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Abstract
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Donors in ZnO are a promising candidate for quantum network-based quantum technologies

with narrow optical lines (7-20 GHz), efficient spin-to-photon transfer (∼90% zero-phonon

line efficiency), and long spin coherence times (50 µs Hahn spin-echo T2) demonstrated in

ensembles in bulk [58]. Two outstanding challenges for this system include the isolation of

single donor defects and the incorporation of these donors into nanostructures. In this thesis,

we utilize ZnO nanowires to address these challenges. We begin by testing several methods

of single nanowire isolation, including scanning optical microscopy of ZnO/GaN samples, ion

beam milling, exfoliation, and dropcasting. After identifying the most promising methods,

favorable optical and spin properties are confirmed to be retained in single ZnO nanowires.

Photoluminescence excitation spectroscopy confirms narrow linewidths, optical pumping

demonstrates spin initialization, and coherent population trapping is used to prepare a

coherent spin state. Finally, two non-standard growth recipes are used to try to address

the strain caused by the current method of single nanowire isolation and the large observed

surface exciton. In conclusion, by isolating small ensembles of donors using nanowires and

showing that these donors can be incorporated into nanostructures, this thesis shows that

shallow donors in ZnO have great promise toward use in future quantum technologies.
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Chapter 1

INTRODUCTION

1.1 Quantum network-based quantum technologies

Quantum technologies have the potential to drastically change computation and communi-

cation. Quantum computers would allow us to solve problems that are currently intractable

on classical computers [5, 124, 103]. For example, because molecules are themselves quantum

systems, quantum computers have the potential to efficiently simulate these systems [54, 73].

This ability to model large molecules would allow scientists to solve challenges such as de-

signing proteins for medical applications [69, 4] and understand processes such as nitrogen

fixation for agriculture [86]. Furthermore, a quantum algorithm written by Shor can be

used to factor large numbers [97] and would essentially break current encryption technolo-

gies. Conversely, quantum communication and quantum encryption give us the ability to

securely distribute communications keys and check for potential eavesdroppers [9, 98].

The fundamental building block of quantum information technologies is the quantum

bit (qubit). Similar to a classical bit, the qubit can be in a |0〉 or a |1〉 state. However, the

qubit can also be in any linear superposition of these states [75],

|Ψqubit〉 = α |0〉+ β |1〉, (1.1)

with |α|2 + |β|2 = 1. In this thesis, we will be discussing one path toward experimentally

realizing a qubit with favorable properties for use in quantum technologies based on quantum

networks.

Quantum networks provide a way to realize quantum communication and measurement-

based quantum computation. As shown in Fig. 1.1(a), a quantum network is made up of

quantum nodes, each containing one or more qubits. These quantum nodes are connected

using quantum channels [47]. The simplest quantum network is a two node network with

one quantum channel. One way to realize a quantum network is using electron or hole spins
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Node

Channel

A B

Figure 1.1: (a) Illustration of a 2D quantum network. (b) A protocol for heralded photon
entanglement generation of a two-node network based on photon interference. BS: beam
splitter. PD: photodiode. Reproduced from [59].

bound to defects in solid state materials. In this example, individual defect spins (|↑〉, |↓〉)

are the qubits (|0〉, |1〉) and the quantum channel is generated by entanglement utilizing

emitted photons [8, 112]. Specifically, entanglement can be generated using the protocol

described below and shown in Fig. 1.1(b). We consider a defect with an energetic structure

shown in the inset. First, we prepare each of the defect spins in equal superposition states

giving the total quantum state

|Ψ〉 =

(
1√
2

(|↑〉A + |↓〉A)⊗ 1√
2

(|↑〉B + |↓〉B)

)
⊗ |vac〉 ,

where the subscripts (A, B) indicate distinct defects. By applying a resonant laser pulse on

the |↓〉 ⇔ |e〉 transition, the |↓〉 states are excited,

|Ψ〉 =

(
1√
2

(|↑〉A + |e〉A)⊗ 1√
2

(|↑〉B + |e〉B)

)
⊗ |vac〉 .

After approximately the lifetime of the excited state |e〉, a photon is emitted giving

|Ψ〉 =

(
1√
2

(|↑〉A + |↓〉A a†)⊗ 1√
2

(|↑〉B + |↓〉B b†)
)
⊗ |vac〉 ,

where a† (b†) is the operator that indicates a photon along path a (b). Interaction of the

photons at the beam splitter (BS) erases the which-path information by giving each photon
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equal probability of travelling along path c or d. This gives us the following state:

|Ψ〉 =

(
1√
2

(
|↑〉A + |↓〉A

(
ic† + d†√

2

))
⊗ 1√

2

(
|↑〉B + |↓〉B

(
c† + id†√

2

)))
⊗ |vac〉

=

(
1√
2

(
|↑〉A +

ic†√
2
|↓〉A +

d†√
2
|↓〉A

)
⊗ 1√

2

(
|↑〉B +

c†√
2
|↓〉B +

id†√
2
|↓〉B

))
⊗ |vac〉

=
1

2

(
|↑〉A |↑〉B +

|↑〉A |↓〉B + i |↓〉A |↑〉B√
2

c†+

|↓〉A |↑〉B + i |↑〉A |↓〉B√
2

d† +
i

2
|↓〉A |↓〉B(d†d† + c†c†)

)
⊗ |vac〉

If we consider an ideal system without loss and with the ability to count every photon, we

can consider cases where only one photon is measured. This case leaves us in a state that

has maximal entanglement between our two spin qubits. If the photon was detected along

path d, this state would be

|Ψ〉 =
1√
2

(|↑〉A |↓〉B + i |↓〉A |↑〉B) . (1.2)

In other words, we have created a two node quantum network consisting of two spin qubits

and one entanglement channel.

Considering the entanglement protocol just described, we can see several key quali-

ties needed for a useful qubit system. First, qubits must be individually addressable and

identical. Without identical qubits, identical photons will not be emitted, the which-path

information will not be erased, and entanglement will not be generated. For efficient qubit

systems, qubits must have efficient spin to photon transfer. As well as allowing for entan-

glement generation, photons are the clear choice for long distance distribution of quantum

information [6, 121, 56]. Furthermore, quantum protocols require us to have the ability to

coherently control the spin state and put it into an arbitrary superposition. Finally, for

useful quantum computations, qubits need to have a long spin coherence time. The coher-

ence time determines how long information can be stored in a qubit and the amount of time

available to perform qubit operations. In the next section, based on these qualities, we will

discuss the merits and limitations of various qubit systems.
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1.2 Defects in semiconductors for quantum applications

There are several different platforms that meet the criteria described above for measurement-

based quantum protocols. Some of the best studied quantum platforms include supercon-

ducting circuits, all photonic platforms, trapped ions, and defects in semiconductors. Each

of these platforms has advantages and disadvantages. For example, superconducting circuits

exhibit the strongest photon-qubit interaction and boast some of the shortest gate times;

however, they are easily coupled to the environment resulting in a T2 time to-date of only

300 µs [81] and they must be used inside a dilution refrigerator. Additionally, supercon-

ducting qubits require much additional infrastructure [55] to connect to optical photons,

the natural flying qubit, prohibiting the transfer of quantum information over long dis-

tances. Regardless, several demonstrations of (potential) quantum advantages have been

shown [5, 119]. All photonic quantum computers have a clear connection to optical photons,

work at room temperature, and have demonstrated a quantum advantage [124]; however, as

current systems have been built out of macroscopic optics, they face technological challenges

related to scalability and programmability. In contrast to both superconducting qubits and

all photonic quantum platforms, trapped ions have coherence times estimated to be over

1.5 hours [113] and have demonstrated a fault-tolerant logical qubit made from just 13 phys-

ical qubits [22]. Additionally, the optical transitions of trapped ions allow for coupling to

photons; albeit with relatively slow gate times [12] and scalability challenges related to the

ultra-high vacuum environment and ultra-low trapped ion temperatures [80]. Alternatively,

using semiconductors as a host material for ions (i.e. defects in semiconductors) may allow

us to utilize decades of materials and photonics research to speed-up scalability. Addi-

tionally, many defects are coupled to photons and several boast long coherence times [122].

However, the challenge is that while several different defects have demonstrated some of the

properties required for the efficient generation of quantum networks, no defect has demon-

strated all of these properties. While different quantum applications will likely require the

use of different quantum platforms (i.e. hybrid quantum systems using all the technologies

described above), this thesis will focus on defects in semiconductors.

Silicon is a natural choice as a host material, because its use in classical computing
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electronics has led to decades of advancements in material quality and device integration.

Promisingly, donors in isotope-purified silicon boast coherence times greater than seconds,

some of the longest coherence times of any semiconductor defect [107, 91]. Single-quantum

gate fidelities of greater than 99.9% have been shown for both the electron and nuclear

spin [68]. Additionally, extensive research has been conducted on the nanoscale positioning

of single donors which allows for local-interaction based gates (i.e. gates without the use

of photons) [114, 64, 35, 24]. However, due to silicon’s indirect band gap, it does not have

efficient optical transitions. Thus, the development of quantum networks using photon-

mediated entanglement and many quantum communication protocols will be challenging, if

not impossible.

Nitrogen-vacancy (NV) centers in diamond are a leading candidate for photon-based

quantum information protocols [92, 19]. Unlike shallow donors in ZnO, they are deep-

level defects. While two-node and three-node networks having been demonstrated in this

system [82, 40, 20], this achievement is the result of great engineering efforts to build

nanophotonic devices to improve the NV centers optical properties [95, 31, 30, 14, 94]. The

fundamental challenges of optical inhomogeneity, spectral diffusion, slow network genera-

tion rates, and low zero-phonon radiative efficiency [95] make searching for other defects a

favorable option.

Donors, acceptors, and quantum dots in III-V materials, such as GaAs, have more

favorable optical properties than the above discussed qubit candidates. Efficient optical

transitions, spin control, and spin read-out have been shown utilizing both electron spins [28,

26, 15, 27, 84, 49, 25, 45] and hole spins [13, 83, 120, 33, 61, 59]. Two-node networks with

kHz generation rates have even been demonstrated in positively charged quantum dots [17].

However, quantum dots suffer from poor optical homogeneity between qubits. Donors and

acceptors in bulk III-V materials are more homogeneous, but their inhomogeneous dephasing

times (T ∗2 ) are limited to ∼2 ns in electron spins [27] and ∼7 ns in hole spins [61]. These

short T ∗2 times are limited by the hyperfine interactions of the qubit spins with the host

nuclear spins. This short T ∗2 motivates moving toward materials with spin-free host lattices

with the possibility of isotope purification, such as II-VI semiconductors.
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1.3 Donor qubits in ZnO for quantum applications

Donors in ZnO combine many of the favorable properties of the different qubit systems

described above. While not as prevalent as silicon, ZnO has been used in semiconductor

manufacturing [43]. Optical homogeneity has been verified with photoluminescence excita-

tion spectroscopy (PLE) linewidths as narrow as 7 GHz in our best samples. Huang-Rhys

parameters of less than 0.1 [110] indicate high radiative efficiency into the zero-phonon line.

We have shown all-optical coherent control for small-angle spin rotations [58] with work be-

ing done for full-angle microwave spin control. Long longitudinal spin relaxation (T1) times

up to 500 ms have been verified [74]. Additionally, in non-isotope purified ZnO, we have

measured inhomogeneous dephasing times (T ∗2 ) of 17±2 ns and Hahn-spin-echo dephasing

times (T2) times of 50±13 µs [58]. These are comparable to dephasing times in natural

silicon, which once isotope purified increased to seconds [107, 91].

Many of the criteria for the creation of quantum networks in the donor in ZnO plat-

form have a clear pathway forward. An outstanding challenge, however, is the ability to

individually address qubits. All previous measurements have been performed on bulk ZnO

single-crystal substrates with donor concentrations on the order of 1016 cm−3. In our ∼1 µm

diameter laser spot, this corresponds to ensembles of ∼10,000 donors. While this makes

the measured coherence times even more impressive, it leaves us with a challenge: How to

optically address just one donor?

For future applications, a combination of two approaches will be necessary. (1) Reduc-

ing the concentration of defects with either purer materials or less prevalent defects. (2)

Reducing the volume of material within the measurement spot. This thesis will address the

second approach. Chapter 2 begins with a description of our two types of as-grown samples,

bulk ZnO and ZnO nanowire ensembles. Chapter 3 then discusses the various methods at-

tempted for the isolation of single nanowires. Chapter 4 presents results demonstrating the

optical homogeneity and spin coherence of donors in isolated single nanowires. Chapter 5

describes two non-standard growth attempts. The aim of these growths was growth-based

nanowire isolation and reduction of the unfavorable surface exciton. Finally, chapter 6 will

provide a summary and describe the next steps for reducing defect density and moving
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toward quantum applications.
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Chapter 2

SHALLOW DONORS IN ZNO SINGLE CRYSTALS
AND ZNO NANOWIRES

2.1 Introduction

ZnO can be grown in different ways leading to different morphologies. Each morphology

has benefits and drawbacks. Throughout this thesis, we focus on two different types: bulk

ZnO and ZnO nanowires. We expect donors embedded in single-crystal bulk materials

to have more uniform optical properties than donors in nanostructures. This is because

the surfaces of nanostructures are often sources of electric field noise, band bending [102],

and strain. However, most quantum applications will require the use of defects coupled to

nanophotonics for scalable, on-chip devices [94, 31]. ZnO nanowires provide an opportunity

to study the fundamental behavior of donors in nanostructures, as well as a potential avenue

for device integration. Nanowires also allow for the near-term isolation of smaller ensembles

of donors, a stepping-stone on the way toward single donor isolation.

In Sect. 2.2, we will begin with a physical description of the as-grown samples that we

study as well as a brief description of the cryogenic systems used for measurements. Then

in Sect. 2.3, the photoluminescence (PL) properties of neutral donors (D0) are discussed.

Sect. 2.4 looks at the energetic structure of the D0 system in a magnetic field. It is this

energetic structure that allows us to utilize donors for quantum information applications.

To precisely describe the energetic structure, the g-factor of the donors must be accurately

known. Therefore, in Sect. 2.5, PL measurements are utilized to measure the g-factors of

various donors and experimental geometries.

2.2 Physical Description and Experimental Set-up

ZnO is a II-VI semiconductor where Zn and O typically crystallize into a hexagonal wurtzite

structure. Our bulk samples are hydrothermally grown by Tokyo Denpa (Fig. 2.1(a,b)). The
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Figure 2.1: Bulk ZnO: (a) 3-inch ZnO crystal, (b) 3-inch (0001) ZnO wafer after polishing
by Tokyo Denpa. Scale bar is 80 mm. (a) and (b) reproduced from [7]. (c) Diagram of the
bulk crystal showing the c-axis perpendicular to the sample surface.
ZnO Nanowires: SEM of ZnO nanowire samples grown by Simon Watkins’ group at Simon
Fraser University. Image taken at (d) a 60◦ angle with a 1 µm scale bar and (e) directly
from the top with a 2 µm scale bar. (f) Diagram of the ZnO nanowires (purple) grown on
a sapphire substrate (blue) with the c-axis parallel to the long edge of the nanowire.

crystal c-axis [0001] is perpendicular to the surface of the sample (Fig. 2.1(c)). The total

donor concentration of all species is on the order of 1017 cm−3, determined by capacitance-

voltage measurements [72]; however, the concentrations of individual donor species will be

lower.

The ZnO nanowire samples are grown by Simon Watkins’ group at Simon Fraser Uni-

versity. They are grown on a c-plane sapphire (0001) substrate via metal organic chemical

vapor deposition (MOCVD) as described in Ch. 5. Nanowires are typically 100-200 nm in

diameter, 1-4 µm long, and grow in a dense ensemble. Scanning electron micrograph (SEM)

images of the nanowire ensemble are shown in Fig. 2.1(d,e). The ZnO crystal c-axis [0001]

points along the long axis of the nanowire (Fig. 2.1(f)). The In donor concentration is
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estimated to have an upper limit of 1016 cm−3 from nanoprobe resistivity measurements on

similar samples.

All optical measurements are performed in one of two cryogenic systems. The primary

system is a helium immersion cryostat with a superconducting magnet. The optical access

is through one of four windows and the optical axis can be either parallel or perpendicular

to the magnetic field. For measurements at less than 2.1 K, the sample is immersed in

superfluid He. For other low-temperature measurements, the sample is in He gas. The

secondary system is a cold-finger cryostat with optical access. For this system, the sample

is in vacuum. For all measurements, the optical axis is defined as k̂ and is parallel to the

excitation laser Poynting vector. In both systems, the laser is focused to ∼1 µm in diameter

(see Ch. 3 for details).

2.3 Donor Identification

The energy level diagram of the D0 system at 0 T is shown in Fig. 2.2(a). When the system

is excited with energy higher than the band gap of ZnO, excitons may bind to the donor

to form the donor-bound exciton (D0X) state. The formation of the D0X state is also

possible with resonant excitation. After approximately the radiative lifetime of the donor

(∼1 ns [110]), the system will relax back to the D0 state and emit a photon. Fig. 2.2(b)

shows a photoluminescence (PL) spectrum of the bulk sample, while Fig. 2.3 shows spectra of

several nanowire samples. In each, the D0X lines for Ga, Al, and/or In are clearly resolved

at 3.3599 eV, 3.3607 eV, and/or 3.3567 eV, respectively [67]. The peak around 3.376 eV,

labeled FX, is one of the free exciton lines [67]. The feature at 3.333 eV is assigned to the

Y line and has been attributed to excitons bound to local defects (i.e. dislocations) [67]. In

some of the nanowire samples, a broad surface exciton feature (SX) is present. The surface

exciton is a power-dependent band related to surface defects [106, 117] that can overlap

the D0X lines and affect our ability to detect and address the D0X lines (see Sect. 5.4 for

further discussion of the surface exciton).

In addition to direct transitions, the system may relax via several lower-energy paths

(Fig. 2.2(a)). For example, the longitudinal-optical (LO) phonon replicas involve the emis-

sion of one or more phonons in addition to a photon. The two electron satellite (TES)
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(a)

(b)

(c)

Figure 2.2: (a) Energy level diagram of the D0 system at 0 T. The low-energy TES/LO-
phonon replica transitions are shown. (b) Log-scale PL spectra of a bulk ZnO sample at
0 T, 1.5 K. Excitation laser is at ∼3.4 eV and <170 nW with a spot size of 1 µm. (c) Log-
scale resonant PL spectra of a bulk ZnO sample at 0 T, 1.5 K. Excitation laser is resonantly
exciting the Ga (red) or Al (blue) main donor-bound exciton transition. The inset shows
the enhancement of the two-electron satellite peaks compared to the non-resonant case in
(b). Line identification is based on Ref. [67]. (b,c) are reproduced from the supporting
information for [58].

transitions are the relaxation of the system to an excited hydrogenic orbital (i.e. 2s or 2p

orbital states) [67]. Because the emission from these lower-energy transitions are propor-

tional to how resonant the excitation laser is on the direct D0-D0X transition, they are a

useful tool to confirm the identification of the D0X lines. Fig. 2.2(c) shows the enhancement

of the TES and LO-phonon replicas under resonant excitation of their corresponding D0X

lines, as compared to the off-resonant spectra shown in Fig. 2.2(b). The Ga (Al) TES/LO-
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Tokyo Denpa

H1091 (Baseline)

H1124 (Baseline)
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H1120 (Baseline)

H1118 (Baseline)

y line In Ga Al In Ga Al

SX

(a)

3.3603.356
Energy (eV)Energy (eV)

(b) (c)

Figure 2.3: PL spectra of a bulk (Tokyo Denpa) sample and several nanowire ensemble
samples. (a) The data are normalized to the max counts for ease of comparison of the
relative intensities of different features. (b) The same as (a), but zoomed in to ease the
comparison of spectral shapes of the D0X lines. (c) The non-normalized data is shown for
the comparison of overall intensities.

phonon replicas are enhanced when the excitation laser is resonant on the Ga (Al) D0X

transition energy.

