
isotopic and chemical purification of ZnO samples. Moreover, we found that ensembles with
donor concentrations of O (10" cm™) in a 300 pm-thick sample can yield optical depths of
O (100) without significant additional linewidth broadening. However, they also reveal large
background absorption with an imaginary refractive index of ~10~* due to the proximity of
the absorption line to the band edge. While such large optical depths can enable solid-state
optical quantum memories with this platform, the large background absorption may limit
the efficiency with which stored information is retrieved. In addition, the high absorption
limits the quality factor of donors integrated in photonic cavities to Q = 1.7 - 10*. For using
this platform in optical quantum communication protocols as-is, indistinguishable photons
can be generated with a modest Purcell factor of 100. Such Purcell factors would require

small mode volumes, achievable with photonic crystal cavities [148|. Alternatively, defect
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emission from ZnO could be coupled to photonic devices fabricated with a large band gap
material to ensure low transmission losses at 369 nm. Traditional photonic device fabrication
on the surface of bulk ZnO substrates will be similarly limited by transmission losses due to
direct contact with the ZnO host, while the large refractive index of ZnO near the band edge
(2.7-2.9) severely limits the material choices. However, with further advancements in ZnO
material and defect engineering, defect emission from ZnO nanostructures could be coupled
to low-loss photonic devices while minimally interacting with the ZnO host. This can be
achieved, for example, by using donors in ZnO nanoparticles that are evanescently coupled
to a cavity fabricated from a low-loss material, or by utilizing tapered ZnO nanobeams that

waveguide the defect emission to a low-loss material [177-179).

Having established the favorable spin and optical properties of donor ensembles, we fo-
cused on the isolation of single donors. Even in the best commercially available ZnO sub-
strates, the high n situ donor concentrations severely limit our ability to isolate single emit-
ters in bulk substrates. Instead, we milled a thin slice of ZnO out of the bulk substrate using
a focused ion beam. We were able to spatially and spectrally isolate single emitters that are
intensity and frequency stable. We identified these emitters as In donors via magneto-PL and
resonant excitation. The emission frequency was inhomogeneously broadened by 100 GHz,
which was attributed to strain variation across the sample. Moreover, the sideband PL
emission was riddled with background PL emission from other in situ dopants. The emitter
linewidth of 3-6 GHz is comparable to the homogeneous linewidth of bulk emitters and is less
than two times larger than the lifetime-limited linewidth. However, the 10-fold reduction in
emitter lifetime indicated a low radiative efficiency and is attributed to non-radiative recom-
bination to surface defects. Despite this, the optical properties of the donors were mostly
recovered after an invasive FIB process, indicating a promising step toward optical quantum
network applications with single spin qubits in ZnO integrated with FIB-milled photonic
devices. Finally, this study underscores some of the challenges that lie ahead: (1) under-
standing and eliminating surface effects that reduce the radiative lifetime, (2) understanding

and eliminating the effects that persistently broaden the linewidth both in bulk and single
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emitters, and (3) chemically purifying the substrate to reduce background PL from of other
dopants.

Finally, to address the observed inhomogeneity of single emitters, we reported on progress
toward frequency tuning via the Stark effect. We theoretically predicted that the tuning
range could reach 100 GHz. The first fabricated Stark tuning device on ZnO indicates that
large leakage currents result in thermal tuning of the emission, which is not desirable due
to the degradation of the spin and optical properties at higher temperatures. There was no
clear evidence of additional electric field tuning, which was attributed to field screening from
moving charges. Albeit unsuccessful, these insights are useful for future research endeavors,
where we might gain a better understanding of the electric field behavior in the material.

Overall, we demonstrated favorable spin and optical properties for both ensemble and
single donors in ZnO for optical quantum network applications. We described some of the
mechanisms behind the interactions of the donors with their environment, and gathered data
that may eventually lead to discoveries of additional phenomena that govern this platform.

Additionally, we identified the key areas of focus for future exploration with this platform:

1. Isotopic and chemical purification are the most prevalent challenges. Isotopic pu-
rification of the host lattice is expected to lead to longer spin coherence times, and
narrower inhomogeneous broadening. Chemical purification is expected to result in
longer longitudinal spin relaxation times, longer spin echo times and narrower homoge-
neous linewidth. It may also enable new methods of introducing single defects in bulk
substrates (e.g., via implantation) and higher fidelity control of single qubits. While
research efforts on ultra high purity bulk ZnO growth have stalled in the last decade,
the development of ultra high purity of MBE ZnO layers, an active area of research,

may lead to ultra high purity and isotopically uniform substrates.

2. Photonic device integration of donors can help combat low PL collection that originates
from (i) collecting the 10 % sideband emission instead of the 90 % ZPL, and (ii) the
large refractive index of 2.7 that only allows 3 % of the total emitted PL to escape the
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sample. Photonic integration can enable concurrent excitation and collection at the
ZPL wavelength while collecting up to 50 % of the emitted PL (e.g., via nanopillars or

grating couplers).

3. Non-radiative recombinations to surface defects result in even lower PL collection.
While photonic integration enables enhanced PL collection, the defects will be much
closer to surface. Therefore, identifying and eliminating this mechanism is paramount

to efficient spin initialization and read-out.

4. The strain-induced inhomogeneity remains a challenge in micrometer or submicrome-
ter sized devices. A robust method of tuning the transition frequency with a tuning
range of 100 GHz is important for future implementation of entanglement protocols via
photons. While our attempt in electric field tuning was unsuccessful, future devices
utilizing thicker dielectric layers may be more successful. Alternatively, strain tuning

may be another viable option.

5. FIB milling enables the in the successful isolation of single emitters but it difficult
to scale. Alternative routes include isolation via low fluence implantation in purified

samples, or growth of nanostructures such as nanoparticles and nanorods.

6. While all optical coherent spin control of prior works was instrumental in motivating
this thesis, microwave coherent spin control is an essential to obtaining higher fidelity

control over larger rotation angles.

