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CHAPTER 1

INTRODUCTION

1.1 Motivation

Advances in medical-imaging technologies continue to improve diagnostic accuracy and
increase treatment options for patients. Anatomical imaging of the physical structures within the
human body has now reached unparalleled precision with submillimeter spatial resolution for
both magnetic resonance imaging (MRI)* and computerized tomography (CT)?. However, the
highest spatial resolution currently possible for visualizing metabolic processes is approximately
3 cm with positron emission tomography (PET)3. Furthermore, PET scans are much blurrier and
exhibit more poorly defined boundaries than conventional imaging systems*, and if combined
with the lack of clearly defined anatomical landmarks, the clinical usefulness of PET scans can
be greatly reduced®. This is especially important since regions of high metabolic activity can
correspond to the sites of tumor growth and can provide early identification of metastases.

To address these shortcomings, PET systems have been combined with CT and MRI
systems to provide composite images that combine high-structural resolution with metabolic
information. Computerized tomography scans consist of multiple X-rays taken at different
angles to produce cross-sectional images of the skeletal structure that are then digitally processed
into a three-dimensional image. Moreover, radiocontrast agents may be administered to enhance
the contrast of soft tissues such as blood vessels or the colon. Magnetic resonance imaging
provides three-dimensional mapping of fatty tissue and water within a patient by detecting the
presence of hydrogen using strong external magnetic fields. Functional MRIs (fMRI) provide

additional imaging capabilities by differentiating blood oxygenation levels within soft tissue. In



both magnetic resonance imaging systems, additional contrast agents may be administered to
improve image quality.

For over two decades, PET-CT systems have been used in clinical settings, while PET-
MRI systems have only recently emerged after developing PET detectors that are compatible
with the high magnetic fields of MRI systems®. Yet even though these hybrid scanning systems
can provide complementary anatomical and metabolic data, CT and MRI scans remain limited in
their diagnostic usefulness in many cases, including the imaging of brain tumors and
neurological abnormalities.

It can be difficult for contrast agents to pass the blood-brain barrier, resulting in lower
contrast images®. Furthermore, CT scans are typically unable to accurately image areas near the
base of the skull due to the frequent presence of image artifacts’. Magnetic resonance images
yield more detailed information about the brain tissue than CT scans since they are generated by
detecting blood flow, but they remain unable to differentiate radiation damage from tumor
growth, which greatly limits their usefulness in determining the post-treatment recurrence of
tumors®.

Because of these factors, PET scans have become the primary method used specifically to
both identify and categorize new and recurrent brain tumors as well as many other types of
tumors®*e. The metabolic intensities within a PET scan image are used to grade the malignancy
of a tumor, determine a course of treatment, and gauge the efficacy of treatments. However, the
poorly defined spatial boundaries greatly limit its usefulness. A well-defined image could serve
as a guide for excision, especially in environments where the tumor tissue is visually
indistinguishable from healthy tissue. In addition, clear metabolic boundaries would provide

useful information about the potential spread of tumor sites into surrounding tissue.



The primary reason for current blurry PET images is the slow response time of
conventional scintillation detectors currently used in PET-scan systems®. The research
described in this dissertation is focused on developing a new concept for gamma-ray
scintillators with a much faster response time to address this problem.