Fig. 2.3 shows spectra from several samples that were taken with the same measure-

ment conditions to screen the nanowire samples from different growth rounds for promising

PL features. These measurements were performed with a spot size approximately a hun-

dred times larger than our typical ∼1 µm laser spot; therefore, we are probing hundreds of

nanowires simultaneously. All of the samples shown here contain In, Ga, and/or Al D0X

lines; however, as shown in Fig. 2.3(a), their intensities relative to other features vary. For

example, the SX is nearly non-existent in sample H1091, but as tall as the In D0X line in

sample H1122. Additionally, the linewidth of the D0X lines can vary between samples. No-

tably, most of the samples shown here have spectrometer-resolution-limited D0X linewidths,

indicating high crystal quality and minimal strain. Moreover, the overall brightness of the

samples is compared in Fig. 2.3(c); brighter samples are more favorable because of shorter

measurement times, but less favorable because of likely increased donor concentrations.

Finally, considering all of these factors (relative feature intensity, linewidth, and overall

intensity) we choose the samples which are the most promising to study. For example, from

this batch of nanowire samples we begin by studying H1091 and H1118, because of their
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high In D0X intensity and small SX feature. We perform similar screenings on older batches

of nanowires after using these nanowires for testing isolation methods (Ch. 3).

2.4 Energetic Structure

In order to utilize donors for quantum applications, the spin degeneracy of the D0 and D0X

states must be lifted. A magnetic field lifts the spin degeneracy of the D0 (D0X) state due

to the electron (hole) Zeeman effect [18, 111]. The splitting of the excited state is solely

determined by the hole g-factor (gh), because the two excited-state electrons form a spin

singlet. The electron g-factor (ge) is highly isotropic, while gh depends on the orientation

of the magnetic field with respect to the crystal c-axis. For ~B ⊥ ĉ, gh > 0. For ~B ‖ ĉ,

gh < 0. These energy-level splittings leads to four direct D0-D0X transitions, where the

polarization rules are determined by the orientation of the magnetic field with respect to

the crystal c-axis. As shown in Fig. 2.4(a,b), we define the crystal c-axis to be parallel

to ẑ (ĉ ‖ ẑ) and the magnetic field to be in the xz-plane ( ~B ⊥ ŷ). Fig. 2.4(b) shows a

diagram of the energy level structures with a magnetic field applied perpendicular to the

crystal axis ( ~B ⊥ ĉ) and a magnetic field applied parallel to the crystal axis ( ~B ‖ ĉ). A

derivation of the polarization rules is shown in Appendix A. Experimental considerations

related to polarization are discussed in Sect. 3.6. σ± is defined as x̂∓ iŷ. Transitions with

ẑ-polarized light are approximately two orders of magnitude weaker than other transitions.

The polarization rules are slightly relaxed when coupling into the end of a nanowire.

In high-quality samples, the Zeeman splitting and polarization rules are clearly visible

in photoluminescence (PL) spectra; however, the measurement geometry affects which po-

larizations are accessible. Only light polarized perpendicular to the optical axis (k̂) can be

observed. Fig. 2.4(c) shows several PL spectra of bulk ZnO at different magnetic fields.

At 0 T, two peaks, corresponding to Ga and Al D0X lines, are visible. The optical axis

is perpendicular to the sample surface (k̂ ‖ ĉ) for all spectra. With ~B ⊥ ĉ, four peaks

are visible for each donor, corresponding to x̂ and ŷ polarized light. For each donor, there

are two pairs of peaks; the large splitting between each pair of peaks is the result of the

electron Zeeman effect. The small splitting between the two different polarizations is the

result of the hole Zeeman effect. With ~B ‖ ĉ, only two peaks are visible for each donor; this
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Figure 2.4: (a) Diagrams showing the Cartesian axes defined for the bulk sample and the
nanowire sample. We define the crystal c-axis to be parallel to ẑ (ĉ ‖ ẑ) and the magnetic
field to be in the xz-plane ( ~B ⊥ ŷ). (b) Energy diagram of the shallow donor system in
Voigt geometry (left), no magnetic field (middle), and Faraday geometry (right). | ⇑〉(| ↑〉)
denotes the hole (electron) spin. The magnetic field orientation is depicted on the Cartesian
coordinate system below the respective energy level diagram. (c) From bottom to top, PL
spectra at 0 T and 5.2 K, 4 T and 5.2 K with ~B ⊥ ĉ, and 7 T and 1.5 K with ~B ‖ ĉ. The
excitation laser was at 3.45 eV.

is because the ẑ transitions are weak and not visible with k̂ ‖ ẑ. In Sect. 2.5, we will use

PL spectra to measure the electron and hole g-factors.

2.5 g-factor measurements

The electron and hole g-factors determine the D0 and D0X splittings under magnetic field;

therefore, for a complete understanding of the donor energetic structure, it is essential for

us to have accurate measurements of the g-factor for each type of donor and experimental

geometry. By measuring the energy splittings of the ground and excited states as a function

of magnetic field (i.e. Zeeman energy), we are able to obtain the electron and hole g-factors

for several samples. In these experiments, photoluminescence (PL) measurements were

performed using laser excitation higher in energy than our D0X transition of interest. The
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energy splittings are then fit to the linear function

∆E=giµBB, (2.1)

where gi is the g-factor in a given geometry, i is either electron or hole, µB is the Bohr

magneton, and B is the applied magnetic field. To get accurate measurements for both the

electron and hole g-factors, PL measurements must be performed at different polarizations;

see Fig 2.4 for the polarization selection rules. To collect different polarizations, a half-wave

plate in the collection and excitation path, in combination with a linear polarizer in the

collection path, was used. We assume that the polarization of the off-resonant excitation

has no major effect, and that the main effect of the half-wave plate in combination with the

linear polarizer is to select which transitions are collected.

2.5.1 Ga donors in bulk, ~B ⊥ ĉ, ~k ‖ ĉ
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|g⊥e | = 1.97± 0.01

|g⊥h | = 0.34± 0.02

0 T

4 T

Ga

Al

1Figure 2.5: (a) Experimental geometry. ĉ is the optical propagation axis. ~B is the magnetic
field. H and V correspond to x̂ and ŷ, respectively. (b) Energy diagram of the donor system
at magnetic field with B̂ ⊥ ĉ. | ⇑〉(| ↑〉) denotes the hole (electron) spin. (c) Spectra at 0 T
and 4 T with V and H polarized collection. The excitation laser is at 3.446 eV with vertical
polarization. Temperature is 5.5 K. Both the Ga and Al donor peaks split into four different
peaks with applied magnetic field. (d) Electron and hole Zeeman splitting of the Ga donor
as a function of magnetic field. The red and blue lines are linear fits of the Zeeman splitting.
Figure is reproduced from [58].

Fig. 2.5(c) shows a representative PL spectra for the Ga and Al donor in a bulk sample
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with ~B ⊥ ĉ and ~k ‖ ĉ. We measure the g-factor of the Ga donor. For this measurement

geometry (Fig. 2.5(a)), H and V correspond to x̂ and ŷ polarized light, respectively. At

4 T, we are able to see the two distinct pairs of peaks for each polarization. As discussed

above, the average separation between these pairs of peaks is caused by the electron Zeeman

effect, while the splitting between the V and H positions for each peak is caused by the hole

Zeeman effect. As shown in Fig. 2.5(d), we are able to fit the splittings to Eq. 2.1. This

allows us to measure the in-plane g-factors for the Ga donors in bulk ZnO to be |g⊥e | = 1.97

and |g⊥h | = 0.34 [58]. The measured g-factors are only slightly higher than the reported

values in literature for Ga donors in ZnO, |g⊥e | = 1.9 and |g⊥h | = 0.25 [111]. Notably for

these samples, the splittings are large enough that we are able to simply use the maximum

of the spectra to find the center energy of the transitions with high enough resolution for

the fit.

2.5.2 In donors in a nanowire ensembles, ~B ⊥ ĉ, ~k ‖ ĉ

For nanowire ensembles, we perform measurements with ~B ⊥ ĉ and ~k ‖ ĉ. V and H

correspond to x̂ and ŷ polarized light, respectively (inset of Fig. 2.6(a)). For In donors in

nanowire ensembles, we find that the g-factors are smaller than for Ga donors in bulk ZnO

and that the polarization rules are relaxed when coupling into a nanowire; therefore, to

estimate the g-factor we modify the above measurement technique as follows. We use a half

waveplate to measure the spectra at many different polarization angles (rather than at just

the x̂ and ŷ polarizations) and fit each of the spectra with a Voigt function (a convolution

of Gaussian and Lorentzian function). Representative spectra and fits at the maximum and

minimum polarizations are shown in Fig. 2.6(a). The relative energies of the maxima of the

high and low energy peaks at different polarizations are shown in Fig. 2.6(b). We can then

fit the resulting oscillation to a simple model,

Epos,i = Ecenter,i + ∆Eexcited,i × sin (aiϕ+ bi) (i = low, high), (2.2)

where Epos,i is the position of the low-energy (i = low) or high-energy peak (i = high).

Ecenter,i is the average position of each peak. ∆Eexcited,i is the amplitude of the oscillation

of each peak. ϕ is the angle of the half-wave plate. ai and bi are the frequency and phase
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Figure 2.6: Polarization-dependent PL measurements were performed on a nanowire ensem-
ble at 7 T (ĉ ⊥ ~B and ĉ ‖ k̂) and 6.3 K using laser excitation at 3.4440 eV and 40 nW. (a) PL
spectra are shown for two different positions of the half-wave plate. Left panel: Two distinct
lines are observed originating from In D0X transitions involving the split ground-states. The
lines are denoted as low-energy and high-energy peak. Right panel: A zoomed-in version
of the left panel is shown to demonstrate the shift observed in the high-energy peak for
different polarizations; this shift originates from the splitting of the excited state of the In
D0-D0X system. The arrows indicate the spectral maximums of the transitions shown with
the same color. The inset illustrates the different transitions and their polarizations. H (V)
stands for horizontally (vertically) polarized light. (b) The relative change in the position of
the low- and high-energy peak seen in (a) as a function of the angle of the half-wave plate is
displayed. The position of the low- and high-energy feature seen in (a) was determined using
a Voigt fit. The data points marked in purple and blue correspond to the spectra displayed
in (a). Polarization selectivity is observed. Data is reproduced from the supplementary
information of [108].

of the sinusoidal curve. As expected, the period of the oscillation is 90 ◦ [111]. Ecenter,high−

Ecenter,low equals the ground-state splitting, and thus

Ecenter,high − Ecenter,low = g⊥e µBB. (2.3)

With the values stated in Fig. 2.6(b), we obtain a value of 1.91 for g⊥e . ∆Eexcited,i (i = low

or high) represents the splitting of the excited state, and thus can be used to calculate the

hole g-factor (g⊥h ) via

∆Eexcited,i = g⊥h µBB.

From Fig. 2.6(b), it can be seen that ∆Eexcited,low is lower than ∆Eexcited,high, indicating

that the high energy peak displays better (but not perfect) polarization selectivity. Thus,



18

∆Eexcited,high can be used to determine a value of 0.05 as a lower bound for g⊥h . The

measured electron and hole g-factors are similar to the values reported in literature for In

donors in ZnO, |g⊥e | = 1.93 and |g⊥h | = 0.0 − 0.1 [18, 88]. It is important to note that the

hole g-factor for In donors is smaller than that of Ga donors; this fact leads the coherent

population trapping dip studied in Sect. 4.4 to be more centered on the reverse spectral hole

peak, thus making it easier for us to initially discover the coherent population trapping dip.

2.5.3 In donors in a single dropcast nanowire, ~B ⊥ ĉ, ~k ⊥ ĉ

Figure 2.7: Magnetic field-dependent PL spectra of the In D0X transitions for a single
nanowire at 5.2 K, B̂ ⊥ ĉ, ~k ⊥ ĉ. Data are shown at 0 (black), 3 (teal), 5 (green), and 7 T
(purple). The right panel shows the Zeeman splitting as a function of magnetic field. The
gray line is a fit to the data which yields the sum of the electron and hole g-factors. This
figure is reproduced from [108].

In dropcast nanowires (see Sect. 3.5), the optical axis is perpendicular to the crystal

c-axis (~k ⊥ ĉ) and ~B ⊥ ĉ. As seen in Fig. 2.7, the sum of ge and g⊥h is measured to be

gtot = 1.97. This is consistent with our measured value ge = 1.91 for nanowire ensembles;

it can be assumed that g⊥e ∼= g
‖
e [111]. As described in Sect. 4.4, we use high-resolution PL

excitation spectroscopy to further confirm ge = 1.90. With these measurements, we obtain

a lower bound for g⊥h of 0.07. This is consistent with the g-factor measured for ensemble
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nanowires, indicating that the dropcasting process and isolation in a single nanowire does

not appear to affect the g-factor.

2.5.4 Ga donors in bulk, ~B ‖ ĉ, ~k ‖ ĉ

Figure 2.8: (a) Magneto-PL spectra in the Faraday geometry at 5.2 K. The excitation energy
is 3.45 eV. The peak near 3.36 eV is the Ga D0X line. (b) Zeeman splitting of the Ga donor
lines as a function of magnetic field. This figure is reproduced from [74].

To determine the hole g-factor with ~k ‖ ĉ and ~B ‖ ĉ, we measure spectra as a function

of magnetic field (Fig. 2.8(a)). In this case, the two peaks correspond to the σ+ and

σ− transitions (Fig. 2.4). When fitting the separation between these peaks to Eq. 2.1

(Fig. 2.8(b)), the resulting effective g-factor is the difference between the electron and the

hole g-factors. If we assume g
‖
e
∼= g⊥e = 1.97 (Sect. 2.5.1 and [111]), we may estimate

g
‖
h = −1.22± 0.01, which is in agreement with the literature value of g

‖
h = −1.2 [111].

2.5.5 Summary

In summary, the the electron and hole g-factors have been measured in several samples

and in several geometries (Table 2.1). All of our values are consistent with values from

the literature [111, 18, 88]. Notably, we find that g⊥h for In donors in nanowires is smaller

than those in Ga donors in bulk samples. This may be due to differences between donors

or it may be the result of reduced polarization selectivity when coupling into the end of
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a nanowire. In the case of unresolved transitions, imperfections in polarization selectivity

lead to decreases in the measured g-factors. However, in the literature, differences in the

g-factors of different donors have been observed within the same experimental set-up [18].

Additionally, |g⊥h | values of 0.1 and 0 have been measured for In [18, 88], while values of

0.25 have been measured in Ga donors [111]. This leads us to believe that at least a portion

of the difference in measured g⊥h is the result of differences between In and Ga donors.

Sample Magnetic field Optical axis ge gh

Ga in bulk ~B ⊥ ĉ ~k ‖ ĉ 1.97 0.34

In in ensemble nanowires ~B ⊥ ĉ ~k ‖ ĉ 1.91 0.05

In in single nanowire ~B ⊥ ĉ ~k ⊥ ĉ 1.90 0.07

Ga in bulk ~B ‖ ĉ ~k ‖ ĉ 1.97 (assume) -1.22

Table 2.1: Electron and hole g-factors for various samples in various geometries.
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Chapter 3

SINGLE NANOWIRE ISOLATION

3.1 Introduction

One way to encode quantum information is to use a pair of states within a single qubit,

such as the spin states of a donor-bound electron, to encode for |1〉 / |0〉. To use this type of

encoding scheme requires the isolation of a single qubit. Thus, in addition to understanding

the effects of nanostructure integration on shallow donors in ZnO, we also aim to approach

the single donor limit by isolating smaller ensembles of donors. To understand how we may

approach this goal, we must consider our measurement volume. The measurement volume

of our system is determined by the confocal volume of our microscope, the region where the

laser intensity is within 1/e2 times its maximum. As shown in Fig. 3.1, we estimate this by

assuming a 3D Gaussian shape [90]

Vc = (π/2)3/2r2
xyrz = (π/2)3/2κr3

xy (3.1)

where rxy is the 1/e2 distance in the xy-plane, rz is the 1/e2 distance along the optical axis,

and κ is a geometric factor equal to rz/rxy. κ may be approximated using the Ralyeigh

limit [118].

κ = rz/rxy = (2nλ/NA2)(0.61λ/NA)−1 = 2.33n/NA (3.2)

where NA is the numerical aperture of the microscope objective, λ is the wavelength of

light, and n is the index of refraction. Substituting Eq. 3.2 into Eq. 3.1 gives

Vc = (π/2)3/2(2.33n/NA)r3
xy. (3.3)

In our system, rxy is estimated to be 0.5 µm and the NA is 0.7. n is measured by our group in

bulk ZnO via transmission and reflection measurements. At 369 nm, we find n = 2.7. Using

these parameters, we estimate a confocal volume of 2.2 µm3. Because our measurements

are performed with the laser focused at the sample surface, we divide this number by two.
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Therefore, assuming a donor density of 1016 cm−3, we estimate that there are ∼ 104 donors

in our measurement volume for bulk samples.

confocal 
volume

lens

𝑟𝑥𝑦

𝑟𝑧

Figure 3.1: Schematic of a focusing laser. The purple area is a cross-section of the laser
after passing through a focusing lens. The focusing lens is shown in blue. The green area
is a cross-section of the confocal volume, where the laser intensity is within 1/e2 times its
maximum.

We may reduce the number of donors simultaneously probed by reducing the amount

of ZnO within our measurement volume. Our standard nanowire samples are grown on a

sapphire substrate and are 1−4 µm tall and 100-200 nm in diameter. Because the nanowires

grow densely, these samples can be approximated as a ∼ 2 µm-thick thin film. rz is similar

to the height of the nanowires (κrxy/2 = 2.2 µm); therefore, we only marginally reduce the

number of donors that we probe by moving from a bulk sample to a standard nanowire

sample. However, ZnO nanowires grown on a GaN substrate grow less densely than our

standard nanowire samples. Thus, in Sect. 3.2, we utilize a ZnO/GaN sample to reduce the

volume of ZnO within our measurement volume. We then further reduce the volume of ZnO

probed by isolating a single nanowire. For a single average-sized nanowire with a donor den-

sity of 1016 cm−3, we estimate that there are < 400 donors are in our measurement volume.