Advances in the above areas will significantly increase the performance of this platform and
eventually enable the entanglement of single donor spin qubits in ZnO. This may also enable
the realization of heterogeneous quantum networks between donors in ZnO and trapped
"Yb" due to their similar emission frequencies and radiative lifetime [134]. Altogether, the
insights gained from this research offer valuable directions for continued exploration of the

ZnO-based shallow donor spin qubit in the field of quantum information science.
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Appendix A
THEORETICAL DERIVATIONS

A.1 Envelope wavefunctions through the effective mass approximation

Originally published in part in the Supplemental Material of [97|: V.
Niaouris, S. H. D’Ambrosia, C. Zimmermann, X. Wang, E. R. Hansen, M. Titze,
E. S. Bielejec, and K.-M. C. Fu, “Contributions to the optical linewidth of shallow

donor-bound excitonic transition in ZnO”, Optica Quantum 2, 7-13 (2024).

A.1.1 Donor electron

Following Ref. [180], the radial part of the electron wavefunction in a hydrogen-like system

is given by
2  _ r
REM’Q(T) = %6 “EM | (Al)
Agm

where agy; is the effective mass (hydrogenic) Bohr radius. However, to account for the short-
range chemical potential of each impurity, we can utilize the central-cell corrected radial

envelope wavefunction, namely

22Qp+1 Qo1 .~
Boe.o(r) = I'(2Qp +1) peeresl ve (A.2)
D

where ap is the nominal donor Bohr radius, (Jp is related to the ratio of the effective mass
binding energy (Epgm) to the donor binding energy (E,p), and I' is the gamma function.

These are given by

h2 Eb EM mr 6%
=) — == d Eypy=—=5>R,(1+0.72 A3
ap 2szb7D ) QD Eb,D ) an b,EM M, €%no Y ( + Y ) ; ( )
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where R, is the Rydberg energy, m, (m}) is the free (effective) electron mass, €y (€z,0) is the
static dielectric permittivity in vacuum (ZnO), and + is a small parameter related to crystal
anisotropy [76]. The donor binding energy can be calculated by experimentally determining
the transition energies for the transitions D%(2s) +» DX and DY(2p) <+ DX [76], and are
listed in Table 2.4. It must be noted that we have modified the wavefunction pre-factor
taken from Ref. [180] so that Eq. A.2 is properly normalized to 1 when integrated in all
space.

For a purely effective mass impurity, the expected electron radius is given by

However, the center-cell corrected wavefunction yields an expected electron radius given by

(rp) =

N W

ap = (% + Qp)ap, (A.5)

which results in an effective D electron Bohr radius of

. 2@Qp +1
ip = ———a

D- (A.6)

The new effective Bohr radius, similar to the hydrogen Bohr radius, is an indicator of how
the central cell correction modifies the wavefunction. Another metric for the modification is

the radius at which the probability density is maximized, namely

max

o = Qpap, (A7)

with the radial probability density given by

P.(r) —/\R(T)]2r2dr. (A.8)

We can see that for the effective mass impurity, where Qp = 1, the effective and maximum
Bohr radii are the same. However, for QQp < 1, the effective radius will take larger values
than the maximum radius, while Q)p > 1 the effective radius will take values smaller than the

maximum radius. This means that the wavefunction keeps its mean value closer the effective
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mass equivalent than the maximum value and is skewed more the further Q)p is from 1.
The nominal, effective and maximum donor Bohr radii are listed in Table A.1. Figs. A.la
shows the probability density in the ZnO crystal lattice for the pure effective mass donor,
while Fig. A.1d shows the probability density of different donor species. From these figures
it becomes apparent that the D° electron wavefunction occupies thousands of lattice sites,

while the deeper the donor is in the band gap, the smaller its Bohr radius will be.

A.1.2 Donor-bound exciton

According to Ref. [181], the donor-bound exciton wavefunction can be approximated as
a product of individual one-particle states; electron-electron and electron-hole interactions
are neglected. In this picture, the two electrons are in 1s hydrogenic-orbitals (Eq. A.2)
with modified Bohr radii and reside close to the the positively-charged impurity, while the
positive hole binds to the net negative system. To determine the D°X wavefunction we need
to determine D°X-electron Bohr radius ay. as well as the wavefunction of the D°X-hole.

To find the D°X-hole wavefunction, we need to start with the potential binding the hole,

which is given by

62

V(ry) = ———[1 — 27 /%¢(1 + 1y, /as.)], (A.9)

4T€ 70T

where 1}, is the radial position of the hole and e, is the elementary electric charge. The
resulting hole potential is not easily solvable, but it can be approximated by the Kratzer

potential,

V(ry) ~ —2D (ﬂ - b—2> , (A.10)

T 27"}21
with D = se?/8m€zn,00a9., and b = tay.. Here, t and s are fitting parameters for optimizing the
mapping of the Kratzer potential (Eq. A.10) onto the original hole binding potential (Eq. A.9)
near the potential minima, taking the values t = 1.337 and s = 1.0136 [181]. The normalized
ground state solution to the Schrondiger’s equation with the Kratzer potential [182, 183] is
given by

92A00+1 Ao _Th
Booxnm=on=o(ra) = I (2A +1)a2A00+17“h°° e, (A.11)
00 h
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with a nominal D°X-hole Bohr radius of

hQ
=4 —. A12
“h \/ 2mp B 00 ( )

Here, my, is the hole effective mass in the crystal, n;, and [, represent the radial and rotational

quantum numbers of the hole, respectively, while the hole energy, Ej, ,,;,, and A factor

nplp

are defined as

omy, [ Db \?* 1 1\N?  2m, Db
Eh»nhlh = h_Qh <ﬁ> ) Anhlh =np + 5 + \/(lh + 5) + # (A.l?))
MNplh

By rewriting the above in terms of the donor binding energy and nominal donor Bohr radius,