Conventional PET scan scintillation detectors are typically single crystals of heavy-metal
oxides or halides doped with rare-earth ions that emit ultraviolet to visible (UV-vis) photons
when exposed to ionizing radiation. The scintillator crystals completely attenuate incident
gamma rays due to relatively large material densities and constituent atomic numbers combined
with sample volumes on the order of cm?®, as shown in Table 1. After the gamma rays are
absorbed, the subsequent UV-vis emission is omnidirectional with only a small fraction of the
total emission detected. Moreover, typical response times from initial high-energy excitation to
UV-vis emission, given in Table 1, are of order 0.01-10 ps'’. The state-of-the-art PET scan
scintillator crystal currently used is cerium-doped lutetium yttrium orthosilicate, or LY SO, that
has a response time around 40 ns and a time resolution (uncertainty) in the hundreds of ps. Other
commonly used scintillators compared in Table 1 include cerium-doped lutetium orthosilicate
(LSO), mixed lutetium silicate (MLS), cerium-doped gadolinium orthosilicate (GSO), cerium-
and zirconium-doped gadolinium orthosilicates (GSO: Ce, Zr), cerium-doped lutetium
gadolinium orthosilicates (LGSO), cerium-doped lanthanum chloride (LaCls), cerium-doped
lanthanum bromide (LaBr3), cerium-doped bismuth germanate (BGO), and cadmium tungstate
(CWO).

Vertically oriented zinc oxide (ZnO) arrays grown by a modified vapor-solid method
provide a unique workbench to address this problem with a time response orders of magnitude

faster than LY SO scintillators. The nanowires are single crystals of high quality, with a



Table 1: List of scintillator crystals typically used in PET systems.

GSO:

LSO LYSO MLS GSO Gogy LGSO LaCl LaBr; BGO cwWo
Light Output 76% of 120% of | 76% of
(hYMEV) 31000 32000 e 7600 e e 49000 65000 8500 27300
Peak (E“m1)'55'°” 420 420 420 430 1430 425 335 360 480 475
Dec?zs)T'me 40-47 4 36-39 | 30-60 50 ot 25 15 300 | 145ps
Density 74 7.1 73 6.71 6.7 6.5 3.86 5.29 713 79
(g/cm?®)
(i:rzﬁ) 10x10x5 10x10x5 10x10x5 10x10x5 10x10x5 20x6x4 10x10x5 10x10x5 10x10x5 10x10x3

photoluminescence (PL) yield from band-edge exciton emission in the ultraviolet that is typically
one hundred times larger than the PL yield from defect centers in the visible emission. By
carefully engineering the local environment of the ZnO nanowires through a combination of
optical-cavity effects and plasmon-exciton coupling, we show that the already highly efficient
band-edge emission can be further enhanced. Moreover, the nanowires, as we shall show, permit
a huge increase in overall optical efficiency because the light-emitting events that take place in
the nanowire are all forward directed.

The efficiency of the band-edge emission of the ZnO nanowires has the potential to offset
the scintillation material challenges of both a low interaction volume and gamma-ray stopping
power. The nanowires also act as waveguides, directing the UV emission toward the detector.
This process occurs on a timescale in the tens of picoseconds due to the direct bandgap of ZnO,
making the nanowires ideal candidates for improved PET scan resolution.

The initial focus of this dissertation in Chapter 1 will consist primarily of an overview of
scintillation and the properties of the state-of-the-art scintillators currently in use within PET
scan imaging. The synthesis and optical-emission characterization of as-prepared ZnO nanowire
arrays as well as for core-shell structures will be examined in Chapter 2 with an emphasis on

enhancing the optical emission via optical-cavity effects. Chapter 3 will focus on enhancing the



emission efficiency of core-shell nanowires through plasmonic interactions with metal
nanoparticles and on directing the emission via waveguiding effects. Initial investigations into
the suitability of ZnO nanowire arrays as a scintillation platform are detailed within Chapter 4
with experiments covering gamma-ray-induced damage effects. Time-dependent and dose-
dependent measurements will be presented. Photoluminescence (PL) light yields before and
after irradiation will also be covered. Finally, Chapter 5 discusses the conclusions drawn from
initial experiments and outlines the next steps toward the realization of a PET scan scintillator

for improved image resolution.