This is nearly two orders of magnitude fewer donors than in our bulk sample measurements!
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However, isolating a single nanowire without altering the optical properties of its donors is

non-trivial. We begin with standard nanowire samples that have the narrowest and bright-

est D0X lines, as described in Sect. 2.3. From these samples, we explored several ways to

realize single nanowire isolation. In Sect. 3.3, we used a focused ion beam to mill down

all the nanowires around a single nanowire of interest. In Sect. 3.4, nanowires are removed

from the substrate by pressing them into indium metal. After this exfoliation process, we

can locate areas where nanowires have been removed with a low density. Sect. 3.5 describes

the process of sonicating nanowires in ethanol and then dropcasting them onto a substrate.

In each section, isolation is first confirmed with scanning electron microscopy (SEM) im-

ages. Then the quality of the nanowires is checked by performing photoluminescence (PL)

spectroscopy. We find that isolating single nanowires via ion beam milling or exfoliation

damages/strains the nanowire of interest; however, using the dropcasting method, we are

able to find nanowires in which favorable PL properties have been retained.

3.2 Isolation via Scanning Optical Microscopy

One way to isolate a small volume of material is to perform optical microscopy on a thin

sample. In this technique, a laser is focused on the sample while PL is collected from the

same spot. The lateral measurement area is determined by the size of the optical spot;

for our system, this is typically ∼1 µm in diameter. In this section, we consider samples

in which the thickness of ZnO is approximately the same as the axial confocal distance of

∼2.2 µm of our system.

In the standard nanowire samples grown on a sapphire substrate (Sect. 2.2), there are ∼5

nanowires and a floor of partially nucleated ZnO nanostructures within the measurement

volume (Fig. 2.1(d,e)). However, it is also possible to grow ZnO nanowires on a GaN

substrate; the nanowires grow much less densely in this case (Fig. 3.2(a)). For the ZnO/GaN

samples, we expect to optically isolate a floor of nanowalls (∼850 nm tall) and ∼1 nanowire

(<250 nm in diameter and ∼2 µm tall). We estimate that we probe ensembles of < 5 ×

103 donors.

For optical measurements, the ZnO nanostructures are mounted into a He immersion

cryostat with an external magnetic field ~B applied such that ~B ‖ ĉ. This applied mag-
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(c)

Figure 3.2: (a) SEM image of ZnO nanostructures grown on GaN. ∼1 µm-tall nanowires
(blue) and ∼850 nm-tall nanowalls (orange) are visible. This image is taken at a 60◦ (right)
and 0◦ (left) tilt. (b) Energy diagram of the donor system in Faraday geometry ( ~B ‖ ĉ). (c)
PL spectra of the Ga and In D0X transitions at 5.5 K. In the top spectra, a 7 T magnetic
field is applied in Faraday geometry ( ~B ‖ ĉ). Figures reproduced from [109].

netic field splits the donor D0X transition into σ+ and σ− (Fig. 3.2(b)). The sample is

excited with pulsed excitation at ∼3.444 eV and PL spectra are collected at 0 T and 7 T. In

Fig 3.2(c), the D0X transitions for Ga and In donors are observed along with the Zeeman

splitting at 7 T. Our ability to observe spectrometer-limited linewidths as well as the elec-

tron Zeeman splitting means that we are able to individually address each of the σ+ and

σ− transitions. This allows us to use this sample in the studies described in Ch. 4.

Though the PL spectra looked favorable at certain locations, the ZnO/GaN samples

did not uniformly exhibit bright, single D0X lines. In Fig. 3.3, scanning optical microscopy

images (also called confocal scans) of different regions on a ZnO/GaN sample are shown.
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Figure 3.3: Confocal scan with PL from the D0X spectral region collected while exciting
with a pulsed laser at ∼360 nm. This is a region with little splitting or shifting of the donor
lines. Several spectra are shown from various locations on the confocal scans. The spectra
have been offset for clarity, but have not been normalized. The colors of the spectra match
the colors of the locations on the confocal scan. The “low”, “med”, and “high” notations
on the spectra indicate the approximate amount of total counts on the confocal scan at the
location that the spectra was taken.

For these scanning optical microscopy images, a focused laser spot is raster-scanned across

the sample surface while PL signal is collected from each spot. Upon collecting spectral

data, we see that both of these regions are promising, in that at most locations there is little

observed splitting or shifting of the D0X lines. However, even in these promising regions,

some locations are more favorable than others. For example, many of the locations with

high intensity on the confocal scans in Fig. 3.3, such as those corresponding to spectra 1, 2,

3, and 6, have a large surface exciton (SX). The SX interferes with our ability to identify and
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Figure 3.4: Spectra at four different locations with near-resonant excitation of the Ga D0X
line. The Ga TES, In TES, and Ga LO-phonon-replicas are marked in each plot. Each
plot (a-d) refers to a different location. The spectra within each plot correspond to slightly
different excitation energies. Locations with a strong response of the Ga TES and Ga LO-
phonon-replicas as the excitation laser is scanned over the Ga D0X transition are preferred.

address the D0X lines. In choosing a location for further study, it is necessary to balance

a small SX with a high D0X intensity. Thus, locations such as the one corresponding to

spectra 4 are the most favorable. It is also interesting to note that just looking at a confocal

scan, where the difference in signal can be the result of changes in the intensity of the D0X

peak and/or the SX, is not enough to tell us about the quality of a location; we must use

spectral data. Therefore, we use a combination of confocal and spectral measurements to

look for regions (i.e. areas of confocal scans) with many favorable looking locations (i.e.

specific points on a confocal scan). We then use the best regions as described in the next

paragraph.

Once a region with several locations exhibiting sharp and bright D0X lines is identified,

we then choose the best locations for the measurements performed in Ch. 4. We look for

locations that have a strong response in the TES and LO-phonon replica spectral region to
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resonant excitation of the D0X lines (see Sect. 2.3 and Sect. 4.2). Fig. 3.4 shows spectra

of the TES/LO-phonon replica spectral region from four different locations. For these

examples, the continuous-wave excitation laser has been scanned over the Ga D0X line,

though we often also considered the case of scanning over the In D0X line. The most

favorable locations have a strong response of the TES and LO-phonon replica peaks that

correspond to the D0X line we are resonantly exciting and have a low signal in other areas.

For example, Fig. 3.4(a,b,d) all show reasonable enhancement of the Ga TES and Ga LO-

phonon replicas as the excitaion laser is scanned; however, Fig. 3.4(a) is the most favorable,

because it has the lowest background coming from the In TES lines. Fig. 3.4(c) is an

example of a small response to the resonant laser and a high background, making this the

least favorable location of the four shown in this figure.

We are also interested in whether the favorable-looking locations correspond to nanowires

or nanowalls. We thus sought to correlate the PL measurements with SEM images. To

enable us to correlate different microscopy methods, we made markers with a focused ion

beam (FIB). A beam of Ga ions is used to mill into the sample, then a beam of electrons

is used to image the markers and nanowires. More details on the FIB process are provided

in Sect. 3.3. Fig. 3.5(a) is an SEM image where the darker squares and rectangles on the

right and left edges are the markers, the brightest areas of the sample contain fallen-over

nanowires, and the gray areas are undamaged regions of nanowires and nanowalls. Within

the markers, the GaN substrate is exposed; occasionally, small amounts of ZnO remain

within the marker region as indicated by the small bright dots in the right-edge marker.

The undamaged ZnO region is similar to the zoomed-in images in Fig. 3.2, in that the small

bright circles are the nanowires and all the material in between are nanowalls.

Using these markers, we are able to collect scanning optical microscopy images (confocal

images) of the regions of which we have SEM images, while the sample is mounted in our

cold-finger cryostat system. We begin by using the direct laser reflection as our confocal

image signal. In Fig. 3.5(b), the blue overlaid image is the laser-reflection image with the

intensity inverted (i.e. the areas with highest laser reflection appear dark). In the marker

region, the laser is strongly reflected off of the smooth GaN substrate. This allows us to

get an approximate position and magnification for the laser-reflection image with respect
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to the SEM image. We fine tune the position and magnification by noting that the tops

of the undamaged nanowires also appear to strongly reflect the laser. We have therefore

confirmed that we are collecting confocal images in the region of interest and have the

correct orientation and magnification factor between the SEM and confocal images.

Then we collect confocal images while exciting with a laser higher in energy than the

D0X transitions (3.4440 eV) at 13 K and 0 T. The laser reflection is filtered out and only PL

between 3.3230-3.3773 eV (367 - 373 nm) is collected, corresponding to the donor D0X and

SX luminescence. The donor PL is quenched in a large region around the markers due to

damage from the ion beams; this makes it more difficult to get the initial alignment between

the SEM and confocal images. Our hypothesis was that the nanowires would wave-guide

the light toward the objective; therefore, the nanowires would be the brightest features in

this confocal image. However, we found that the nanowires appear dim in our D0X-PL

confocal scans (Fig. 3.5(c)). Considering the results in Fig. 3.3, we are uncertain whether

the high signal seen on the nanowalls in these D0X-PL confocal scans is the result of D0X

or SX luminescence.

Finally, as shown in Fig. 3.5(d), we excited the sample with near-donor-resonant laser

light (3.36004 eV) at 13 K and 0 T. The laser reflection is filtered out and only luminescence

between 3.2028-3.3230 eV (373 - 387 nm) is collected, corresponding to the TES/LO-phonon

replica PL (Sect. 2.4). The bright spots are not correlated with any structures in the

sample. This may be because the TES and LO-phonon replicas are only enhanced when

the excitation laser is resonant with a donor D0X transition. While spectra taken using

the spectrometer appear to have D0X lines at the same energy, there may be shifts in D0X

energies that are smaller than the resolution of our spectrometer. These shifts may be the

result of differences in strain or impurity concentrations across the sample. Therefore, we

are unable to correlate the TES/LO-phonon replica confocal scans to structures in the SEM

images.

In conclusion, we found that there are regions in the ZnO/GaN sample that display

favorable PL properties that warrant further study; these properties include sharp and bright

D0X lines and a strong response of the TES/LO-phonon replica lines to resonant excitation.

However, we were unable to correlate the PL to particular structures in the sample. The
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(a) (b) 
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Figure 3.5: (a) SEM image of the region of interest on the ZnO nanowire on GaN sample.
The squares and rectangles marked in red are markers made using the FIB. The green
encircled area is a region of fallen over nanowires. (b) Gray SEM image with a blue laser-
reflection confocal scan overlaid. Intensity is inverted for ease of comparison (i.e. areas
with high laser reflection appear dark and vice versa). The FIB markers and the tops of the
nanowires tend to reflect more laser light. There are some spots that are reflective without
an obvious well-oriented nanowire. (c) Gray SEM image with a blue D0X-PL confocal scan.
Intensity is not inverted (i.e. areas with high PL emission appear bright). The nanowires
tend to appear dark. This was harder to match because the whole region near the maker is
dark due to PL quenching from damage by scattered ions. (d) Gray SEM image with a blue
TES/LO-phonon replica region PL confocal image overlaid. Intensity is not inverted. There
is not a clear correlation between bright/dark spots in the confocal image and nanowires in
the SEM.
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combination of the high PL variability with a lack of correlation to known nanostructures

decreases the attractiveness of this route toward few and single donor isolation.

3.3 Physical Isolation via Ion Beam Milling

Physically isolating a single ZnO nanowire would allow us to minimize the amount of mate-

rial within our measurement volume, while hopefully retaining the favorable optical prop-

erties measured in the nanowire ensemble samples. One of our attempts to isolate a single,

vertically-oriented nanowire was to use focused ion beam (FIB) milling to mill down all

of the nanowires within a region while leaving one nanowire standing in the middle. We

used our standard nanowire samples grown on a sapphire substrate, because of the high

uniformity in quality of these samples compared to the ZnO/GaN samples (i.e. all locations

on the ZnO/Sapphire samples have sharp, bright D0X lines). The milling settings must be

carefully chosen to minimize the damage caused to the nanowire of interest by scattered

ions, ZnO re-deposition, and heating. This must be balanced with the desire to completely

remove the surrounding ZnO. This work was performed on the University of Washington

Molecular Analysis Facility FEI XL830 dual-beam SEM-FIB.

A further complication is that to image the region we are milling, we must raster-scan

high energy electrons or ions and collect the resulting signals. This process of imaging

damages the sample in a way similar to milling. Sometimes the damage is visible, such as in

the case of “melted” nanowires. Other times the damage isn’t visible externally and is only

perceived when doing photoluminescence (PL) measurements. Because of the difference in

particle size and acceleration energy, imaging using an ion beam causes more damage than

imaging with an electron beam. However, due to the geometry of the tool, when writing

with ions, electron imaging occurs at a 52◦ angle (Fig. 3.6). Therefore the writing method

must balance accuracy to be well centered on a nanowire with damage done to the nanowire.

We used two writing methods:

1. Donut method: This method better matches the cross-section of a nanowire (i.e. a

circle); therefore, we can theoretically remove more material from around the nanowire

than using a non-circular shape. Due to the limitations of our tool, this method must
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Figure 3.6: Diagram of the geometry of the FIB tool when in milling mode. The black
trapezoid indicates the sample stage. When milling, the sample stage must be perpendicular
to the ion beam. However, imaging is primarily done with the electron beam, which is at a
52◦ angle to the ion beam. Therefore, the stage must be carefully set at the eucentric height
such that tilting the stage does not move the image significantly. Additionally, if imaging
with the electron beam, the ion beam position relative to the image must be carefully
calibrated.

be aligned using ion beam imaging; therefore, this method leads to accurately centered

nanowires, but causes more damage to the nanowire of interest.

2. Square method: The shape of the milled region is not as suitable as the donut method,

but the writing has more flexibility. I have developed a method that allows one to

center a small square on a nanowire while only imaging it with the angled electrons.

It involves several consecutive ion beam writes that help triangulate the position of

the ion beam in the field of view before performing the final small square write.
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Figure 3.7: SEM images of an attempt at the donut method of nanowire isolation. The top
three images are imaged with the electron beam perpendicular to the sample surface. The
left-most image is of the unaltered sample. A donut pattern is milled with the stage tilted
such that the ion beam is perpendicular to the sample surface. An ion current of 11 pA and
an accelerating voltage of 30 kV is used. The middle image is after writing a donut pattern
once. The right-most image is after writing a second, slightly-larger donut pattern. The
bottom two images are taken with the stage tilted such that the electron beam is 15◦ from
perpendicular with the sample surface.

Fig. 3.7 shows an attempt at the donut method of milling. In this attempt, we performed

two consecutive writes with the second write using a slightly larger diameter donut with

the goal of expanding the cleared region. However, when the sample is tilted, we see that

the nanowires closest to the nanowire of interest have all fallen over onto the nanowire

of interest. Additionally, we see that after the second write, the nanowire of interest has

increased slightly in diameter. We attribute this to the re-deposition of ZnO from the

cleared region. From this nanowire isolation attempt, we learn that if we mill too closely to

the nanowire of interest, then the morphology of the nanowire will change. Changing the

nanowire morphology will likely lead to strain that may affect the PL properties.

Fig. 3.8 shows attempts at the donut method of milling using donuts with different

radii. For the smallest inner radius (0.25 µm), we see that, similar to above, the nanowire

of interest has significantly increased in diameter. For the medium inner radius (0.6 µm),
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Figure 3.8: SEM images of three different attempts at the donut method of milling. An ion
current of 70 pA and an accelerating voltage of 30 kV were used for the milling. Images are
taken with the electron beam perpendicular to the sample surface. As indicated, the radii
increase from right to left. As the radii increase, the damage to the nanowire of interest
decreases, but the amount of remaining ZnO near the nanowire of interest increases.

the nanowire of interest has only increased in diameter slightly; however, there are many

pieces of ZnO left around it. For the largest inner radius (1.0 µm), the nanowire of interest

does not appear to have changed morphology; however, there are several full nanowires

within the donut. It should be noted that the writing time changes by about a factor of two

between the different writes and may affect the amount of damage. Additionally, the ion

beam scatters ions into a region around the cleared region; the affected area is determined

by the type of ion, the ion current, the accelerating voltage, and other factors. It is therefore

possible that though there is ZnO near the nanowire of interest when using larger donut

radii, the overall PL from this region may be quenched.

Fig. 3.9 shows an attempt at the square method of milling. The large rectangles are

markers used to calibrate the position of the ion beam while only imaging with the electron

beam. This allows for the final square outline to be milled around the nanowire of interest



34

Figure 3.9: SEM image of two attempts at the square method of milling. The large rect-
angles are markers used to calibrate the position of the ion beam while only imaging with
the electron beam. The red arrows are pointing toward the final square outlines used to
isolate a single nanowire. The final mill was performed with an ion current of 70 pA and an
accelerating voltage of 30 kV.

without imaging the nanowire with the ion beam. Physically, the square method of milling

produces similar results to the donut method of milling.

After testing several parameters and identifying the most promising, I performed a care-

ful final round of milling with as few images as possible. Fig. 3.10(a) shows SEM images of

two of the donut patterns. We next performed low temperature scanning optical microscopy

to determine how the FIB process affected the ZnO donor properties. Confocal scans show

a large region of quenched PL around each the top donut (pattern #6, Fig. 3.10(b)) and

the bottom donut (pattern #7, Fig. 3.10(d)). If the confocal image saturation is adjusted,

a bright region becomes apparent at the center of each of the donuts (Fig. 3.10(c,e)). For

pattern #7, spectra are collected starting at the center bright spot and moving radially

outward (Fig. 3.10(f,g)). We assume that far from the quenched luminescence (darkest

plotted spectra) the PL is unaffected by the ions. As we approach the marker, the PL

intensity decreases until the bright spot. On the bright spot (yellow plotted spectra), the
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Figure 3.10: (a) SEM image of donut pattern #6 (top) and pattern #7 (bottom). Confocal
images of pattern #6 (b,c) and of pattern #7 (d,e) are collected. A region of quenched
luminescence is apparent in a region larger than the cleared region. (c,e) If the saturation
of the image is adjusted, a small bright region can be seen inside the quenched region. (f,g)
For pattern #7, spectra are collected at 10.2 K with 10 µW of pulsed laser excitation at
∼3.444 eV. Starting with the lightest color, the distance of the spectra position from the
bright spot are 0.0, 0.7, 1.4, 2.1, 4.2, 5.7, and 8.5 µm. The approximate locations of the first
four spectra are indicated on confocal images (d,e) with colored dots.

PL recovers slightly, but is shifted from the D0X transition energies; either the D0X PL

shifted in energy or this is a different transition. While it is promising that we see the ex-

pected overall changes in PL intensity, the luminescence is broad and dominated by a large

SX. Additionally, the D0X transitions do not appear where expected. For these reasons as

well as the suspected strain caused by the “melting” of the nanowire, this type of physical

isolation was not further studied.