2 2
st m 1 1 mp, Ao
Ennnt, = (A—) hEb,Da Anhlh =np + 5 + \/(lh + 5) + st? i i; (A-14)

nnly, m: ap

we see that we still need to calculate aq. to define the hole wavefunction.
To find the D°X-electron Bohr radius as., we can write the total energy of the bound
exciton Epox as function of as. and minimize the total energy with respect to as.. The

total DX energywith respect to the top of the valence band [181] for when the hole mass is

ap\> 11ap
A2e 8 A2¢
—2- (A.15)

242 1 1) c
2B, | ST sy (a5 ) Fserin @)
2 my 2 2

isotropic |75] is given by

EDOX,nhlh (QQe) = 2Egap ‘I— 2Eb7D

where Eg,, is the band gap energy. Although there is an analytic solution to minimizing
Eq. A.15, it is too long to display here. Substituting for all known parameters, the resulting
DX-electron Bohr radius is

as. = 1.2255ap. (A.16)

With this, we can now calculate the D’X-electron wavefunction by substituting ap for

as in Eq. A.2. Figure A.1b depicts the D°X-electron probability density of the EM donor.
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Figure A.1: (a), (b), (c) The calculated probability density of the effective mass impurity
(EM) for the 1s state of the D°, D%X-electron and D°X-hole, respectively. All figures share
the same colorbar (top right). The green circle in the middle draws attention to the donor
site. (d) The calculated probability density for H;, EM, Al°, Ga® and In’for the 1s state of
the D? (solid line), D?X-electron (dashed line) and D°X-hole (dash-dotted line), respectively.

Additionally, we can calculate the effective D?X-electron Bohr radius s in the same manner

as in Eq. A.6, or more simply, use the known donor Bohr radius,
2 1
a9 = 1.2255ap = 1.2255QDT+0LD. (A.17)

Similarly, the radial distance at which the probability density is maximized is given by

o = @page = 1.2255Qpap (A.18)
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To calculate the hole wavefunction, we can use Eq. A.11, with Agg = 2.8342 and a;, =
0.8945ap (which were calculated by substituting all known parameters in Eq. A.14 and
Eq. A.12, respectively). Figure A.lc depicts the D°X-hole probability density of the EM

donor. The resulting effective DYX-hole Bohr radius is given by

2Ny + 1
_ e 292984, — 1.9883ap. (A.19)

an
Similarly, the radial distance at which the probability density is maximized is given by

T}I:lax = Aooah = 25352&]) (AQO)

The resulting D°X-electron and DX-hole radii are listed in Table A.1.

Bohr Radii \ Species || H;(I;) EM Al°(ls) Ga°(Ig) In°(Iy)

.81 1.74 1.71 1.66 1.55
1.86 1.74 1.70 1.62 1.43
1.89 1.74  1.69 1.60 1.38
Nominal, D’X-electron (nm 2.22 213  2.10 2.04 1.90

Nominal, Donor (nm)
(nm)
(nm)
(nm)
Effective, DYX-electron (nm) | 2.28 2.13  2.08 1.98 1.76
(nm)
(nm)
(nm)
(nm)

Effective, Donor (nm

Maximum, Donor (nm

Maximum, DX-electron (nm 232 213  2.07 1.96 1.69

Nominal, D°X-hole (nm

Effective, D°X-hole (nm

1.62 1.56 1.53 1.49 1.38
3.60 345 341 3.31 3.08

Maximum, D°X-hole (nm 4.59 440 4.34 4.22 3.92

Table A.1: Characteristic Bohr radii for different donor species including the pure effective
mass donor. The effective mass donor is not observed, but the values are listed for compar-
ison between the observed donors and the ideal hydrogen-like impurity. “Nominal” values
correspond to the radius-related value in the exponential term of the wavefunction, “effec-
tive” values correspond to the radius related to the mean radius of the probability density
compared to the effective mass mean, and “maximum” values correspond to the radius where
the radial probability density takes its maximum value.
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A.2 Oscillator strength and dipole moment

Originally published in part in the Supplemental Material of [94]: E. R.
Hansen, V. Niaouris, B. E. Matthews, C. Zimmermann, X. Wang, R. Kolodka,
L. Vines, S. R. Spurgeon, and K.-M. C. Fu, Isolation of Single Donors in ZnQO,
2024, arXiv:2310.05806 [cond-mat.mes-hall]

Following Refs. [184, 185], we calculate the oscillator strength of the D® — DX transition

from the DX — D° emission lifetime in the zero-phonon line (ZPL) 7p zpr.. Specifically,

& \° 2meomic?
fab:( 0> 9 e (A.21)

0 . 7
5eff Ya n(wba)€2wbaTD,ZPL

where

ggof refers to the effective field ratio that induces the transition, a and b correspond to
the D% and DX states respectively, g; is the degeneracy of the i state (2 for the DYlectron
and 4 for the DX electron spin singlet and hole), €, is the vacuum electric permittivity, m; is
the effective electron mass in ZnO, c is the speed of light in vacuum, n(wy,) is the refractive
index at the D°X — D transition angular frequency, and wy, is the D°X — D° transition
angular frequency. A good approximation for large-wavefunction emitters would be to set
the effective field ratio equal to unity [184, Sec. 4c|, which is valid for shallow donors in ZnO
(see Sec. A.1). The emission lifetime to the ZPL can be estimated by taking into account
the 1-LO and TES emission fractions (Ci0 = 1 — e and Crgg = Rrrs/inoCivo, where
Rrrg/ivo is measured experimentally from Fig. A.2), as well as the total radiative emitter

lifetimes (see Table 2.4),

Trad Trad Trad
= = A.22
Czp. 1 —=Cio—Cres 1 —(1+ Rres/io)(l —e™9) ( )

This approximation does not take into account any other phonon replicas since they do

TD,ZPL =

not significantly contribute to the non-ZPL emission fraction. The corresponding emission
fractions, ZPL lifetime, and oscillator strengths are listed in Table A.2.

Similarly, following Ref. [185], we can estimate the dipole moment via

3ephc?
= (A.23)

= — ,
2wy Tp 7PI1,
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where h is the Planck constant. The resulting dipole moments are listed in Table A.2.