1.2 Scintillation Overview

1.2.1 Energy Transfer

A scintillator is a material that converts high-energy, ionizing radiation into UV-vis
photons that can then be acquired by optically compatible detectors. In this research, we will be
focusing exclusively on gamma-ray radiation and not on alpha- or beta-particle decay. The
method by which gamma-rays interact with and transfer energy to matter can be divided
according to gamma-ray energy into three processes. For energies below 100 keV, the primary
energy-transfer process is the photoelectric effect, while pair production is the most likely
interaction at energies greater than 1.022 MeV. Between 100 keV and 1.022 MeV, Compton
scattering is the dominant process and is the main energy-transfer process for the scintillators
used in PET scan imaging. Figure 1 shows the three processes as a function of the atomic
number, Z, and the gamma ray energy®®. It is worth noting that the photoelectric effect shows a

strong quartic relation between the atomic number and the probability of a photoionization event



while pair production displays a quadratic relationship between the atomic number and the

probability of pair production occurring.
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Figure 1: Three energy-transfer processes as a function of the absorber atomic number and the energy of the gamma-ray*8.

The photoelectric effect occurs when the energy of the gamma ray is completely
absorbed by tightly bound, core electrons, as shown in Figure 2, resulting in the ejection of the
electron followed by a potential cascade of secondary-electron absorption and ejection events.
Some of the absorbed energy is used to overcome the binding energy of the electron while most
is imparted to the unbound electron as kinetic energy. Core-shell holes are then filled by
electrons at a higher level accompanied by the emission of an X-ray.

The probability of the photoionization event, given by t, is strongly dependent on the
gamma-ray energy and the atomic number of the atom and can be approximated by the
proportionality:

Z4-

where Z is the atomic number and E is the energy of the gamma ray. In addition, electrons in the



() O b Q

Jump of L-shell

[ Clc\'-“ff):;;lhc K shell
@ X
A A A A A A \ O
"'\N LNV J\N w\'.v ’\/\l Un\"" 'J\AJ Lf\'” "\ﬁJ wu'." 'J\/‘J LNV {U‘q‘mu_’”/’. )
(a)
B
(& o N .
O

Ejection of a K-shell
o

Photon gamma o
mcident

clectron

Figure 2: Schematic of the photoelectric effect. An incoming gamma ray is completely absorbed by a K-shell electron, resulting
in the ejection of the electron. Following this, an L-shell electron fills the K-shell vacancy while an X-ray is simultaneously
emitted. Image courtesy of National Institute of Nuclear and Particle Physics (IN2P3).

K-shell are the most likely to interact with the gamma ray, accounting for up to 80% of the
photoelectric absorptions®®.

Pair production occurs when a gamma ray possesses an energy of at least 1.022 MeV and
passes through the electromagnetic field near an atomic nucleus as shown in Figure 3%°. The
energy is converted into an electron-positron pair, each of which requires 511 keV; any available
additional energy is imparted to the pair as Kinetic energy. The positron then annihilates with an
electron and releases two gamma rays with 511 keV energy travelling in opposite directions.
The probability of pair production increases exponentially with the energy of the gamma ray and
Z? with the atomic number?.

Compton scattering is the dominant energy-transfer process that occurs for gamma rays

with energy between 100 keV and 1.022 MeV; the gamma ray transfers part of its energy to a




Figure 3: Schematic showing the process of pair production. When a gamma ray with energy greater than 1.022 MeV nears a
nucleus, the energy may be transformed into creation of an electron and positron pair®.

free or weakly bound, outer-shell electron. Since the binding energy of an outer-shell electron is
much smaller than the gamma ray energy, the resultant kinetic energy of the scattered electron is
nearly equal to the energy loss of the scattered gamma ray. The angle at which the electron and
gamma ray scatter from each other depends on the amount of energy transferred and is governed
by the Compton equation?°:

moyc?