3.4 Physical Isolation via Exfoliation

We attempted to isolate vertically-oriented single nanowires by removing a subpopulation

via exfoliation in indium metal. We begin by preparing a SiO2 substrate with a thin layer

of soft indium metal (Fig. 3.11(a)). We then take the ensemble nanowire samples grown on

sapphire and gently press them into the indium metal with the nanowires facing the indium.
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Figure 3.11: (a) SEM image of a large non-uniform piece of indium on top of a rectangular
piece of SiO2. The large feature indicated by a blue square is a marker used to locate the
region of interest (b) SEM image of the region of interest. A gradient of nanowires is visible
with a high density in the lower right and no nanowires in the upper left. (c) SEM image of
the three nanowires of interest imaged directly from the top. The nanowires of interest are
circled in yellow. (d) SEM image of the three nanowires of interest imaged with the sample
stage tilted to confirm that they are nanowires (rather than nanoparticles). One of the
nanowires has a simple morphology. Two of the nanowires have a flower on the top as well
as a thick, non-uniform morphology. (e,f) Scanning optical image of the (e) full region of
interest and (f) zoomed-in on the three nanowires of interest. The laser reflection is filtered
out and only the PL is collected.
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When we pull the nanowire sample out of the indium, some of the nanowires remain stuck

in the indium (Fig. 3.11(b)). The natural variations in the height of the indium and the

height of the nanowires leads to a gradient in the indium-bound nanowire density. We are

most interested in the regions where nanowires are > 2 µm apart, because this allows for

optical isolation. It is interesting to note that this method of isolation leads us to isolate

the tallest nanowires.

After nanowires have been transferred to the indium metal, scanning electron micro-

graphs (SEMs) are used to locate nanowires that look isolated and undamaged. From the

top, vertically-oriented nanowires look like small dots; therefore, to confirm that they are

not nanoparticles, the sample must be tilted (Fig. 3.11(c,d)). Once a region of interest with

several nanowires has been identified, a large marker is made using focused ion beam (FIB)

milling. As shown in Fig. 3.11(a,b), the marker is made several microns away to avoid dam-

age to the nanowires of interest by scattered ions. Finally, consecutively zoomed out SEM

images are taken so that the nanowires of interest can be found for optical measurements

inside the cryostat.

Once individual nanowires identified via SEM have been located inside the cryostat, con-

focal images as shown in Fig. 3.11(e,f) are taken. The nanowires appear as point sources,

because they are viewed from the top. To asses whether the exfoliation process affects

the properties of the donors, spectra are taken. We find that exfoliated nanowires in

dense regions retain spectra similar to those in the as-grown ensemble nanowire samples

(Fig. 3.12(a)). However, the nanowires that are isolated in sparse regions have vastly vary-

ing spectral properties (Fig. 3.12(b)). These nanowires in sparse regions have D0X lines

that are shifted, broad, and split. We attribute some of these effects to strain. Additionally,

the exfoliated nanowires in the sparse regions were the tallest; these taller nanowires also

appear to be correlated with nanowires that have “flowers” on top or that are wider and

have a strange morphology (Fig. 3.11(c,d)). As shown in Fig. 3.12(c), we also found that the

low-density, exfoliated nanowires sometimes have unstable PL. The relative luminescence

from different peaks changes over time and shifts. Because of these unfavorable properties

seen for exfoliated nanowires, we did not study them further.
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Figure 3.12: All spectra are excited with a continuous-wave laser at 3.444 eV at ∼4.2 K. (a)
Spectra of the as grown nanowire sample (black) and a dense region of the exfoliated sample
(red). They have very similar D0X lines. The sample was excited with 175 µW (32 µW)
for the as-grown (exfoliated) sample. (b) Spectra of several different single mechanically-
isolated nanowires. All nanowires are excited with 200-500 nW. (c) Spectra from the same
nanowire over 5 min. The time between measurements is not uniform. The nanowire is
excited with 500 nW.
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3.5 Physical Isolation via Dropcasting

Finally, we performed physical isolation of nanowires by dropcasting. In this method, the

ensemble sample is sonicated in ethanol to detach the nanowires from the sapphire sub-

strate. The nanowires are then dropcast from the solution onto a SiO2 substrate. The

dropcast nanowires are mapped and screened for favorable photoluminescence (PL) prop-

erties. Fig. 3.13 shows the results from screening several dropcast nanowires. The right

column shows an optical microscope image used for initial mapping of the nanowire re-

gion. Optical microscopy is useful because it has a large field of view. Additionally, since

it relies on ambient scattered light for imaging, it does not damage the samples. However,

the resolution of optical microscopy is restricted by the diffraction limit of visible light and

our optical microscope does not have the same precision in positioning as an SEM; this

prevented us from using this method for mapping the exfoliated nanowires (Sect. 3.4) which

appear as small 100 nm-sized dots when viewed from the top (as opposed to 2 µm-sized

wires). The large feature in the bottom left corner of several of the images is the end of a

scratch mark used for locating the region of interest. The nanowire of interest for each row is

circled in yellow. The second column shows an SEM image of the nanowire of interest. The

high resolution of the SEM images allow us to confirm that we are probing single nanowires

and observe the differences in their morphology. The widths of the nanowires range from

160 to 360 nm. SEM images are often taken after all other measurements, because imaging

with high-energy electrons may damage the nanowires. The third column shows a confocal

scan with the laser reflection collected. The nanowire appears dark because it scatters light,

while the substrate appears bright because the reflected laser is efficiently collected by the

objective. This is a fast measurement that is useful for locating physical features when the

sample is mounted inside a cryostat. The fourth column shows a confocal scan with only

the D0X PL collected. The signal at every pixel is determined by how much the laser is

able to excite a particular location and how much the system is able to collect at a given

location; therefore, even if the PL is waveguided to the ends of the nanowire, the middle

of the nanowire will appear bright because the laser is able to excite at that location (and

some of the light from the ends reaches the objective). The small circular markers in the
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D0X confocal scan indicate the location of the spectra shown in the fifth column. From

the spectra, we see that the nanowires have PL of varying qualities. For the next measure-

ments, we screen for nanowires that have a single narrow In D0X line. Split D0X lines are

attributed to strained nanowires. Overall, we find that approximately one in five to ten

nanowires has favorable PL. These promising results prompt us to continue studying this

type of sample in Ch. 4.

3.6 Experimental Considerations

When choosing which isolated nanowire samples to continue studying several factors must be

considered, such as photoluminescence (PL) properties, collection efficiency, and which po-

larizations are accessible. In the previous sections, we have seen that the dropcast nanowires

have the least damage of the isolated nanowires and therefore the most favorable PL prop-

erties. However, in this section we will see that the horizontal “lying-down” geometry has

a lower collection efficiency than the vertical “standing-up” geometry. Additionally, we will

learn more about the differences in the accessible polarizations in each geometry.

To better understand how the orientation of the nanowire affects the collection efficiency,

we must understand how light is emitted from the nanowire. To do this, we visualize the

electric field strength of a dropcast nanowire using finite difference time domain (FDTD)

simulation. The defect emission is modeled as three dipole sources oriented in the x̂, ŷ, and

ẑ directions at the center of the nanowire. In the left panel of Fig. 3.14, the nanowire is

simulated as lying on a substrate of 285 nm SiO2 deposited on Si. The rectangle outlines

the cross section of the nanowire (100 nm×1 µm) and the horizontal lines divide materials

with different indices of refraction. The simulation shows that the electric field power is

guided to the ends of the nanowire and most of the energy flows into the substrate instead

of the air due to the higher index of refraction. There is some asymmetry resulting from the

interference of the three dipoles sources used in the simulation. We compare the lying-down

nanowire to a single standing-up nanowire on a sapphire substrate in the right panel of

Fig 3.14. We see that the majority of the electric field power is still guided to the ends of

the standing nanowire; however, in this orientation the top end of the nanowire is far from

the substrate and pointing toward the objective, allowing for a higher collection efficiency.
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Figure 3.13: Results from the screening of several dropcast nanowires. Samples were drop-
cast from ensemble sample H936. Measurements are performed at 5.4 K and 0 T. Each row
shows data from the same nanowire. First column: Optical microscopy image with nanowire
of interest circled. Second column: SEM image of the nanowire of interest. Third column:
Confocal microscopy image with the laser reflection collected. Fourth column: Confocal
microscopy image with only the D0X PL collected. Fifth column: Spectra from the location
marked by a small circle in the fourth column. The black lines indicate the integration
region used for the image in the fourth column. Pulsed laser excitation at 3.444 eV and
80 nW was used. All scale bars are 1 µm.
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Figure 3.14: Left: Electric field strength of a ZnO nanowire lying on a Si/SiO2 substrate
(285 nm SiO2). Right: Electric field strength of a ZnO nanowire standing on a sapphire
substrate.

The orientation of the nanowire with respect to the optical axis (k̂) determines which

polarizations are accessible for excitation and collection. As described in Sect. 2.4, we define

ĉ ‖ ẑ and ~B ⊥ ŷ. As shown in Fig 3.15(b,c) and derived in Appx. A, if we could collect

light from all directions, we would see signatures of x̂, ŷ, and ẑ for each ~B ⊥ ĉ and ~B ‖ ĉ.

However, because light can only travel perpendicular to its polarization, we are only able to

collect two polarizations at a time. Fig 3.15(d-h) show which D0X transitions are accessible

for each possible nanowire and magnetic field geometry.

For the experiments described in Ch. 4, we need to be able to individually address two

and only two transitions; therefore, having transitions that are distinct both energetically

and by polarization is ideal. Additionally, the x̂ and ŷ transitions are preferable to the

weaker ẑ transition. This rules out geometries such as that shown in Fig. 3.15(g) where

the two transitions of the same polarization are similar in energy. The geometry shown

in Fig. 3.15(e) is theoretically viable because the two accessible transitions have different

polarizations; however, this geometry would be experimentally challenging because the po-

larization rules are relaxed when coupling into a nanowire and these transitions have similar

energies. Geometries such as in Figs. 3.15(d,f) are viable because the two transitions with

the same polarizations are energetically distinct. If the ability to individually address two

transitions was the only consideration, the geometry in Fig. 3.15(h) would be ideal; how-
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ever, we must also consider other factors, such as collection efficiency, and the lying-down

nanowires have worse collection efficiency than the standing-up nanowires. While non-ideal,

the measurements performed in Ch. 4 are done on the ZnO/GaN samples in the geome-

try shown in Fig. 3.15(e) and on the dropcast nanowire samples in the geometry shown

in Fig. 3.15(f). For future measurements, we would like to move to the case where indi-

vidual nanowires are standing-up on the substrate and have the magnetic field oriented

perpendicular to the crystal c-axis (Fig. 3.15(d)).

3.7 Summary

Several methods of isolating smaller volumes of ZnO were attempted. Optical isolation of

a small volume of ZnO utilizing the ZnO/GaN samples showed good photoluminescence

(PL) properties in some locations that will be further studied in Ch. 4. However, this

sample is not the most desirable sample, because of the non-uniformity in PL quality and

the uncertainty in whether the PL measured is from nanowires or nanowalls. Physical

isolation via ion beam milling led to poor PL properties due to damage from ion milling,

ion and electron imaging, and strain. Samples that were physical isolated via exfoliation

also displayed poor PL properties that were likely the result of selecting nanowires with

non-standard morphologies, SEM imaging, and strain caused by the exfoliation process.

The FIB and exfoliated types of samples were not further studied. Physical isolation via

dropcasting led to samples where approximately one in five to ten nanowires have sharp,

bright D0X lines and a strong response in the TES/LO-phonon spectral region to resonant

excitation. The dropcasting method isolates a smaller volume of ZnO compared to using the

ZnO/GaN samples. However, the dropcast nanowires have a lower collection efficiency than

methods that result in a standing-up nanowire. Nevertheless, these samples will be further

studied in Ch. 4. Additionally, work is currently being done in our group in collaboration

with Dirk Englund’s group at MIT to push the dropcast nanowires to the edge of a substrate.

This will allow for samples to be mounted such that the tips of the dropcast nanowires are

pointed toward the objective.
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Figure 3.15: (a) Diagram defining the crystal ĉ axis along the long axis of the nanowire.
For all energy level diagrams, red, blue, and gray correspond to ŷ, x̂, and ẑ polarizations,
respectively. Dashed lines correspond to elliptically polarized light; dashed lines with the
same line colors, but different arrow colors correspond to elliptically polarized light of differ-
ent handedness. (b,c) Energy level diagrams showing the transitions if we could collect light
from all directions. (d-h) Top: A diagram of a nanowire and magnetic field orientation. k̂
is the optical axis. Middle: The corresponding Cartesian coordinate system. Bottom: The
corresponding energy level diagram with only the accessible transitions shown.
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Chapter 4

OPTICAL AND SPIN PROPERTIES

4.1 Introduction

Most photon-based quantum information protocols utilizing donor defects will require the

isolation of single donors [52, 8] and nanoscale device integration [94, 95]. However, donors

are often sensitive to surface noise due to their extended effective-mass wave function and

shallow donor binding energy [44, 85]. This may make obtaining good spin and optical

properties for donors in nanostructures challenging. Therefore, once we have identified the

most promising small-volume samples (Ch. 3), we must check that the favorable optical

and spin properties seen in bulk and ensemble nanowire samples are retained. We pay

particular attention to the mechanisms for linewidth broadening. These mechanisms are a

good indication of the factors that may limit our ability to utilize donors in ZnO as qubits,

such as our ability to individually address a given transition, whether the photons emitted

are identical, and the coherence times of the system. We also consider different donors

in different samples. While we choose the donor in each sample which has the brightest

photoluminescence (PL), it should be noted that In donors offer some advantages over Ga

and Al. In has a larger binding energy, making it more robust to temperature, and separating

its D0X line spectrally from the surface exciton and other donor lines. Additionally, In

exhibits a larger hyperfine interaction with the In-9/2 spin potentially allowing for a multi-

qubit register.

In Sect. 4.2, we begin by measuring the D0X linewidth at 0 T using photoluminescence

excitation spectroscopy (PLE). This resonant absorption technique allows us to achieve a

higher resolution than PL measurements, because our resolution is limited by the laser

linewidth (<1 MHz) rather than the diffraction spectrometer resolution. Narrow optical

linewidths are important because they enable the optical probing of the spin properties of

the donor ground-state and indicate high sample quality. PLE is also a measure of the
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inhomogeneous linewidth, the ensemble linewidth that is a result of differences in donor

environments. In Sect. 4.3, spin initialization is demonstrated using optical pumping. Spin

initialization is the first step in any quantum protocol. To prove optical pumping, we ob-

serve the reverse spectral hole in a two-laser PLE experiment. The linewidth of the reverse

spectral hole is typically considered a measure of homogeneous broadening, which is a broad-

ening mechanism that affects all individual donors the same; however, we suspect that our

measured spectral hole linewidth may additionally have a component from inhomogeneity

in time. In Sect. 4.4, a coherent superposition spin state is prepared via coherent population

trapping (CPT). CPT demonstrates our ability to prepare a qubit into a coherent quantum

state, a necessary step for most quantum computation protocols. Additionally, CPT, as

the basis for electromagnetically-induced transparency [34], has applications ranging from

robust entanglement creation for quantum repeaters [21] to single photon-storage [62, 79]

for linear optics quantum computation [48].

4.2 Photoluminescence Excitation Spectroscopy

4.2.1 ZnO Nanowires on GaN

ZnO nanowires grown on GaN substrates allow for the isolation of fewer donors than bulk

samples (Sect. 3.2), while retaining the increased collection efficiency of vertically oriented

nanowires (Sect. 3.6). Here, we utilize confocal microscopy to isolate < 5×103 Ga donors in

the ZnO/GaN samples. In photoluminescence (PL) measurements, the Ga D0X linewidth

can be spectrometer-resolution limited as shown in Fig. 4.1(a). An accurate measurement

of the linewidth will allow for a better understanding of the quality of and decoherence

mechanisms within our best samples. To obtain higher-resolution spectra, we perform pho-

toluminescence excitation spectroscopy (PLE). In PLE, the Ga D0X two-electron satellite

(TES) and longitudinal optical (LO) phonon replicas are monitored while tuning the ex-

citation laser wavelength over the Ga D0X transitions. The TES and LO-phonon replica

signal is enhanced when the excitation laser is resonant on the D0X transition (Fig. 4.1(b)).

For this sample, only the second LO phonon replica (highlighted in green) is integrated. By

plotting this integrated signal as a function of excitation laser energy and fitting with a Voigt
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function (Fig. 4.1(c)), we find that the full width at half the maximum signal (FWHM) at

0 T is 0.1 meV (24 GHz). This linewidth is the result of inhomogeneous and homogeneous

broadening mechanisms. Inhomogeneous broadening mechanisms may include strain, vary-

ing donors concentrations, or nearby surfaces that all cause small changes in individual

donor environments, as well as spectral diffusion. Homogeneous broadening mechanisms

may include temperature broadening and power broadening. Typically, the inhomogeneous

broadening exceeds the homogeneous broadening. The mechanisms contributing to broad-

ening in this sample will be further studied using reverse spectral hole measurements in

Sect. 4.3.

(a) (b) (c)

Ga

Energy (eV) Energy (eV) Energy (eV)
3.200 3.250 3.300 3.3602 3.3604 3.3606 3.3608

Figure 4.1: All measurements are on the ZnO/GaN sample at 5.5 K. (a) PL spectra of the
Ga and In D0X transitions. In the top spectra, a 7 T magnetic field is applied with ~B ‖ ĉ.
(b) Spectra of the LO-phonon replica region with resonant (blue) and off-resonant (black)
excitation. The second LO phonon replica is highlighted in green. (c) PLE of the Ga D0X
transition at 0 T collecting the second LO-phonon replica luminescence. The fit FWHM is
0.1 meV (24 GHz). This figure is reproduced from [109].

4.2.2 Dropcast Nanowires

We have screened ensemble nanowire samples (Sect. 2.3) and single dropcast nanowires

(Sect. 3.5) for single spectrometer-limited D0X lines. Of those samples, we then have chosen

samples that have a strong response of the TES/LO-phonon replicas to resonant excitation.

In these most-promising dropcast nanowire samples, we focus on the In D0X line rather
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than the other donor lines, because of its strong signal, large binding energy, and potential

for a multi-qubit register (Sect. 4.1).

Tmeas = 5.2 K
I9-LOI9-2LO I9-TES

Single

Nanowire

Nanowire 

Ensemble

on-resonance
off-resonance

on-resonance
off-resonance

Figure 4.2: PL spectra of the TES and LO-phonon replica spectral region for a single
nanowire (bottom black) and the nanowire ensemble (top blue). The ensemble data has
been offset for clarity. The dashed line indicates zero intensity for the corresponding data
set. All measurements are at 0 T and 5.2 K. The excitation power is 7.2 µW (200 nW) for the
single nanowire (ensemble) measurements. The darker (lighter) data is with the excitation
laser on-(off-)resonance with the In D0X peak. A large non-specific background is visible
for the nanowire ensemble region for both the on- and off-resonance spectra. This figure is
reproduced from the supplementary information of [108].