See App. A.3 for how the refractive index is measured.
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Figure A.2: PL spectra of the sideband TES and 1-LO lines for Al, Ga, and In under resonant
CW excitation. The data are normalized to the maximum value of the 1-LO transition.

Transition || Al AI°X  Ga’ < Ga’X  InY < InX

TES/1-LO Intensity Ratio 0.95 0.59 0.21
Total Radiative Lifetime (ps) || 750 — 860 800 — 1060 1050 — 1350
ZPL Radiative Lifetime (ps) || 840 — 970 880 — 1170 1140 — 1470
Oscillator Strength || 0.37 - 0.42  0.30 - 0.40  0.26 — 0.34
Dipole Moment (D) || 12.9 — 13.8  11.7-13.5  10.5 - 11.9

Table A.2: Calculated oscillator strength and dipole moments for Al ++ A1°X, Ga® «+» Ga’X,
and In® + In"X.
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A.3 Determination of optical depth and refractive index from transmission and
reflection

Following Ref. [186], the optical depth ad, where « is the absorption coefficient and d is the

RpT
=1 A.24
ad = 1In (R — RF) , ( )

where R and T are the experimentally measured reflectance and transmittance, respectively

sample depth, is given by

and Ry is the surface reflectance, given by

 K-/KZ—4R(2-R)

Ry = 20—R) , (A.25)

with K =2+ 7% — (1 — R)>.
For small transmittance values, we can expand the surface reflectance as a Taylor series

to the second order of transmittance as

Rp~R {1 - OT—QR)Z} . (A.26)

After some algebraic manipulations, the optical depth can be approximated by

i (0555 "

Assuming that the sample thickness is known, we can easily calculate the imaginary refractive

index from
Ao
= A28
=20, (A29)
where A is the index of refraction. Following Ref. [186], we can calculate the index of
refraction from
1+ Rp ARp
n= + — K2 A.29
For small &, is simplified to
2
n -1 (A.30)

“ VR

Experimentally, we have determined that the reflection near the Al and Ga emission is

approximately constant and equal to R = 0.24 + 0.02 (see Fig. A.3). From the transmission
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measurements presented in Chapter 5, we estimate the real and imaginary refractive index

of our samples near Al, Ga, and In resonances, presented in Table A.3.
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Figure A.3: Reflectance measurements as a function of excitation photon energy near

the Al° < Al°X and Ga’ < GaX transitions. An oscillatory pattern is observed which is
attributed to the beam splitter with which the input power is monitored (see also App. A.4).

Transition || Al <> AlI°X  Ga%<« Ga’X  In®« In’X

Real refractive index (n) 2.9 2.9 2.7

Imaginary refractive index (k) || 1.4 x 107° 1.3 x 1074 8 x 107°

Table A.3: Baseline refractive index for Al, Ga, and In bound excitonic transitions.

A.4 Excitation power correction

Originally published in the Supplemental Material of [97|: V. Niaouris,
S. H. D’Ambrosia, C. Zimmermann, X. Wang, E. R. Hansen, M. Titze, E. S.
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Bielejec, and K.-M. C. Fu, “Contributions to the optical linewidth of shallow
donor-bound excitonic transition in ZnO”, Optica Quantum 2, 7-13 (2024).

T
Raw Data I/“\\
= Osc. Corr. Data 7 N
] \
; 1 \
< L 1
N ; \
! \
3’ 4 ¥
= r ~ \
2] /I @ % Ay
a 7 @ 3y \
) . %\
é /, II "‘Q \\
- /, § <\ \\
E e Py R
ol /’/ ’l Y, \\\
’,f “"( n 0
__________ ..u““.‘ T
B et ISSEed - e
) . . .
—100 —50 0 50

Relative Frequency (GHz)

Figure A.4: PLE of Al at 10.25K, sample A. In the raw PLE counts, an oscillation is
observed due to an oscillation in the excitation power. The oscillation-corrected-data is
obtained by dividing the raw data with f(FE, ¢) given in Eq. A.31.

An energy dependent modulation of the transmittance, reflectance, and PLE signals is
observed. This modulation is an artifact caused by a beamsplitter (BS) in the excitation
path of our experimental setup. Reflection from this BS, Pg, is incident on the sample.
Either transmission through the BS, Pr, or the power before the BS, P, is measured to
monitor the power in each experiment. We find that the ratio f of reflected power divided

by the transmitted power fits the following relation,
f(E,¢) = Pr/Pr=c+ Asin (2mvE + ¢) (A.31)

with A = 0.07, v ~ (0.18 meV)_l, ¢ = 0.58 and a phase ¢ which varies between experiments.
By normalizing the data by f, we are able to remove the oscillations. Example of PLE
data before and after the oscillation correction is shown in Fig. A.4. This method, while
effective, may sometimes not completely eliminate the observed oscillations. An example of

this correction imperfection is the indium optical depth measurement depicted in Fig. 5.1d.
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Appendix B

CONTRIBUTIONS TO THE OPTICAL LINEWIDTH OF
SHALLOW DONOR — BOUND EXCITONIC TRANSITION IN
ZNO: SUPPLEMENT

Originally published in the Supplemental Material of [97|: V. Niaouris,
S. H. D’Ambrosia, C. Zimmermann, X. Wang, E. R. Hansen, M. Titze, E. S.
Bielejec, and K.-M. C. Fu, “Contributions to the optical linewidth of shallow

donor-bound excitonic transition in ZnO”, Optica Quantum 2, 7-13 (2024).

Reprinted with permission from Optica Publishing Group under the Optica Open

Access Publishing Agreement.

B.1 PL of Sample A in the transmission setup

Al

Ga
Al*

In

PL Intensity (A.U.)

3350 3356 3358 3360 3362 3364
Photon Energy (eV)

Figure B.1: PL spectrum of sample A. Excitation energy of 3.44 eV, power of 2.6 tW, and
spot diameter of 380pym. T'=6.9K, B=0T.

The PL spectrum that corresponds to the transmission experiments in Fig. 1d is shown
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on Fig. B.1. In addition to being a different sample than that for the spectrum in Fig. 1b,
the excitation spot diameter is almost three orders of magnitude larger. In Fig. B.1, the Al

emission is &~ O (10) stronger than Ga emission which is consistent with the measured OD.
B.2 Donor Density Estimation

The area under each optical depth (OD) peak in Fig. 1d is proportional to the number of
donors in the probed ensemble, and thus can be used to estimate the average donor density.
The donor density of donor N, (xz = Al, Ga, In) can be estimated from [185]

2
N, = 87 9po0 <>\£> T:p,rad/a<y)dy7 (B.1)

9pOx

where g¢; is the degeneracy of state 4, n is the index of refraction, A\, is the vacuum transition
wavelength, 7, ,aq is the zero-phonon-line radiative lifetime. We estimate the ZPL radiative
lifetime as the total radiative lifetime determined by the slow decay component of the experi-
mental lifetime, divided by the fraction of emission into the ZPL. This fraction is determined
by the Huang-Rhys parameter [84] and the ratio of the two-electron satellite transitions to
the phonon-assisted transitions. We obtain 7, ,,¢ = 0.95ns, 1.18 ns, and 1.52ns for x = Al,
Ga, and In, respectively. Using Eq. B.1, we find Na; = 7.5-10% ecm ™3, Ng, = 9.9- 10" cm 3,
and Ny, = 7.4-10" cm™3. These values, measured for Sample A, are within an order of mag-
nitude of the SIMS values measured for sample B. The relative concentrations are consistent

with the PL spectra for this sample (App. B.1).
B.3 Temperature dependence of implanted In PLE linewidth

Sample B provided an opportunity to measure the PLE linewidth as a function of tem-
perature for different In implantation fluences (Fig. B.2). At the lowest studied fluences
(< 1.3-10" em™?) the dependence of linewidth on temperature closely matches the in-situ-
doped In in sample A. This lowest implantation density is estimated to be ~50 times higher
than the in situ-doped density estimated in Sec. 5.3.1. This similarity supports that the

temperature dependence described in Sec. 5.3.2 is intrinsic to the donor, and independent
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Figure B.2: Temperature-dependent linewidth of the In D°X transition in Sample B for
different implantation fluences. The legend provides the fluences in units of cm™.

of environmental damage or defect density. As implantation dose increases further, how-
ever, both a broader linewidth and a steeper dependence of the linewidth on temperature
is observed. The mechanism for the steeper dependence is unknown, but could be due to

relaxation from the DX state to defect-states created during the implantation process.

B.4 D°X" Magneto-PL for Al, Ga, and In

The magneto-PL spectra for all three donors is shown in Fig. B.4. Unlike sample A, sample
B has a substantial density of In, which facilitates the study of the weak In D°X" line. The Al
DX magnetic field dependence is identical in Sample A and B. The In D°X" has a similar
magnetic field dependence to Al, splitting into three lines in Voigt and into two lines in
Faraday geometry. Unfortunately, the Al DX emission obscures the Ga D°X™ dependence
on magnetic field. However, we can observe that the Ga D°X" splits in two lines in the
Faraday geometry, while the transition that is independent of the magnetic field is clearly

visible in the Voigt geometry.
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Figure B.3: Magnetic field dependence of DX transitions for all donors in sample B, at
7.2 K, with excitation energy 3.44 ¢V and power 200 nW.

B.5 Discussion of D°X” States

A model is proposed by Meyer et al. in Ref. [76, 121] to explain the excited states of the
bound exciton, including those discussed in Sec. 5.3.2. They introduce two components to
this model, one for the lower energy excited states near 2 meV from the ground state, and
another for the series of excited states found above 6 meV. Ref. [121] explains the excited
states found around and above 6 meV by electronic excited states of the hole, given by
increasing ny and [, in Eq. A.15 and minimizing with respect to a.. The values for these
excited states obtained from our model in App. A.1 agree well with experimental values
presented in Ref. [121, Table III].

Ref. [121] attributes the set of energies found at around 2 meV to rotational-vibrational
states of the bound exciton. Ref. [121] evaluates these energies using the Kratzer potential,

as given in Eq. A.10, arriving at the following equation for the rotational-vibrational energies
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In analogy to rotational-vibrational states of diatomic molecules (i.e. as in Ref. [187]),

E(w,J)=— (B.2)

2

Ref. [121] interprets D as the bound exciton localization energy, m as the effective mass of the
hole, and a as the distance between the hole and impurity. While Meyer et al.’s interpretation
of a and D yield excited states matching those observed around 2meV, to determine b,
Ref. [121] introduces a pseudo-acceptor model approximation for the donor bound exciton,
in which the electrons are tightly bound to the impurity and the hole orbits the resulting
negatively charged center at a distance equal to the approximate effective Bohr radius of the
acceptor in ZnQO, 0.8 nm. The bound exciton model in App. A.1 assumes the electrons are
nearer to the impurity than the hole similarly to our approach in App. A.1. However, the
energy of the system Eq. A.15 is minimized when b ~ 2.3-2.8 nm, far from 0.8 nm, implying
that the pseudo-acceptor approximation is inappropriate. Meyer et al.’s interpretation also
deviates from the original source of this equation [188], where D is the minimum of the
Kratzer potential binding the hole and a is the radial position of this minimum. Following
the source interpretation of Eq. B.2, Eq. B.2 is equal to the final term of Eq. A.15, and
both predict excited states above 6 meV. Eq. B.2 and Eq. A.15 are only distinguished by the
accuracy of their prediction of these states, with Eq. A.15’s improved accuracy due to its
inclusion of changes in a, between excited states of the hole. The interpretation by Meyer et
al. in analogy to rotational-vibrational states of diatomic molecules also assumes the g-factor
of these excited states is equal to that of the main line, which is contradicted by our results

in Sec. 5.3.2 and App. B.4.
B.6 Effect of the Nuclear-Spin Environment

The nuclear-spin environment primarily affects the D levels in the D° <+ DX transition via
the electron-nuclear contact hyperfine interaction. The strength of the contact hyperfine

interaction for D°X will be much smaller as the two electrons form a spin-0 singlet state
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and the hole is predominantly p-type [189]. The D% bound electron interacts with both the
lattice nuclear-spins and the donor’s nucleus.
The broadening due to the non-zero 57Zn lattice spins is given by a Gaussian distribution

of the hyperfine field, exp (—BZ/AQBZn), and has a dispersion [54, 102]