Fig. 4.2 shows an ensemble nanowire sample (blue) and single dropcast nanowire (black)

with excitation laser on- and off-resonance with the In D0X transition. As expected, for both

the nanowire ensembles and single nanowires, the TES and phonon replica are enhanced

when the excitation laser is on-resonance. In the ensemble sample, however, even in the

off-resonance case a large background is apparent. This background, that is uncorrelated

with the In D0X transition, may be related to the observed non-uniformity of individual

nanowires or to the thin 2-dimensional layer of ZnO on the ensemble substrate (Fig. 3.2(a)).

This non-specific background makes monitoring resonant excitation more challenging for

nanowire ensembles. For the ensemble measurements, the background is subtracted and

only the LO-phonon replicas are integrated for the PLE signal. Additionally, in some of
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these PLE measurements an oscillatory background, due to wavelength-dependent optical

components, has been removed. Appendix B explains this procedure. In the figure captions,

we state whether this oscillation correction has been applied.

Single Crystal (Sample A)

FWHM = 15 GHz

Nanowire Ensemble

FWHM = 21 GHz

Single Crystal (Sample B)

FWHM = 36 GHz

Single Nanowire

FWHM = 57 GHz

Tmeas = 5.2 K

Figure 4.3: PLE spectra of bulk samples (purple and red), ensemble nanowire sample (blue),
and single dropcast nanowire (black). All measurements are performed at 0 T and 5.2 K. For
the bulk measurements, the excitation laser is scanned over the Ga D0X peak with 100 nW
while the TES and LO-phonon replica PL is collected. For the single dropcast nanowire
measurements, the excitation laser is scanned over the In D0X peak with 7.2 µW while the
TES and LO-phonon replica PL is collected. For the nanowire ensemble measurements, the
excitation laser is scanned over the In D0X peak with 200 nW. For the nanowire ensemble
measurements only, the non-specific background is subtracted and only the two-LO-phonon
replica PL is collected. The solid lines are fits to the data. The FWHM for each data set is
listed. This figure is reproduced from the supplementary information of [108].

To learn about the differences in linewidth broadening in different samples, we compare

their 0 T PLE spectra. Fig. 4.3 displays 0 T PLE spectra for hydrothermally-grown bulk

Tokyo Denpa ZnO, a single dropcast nanowire, and the unaltered nanowire ensemble sample

that the dropcast sample was made from. For the bulk samples, PLE was performed on

the Ga D0X transition, whereas for the single nanowire and nanowire ensembles, the mea-

surements were conducted on the In D0X transition. An excitation power of 100-200 nW

was used for the bulk and nanowire ensemble samples, but 7.2 µW was needed for the single
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nanowire measurements. We had to use a higher excitation power for the single nanowires,

because of the smaller volume of material within our measurement spot and the decreased

collection efficiency (Sect. 3.6). Typically, the linewidths measured using single-laser PLE

measurements at 0 T are dominated by inhomogeneous broadening. The linewidth of the

nanowire ensemble (∼20 GHz) is comparable to the linewidth of different ZnO bulk crys-

tals (15-25 GHz). This indicates that the inhomogeneous broadening observed for nanowire

ensembles is comparable to that of high-quality, commercially-available, single-crystalline

bulk ZnO. The single nanowires display linewidths as narrow as 57 GHz, indicating that

additional broadening mechanisms are affecting single nanowires compared to nanowire

ensembles. These additional mechanisms may include inhomogeneous broadening caused

by the dropcasting process, such as strain or damage to the surface. The single drop-

cast nanowires may also have broader linewidths, because of the increased powers used for

their measurements. Higher powers may result in homogeneous laser-induced temperature

broadening or power broadening, as well as increased inhomogeneous broadening caused by

spectral diffusion. The competition between inhomogeneous and homogeneous broadening

mechanisms is further studied using reverse spectral hole measurements in Sect. 4.3.

4.3 Optical Pumping and Reverse Spectral Hole Burning

4.3.1 Introduction

Before a quantum algorithm can be executed, the qubit system must be initialized to a

known spin state. For optically-active donors, this may be achieved via resonant optical

pumping [60, 99]. For optical pumping, first the spin degeneracy must be lifted, such as by

applying a magnetic field. Then, by applying a resonant laser to the |↑〉 ⇔ |⇓↑↓〉 transition

(Fig. 4.4(a)), any population in |↑〉 is excited to the |⇓↑↓〉 D0X state. While D0X states

can relax into either D0 spin state [111], any population that relaxes to |↑〉 is immediately

re-excited. Therefore, after several cycles, the spin is initialized to the |↓〉 state. A similar

procedure can be done utilizing any of the allowed optical transitions.

Fig. 4.6(a) shows photoluminescence (PL) spectra within the TES and LO-phonon

replica spectral region for a single nanowire under resonant excitation of the In D0X tran-
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sition with one or two lasers. The measurements were performed at 7 T (ĉ ⊥ ~B, k̂). The

inset in Fig. 4.6(a) shows on which transitions the lasers are applied. Notably, due to optical

pumping, the signal under two-laser excitation is larger than the sum of the signals obtained

for single-laser excitation. Under single-laser excitation, the system is spin-initialized to the

ground-state level where no resonant laser is applied. Therefore, in the steady-state, only

a small fraction of the system will remain in the ground-state level that the single laser is

applied to, leading to a small PL signal. In an ideal system with no spin relaxation and per-

fect excitation selectivity, the signal will be zero. When resonant lasers are applied on two

different ground state populations simultaneously, each laser will be optically pumping into

a different ground state and the system will reach a dynamic equilibrium with population

in both ground states. This means that system will never be fully initialized and a higher

PL signal will be measured. As we will see in the next sections, this results in a recovered

PLE signal called the reverse spectral hole.

4.3.2 ZnO nanowires on GaN

For the ZnO nanowires grown on GaN, measurements are performed with ~B ‖ ĉ and with

the optical axis parallel to the crystal axis (~k ‖ ĉ). Fig. 4.4(b) shows two PLE spectra which

confirm that optical pumping can be achieved. The excitation is power is 100 nW for all

lasers. First, we perform a single-laser PLE measurement, where a continuous-wave laser

is scanned over the Ga D0X transition resonances and the second LO-phonon replica PL is

collected. For these single-laser, steady-state measurements, we expect the PLE intensity

to be significantly weaker at 7 T than it was at 0 T due to optical pumping. For the single-

laser measurements, the σ+ transition has a linewidth of 0.3 meV (73 GHz) (blue circles in

Fig. 4.4(b)). The linewidth of this single-laser feature is theoretically a combination of the

effects of optical pumping saturation and the inhomogeneous linewidth. The σ− transition

is weaker due to the lower thermal population of the |↑〉 state. To confirm that the overall

low signal is due to optical pumping between the two D0 ground spin states as opposed

to population leaving the system, we perform two-laser spectroscopy (green triangles in

Fig. 4.4(b)). In this measurement, one laser is fixed at the σ+ transition, while a second
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laser is scanned over both transitions. Because the fixed laser continuously optically pumps

population from |↓〉 to |↑〉, the signal is increased when the scanning laser is resonant with

the σ− transition and optically pumps population from |↑〉 to |↓〉. This results in a recovered

σ− peak and is called a reverse spectral hole. The reverse spectral hole should reflect the

linewidth of just the subpopulation that is optically pumped by the fixed laser; thus, this

linewidth is expected to reflect the linewidth of the Ga D0X transition that is the result of

homogeneous broadening mechanisms and spectral diffusion that is fast compared to our

measurement time (∼20 s). We measure the linewidth of the reverse spectral hole to be

∼0.2 meV (43 GHz).

Figure 4.4: (a) Energy level diagram of the D0 system with ~k ‖ ĉ. (b) PLE of the Ga
D0X lines of the ZnO/GaN sample at 7 T collecting only the second LO phonon replica.
Measurements are performed with excitation and pump laser powers of 100 nW. The blue
circles are a single-laser PLE. The data in green triangles is a two-laser PLE with the pump
laser resonant on the σ+ transition. This figure is reproduced from [109].

Comparing the reverse spectral hole linewidth of 43 GHz to the 0 T, single-laser PLE

linewidth of 24 GHz (Sect. 4.2), we find that the reverse spectral hole linewidth is broader.

This is unusual, because the 0 T PLE linewidth is a measure of inhomogeneous and ho-

mogeneous broadening and thus should be the same width or broader than the reverse

spectral hole linewidth which is considered a measure of just homogeneous broadening and

fast spectral diffusion. One reason that the reverse spectral hole linewidth might be broader

than the 0 T PLE linewidth is that there is increased laser-induced temperature and power
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broadening in the reverse spectral hole measurements compared to the 0 T single-laser mea-

surements; however, this is unlikely considering that the nominal difference in the total

power is only a factor of two (i.e. 100 nW for each laser in the 0 T single-laser measurement

and 7 T two-laser experiment). Another possible explanation is that these measurements

were performed at different locations and there may be significant differences in the homoge-

neous broadening and fast spectral diffusion at different locations in this sample. In order to

test this hypothesis, we would need to perform a careful study over many locations; however,

the labor intensive nature of finding promising looking locations in this sample (Sect. 3.2)

makes this path intractable. Therefore, the uncertainty in the cause of the linewidth broad-

ening in addition to the uncertainty of which nanostructures we’re probing (Sect. 3.2) leads

us to focus solely on the dropcast nanowires for the remainder of this chapter.

4.3.3 Dropcast Nanowires

Optical pumping can also be seen in the standard nanowire ensemble samples (ZnO/Sapphire)

and single dropcast samples. Fig. 4.6(b) displays PLE spectra for a nanowire ensemble un-

der single- and two-laser excitation of the In D0X transition. The application of the laser

fields is shown in the inset of Fig. 4.6(b). For ensemble nanowire samples, measurements are

performed with ~B ‖ ĉ and ~k ‖ ĉ. The excitation power is 200 nW. Similar to the ZnO/GaN

sample, first, we perform a single-laser scan over the D0X transitions at 7 T (black data).

Due to a hole splitting that is smaller than our inhomogeneous linewidth, the two transi-

tions with the same electron spin ground-state are not resolved. For the single-laser PLE,

a low signal is again observed due to optical pumping. For the pair of transitions involving

the |↑〉 state, the signal lies below the noise floor. For two-laser PLE, the reverse spectral

hole is seen at the |↑〉 ⇔ |⇓↑↓〉 (|↓〉 ⇔ |⇑↑↓〉) energy when the pump laser is resonant

on the |↓〉 ⇔ |⇑↑↓〉 (|↑〉 ⇔ |⇓↑↓〉) transition. he linewidth of the reverse spectral hole of

the standard nanowire ensemble sample is ∼15 GHz. A similar phenomenon can be seen

for two different single dropcast nanowires in Fig. 4.6(c,d); however, a broader linewidth

of ∼ 55 GHz is measured. In single dropcast nanowires, measurements are performed on

the In D0X transition with ~B ⊥ ĉ and ~k ⊥ ĉ (inset of Fig. 4.6(c,d)). Similar to the 0 T
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PLE (Sect. 4.2), we must use a higher excitation power (7.2 µW) for the single dropcast

nanowires.

Figure 4.5: Two-laser PLE of a single dropcast nanowire. All measurements are performed
at 7 T (ĉ ⊥ ~B, k̂) and 5.2 K. All laser powers are 7.2 µW. The probe laser is scanned over the
In |↑〉 ⇔ |⇓↑↓〉 transition while the TES and LO-phonon replica luminescence is measured.
(a) The pump laser is on-resonance with the In |↓〉 ⇔ |⇑↑↓〉 transition. The black line
is a fit to the data. (b-g) The pump laser is shifted from the resonance by the indicated
amount. The red line is a fit to the data. The black line is the fit from (a) re-plotted
to aid comparison. (g) The pump laser was detuned far enough that no re-pumping was
allowed; therefore, the signal was below the noise floor. This figure is reproduced from the
supplementary information of [108].
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To further confirm that the observed peak is related to the reverse spectral hole and

not some other process in the system, we perform two-laser PLE for a single nanowire with

different pump laser wavelengths near the In D0X transition (Fig. 4.5). The measurements

were performed at 7 T (ĉ ⊥ ~B, k̂). Fig. 4.5(a) is a PLE with the pump laser on-resonance

with the In |↓〉 ⇔ |⇑↑↓〉 transition. Fig. 4.5(b-g) are PLE with the pump laser shifted

by the indicated energy. By comparing the off-resonance data (blue data) with the on-

resonance data (black fit reproduced in each figure), we can see that the more off-resonance

the excitation is, the more the signal decreases. This can be understood as being a result

of the pump laser optically pumping a smaller subpopulation.

The reverse spectral holes, seen in the ensemble sample and in the single nanowire

sample, show that optical pumping between the two D0 ground states is occurring. The

two-laser linewidth of 15 GHz (55 GHz) for the ensemble (single) nanowires corresponds

to the spectral diffusion and homogeneously broadened linewidth of the donor subpopu-

lation that is optically pumped. Surprisingly, these values are within the uncertainty of

the 21 GHz (57 GHz) 0 T single-laser ensemble (single) nanowire PLE linewidth (Sect. 4.2)

which includes static inhomogeneous broadening from the entire donor ensemble. It is un-

likely that the similarity between the 0 T single-laser and the reverse spectral hole linewidths

in these samples is a coincidental result caused by differences between specific locations or

nanowires, because of the observed uniformity in PL measurements performed on any given

ensemble sample and the similarity between the linewidths measured across both single

nanowires. Therefore, the similarity between the 0 T single-laser and the reverse spectral

hole linewidths suggest that the dominant broadening for both of these measurements is

related to homogeneous mechanisms, such as power broadening [87] and laser-induced tem-

perature broadening, as well as spectral diffusion that is fast compared to our measurement

time (20 s) [38, 23, 63]. Thus, surprisingly, the inhomogeneous broadening expected in the

0 T single-laser measurements is similar to or smaller than these mechanisms. Furthermore,

we may consequently attribute the increased linewidths measured in single nanowires com-

pared to ensemble samples to be related to mechanisms exacerbated by higher excitation

powers, such as homogeneous broadening and fast spectral diffusion, and increased sample

strain/damage which may increase spectral diffusion.
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Figure 4.6: (a) PL spectra of the TES and LO-phonon replica spectral region for a single
dropcast nanowire at 7 T (ĉ ⊥ ~B, k̂) and 5.2 K. Both the pump and probe lasers have an
excitation power of 7.2 µW. The inset shows an energy diagram illustrating the application
of the laser fields. The probe laser is on-resonance with the In |↑〉 ⇔ |⇓ ↑↓〉 transition. The
pump laser is on-resonance with the In |↓〉 ⇔ |⇑ ↑↓〉 transition. (b-d) Single- and two-laser
PLE of a (b) nanowire ensemble and (c,d) single dropcast nanowire sample. (c) and (d) are
two different single nanowires. The experimental geometry is (b) ~B,~k ‖ ĉ or (c,d) ~B,~k ⊥ ĉ.
The excitation power is (b) 100 nW or (c,d) 7.2 µW. The oscillation correction was applied
to (c,d) (Appendix B). This figure is reproduced from [108].

4.4 Coherent Population Trapping in Single Dropcast Nanowires

Coherent population trapping (CPT) occurs when the two transitions of a Λ system are

simultaneously pumped and the system enters a dark state [27, 93, 32, 120]. For example,

the Λ system can be formed between the two electron ground states and a single excited

D0X state. Mathematically, we can gain some insight into CPT by considering a simplified

Hamiltonian. States |1〉 and |2〉 correspond to the ground spin states and state |3〉 is the
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excited state. This Hamiltonian, in the rotating wave approximation and interaction frame,

in the absence of relaxation terms, and on two-photon resonance is given by

H = −h̄


0 0

Ωpump

2

0 0
Ωprobe

2

Ωpump

2
Ωprobe

2 0

 (4.1)

where Ωprobe (Ωpump) is the Rabi frequency of the probe (pump) fields applied to the

|2〉 ⇔ |3〉 (|1〉 ⇔ |3〉) transition. By solving the eigensystem H |Ψ〉 = E |Ψ〉, we find the

following eigenvalues [25],

λdark = 0 (4.2)

λa = −
√
|Ωprobe|2 + |Ωpump|2 (4.3)

λb =
√
|Ωprobe|2 + |Ωpump|2 (4.4)

and corresponding eigenvectors

|Ψdark〉 =
1√

|Ωprobe|2 + |Ωpump|2
(Ω∗probe,−Ωpump∗ , 0) (4.5)

|Ψa〉 =
1√

|Ωprobe|2 + |Ωpump|2

(
Ωprobe

2
,
Ωpump

2
,−
√
|Ωprobe|2 + |Ωpump|2

2

)
(4.6)

|Ψb〉 =
1√

|Ωprobe|2 + |Ωpump|2

(
Ωprobe

2
,
Ωpump

2
,

√
|Ωprobe|2 + |Ωpump|2

2

)
(4.7)

Notably, one of the eigenvectors is a superposition of only the two ground states (Eq. 4.5).

Since the excited state is never populated in this case, this means that no photoluminescence

(PL) can be experimentally observed. For systems where the lower state coherence times

are longer than the excited state radiative lifetime, the dark state will be the steady state

solution under continuous excitation.

Experimentally, CPT is realized as sharp 2 GHz wide dip on the reverse spectral hole

peak. Fig. 4.7(a,b) shows a high resolution two-laser PLE scan performed at 7 T (ĉ ⊥ ~B, k̂)

that reveals such a dip. In our experiments, because the Zeeman splitting between the

D0X states is small relative to the reverse spectral hole linewidth, the pump laser is able

to excite both |↓〉 ⇔ |⇑↑↓〉 and |↓〉 ⇔ |⇓↑↓〉 simultaneously as depicted in the insets of
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Figure 4.7: High resolution, two-laser In D0X PLE spectrum. (a) and (b) are similar data
for two different single dropcast nanowires. The insets show energy diagrams illustrating
the application of the laser fields. Measurements are performed at 5.3 K and 7 T (ĉ ⊥ ~B, k̂).
The excitation power is 7.2 µW for both pump and probe lasers. The solid lines are empirical
fits to the reverse spectral hole peak and the CPT dip. The oscillation correction has been
applied (Appendix B). These figures are reproduced from [108].

Fig. 4.7(a,b). A Λ system is formed by the pump laser driving |↓〉 ⇔ |⇓↑↓〉 and the probe

laser on |↑〉 ⇔ |⇓↑↓〉.

To confirm that the dip is related to CPT, we detune the pump laser energy by ∆ from

|↓〉 ⇔ |⇓↑↓〉 and measure the shift of the dip. From the left panel of Fig. 4.8, it can be seen

that both the CPT dip and the reverse spectral hole peak shift when the spectral position

of the pump laser is shifted. The right panel of Fig. 4.8 compares the shift of the CPT dip

and the peak of the reverse spectral hole. As expected from CPT, the dip shift is one-to-

one with the pump laser shift. Additionally, the difference between the spectral position of

the dip and the spectral position of the pump laser is 0.76-0.77 eV. This is consistent with

the expected ground-state splitting of 0.77 eV at 7 T assuming an electron g-factor of 1.90

(Sect. 2.5). The shift of the peak of the reverse spectral hole does not occur one-to-one with

the shift of the pump laser’s spectral position; therefore, the reverse spectral hole’s lineshape

is not solely determined by the position of the pump laser. This may be an indication of

spectral diffusion.