Hol7Zn 32 IZn +1 2 =
A n — - n v RZ 47
B,Z P o7 I |tz f;’ (1)

in which g, is the electron g-factor, pg is the vacuum permeability, Iz, = 5/2 is the "Zn

nuclear spin, jiz, = 0.874 uy is the 5"Zn nuclear magnetic moment in terms of the nuclear
magneton gy, f = 4.1% is the natural abundance of Zn, U(R;) is the effective mass
wavefunction at the ith Zn lattice site, and |uz,|? is the ratio of the Bloch function density
at the Zn site to the average Bloch function density. Ref. [54] uses a pure hydrogenic effective
mass wavefunction for ¥(R) with Bohr radius of 1.7 A to estimate a 22 MHz linewidth. Using
a slightly modified W(R) which accounts for the central cell correction due to the three
different types of donor (App. A.1), we obtain %7Zn nuclear-spin broadened lines of 22, 24
and 29 MHz for Al, Ga and In, respectively. These values are only slightly larger than the
reported optically-detected magnetic resonance linewidths for Ga and In of 19 and 22 MHz
respectively [91].

The hyperfine splitting due to the donor nuclear spin of spin I depends on the ratio of the
Zeeman splitting gup B to the hyperfine constant A [190]. At 0-field, the 2(2/+1) states split
into two sublevels separated by A }l + I(I + 1). At high magnetic field, g.upB > A, each
electron Zeeman level splits into (21 + 1) lines with a splitting of A/2 between hyperfine
levels. Ax; = 1.45MHz [90], Aga = 11.5MHz [91], and A, = 100MHz [91, 92| with
Ini=5/2, Iga = 3/2 and I, = 9/2.

The nuclear-spin environment contributes to the inhomogeneous broadening of the
DY <+ DX transition linewidth. However, any experiment conducted over timescales longer
than the relaxation time of the nuclear-spin states will be affected by this broadening. Com-
paring to the several GHz linewidths observed in Fig. 4d, the nuclear-spin contribution is

negligible. However, it is the main source of donor ground-state dephasing [54], and sig-
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nificantly affects the two-laser linewidth in coherent population trapping experiments [81,
135]. For In, the hyperfine splitting is comparable to the lifetime-limited linewidth and could
theoretically be optically resolved.

B.7 Impurity Isotope Effect

The shift AEZ" for state S and carrier ¢ due to substitution of the donor atom isotope is
given by Heine and Henry in Ref. [180] as
2hwp (My\'? AM . ( dE
“D (=0 S e (L2 Ps,. (B.3)
5 M M ~ dkT ) yr ™

in which wp is the Debye frequency of ZnO, M, is the average substituted atom (Zn) mass,

don __
AFE S =

M is the mass of the lightest donor isotope, AM is the difference between the mass of the
heavier and lightest donor isotope, and (%%s/dkT) ;- is the temperature dependence of the
band gap at high temperature. These values are provided in Table B.1 in App. B.8. 7. is
the fractional oscillator force constant reduction due the presence of a carrier ¢, v = 7. +
Y, is the sum of the force reduction for holes and electrons, with 7;, = 37, [180], and Ps, is
the average volume per atom multiplied by the average amplitude squared within a sphere

encompassing the donor and its nearest neighbors (0.2 nm in ZnO).

Constant Value

hwy (meV) 35.8 (Tp = 416 K) [191]
Ga: My, M, AM (amu) 69, 71, 2 [192]
In: My, M, AM (amu) 113, 115, 2 [192]

(4o fakT) gy (meV/K)  3.24 at HT 400K [191]

Table B.1: ZnO donor atom isotopic substitution constants

The shift from impurity atom isotopic substitution is determined by Eq. B.3 with con-
stants given in Table B.1. Both aluminum and phosphorus have only one commonly occur-

ring isotope and are thus not included in Table B.1. Impurity isotope substitution shifts the
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DY ++ DX transition energy by only 16 MHz between Ga® and Ga™ and 13 MHz between
In''? and In''®  implying that variation in Zn and O isotopes in the defect environment are

the dominant isotopic broadening effect.

B.8 Isotopic Environment Simulation

Energy, W;. Atom/Isotope Rel. Abundance

Valence Band, W, ,

0 meV 647n 48.6 %
0.66 meV 667n 27.9 %
0.98 meV 677n 4.1 %
1.31 meV 687Zn 18.8 %
1.97 meV 07n 0.6 %

0 meV 160 99.75 %
2.50 meV 170 0.05 %
5.00 meV 180 0.2 %

Conduction Band, W; .

0 meV 647n 48.6 %
0.16 meV 667n 27.9 %
0.25 meV 677n 41 %
0.33 meV 687n 18.8 %
0.49 meV 7n 0.6 %

0 meV 160 99.75 %
0.65 meV 170 0.05 %
1.25 meV 180 0.2 %

Table B.2: Isotopic perturbation energies in ZnO. Isotopic abundances are obtained
from [192].
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For Al, Ga, and In defects in ZnO, the isotopic environment is simulated up to 10 nm from
the defect, which is sufficient to include the D and DX states. The shifts ;. from envi-
ronmental zinc and oxygen are calculated using the dependence of the donor lines on isotopic
substitution, which is measured in Ref. |[125] to be dE oy /dMz, = 0.41£0.05 meV /amu for
zinc, and dEpoy/dMo = 3.12 £ 0.05meV /amu for oxygen. Adopting our 80% valence and

20% conduction band shift assumption [129], we obtain

dEDOX
— . B4
) (B.4)

Wi = S.AM (
Here S, is the fraction of the total band gap shift due to the valence band or conduction band;
if the carrier in question is a hole, the energy shift will be due to the shift in the valence band,
if it is an electron, the shift will be due to the shift in the conduction band (S, = 0.8, S, =
0.2). AM is the difference between the lightest isotope and a given environmental isotope
in amu, and dE o0y /dMeem is the environmental mass dependence of the DX transition

energy for element elem. The values for environmental isotopic perturbation in ZnO as

obtained from Eq. B.4 are given in Table B.2.