Fig. 4.9 shows that reducing the pump laser power reduces the dip linewidth and con-
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Figure 4.8: High resolution, two-laser In D0X PLE spectra of a single drop-cast nanowire.
All measurements are performed at 7 T (ĉ ⊥ ~B, k̂) and 5.3 K. All laser powers are 7.2 µW.
The pump laser wavelength is shifted near the In |↓〉 ⇔ |⇑↑↓〉 resonance. The left panel
shows the PLE data with arrows indicating the fit peak and dip positions. The right panel
shows the peak (red) and dip (black) positions as a function of the pump laser shift. The
error in the energetic position is less than 1 µeV for the dip and 8-15 µeV for the peak. This
figure is reproduced from the supplementary information for [108].

trast as expected in CPT [27, 61]. The smallest linewidth (1 GHz) approaches the linewidth

expected due to the spin-9/2 In nuclear-electron hyperfine interaction, where the In line

splits into 10 hyperfine lines separated by 100 MHz each [29, 11]. The CPT dip is a measure

of the ground-state dephasing. Thus, considering spectral diffusion as a broadening mecha-

nism for the reverse spectral hole peak, the narrowness of the CPT dip (1 GHz) compared to

the reverse spectral hole peak (55 GHz) rules out ground-state spectral diffusion; therefore,

excited-state spectral diffusion is the dominant spectral diffusion mechanism in this system.

4.5 Summary

The optical and spin properties are explored for several low-volume nanowire samples.

For the ZnO/GaN nanowire sample and the single dropcast nanowire sample, photolu-

minescence excitation spectroscopy is performed at 0 T showing that narrow donor D0X

linewidths are retained in the nano-environments. Spin initialization via optical pumping is
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Figure 4.9: (a) and (b) are similar data for two different nanowires. Left panels: High
resolution, two-laser In D0X PLE spectra of a single dropcast nanowire zoomed in on the
CPT dip. Measurements are performed at 5.3 K and 7 T (ĉ ⊥ ~B, k̂). The excitation power
is 7.2 µW for the probe laser. The pump laser power is listed. The solid lines are empirical
Voigt fits. Right panels: The fit FWHM as a function of pump power. The inset shows
an energy diagram illustrating the application of the laser fields. This figure is reproduced
from [108].

also demonstrated for both of these samples. In the single dropcast nanowire samples, the

similarity between the 0 T single-laser and reverse spectral hole linewidths indicates that

inhomogeneous broadening is less important than homogeneous broadening and spectral

diffusion mechanisms. Finally, the preparation of a coherent superposition of the ground

states is demonstrated via coherent population trapping in the single dropcast nanowires.

These measurements together demonstrate the promise of donors in ZnO nanostructures for

photon-based quantum applications; however, there are more challenges which need to be

addressed. For example, to further improve our coherent control of the spin state, we are

working toward the direct microwave control of the electron spin, rather than the optical

control that we currently use. Microwave control may reduce the effects of laser-induced

dephasing allowing us to achieve narrower linewidths in single nanowires and full access

of the Bloch sphere. Additionally, as we will discuss further in the next section, utilizing

non-standard ZnO nanowire growths may allow us to address challenges in the scalability

of future nanowire-based devices and in the ability to address single defects.
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Chapter 5

NON-STANDARD NANOWIRE GROWTHS

5.1 Introduction

The ZnO nanowires described in previous chapters are a great starting point for learning

about the quantum properties of ZnO nanostructures; however, there are still many chal-

lenges to overcome before they can be used in scalable quantum technologies. In this chapter,

we attempt to tackle two of those challenges by utilizing growth processes with novel sub-

strates and additional steps. In Sect. 5.2, we begin by taking a closer look at metal organic

chemical vapor deposition (MOCVD) and our standard ZnO nanowire recipe. Sect. 5.3

describes our attempts at selective area growth using a masked and patterned sapphire

substrate. While Ch. 3 describes several methods of post-growth nanowire isolation, these

methods often lead to additional strain in the nanowires and are labor-intensive. Selective

area growth of nanowires would allow ZnO nanowires to be utilized in low-strain, scalable

devices. In Sect. 5.4, we attempt to tackle the presence of a large surface exciton (Sect. 2.3)

in our standard ZnO nanowire samples. The surface exciton energy overlaps with the D0X

transitions, making identification and resonant excitation of the D0X states less efficient. If

we can grow a shell of higher band-gap material around the nanowire, we hypothesize that

the surface exciton can be shifted to higher energies away from the D0X transitions.

5.2 Metal Organic Chemical Vapor Deposition

Metal organic chemical vapor deposition (MOCVD) is an epitaxial technique, meaning that

gaseous precursors are deposited to form a thin crystalline material that follows the crys-

talline template of the substrate. The precursors in MOCVD are organometallic compounds.

Compared to other epitaxial techniques, MOCVD has a large degree of flexibility and can

grow crystals of high purity; however, MOCVD requires the use of expensive reactants and

has the largest parameter space to explore [100]. While great advances have been made in
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understanding the mechanisms for the growth of semiconductors using MOCVD, there are

still some aspects where our understanding remains incomplete [104].

Our MOCVD reactor utilizes a relatively inert carrier gas (N2) to transport organometal-

lic compounds to the sample chamber. The carrier gas passes through a bubbler (Fig. 5.1(a)).

In the bubbler, the carrier gas is injected into a liquid organometallic compound, such as

dimethylzinc (DMZn), diethylzinc (DEZn), or bis(cyclopentadienyl)magnesium (Cp2Mg)

and picks up some of the compound in a gaseous phase. The amount of organometallic

compound picked up depends on the partial pressure inside the bubbler. The carrier gas

and gaseous organometallic compound then travel to the sample chamber.

At the sample chamber, the organometallic compounds are brought together along with

any gas phase reactants (N2O or O2) near the sample substrate. The substrate may be

heated during the growth process, as well as annealed before or after nanowire growth.

Annealing before the growth under N2 and O2 or under N2O gas at 950◦C removes any

impurities from the substrate and saturates the sample surface with the O precursor (N2O

or O2). Post-reaction annealing may be used to remove some structural impurities.

Gas
Liquid

OM

N2 N2 + 
OM

(a) (b)

Figure 5.1: (a) A diagram of a bubbler. (b) A diagram depicting the types of processes
possible inside the sample chamber. The exact processes that occur will vary depending the
reactants, temperature, and other factors. (b) is reproduced from [78].

The processes that take place at the substrate surface are depicted in Fig. 5.1(b). These
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processes may include [104]:

• diffusion of reactants through the boundary layer

• homogeneous reactions, where one or more of the precursors decomposes in the gas

phase

• adsorption of reactants onto the substrate

• diffusion of reactants on the substrate surface

• heterogeneous reactions, where precursors decompose independently at the surface

• desorption or incorporation of adatoms at crystal step edges

Which of these processes dominates depends on the thermodynamics (i.e. whether the

crystalline solid phase or gaseous phase has the lower energy) and the kinetics (i.e. the rate

at which different processes, such as diffusion and chemical reactions, occur) of the system.

Changing the growth parameters affects the competition between these different processes

and leads to the growth of different sample morphologies; however, it is challenging to

definitively say which processes are the most important for any given growth. For example,

there are several different explanations for the formation of ZnO nanowires that range

from arguments that substrate polarity is the most important determining factor [104] to

explanations about differences in surface energy and diffusion length [77]. can still be used

to change the exact morphology the nanowires [104].

In the subsequent sections, we shall explore the parameter space of several different

growth conditions in the hopes of controlling various nanowire properties of interest. The

parameters that we change include: the type of Zn precursor (DMZn, DEZn), the type

of O precursor (O2, N2O), the molar flow rate of each of the precursors, the temperature

during growth, and the length of each growth. Additionally, the pre- and post-annealing

parameters include temperature, length of time, and flowing gas (N2, O2, or N2O). The

parameters used in the growth of our standard ZnO-nanowire samples was determined by

the group of Simon Watkins at Simon Fraser University.

Our standard growth includes:

C Pre-anneal of the sapphire substrate at 950◦C under O2 and N2 for 20 min

C Grow at 605◦C for 60 min with 2.2×10−5 mol/min of DMZn and 1.3×10−1

mol/min of N2O
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C Post-anneal at 605◦C for 2 min under N2O

5.3 Selective Area Growth

5.3.1 Introduction

Our standard ZnO nanowire samples grow with a high density of nanowires, ∼5 nanowires

within a 1 µm-diameter laser spot. However, for photon-based quantum applications, nanowires

should be deterministically grown with a >2 µm spacing. This would allow for optical iso-

lation and easy incorporation into devices. One method to achieve this is with selective

area growth using a masked and patterned substrate, where nanowires preferentially grow

at locations where the substrate is exposed and do not grow on the mask.

Selective area growth has been shown using GaAs microstructures grown by MOCVD.

Selectivity was achieved using a GaAs substrate masked with SiO2. Small holes in the SiO2

that expose the GaAs substrate preferentially nucleate the GaAs microstructures. Both

desorption of adatoms, controlled by temperature [36], as well as diffusion of adatoms,

controlled by hole size [41], are important for growth selectivity. Furthermore, ZnO nanos-

tructures have been selectively grown by MOCVD using a SiNx mask on a ZnO/Sapphire

substrate [104] or at the tips of GaN micropyramids [39]. These methods are not ideal for

our goals as using a ZnO/sapphire substrate would increase the amount of ZnO within our

measurement volume and the GaN micropyramids are labor-intensive.

We present results on the selective area growth of our ZnO nanowires utilizing a sapphire

substrate masked with SiO2 or SiNx. We will first create novel substrates by masking our

standard sapphire substrate with SiO2 or SiNx and exposing the sapphire by etching holes

of varying sizes. The morphology and nucleation rate of ZnO have been shown to vary

greatly based on the substrate material [70, 115]; hence, we will then attempt to find a set

of parameters that allow for the ZnO nanowires to nucleate faster on sapphire than on the

mask materials (SiO2 or SiNx).
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5.3.2 Substrate Preparation

To create the masked and patterned substrates, we first grow the mask material onto the

sapphire and then use electron beam lithography and wet chemical etching to create small

patterns in the mask.

The process is (Fig. 5.2 (a) and Appx. C):

a Cleave the sapphire into ∼1 cm2 pieces. Smaller pieces make uniform coating with

PMMA challenging.

a Deposit ∼30-100 nm of SiO2 or SiNx onto the sapphire piece using plasma-enhanced

chemical vapor deposition.

a Prepare the samples for electron beam lithography by spin coating with PMMA and

sputtering gold on top. PMMA is a positive resist. Gold in necessary to prevent

charging during the electron beam writing process.

a Expose areas of the PMMA that will be removed (i.e. holes and markers) with an

electron beam.

a Develop the PMMA in a cold IPA/water mixture. Most of the gold will also come off.

a Etch in buffered hydrofluoric acid (BHF) to remove the SiO2 or SiNx from the exposed

regions. Nominally, BHF will etch SiO2 (SiNx) at a rate of 490 nm/min (60 nm/min)

and not etch sapphire [116]. I measured an etch rate around 40-150 nm/min (20 nm/min)

for SiO2 (SiNx).

a Remove the residual PMMA by sonication in acetone.

Since we do not know what size hole will work the best for the nucleation of a single

nanowire, we make a variety of different hole sizes as shown in Fig. 5.3(a). The holes

are 3 µm apart with diameters ranging from 100 nm to 300 nm in 50 nm increments. We

arrange the holes in a 10x10 pattern (Fig. 5.3(b)). The whole square pattern is 30 µm x

30 µm. These 10x10 square patterns are arranged into groups of 3 or 4. Fig. 5.3(c) shows

a group of 3. These groups include larger markers (10 µm x 20 µm) that are visible in an

optical microscope at 5x magnification. The groups of 3 include number or letter labels in

the bottom left quadrant for ease of identification. Fig. 5.3(d) shows an optical image of a

group of 3 patterned in SiO2.
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Figure 5.2: (a) A diagram depicting the substrate masking and patterning process.
(b,c) AFM images showing holes that were nominally written to have diameters of (b) 100 nm
or (c) 300 nm. The color indicated the measured depth. The 2-dimensional plot is a line cut
along the white indicated line. The measured hole widths are approximately 100-200 nm
wider than their nominal diameters.

Once the holes have been etched, we check their width using atomic force microscopy

(AFM). As shown in Fig. 5.2(b,c), the holes are often 100-200 nm wider in diameter than

our electron beam lithography pattern. We believe that the holes have reached the sapphire,

because their edges are sharp and bottoms are flat.
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Single-Square pattern
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(c) (d)

Figure 5.3: (a,b,c) Diagrams showing the nominal patterns of holes and markers at varying
magnifications. (d) An optical image of a pattern in SiO2.

5.3.3 Growth Process

Initial Growths

In Fig. 5.4(a), we begin by attempting our standard nanowire-growth recipe utilizing a

substrate with an SiO2 mask and patterned as described in Sect. 5.3.2. Growths are la-

belled with an H followed by a number that increases with each growth in the reactor.

Fig. 5.4(a.i, a.ii) show a full pattern with corners of the large marker and “C” label indi-

cated by red arrows. The nanowires on the exposed-sapphire markers and holes are taller

and better aligned than the nanowires on the SiO2. Fig. 5.4(a.iii) shows nanowires with a

large flower shape that have formed in the exposed-sapphire holes. This growth does not
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Figure 5.4: SEM images of several growth attempts. The positions of some holes are indi-
cated with red circles. The edges of some large markers are indicated with red arrows. All of
the samples are on a patterned SiO2 substrate. The growths all occur with a DMZn flow rate
of 2.24×10−5 mol/min and a N2O flow rate of 1.3×10−1 mol/min. Each growth is followed by
a 2 min post-anneal under N2O at the growth temperature. Each row of the figure includes
images from different locations or angles of the same sample. (a) Sample H1068 - Anneal
at 605◦C under N2O for 5 min. Growth at 605◦C for 60 min. (b) Sample H1070 - Anneal
at 605◦C under N2O for 20 min. Growth at 605◦C for 15 min. (c) Sample H1071 - Anneal
at 905◦C under O2 for 20 min. Growth at 605◦C for 15 min. (d) Sample H1073 - Anneal at
905◦C under O2 for 20 min. Growth at 705◦C for 15 min.

meet our goal of reducing the volume of material within our laser spot by growing less dense

nanowires. However, the fact that the holes produce the large flower-shaped nanowires in-

dicates that the nanowires in the holes nucleated before those on the mask. To check where
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the nucleation occurs first, a 15 min growth with the same parameters is performed. We

see in Fig. 5.4(b) that even after only 15 min of growth, nucleation occurs on both the sap-

phire and the SiO2. Fig. 5.4(b.i, b.ii) show that the nanowires on the large exposed-sapphire

marker are much smaller in diameter and more densely packed than those on the SiO2. In

Fig. 5.4(b.iii, b.iv), the holes are circled in red and show slightly enhanced growth only at

their perimeters.

We have several parameters available to tune (temperature, reactant molar flow rates,

substrate mask material, and pre-anneal conditions). We begin by adjusting the pre-anneal

from 20 min at 605◦C under N2O to 20 min at 905◦C under O2. Comparing Fig. 5.4(c)

to Fig. 5.4(b) shows that changing these pre-anneal conditions has little impact on the

selectivity between the sapphire and SiO2. We then slightly increase the growth temperature

from 605◦C to 705◦C. In Fig. 5.4(d.i, d.ii) we see that the desired selectivity has slightly

increased, as large regions without ZnO are visible on the SiO2; the ZnO appears to form

larger chunks as opposed to nanowires. However, the morphology of the nanostructures on

the sapphire has also changed, in that nanowalls are more prevalent than nanowires. In the

regions with exposed-sapphire holes, shown in Fig. 5.4(d.iii, d.iv), the increased nucleation

near the edges of the holes is still apparent, but there are few denuded regions on the SiO2.

These preliminary selective area growth attempts show us that the standard nanowire

growth recipe does not lead to full selectivity between the sapphire and SiO2; however, we

see that the selectivity can be tuned. Because of the labor intensive nature of making the

patterned substrates, we then perform two careful studies on unpatterned substrates. These

systematic studies focus on temperature and growth rate, because these parameters have

been shown to control desorption and diffusion, respectively [37, 36, 41].

Growth Rate

To test the importance of adatom surface diffusion for selective area growth, we would like to

control the growth rate [36]. Because of the high VI/II ratio that we use (mol(O)/mol(Zn)

= 5800), Zn is likely the limiting reagent; therefore, we can control the growth rate by

changing the flow of Zn. We are also interested if there is a difference between the growths
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Figure 5.5: All growths are performed at 605◦C with a N2O flow rate of 1.3×10−1 mol/min.
Before all growths, a 20 min pre-anneal is performed at 605◦C under N2O. After all growths,
a 2 min post-anneal is performed at 605◦C under N2O. (a) Sample H1070 - 15 min growth
with a standard DMZn flow rate of 2.24×10−5 mol/min. In (i, ii), a large marker of exposed
sapphire is visible on the right. (b) Sample H1073 - 15 min growth with a reduced DMZn
flow rate of 7.47× 10−6 mol/min. (c) Sample H1074 - 45 min growth with a reduced DMZn
flow rate of 7.47× 10−6 mol/min.

on sapphire and SiO2 at different growth rates. Our standard ZnO-nanowires are grown with

2.24×10−5 mol/min of DMZn. To test the effect of Zn flow on the growth rate and selectivity,

we decreasing the Zn flow by about 3x to 7.47×10−6 mol/min. Fig. 5.5(a,b) show 15 min

growths with (a) 2.24×10−5 mol/min and (b) 7.47×10−6 mol/min of DMZn. As before, we

see in Fig. 5.5(a) that the structures are bigger and less dense on SiO2 compared to the

sapphire. With the slower growth rate, we see the the difference between the growth on

sapphire (Fig. 5.5(b.i, b.ii)) and SiO2 (Fig. 5.5(b.iii, b.iv)) is even more pronounced. This

speaks to reduced wetting of the SiO2 which may be a promising result.

To test for other changes caused by reducing the flow rate (for example morphology), we



71

would like to grow the same volume of ZnO at the fast and slow growth rates. Therefore,

assuming that the growth rate is directly proportional to the Zn flow, we can grow the same

volume of ZnO seen in Fig. 5.5(a) by growing for 45 min with 7.47×10−6 mol/min of DMZn

(Fig. 5.5(c)). While we expected similar structures, the morphology of the nanostructures

has changed. Rather than structures with sharp points at the top, the structures grown

with a slower growth rate look more like nanowalls (on sapphire, Fig. 5.5(c.i, c.ii)) or blunt

rods (on SiO2, Fig. 5.5(c.iii, c.iv)). This may be a problem if the new morphology introduces

strain to the ZnO. However, if the slower growth rate allows for the diffusion of adatoms to

exposed sapphire and aids in the selectively of growth, then the slower growth rate may be

preferred.

Temperature Dependence

An important factor in the selective area growth of GaAs is the desorption of adatoms, which

can be controlled by the growth temperature [36]. To test the importance of desorption for

ZnO selective area growth and to find the growth temperature most favorable for growth

selectivity between sapphire and SiO2/SiNx, we performed a systematic growth-temperature

study. We loaded 3 unpatterned substrates into the sample chamber during each growth:

1 bare sapphire, 1 SiO2-covered sapphire, and 1 SiNx-covered sapphire. The bare sapphire

and SiNx substrates had only been cleaned with acetone. All of the SiO2 substrates had

been coated in PMMA and gold, then cleaned with acetone. The SiO2 substrate used for

the growth at 605◦C had a little exposed sapphire, but only regions far from the exposed-

sapphire areas were considered in this study. 15 min growths were performed at the reduced

growth rate (7.47×10−6 mol/min of DMZn, standard N2O flow). Our aim was to see how

the ZnO nucleates, rather than grow full nanowires. We were hoping for poor coverage on

either the SiO2 or the SiNx substrates at some temperature.

Fig. 5.6 and Fig. 5.7 show the results of our study. They show representative SEM images

of each of the samples at 25 kX (Fig. 5.6) and 80 kX (Fig. 5.7) magnification. There was some

non-uniformity in the density of nucleation across some samples. For such non-uniform

samples, two SEM images are shown. For each growth temperature, the SiNx substrate
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Figure 5.6: 25 kX magnification SEM images of different samples. The columns correspond
to ZnO grown on Sapphire, SiO2, or SiNxsubstrates, respectively. The rows correspond
to different growth temperatures, 605, 705, 805, and 905◦C, respectively. All growths are
performed with a 20 min pre-anneal under N2O at the growth temperature, a 15 min growth
with a N2O flow rate of 1.3 × 10−1 mol/min and a reduced DMZn flow rate of 7.47 ×
10−6 mol/min, and a 2 min post-anneal under N2O at the growth temperature.

shows the least uniform wetting and the sapphire typically shows the most uniform wetting.

On all of the SiNx-substrate samples, the ZnO has grown in large chunks with the growth

at 705◦C having the largest ZnO chunks. For the SiNx-substrate sample grown at 905◦C, it

was challenging to image the sample because of charging caused by electron accumulation;
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Sapphire SiO2 SiNx

605

705

805

905

500 nm

Figure 5.7: 80 kX magnification SEM images of different samples. The columns correspond
to ZnO grown on Sapphire, SiO2, or SiNxsubstrates, respectively. The rows correspond to
different growth temperatures, 605, 705, 805, and 905◦C, respectively. These are the same
samples as in Fig. 5.6 with a different imaging magnification; see Fig. 5.6 for growth details.

though, it appears that there are still large chunks in the growth. Charging may indicate

reduced ZnO wetting, because charging is expected from samples with large areas of low

coverage of ZnO (conductive) on sapphire (insulting). The SiO2-substrate samples grown at

605◦C and 705◦C behave similarly to the SiNx-substrate samples, though the non-uniform

wetting is less pronounced. The SiO2-substrate samples grown at the higher temperatures

have large chunks in addition to a floor of more uniform ZnO nucleation. Interestingly,
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on the sapphire-substrate samples, while the nucleation appears to remain uniform, the

morphology becomes more planar with higher growth temperatures. Based on these results,

we will focus on growths using the SiNx substrates with growth temperatures of 705◦C and

905◦C.

Final Growths

Based on the findings of the temperature study, we focus our final growths on the SiNx-

patterned substrates. For comparison with the SiO2-patterned substrates (Fig. 5.4), we

perform a growth using the standard growth temperature (605◦C) and DMZn molar flow

rate (2.24×10−5 mol/min). Fig. 5.8(a) shows that, as indicated by the temperature test,

the SiNx-patterned substrate shows less uniform wetting than the SiO2-patterned substrate

grown with the same conditions (Fig. 5.4(b)). However, the rate of nucleation on the SiNx is

still too high to allow for the optical isolation of nanowires.

We then try a growth at one of the most promising temperatures from our temperature

test (905◦C) and with the slow growth rate (7.47×10−6 mol/min). Fig. 5.8(b) shows that this

growth also has some selectivity between the sapphire and SiNx. The large exposed-sapphire

marker in Fig. 5.8(b.i, b.ii) and the small exposed-sapphire hole in Fig. 5.8(b.iii, b.iv) show

reasonably uniform nucleation of many small nanostructures. While much of the SiNx is

visible in the masked regions, the ZnO nucleation is still too dense to allow for optical

isolation.

We then try growths at several different growth rates. In Fig. 5.8(c), the growth rate

has been increased 2.67x to 19.94 × 10−6 mol/min. In Fig. 5.8(c.i, c.ii), we see that while

the nanowires that grow on the SiNx are much less well aligned, there is little selectivity

between the sapphire and the SiNx. Fig. 5.8(c.iii, c.iv) shows that the holes somewhat orient

the nanowires, but overall do not substantially affect the nanowire growth. To reduce the

growth rate below our reactor’s lowest DMZn flow rate (7.47×10−6 mol/min), we pulse the

growth (30 s on, 30 s off). Fig. 5.8(d) shows that in this case, there is so little selectivity

between the sapphire and the SiNx that it is challenging to differentiate between the two

when zoomed-in.
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Figure 5.8: All samples use the patterned SiNx substrate. All growths performed with a
standard N2O flow rate of 1.3 × 10−1 mol/min. The circled features are related to the lo-
cations of holes of exposed sapphire. (a) Sample H1069 - Pre-anneal at 605◦C under N2

for 10 min. 15 min growth at 605◦C with a standard 2.24× 10−5 mol/min DMZn flow rate.
No post-anneal. The arrow indicates the top left corner of a large “2”-label. (b) Sam-
ple H1080 - Pre-anneal at 905◦C under N2O for 20 min. 15 min growth at 905◦C with a
reduced 7.47× 10−6 mol/min DMZn flow rate. Post-anneal at 905◦C under N2O for 2 min.
(c) Sample H1084 - Pre-anneal at 605◦C under N2O for 20 min. 15 min growth at 605◦C
with a fast 2.67× 7.47× 10−6 mol/min DMZn flow rate. Post-anneal at 905◦C under N2O
for 2 min. (d) Sample H1086 - Pre-anneal at 905◦C under N2O for 20 min. Growth at 705◦C
with a reduced 7.47× 10−6 mol/min DMZn flow rate. The average growth rate was further
reduced by growing for 30 s with 30 s of no growth in between for 60 cycles. Post-anneal
at 905◦C under N2O for 2 min. The arrow indicates the bottom right corner of a large
rectangular marker.
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5.3.4 Conclusions

After scanning the growth-parameter space using both patterned and unpatterned sub-

strates, we conclude that we have some control over the selectivity of ZnO growth on

sapphire compared to ZnO growth on SiO2/SiNx. However, we are unable to find a com-

bination of parameters that would reduce the growth on the mask material enough for

the fully-selective growth necessary for us to optically isolate individual nanowires. While

methods using a ZnO wetting layer have been successful [104], they do not fully meet our

goal of reducing the volume of ZnO within our measurement volume. Additionally, meth-

ods that involve more elaborate substrates, such as growing nanowires on the tips of GaN

micropyramids [39], have shown to be successful, but are beyond the scope of this thesis.

5.4 Core-Shell Growths

5.4.1 Introduction

Another challenge that we hope to overcome using a non-standard growth is the surface

exciton (SX) that can be seen in some of the spectra in Fig. 2.3. The SX is a large power-

dependent feature that is related to excitons bound to surface centers [106, 117]. Studies

have shown that it may be related to adsorbed OH species [10] or near surface band bend-

ing [106, 50]. We are concerned about the SX, because it overlaps spectrally with the D0X

lines. While for our current measurements, we can still observe our defects of interest, as we

move toward the single-donor limit needed for quantum applications, the SX may begin to

obscure our defect entirely. Additionally, it will lower the fidelity with which we can read-

out our qubit state. To overcome this challenge, we propose to grow a Zn1-xMgxO shell on

the ZnO nanowires.

We predict that the Zn1-xMgxO shell will help by first terminating the unterminated

ZnO surface. MgO, while favoring the rocksalt crystal structure on its own, assumes the

wurtzite crystal structure when alloyed with ZnO, because the formation energies of MgO-

ZnO alloy structures in the the wurtzite structure are similar [3]. Having a similar crystal

structure provides the opportunity to nicely terminate the ZnO surface, but makes it likely

that the Zn1-xMgxO shell will also have a SX. To understand how a Zn1-xMgxO shell would
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Figure 5.9: Energy level diagram showing how we predict the SX energy is related to the
band gap and D0X energies (a) without and (b) with a Zn1-xMgxO shell.

help, we note that we expect the energy level of the SX to be related to the energy level

of the conduction band minimum (CBM) and valence band maximum (VBM) as shown in

Fig. 5.9 (a). Since the SX is bound to surface features [106, 117], its energy is determined

by the CBM and VBM of the ZnO near the surface of the nanowires. Therefore, if we

grow a shell on the nanowires with a band gap larger than that of ZnO, we predict that we

can shift the SX energy away from the D0X lines as shown in Fig. 5.9 (b). Zn1-xMgxO is

commonly used in the band gap engineering of ZnO toward higher energies [3, 104]. Addi-

tionally, significant work has already been done on the growth [104, 123] and modeling [66]

of ZnO/Zn1-xMgxO core/shell heterostructures. To shift the energy of the SX enough to

avoid the D0X transitions, we need to increase the band gap of the the Zn1-xMgxO shell

15-20 meV above the band gap of ZnO. Based on the work of [76, 104] and extrapolated

from [123, 1, 101], a 15-20 meV shift corresponds to 1-2% Mg incorporation; however, the

percent Mg incorporation is much less than the percent of Mg present in the gas phase [104].



78

5.4.2 Growth Round 1

We begin experimenting with Zn/Zn1-xMgxO core/shell nanowires by performing three

growths. In all of these samples, we start with a standard nanowire growth, then attempt

to grow the Zn1-xMgxO shell as described in table 5.1. For the first sample (H1088), we

begin with a growth that is similar to our standard growth, but with DMZn replaced by a

combination of DEZn and Cp2Mg. In the second sample (H1090), we change the O pre-

cursor from N2O to O2. The authors of [104] found that using O2 produces more uniform

shells. In the third sample (H1092), we decrease the IV/II ratio by decreasing the flow of

O2. Before, after, and between these growths, we prepare a standard nanowire sample (i.e.

without a Zn1-xMgxO shell).

Sample DEZn Cp2Mg O precursor Temperature Time

H1088 1.82 0.20 N2O, 1.3e5 605◦C 30 min

H1090 0.52 0.25 O2, 1.0e4 505◦C 60 min

H1092 0.52 0.25 O2, 5.0e3 505◦C 60 min

Table 5.1: Growth parameters for shells of the first round of Zn/Zn1-xMgxO core/shell
samples. All shells are grown on top of standard ZnO nanowires. The molar flow rates of
DEZn, Cp2Mg, and the O precursor are reported with units of µmol/min.

Fig. 5.10 shows several SEM images of the core-shell sample H1088 and its preceding

standard growth H1087 for comparison. The core-shell sample shows a slight increase in

diameter near the top of nanowires, but otherwise appears normal in morphology.

Photoluminescence measurements are used to check for Mg incorporation (Fig. 5.11).

Samples H1088 and H1090 display a peak at 3398.5 meV and 3388.0 meV, respectively, that

can be attributed to the formation of a Zn1-xMgxO shell. Based on the work of [76, 104],

these samples have ∼1% Mg incorporation. Sample H1092 does not have this peak.

For all three of the core-shell samples, the SX is still there, suggesting that whatever is

causing the SX is still at the interface between the core and the shell. Other groups have

even seen increases in the SX after coating ZnO nanowires [89]. Another possible reason for
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Figure 5.10: SEM images of a (a) standard ZnO nanowire sample (H1087) and a
(b) Zn/Zn1-xMgxO core/shell sample (H1088)

the simultaneous presence of the Zn1-xMgxO peaks (at 3398.5 meV and 3388.0 meV) and

the SX peaks is that the shells have some aggregated regions of Zn1-xMgxO and regions

where pure ZnO is exposed [104]. However, promisingly there is some shift of the SX energy

compared to a standard nanowire sample (i.e. from 3365.5 meV to 3369.2 meV). Because

the SX did not shift as much as we were expecting, we plan to increase our Mg/Zn ratio in

our next round of growths. Furthermore, sample H1088 had the strongest Zn1-xMgxO peak

though it had the lowest Cp2Mg flow rate; therefore, we focus on growth recipes using N2O.

5.4.3 Growth Round 2

For this round of growths, we keep the time, temperature, and N2O flow of the shell growth

constant, while changing the mole fraction of Mg in the gaseous phase. Fig. 5.12(a) shows

photoluminescence (PL) measurements for core-shell samples with four different gaseous

mole fractions of Mg (molMg/(molZn + molMg) = 0.530, 0.393, 0.181, or 0.302). There is

still little change in the spectral position of the SX. This indicates that either the molar ratio
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(a)

(b)

Figure 5.11: PL measurements of Zn/Zn1-xMgxO core/shell samples (H1088, H1090, H1092)
and a standard growth nanowire sample (H1108). Plots are shown on (a) log and (b) linear
scales. The centers of the peaks are indicated in (a).

of Mg to Zn in the gaseous phase does not correlate with the molar ratio incorporated into

the Zn1-xMgxO shell or that the spectral position of the SX is independent of the band gap

of the shell. Additionally, the linewidth of the SX increases as more growths are performed,

independent of the Mg/Zn molar ratio. Fig. 5.12(b) compares the core-shell samples to the
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standard nanowire growth samples performed around the same time. Notably, the SX is

larger in all of the core-shell samples. We therefore conclude that the core-shell method

does not look like a promising avenue to remove the SX. It appears that the SX may exist

at the ZnO/Zn1-xMgxO interface or that we have not achieved a uniform Zn1-xMgxO shell.
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Figure 5.12: PL measurements of the second round of Zn/Zn1-xMgxO core/shell samples.
The legend indicates the sample name and the mole fraction of Mg in the gaseous phase.
(a) Spectra are normalized for ease of comparison. The spectral maximum of the SX does
not shift as much as expected. The linewidth increases with growth number, independent
of Mg mole fraction. (b) Both Zn/Zn1-xMgxO core/shell samples and the standard growth
samples that were performed around the same time. Spectra are offset for clarity.

5.5 Summary

There are several outstanding challenges for the use of ZnO nanowires for quantum appli-

cations. In this chapter, we have attempted to tackle two of them using some non-standard

growth methods. First, selective area growth was attempted to ease the isolation of single

nanowires and their incorporation into devices. While some selectivity between sapphire

and a mask material (SiO2 or SiNx) was seen, we have yet to find a set of parameters that

result in the selectivity needed for nanowire isolation. It may be necessary to move toward
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more advanced methods for fully deterministic growth of single nanowires. Additionally,

a Zn/Zn1-xMgxO core/shell structure was attempted to shift the spectral position of the

surface exciton (SX) away from the D0X lines. Indications of Mg incorporation were seen in

photoluminescence measurements; however, the SX did not shift as expected and appeared

larger in the core/shell samples. This could suggest that the SX can exist at the core/shell

interface or that a true core/shell structure was not formed. To further this work, future

studies must include TEM measurements to confirm the growth of the shell.
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Chapter 6

CONCLUSIONS AND OUTLOOK

This work considers the potential to utilize donor defects in ZnO for photon-based quan-

tum applications. Our earlier works [60, 58] have found that ensembles of donors in bulk

ZnO show favorable optical and spin properties, such as long spin coherence times and op-

tical spin control. However, most quantum applications will require the isolation of single

defects and their integration into nanoscale devices. Toward these requirements, the main

goals of this work were to:

• move toward smaller ensembles of donors as a stepping stone toward single defect

isolation

• show that there is nothing fundamental limiting the incorporation of donors into

nanoscale devices

• begin addressing some of the outstanding challenges for the use of ZnO nanostructures

in applications

To achieve these goals, we began with ZnO nanowires grown by our collaborator Simon

Watkins at Simon Fraser University. These microstructures exhibited many favorable op-

tical and spin properties comparable to those in bulk samples; however, these nanowires

grow in a dense ensemble. To further reduce the amount of material within our measure-

ment volume, we perform several methods of single nanowire isolation including scanning

electron microscopy using ZnO/GaN samples, ion beam milling, exfoliation, and dropcast-

ing (Ch. 3). While ion beam milling and exfoliation damaged the optical properties of the

nanowires in all of the attempts, some of the ZnO/GaN samples and dropcast samples re-

tained favorable photoluminescence spectra. Taking the most promising of those samples,

we then demonstrate that favorable spin properties are also retained in these nanostructure

environments (Ch. 4). Photoluminescence excitation spectroscopy confirms narrow optical

lines, optical pumping allows for spin initialization, and coherent spin trapping demonstrates
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the preparation of a superposition state. Finally, we attempt several non-standard growths

to achieve the isolation of nanowires and shifting of the surface exciton (Ch. 5). While these

attempts were not immediately successful, the work done here has provided a starting point

for further study.

Due to the promising optical and spin characteristics observed in Ch. 4, shallow donors

in ZnO warrant further study for quantum applications and our group is pursuing several

exciting next steps. To achieve the isolation of a single defect, we are looking at moving

toward less prevalent defects. For example, two lattice site defects, such as the tin complex

in ZnO [51], lead to the formation of fewer defects, therefore have a lower density, and

would make single defect isolation easier. This defect is also further from the band edge

and surface exciton. Additionally, direct microwave control of the electron spin, rather than

optical control, would reduce the effects of laser-induced dephasing. We could be able to

achieve narrower linewidths in single nanowires and full access of the Bloch sphere. Thus,

this work is one step in the larger story of using donors in ZnO for quantum applications.
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[95] Tim Schröder, Sara L. Mouradian, Jiabao Zheng, Matthew E. Trusheim, Michael
Walsh, Edward H. Chen, Luozhou Li, Igal Bayn, and Dirk Englund. Quantum
nanophotonics in diamond [invited]. Journal of the Optical Society of America B,
33:B65, 4 2016.

[96] T. Senger and K. Bajaj. Optical properties of confined polaronic excitons in spherical
ionic quantum dots. Physical Review B, 68:045313–045324, 7 2003.

[97] Peter W Shor. Algorithms for quantum computation: Discrete logarithms and fac-
toring. pages 124–134, 1994.

[98] Peter W Shor and John Preskill. Simple proof of security of the BB84 quantum key
distribution protocol. Physical Review Letters, 85:441–444, 2000.

[99] Darin J. Sleiter, Kaoru Sanaka, Y. M. Kim, Klaus Lischka, Alexander Pawlis, and
Yoshihisa Yamamoto. Optical pumping of a single electron spin bound to a fluorine
donor in a ZnSe nanostructure. Nano Letters, 13:116–120, 1 2013.

[100] Gerald B. Stringfellow. Organometallic vapor phase epitaxy: theory and practice.
Academic Press, 1989.