Energy, W,, Atom/Isotope Rel. Abundance

Valence Band, W;,

0 meV 28Gi 92.2 %
0.76 meV 29Gi 4.7 %
1.52 meV 30 3.1 %

Conduction Band, W; .

0 meV 28Gi 92.2 %
0.26 meV 296G 4.7 %
0.52 meV 30 3.1 %

Table B.3: Isotopic perturbation energies in Si. Isotopic bundances are obtained from [192].

For the phosphorus defect in Si, the isotopic environment is simulated up to 12 nm (as it is
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slightly shallower). The breakdown of the band gap shift between the conduction and valence
band shifts is noted in [123] as 75% valence band and 25% conduction band. dE oy /dMg;
= 1.02meV, which is obtained from [192]. From Eq. B.4, we find the isotopic perturbation
energies shown in Table B.3.

The isotopic environment’s contribution to the linewidth of the phosphorus shallow donors
in Si’s bound exciton transition has been measured in high quality natural silicon [124] as
1.1 GHz. To verify our model we simulated this transition, yielding a broadening of 0.9 GHz
(see Fig. B.4), in good agreement with the experimentally observed value. The primary
source of discrepancy is likely found in the simplified DX state model. Given the difficulty
in obtaining an accurate model of the donor bound exciton state, such discrepancies are
expected. Despite the uncertainty regarding the DX state model, the agreement between

the model and the experimental data supports the validity of our approach.

30p.Si 0.9 GHz

Frequency

26 27 28
[sotopic shift (GHz)

Figure B.4: Inhomogeneous broadening simulation for Silicon at 2000 simulated environ-
ments. The resulting inhomogeneous broadening is 0.9 GHz. This compares well to the
measured isotopic inhomogeneous broadening of 1.1 GHz [124].

B.9 Investigating power broadening of spectral anti-hole burning

We additionally performed continuous-wave spectral anti-hole burning experiments as a func-

tion of pump pulse power. These measurements are performed in the Voigt geometry at 6 T
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Figure B.5: (a) Energy diagram for a pump-probe experiment in Voigt geometry. (b) PLE
spectra of Al DX at 1.8K and 7T of different pump powers. The probe power is held
constant at 290nW. (c¢) The anti-hole linewidth for the V| and H| transitions as a function

of pump power.

and 1.8 K. The pump laser is resonant on the V; transition, while the probe laser is scanned
near the V| and H| transitions as shown in Fig. B.5a. In this geometry, two anti-holes are
observed, split by the hole Zeeman factor (Fig B.5b). As shown in Fig B.5c, the anti-hole
linewidth does not depend on pump power. These results indicate the anti-hole linewidth
is already maximally broadened by the lowest probe intensities in these steady-state experi-

ments and/or is dominated by the 290 nW probe laser.
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B.10 Delay dependence of two-laser transient spectroscopy
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Figure B.6: PL intensity at the start of the probe pulse during pump-probe experiment, as
a function of wait time between lasers 7,, at 1.7 K and 7 T. The 170 nW pump laser was on
for 100 ps, and the 230 nW probe laser was on for 1 ms. The semi-transparent dashed lines
correspond to the optically-pumped intensity at the end of the 1 ms probe pulse. f; denotes
the center frequency of the Al D°X emission.

We performed additional transient pump-probe experiments as a function of wait time 7,
between the pump and probe lasers, for two different probe excitation energies, on-resonance
with the Al D°X peak, and +5.5 GHz off-resonance. Fig. B.6 depicts the PL intensity
integrated over the first two microseconds of the probe pulse. We observe the same PL
intensity for wait times smaller than 0.1 ms, while, After 0.1 ms, the population of the |])
state starts to deplete due to the longitudinal spin relaxation (77 = 1.5 ms), as described
in [95]. The near-constant PL intensity over wait times shorter than 7} indicates that the
process governing the homogeneous broadening does not occur while the probe laser is off,

but occur under optical excitation.
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Appendix C
ISOLATION OF SINGLE DONORS: SUPPLEMENT

Originally published in the Supplemental Material of [94]: E. R. Hansen,
V. Niaouris, B. E. Matthews, C. Zimmermann, X. Wang, R. Kolodka, L. Vines,
S. R. Spurgeon, and K.-M. C. Fu, Isolation of Single Donors in ZnQO, 2024,
arXiv:2310.05806 [cond-mat.mes-hall]

C.1 SIMS measurement of Al and Ga concentration in ZnO substrate

1016 =

Al

101} Ga

Concentration (cm~3)

0 500 1000 1500 2000
Depth (nm)

Figure C.1: Donor concentration as a function of depth for the first two micrometers of the
back surface of the parent substrate.

The Al and Ga donor concentration in the parent substrate was measured via secondary
ion mass spectrometry (SIMS) measurements on the back surface of the substrate. As
depicted in Fig. C.1, a relatively uniform donor density is observed through the two-micron

measurement depth with an average density of 5.3 - 10 cm™ for Al and 4.4 - 10'° cm™ for

Ga.


https://arxiv.org/abs/2310.05806
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C.2 Experimental Setup and Equipment

Cryostat Beamsplitter
Mirror
Scanning Mirror
Sample Lens

Pinhole

A/2 Waveplate
Polarizer

PL filter

Beam Block

Fiber Coupling

%-nun}mﬂﬂ

Pulsed laser or
resonant CW laser

SPD/
Spec HW Non-resonant CW laser

Figure C.2: Optical path for the micro-PL/PLE experiments. A reference to the incident
laser power is picked-off by a photodiode (PD). This experiment utilizes an aspheric 3.1 mm-
focus 0.62 NA lens inside the sample space for PL collection. The emitted PL is detected
with either a single photon detector (SPD) or a spectrometer (Spec).