[101] S. C. Su, Y. M. Lu, Z. Z. Zhang, C. X. Shan, B. H. Li, D. Z. Shen, B. Yao, J. Y. Zhang,
D. X. Zhao, and X. W. Fan. Valence band offset of ZnO/Zn0.85Mg0.15O heterojunction
measured by x-ray photoelectron spectroscopy. Applied Physics Letters, 93:082108,
2008.

[102] Robert K Swank. Surface properties of II-VI compounds. Physics Review, 153:844–
849, 1967.

[103] B.M. Terhal. Quantum supremacy, here we come., 6 2018.

[104] Robin Thierry. ZnO nanowire growth and heterostructures core-shell ZnO / ZnMgO
MOVPE. PhD thesis, Universite Grenoble Alpes, 2011.



95

[105] Guilherme Tosi, Fahd A. Mohiyaddin, Vivien Schmitt, Stefanie Tenberg, Rajib Rah-
man, Gerhard Klimeck, and Andrea Morello. Silicon quantum processor with robust
long-distance qubit couplings. Nature Communications, 8, 12 2017.

[106] V.V. Travnikov, A. Freiberg, and S.F. Savikhin. Surface excitons in ZnO crystals.
Journal of Luminescence, 47:107–112, 1990.

[107] Alexei M. Tyryshkin, Shinichi Tojo, John J.L. Morton, Helge Riemann, Nikolai V.
Abrosimov, Peter Becker, Hans Joachim Pohl, Thomas Schenkel, Michael L.W. The-
walt, Kohei M. Itoh, and S. A. Lyon. Electron spin coherence exceeding seconds in
high-purity silicon. Nature Materials, 11:143–147, 2012.

[108] Maria L. K. Viitaniemi, Christian Zimmermann, Vasileios Niaouris, Samuel H.
D’Ambrosia, Xingyi Wang, E. Senthil Kumar, Faezeh Mohammadbeigi, Simon P.
Watkins, and Kai-Mei C. Fu. Coherent spin preparation of indium donor qubits in
single ZnO nanowires. arXiv.org, 2021.

[109] Maria L. K. Viitaniemi, Christian Zimmermann, Vasilis Niaouris, E Senthil Kumar,
Simon Watkins, and Kai-Mei C Fu. Optical pumping of few shallow donor qubits in
ZnO nanostructures. page FTh1P.5. Conference on Lasers and Electro-Optics, 2021.

[110] M. R. Wagner, G. Callsen, J. S. Reparaz, J. H. Schulze, R. Kirste, M. Cobet, I. A.
Ostapenko, S. Rodt, C. Nenstiel, M. Kaiser, A. Hoffmann, A. V. Rodina, M. R.
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Appendix A

DERIVATION OF POLARIZATION RULES

The goal of this section is to derive the optical polarization selection rules for the D0-D0X

system in ZnO. The optical transitions occur between the ground electron states |↑〉 / |↓〉

and excited states |⇑↑↓〉 / |⇓↑↓〉. For simplicity, the excited states are described solely by the

hole state |⇑〉 / |⇓〉, because the electrons form a spin singlet. The intensity of the optical

transition between electron state |i〉 and hole state |j〉 is proportional to |ε ·pppij |2 [46], where

ε is the electric field vector and pppij = 〈j|µµµ |i〉. µµµ is the dipole operator and is equal to errr,

where e is the electron charge and rrr = xxxx+ yyyy + zzzz (position operator).

To find the polarization rules, we begin with the electron and hole wavefunctions at B

= 0 T [53]. 
|↑〉B=0 = |S, ↑z〉

|↓〉B=0 = i |S, ↓z〉
(A.1)


|⇓〉B=0 = ia |X+iY√

2
, ↓z〉 − ib |Z, ↑z〉

|⇑〉B=0 = a |X−iY√
2
, ↑z〉+ b |Z, ↓z〉

(A.2)

|S〉 , |X+iY√
2
〉, and |Z〉 are the orbital basis functions. zzz is parallel to the crystal c-axis.

The hole is defined as opposite of the unoccupied electron angular momentum in the valence

band. a and b are constants determined from first-principles calculations to be 0.9950 and

-0.0999, respectively [53].

At magnetic field, we must consider the addition of the Zeeman term

HZeeman,i =
1

2
giµB σσσ ·BBB, (A.3)

where i is either electron or hole, gi is the corresponding g-factor, µB is the Bohr magneton,

σσσ are the Pauli spin matrices, and BBB is the magnetic field vector. We will now consider our

two magnetic field geometries separately. We will solve for all of the possible transitions;

see Sect. 3.6 for experimental considerations.
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A.1 Voigt Geometry, B ⊥ ĉ

Figure A.1: Selection rules for B ‖ x̂. The left side shows the Cartesian coordinate system
with magnetic field direction shown. ẑ is parallel to the crystal c-axis. The colors in the
right side, correspond to the direction that light is polarized (i.e. red transitions are light
polarized in the ŷ direction). The dashed lines indicate elliptically polarized light in the
x̂− ẑ direction.

For the case where the magnetic field is parallel to the x-axis (B ‖ x̂), the Zeeman

Hamiltonian is

HZeeman,i,B‖x̂ =

 0 1
2giµBB

1
2giµBB 0

 . (A.4)

Solving this system we get the new electron and hole eigenstates
|↑〉B=0 = 1√

2
|S, ↑z〉+ i√

2
|S, ↓z〉

|↓〉B=0 = − 1√
2
|S, ↑z〉+ i√

2
|S, ↓z〉

(A.5)


|⇓〉B>0 = − 1√

2
(a |X−iY√

2
, ↑z〉+ b |Z, ↓z〉) + 1√

2
(ia |X+iY√

2
, ↓z〉 − ib |Z, ↑z〉)

|⇑〉B>0 = 1√
2
(a |X−iY√

2
, ↑z〉+ b |Z, ↓z〉) + 1√

2
(ia |X+iY√

2
, ↓z〉 − ib |Z, ↑z〉)

(A.6)

The dipole matrix elements, ppp, are thus

〈⇑|µµµ |↑〉 = µ0 · −ia√2
ŷ

〈⇑|µµµ |↓〉 = µ0 · ( a√
2
x̂− ibẑ)

〈⇓|µµµ |↑〉 = µ0 · (−a√2
x̂− ibẑ)

〈⇓|µµµ |↓〉 = µ0 · ia√
2
ŷ

(A.7)
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where µ0 = 〈S| e · x |X〉 = 〈S| e · y |Y 〉 = 〈S| e · z |Z〉. The spin combination rules, 〈↑ | ↓〉 =

〈↓ | ↑〉 = 0 and 〈↑ | ↑〉 = 〈↓ | ↓〉 = 1, have been used. Using the notation that the transition

|⇑↑↓〉 ⇔ |↑〉 corresponds to 〈⇑|µµµ |↓〉 we get the selection rules as shown in Fig. A.1.

A.2 Faraday Geometry, B ‖ ĉ

Figure A.2: Selection rules for B ‖ ẑ. The left side shows the Cartesian coordinate system
with magnetic field direction shown. ẑ is parallel to the crystal c-axis. The colors in the
right side, correspond to the direction that light is polarized (i.e. gray transitions are light
polarized in the ẑ direction). The dashed lines indicate circularly polarized light in the x̂− ŷ
direction.

For the case where the magnetic field is parallel to the z-axis (B ‖ ẑ), the Zeeman

Hamiltonian is

HZeeman,i,B‖x̂ =

1
2giµBB 0

0 −1
2 giµBB

 . (A.8)

Therefore the electron and hole eigenstates do not change at magnetic field. The dipole

matrix elements, ppp, are thus 

〈⇑|µµµ |↑〉 = µ0 · ( a√
2
x̂− ia√

2
ŷ)

〈⇑|µµµ |↓〉 = µ0 · (ibẑ)

〈⇓|µµµ |↑〉 = µ0 · (−ibẑ)

〈⇓|µµµ |↓〉 = µ0 · (−a√2
x̂− ia√

2
ŷ)

(A.9)

and we get the selection rules as shown in Fig. A.2.
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Appendix B

OSCILLATORY BACKGROUND CORRECTION

A wavelength-dependent modulation of the signal is observed in single nanowire photo-

luminescence excitation (PLE) data. This is a consequence of a wavelength dependence of

the transmittance and reflectance of the beamsplitter used in the excitation path. During

the single nanowire measurements, the laser power was held constant at PC (Fig. B.1b),

leading to an oscillation in the excitation power, PA. In order to correct for this oscilla-

tion in the excitation power, the wavelength dependence of the ratio of the reflected to

transmitted power for the beamsplitter was measured. Fig. B.1a shows a representative

measurement. The wavelength dependence of PA/PB was found to have minimal variation

in offset, amplitude, and period, while the phase was found to change significantly between

measurements, possibly depending on factors such as ambient temperature.

Figure B.1: (a) A measurement of wavelength dependence of excitation path beamsplit-
ter transmitted and reflected powers. (b) Schematic of excitation path with power meter
positions.
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Figure B.2: (a) Sine fit with fixed period for determination of oscillation phase from linear
corrected background PLE intensity. (b) Comparison of the phase and period of PA/PB

with low-energy background of the PLE intensity. Two oscillations in the background can
be seen to the left of the peak, matching the phase and period of the correction, shown in
blue. (c,d) Example data from the measurement of CPT on the In D0X in a single nanowire
(c) before and (d) after correction.
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Correction of this oscillation was only applied to single-nanowire data where power was

measured at PC rather than PA. Assuming minimal absorption and scattering from the

beamsplitter, and only phase changes in PA/PB, oscillations in the excitation power can

be calculated. For simplicity, we will use f (E, φ) for handling PA/PB, using the data in

Fig. B.1 to define the function. E is the excitation photon energy, and φ is the phase of the

oscillation.

f(E, φ) =
PA

PB
= 0.58 + 0.07× sin

(
2πE

0.18meV
+ φ

)
Minimal absorption and scattering tells us PC = PA + PB, thus PC = PA (1 + 1/f (E,

φ)). The mean power reflected over incident power PA/PC is 0.36. This factor can be

used to convert from an oscillating excitation power to a constant excitation power, as PC

was held constant during measurement. The oscillatory background correction is performed

by determining the phase of f (E, φ), then multiplying the measured PLE intensity by the

resulting energy dependent correction factor.

Corrected PA

PA
= (1 +

1

f(E, φ)
) · (0.36) = Correction Factor

In the regime where the PLE intensity is proportional to the probe power, PLE data can

be accurately corrected using this factor. The probe power changes by 18% peak to peak.

This small variation in excitation power from the oscillation allows for the approximation of

the dependence of the PLE intensity on probe power as linear, Counts(E) ≈ αPA(E) + β.

For single-laser PLE and for two-laser PLE with observable oscillations in the off-resonant

signal, we find that α >> β and have therefore corrected the oscillations. Two-laser PLE

with no observable oscillations were assumed to have α << β and have not been corrected.

This correction is applied in Fig. B.2. First the off-resonant or background region is

differentiated from the on-resonant or peak region. The background region is then linearly

corrected and fit using a sine function with a period of 0.18 meV (Fig. B.2a). From this

fit the phase of PA/PB is obtained, so our correction factor is determined. The resulting

PA/PB can be compared to PLE intensity to check that the oscillations align well with the

low energy portion of the data, which was considered part of the background (Fig. B.2b).
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Only the period and phase of PA/PB is checked at this stage. Using the determined PA/PB,

the PLE intensity is multiplied by the correction factor. The effect of this correction can

be seen in Fig. B.2c and Fig. B.2d.
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Appendix C

SUBSTRATE ETCHING DETAILS

Planning

The etch rates were seen to vary between runs. This may be the result of using slightly

different etchants (diluted HF vs BOE) or differences in the deposition of the mask material.

It is encouraged to perform an etch test when either of these variables is changed.

Cleaving Sapphire

Samples need to be at least 8 mm wide (see PMMA). Scribe hard all the way across the

back of where you want to cleave. Place the piece upside down on a glass slide so that the

scratch is aligned with the edge of the slide. Press (i.e. with tweezers) on both edges of the

sapphire until it snaps. It does not often snap along the desired line.

Deposit SiO2/SiNx

The PECVD2 in the UW clean room was used along with the recipe SiO 350 LDR. For

SiO2, the P1 recipe is better than the LDR recipe. For SiNx, the LDR recipe is fine.

PMMA

Samples need to be at least 8 mm wide for the PMMA to spin coat evenly. Use A4, 950

PMMA. Spin coat with 0.8 kRPM for 9 s followed by 4 kPRM for 60 s. Heat at 180◦C for

5 min. PMMA is UV sensitive, so if you plan to store it for a bit, put it somewhere dark.

Gold

Take note of approximately where the PMMA becomes uniform (see e-beam). Sputter 2 nm

gold so that it is conductive (for e-beam/SEM). For suppering using 20 Amp, 0.8 units of

Ar pressure, 50 sec.
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E-beam/SEM

After covering in gold, put 4 scratches from about the center of each edge. Extend the

scratch to where the PMMA became uniform. Also put an “x” in the top right corner. In

the e-beam, find every corner and edge of scratch. Record the location and use the ends

of the scratches for z-leveling. Write the pattern. Between each chip you need to turn off

the High Voltage (HV) for 5 min and log off. Then you can log back in and recalibrate the

machine to write the next chip. Reasonable settings are: HV = 30 kV, Beam Intensity = 6

(out of 10). I usually do 3 different dose regions (300, 600, 900 µC/cm2). The higher doses

are probably unnecessary. The beam current is set by the machine and measured. It is

usually around 30-40 pA. Develop in cold IPA:water (7:3) for ∼1 min. Then rinse in warm

IPA for 10 s. Use N2 gas to dry. Do not use gold etchant (I2 and KI). Check that the write

came out using the optical microscope.

AFM

AFM to measure the width of the holes. When you save, the processed data (not the raw

data) is saved. For faster response, increase PI (in PID). If you see an oscillation, decrease

PI. Note that changing the rotation, changes the scan direction. If you are going to use

Gwyddion to analyze the data, write down: scan range, scan rate, line number, rotation,

PID, and any analysis done on the pictures. NanoscopeAnalysis automatically reports all

of these things.

Etch

Use BOE to etch the SiO2/SiNx. Careful with the etch rate. Use acetone to remove the

PMMA by soaking and agitating for ∼1 min. Then rinse in IPA for ∼10 s. Use N2 gas to

dry. Repeat the acetone clean, but with a sonication for 5 min.
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Appendix D

ADDITIONAL GROWTH IMAGES

This section contains additional images of selective area growth attempts.

• Fig. D.1 contains additional images from the growths used to test the growth rate in

Sect. 5.3.3.

• Fig. D.2 contains additional images from the growths done on the SiO2 patterned

substrates in Sect. 5.3.3.

• Fig. D.3 contains information about an additional growth as well as additional images

from the growths done on the SiNx patterned substrates in Sect. 5.3.3.
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(a)

(b)

(c)

(i) (ii)

(i) (ii) (iii) (iv)

(i) (ii) (iii) (iv)

(v) (vi) (vii) (viii)

Figure D.1: All growths are performed at 605◦C with a N2O flow rate of 1.3×10−1 mol/min.
Before all growths, a 20 min pre-anneal is performed at 605◦C under N2O. After all growths,
a 2 min post-anneal is performed at 605◦C under N2O. (a) Sample H1070 - 15 min growth
with a standard DMZn flow rate of 2.24 × 10−5 mol/min. In (i, ii), a large marker of ex-
posed sapphire is visible on the right. (b) Sample H1073 - 15 min growth with a reduced
DMZn flow rate of 7.47 × 10−6 mol/min. (i, ii) are on sapphire while (iii, iv) are on SiO2.
(c) Sample H1074 - 45 min growth with a reduced DMZn flow rate of 7.47× 10−6 mol/min.
(i, ii, v, vi) are on sapphire while (iii, iv, vii, viii) are on SiO2.
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(i) (ii) (iii)

(i) (ii) (iii)

(i) (ii) (iii) (iv) (v)

(i) (ii) (iii) (iv) (v)

(i) (ii) (iii) (iv) (v)

(a)

(b)

(c)

(d)

(e)

Figure D.2: SEM images of several growth attempts. The magnification, scale, and tilt
are indicated on the bottom of each image. The positions of some holes are indicated with
red circles. The edges of some large markers are indicated with red arrows. All of the
samples are on a patterned SiO2 substrate. The growths all occur with a DMZn flow rate of
2.24×10−5 mol/min and a N2O flow rate of 1.3×10−1 mol/min. Each growth is followed by
a 2 min post-anneal under N2O at the growth temperature. Each row of the figure includes
images from different locations or angles of the same sample. (a) Sample H1067 - Anneal
at 605◦C under N2O for 20 min. A brief growth occurs at 680◦C. Anneal again at 605◦C
under N2O for 20 min. Start a new growth at 605◦C for 10min. (b) Sample H1068 - Anneal
at 605◦C under N2O for 5 min. Growth at 605◦C for 60 min. (c) Sample H1070 - Anneal
at 605◦C under N2O for 20 min. Growth at 605◦C for 15 min. (d) Sample H1071 - Anneal
at 905◦C under O2 for 20 min. Growth at 605◦C for 15 min. (e) Sample H1073 - Anneal at
905◦C under O2 for 20 min. Growth at 705◦C for 15 min.
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(a)

(b)

(c)

(d)

(e)

(i) (ii) (iii) (iv) (v)

(i) (ii) (iii) (iv) (v)

(i) (ii) (iii) (iv) (v)

(i) (ii) (iii) (iv) (v)

(i) (ii) (iii) (iv) (v)

Figure D.3: All samples use the patterned SiNx substrate. All growths with a standard
N2O flow rate of 1.3−1 mol/min. (a) Sample H1069 - Pre-anneal at 605◦C under N2 for
10 min. 15 min growth at 605◦C with a standard 2.24−5 mol/min DMZn flow rate. No
post-anneal. The arrow indicates the top left corner of a large ”2” marker. (b) Sam-
ple H1080 - Pre-anneal at 905◦C under N2O for 20 min. 15 min growth at 905◦C with
a reduced 7.47−6 mol/min DMZn flow rate. Post-anneal at 905◦C under N2O for 2 min.
(c) Growth 17 - Pre-anneal at 905◦C under N2O for 20 min. Growth at 905◦C for 1m40s
+ 705◦C for 1m40s at 7.47−6 mol/min (slow). Post-anneal at 705◦C under N2O for 2 min.
(d) Sample H1084 - Pre-anneal at 605◦C under N2O for 20 min. 15 min growth at 605◦C with
a fast 2.67x7.47−6 mol/min DMZn flow rate. Post-anneal at 905◦C under N2O for 2 min.
The circled features are related to the locations of holes of exposed sapphire. (e) Sam-
ple H1086 - Pre-anneal at 905◦C under N2O for 20 min. Growth at 705◦C with a reduced
7.47−6 mol/min DMZn flow rate. The average growth rate was further reduced by growing
for 30 s with 30 s of no growth for 60 cycles. Post-anneal at 905◦C under N2O for 2 min.
The arrow indicates the bottom right corner of a large rectangular marker.