Fig. C.2 depicts the optical path of the experiments described in the main text.

Due to the high refractive index of ZnO at the In-donor emission wavelength relative to
the superfluid He and He gas environment (nz,o(Am) = 2.7 > nge(Arn) = 1), only ~ 1% of
emitted photons are collected by the first 0.62 NA aspheric lens. The downstream micro-
scope efficiency is 3 % including the 35 % detection efficiency, resulting in an overall system
efficiency of ~ 0.03%. With this ~ 0.03% efficiency, we estimate an overall PL emission
rate of ~ 5 x 107 photons/second assuming a collection rate of 14,000 photons/second (see

6.4b), which was measured below the saturation limit.

C.3 Spectral kinetic series PL measurements before and after annealing

Fig. C.3a shows kinetic series from the pre-annealed lamella at a location in region B (i) and
region C (ii). Similar to Fig. 6.3c in the main text, we observe several weak peaks in the

In® ++ InX region which spectrally diffuse over time.
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Figure C.3: PL spectra collected with a 1 second exposure time. Excitation is 3.44¢eV. (a)
Spectra collected from the pre-annealed lamella within region B (i) and region C (ii). (b)
Spectra collected from the annealed lamella within region C (i) and region D (ii).

Fig. C.3b shows kinetic series at a location in region C (i) and region D (ii) after annealing.
Similar to Fig. 6.3e in the main text, stronger lines near the In° <+ In°X energy are observed
that are spectrally stable in time. While the luminescence is dramatically improved with
annealing, as shown in Fig. C.3b-ii, at some locations weak emission and spectral diffusion

can still be observed.
C.4 Single Emitter PL spectrum, uncorrected

In Fig. 6.4b of the main text, each single emitter PL spectra is shifted utilizing the location
of the A1°X and Yy, lines to adjust for relative energy offsets due to strain. As a result of the
correction, the three emitters identified as In donors (emitters 2 — 4) lie at the same energy
within the spectrometer resolution, however emitter 1 still has exhibits a lower transition

energy. For completion, Fig. C.4 shows the uncorrected PL spectra.
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Figure C.4: PL spectra of emitters 1-4 at 5.2 K. Excitation is 3.44¢V.
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Figure C.5: Sideband PL with resonant and off-resonant excitation, normalized to the on-
resonance spectrum. Reported transitions [84] are marked with vertical dashed lines. (a)
Emitter 3 sideband PL with 3.356462 ¢V resonant and 3.56417 eV off-resonant excitation. (b)
Emitter 4 sideband PL with 3.356706 eV resonant and 3.356681 eV off-resonant excitation.
(c) Sideband PL for implanted In sample with 3.357244 eV resonant and 3.356944 ¢V off-

resonant excitation [81].
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C.5 Resonant sideband emission

Fig. 6.4c in the main text depicts the sideband PL of emitter 2 under resonant In® <+ In°X
excitation. For completeness, Fig. C.5a and Fig. C.5b shows the observed sideband PL for
emitters 3 and 4, respectively. Fig. C.5¢c shows PL sideband from a similar ZnO substrate
implanted with In donors [81], correlating the 3.243 €V sideband feature observed in Fig. 6.4¢
in the main text and Figs. C.5a and C.5b with an In transition. Additionally, under off-
resonant excitation, the background near the In 1-LO peak in this In-implanted sample

(Fig. C.5c inset) is similar to the background observed on the sideband spectra of emitters

2, 3, and 4.

C.6 Polarization selection rules
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Figure C.6: (a) Polarization selection rules with B || & (left), B = 0 (middle) and B || 2
(right) in the sample reference frame (¢ || 2). Here, |1) and |{) (|ft) and [{})) denote the
electron (hole) spin up and down states. X = 54, Y = 54, and Z = bz [93], where
a = 0.995 and b = 0.0999 [74]. (b) O-field PL of emitter 2, collecting polarization parallel
and perpendicular to the ¢ axis.

PL emission polarization depends on the applied magnetic field orientation in relation
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to the crystal axis ¢. Following Ref. [53, 74, 93|, Fig. C.6a shows the expected photon

polarization selection rules for the different transitions and magnetic field geometries, when

¢l 2.

1 Hence,

In our experimental setup, the optical axis is always parallel to the ¢ axis.

we cannot detect transitions with polarization components parallel to ¢ (where § L ¢).

Therefore, we expect the PL emission polarized perpendicular to the crystal axis (E || & L ¢)

to be ~ 50x brighter than emission polarized parallel to the crystal axis (E || 2 || ¢&).

Fig. C.6b shows the emission at the two different polarizations at 0T for emitter 2. We

are able to observe the weak £ || ¢ emission, and find that In® <« In°X E L ¢ emission is

~ 28x brighter than E || ¢ which is close to the theoretical 50. Fig. C.6a also depicts the

polarization selection rules for B | ¢. In this geometry, we were unable to detect the weak

E || ¢ peaks.

C.7 Lifetime measurement background
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Figure C.7:

Arrival Time (ns)

1.00

Example lifetime measurement on emitter 3, depicting the measured lifetime

on the emitter peak, the Al background on the higher (H.E.) and lower (L.E.) energy tails
(~ £60 GHz), and the averaged of the two background contributions.

When performing time-resolved measurements on the In emitter, part of the collected
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photoluminescence to corresponds to background emission; the single In emitters lie on the
tail of the Al/Ga emission. To estimate the background contribution, we perform lifetime
measurements collecting PL from the high and low energy edges (~ +60 GHz) of the In
emission. Assuming the background contribution is nearly linear, we average the two lifetime
background data and fit to an exponential-Gaussian convolution profile. We use the fitted
background parameters as fixed parameters to the double exponential-Gaussian profile fitted
to the In emitter lifetime data (Fig. C.7). For the data presented in Fig. C.7, the background
lifetime is 110 =+ 20 ps.
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