E'= > (2)
1 — cos § + o€ /E
%

where myc? is the rest energy of an electron (511 keV), @ is the angle between the incident and
scattered gamma ray, and E’ and E,, are the scattered and incident gamma-ray energies
respectively. This is depicted in Figure 4. The energy transferred is at a minimum when the
scattering angle 6 = 0°, and at a maximum when the gamma ray is scattered back from the

electron at # = 180°. Using the Compton equation, the energy of a forward-scattered gamma ray
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Figure 4: The Compton effect is shown in (a) wherein a high-energy gamma ray between 100 keV and 1.022 MeV is incident
upon a material. Electrons within the outer shells are ionized upon colliding with the gamma ray. The energy imparted to the
electron is dependent upon the Compton scattering angle shown in (b). Image adapted from radiologykey.com and
hyperphysics.phy-astr.gsu.edu.

would be (511 keV)/1 for no change in energy while the energy of a back-scattered gamma ray
would be (511 keV)/3 or approximately 170 keV.
The probability for Compton scattering is not the same for all scattering angles or

energies. The probability is given by the Klein-Nishina equation?°:

d_o g2 ( 1 )2 <1 + cos? 9) <1 N a?(1 — cos 0)? ) 3)
aq " \1 + a(1 —cos8) 2 (1 + cos? 9)(1 + a(1 — cos 9))

where do /dQ is the differential scattering cross section, Z is the atomic number of the scattering

material, 7y, is the electron radius, and a = y/m 2 This equation is strictly true for the
0

interaction between gamma rays and free electrons, but since electrons in the outer shell are not

tightly bound, the formula is a reasonable approximation for the interactions that occur in




Compton scattering. For the initial scattering event of a 511 keV gammaray, a = 1, so

Equation (3) reduces to approximately:

do 1 z (1 — cos 6)?
A S i @
dQ \2—cosf (14 cos?0)(2 — cos 0)

Figure 5 shows the scattered photon energy and scattering probability as a function of the

scattered angle.

1.2.2 Gamma-Ray Attenuation
The attenuation of a stream of photons with the same energies and direction of travel
within a material is described by Beer’s law with the equation:
N(x) = Ny e H¥ (5)

where ; is the linear attenuation coefficient, x is the distance travelled through the material,
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Figure 5: The Compton-scattered photon energy (left axis) and scattering probability (right axis) for a 511 keV gamma ray as a
function of scattering angle?.
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N, is the initial number of photons, and N(x) represents the number of non-attenuated photons
remaining at distance x. A large value of y; means that most of the photons will be attenuated

after travelling only a short distance within the material. The reciprocal of the linear attenuation

coefficient, or 1 = Hi Is known as the mean free path.
l

The probability that a photon will be attenuated within a material depends on the total
number of atoms in its path, not on the spatial distribution of the atoms. Therefore, it is
convenient to describe this attenuation in a way that does not depend on the density of a material
but is relatedto the linear attenuation coefficient. This can be achieved by defining the mass

attenuation coefficient, u,,, by:

W = UmXp (6)
or
Hm = #l/p )

where p is the density of the material. With this convention, the mass attenuation will be exactly
the same for ice, water, and steam while the linear attenuation coefficient would differ greatly.
And for all materials, the attenuation coefficients are strongly dependent on photon energies with

higher energies corresponding to a decrease in attenuation*é,

1.2.3 Important Scintillator Properties

Some of the most important characteristics of scintillators include:

Scintillation efficiency: The number of photons output is proportional to the energy of
the gamma ray divided by the energy of the output photons and multiplied by the quantum

efficiency of both the transport and luminescence phases of the scintillation process. The current
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state-of-the-art LY SO scintillator has a scintillation efficiency of approximately 0.2 for 662 keV
gamma rays at room temperature??.

Light yield: The fraction of generated UV-vis photons that arrive at the photodetector
within a time period called the shaping time, typically between 40 ns and 10 ps. This is always a
fraction of the scintillation efficiency due to the omnidirectional nature of the emission.

Gamma ray stopping power: This is primarily gauged using an attenuation coefficient
for the material that is dependent on a material’s density and effective atomic number; a dense,
high-Z material strongly attenuates incident gamma rays. However, for energies in which the
Compton effect is the dominant energy transfer mechanism, the attenuation coefficient is
independent of Z?%2,

Scintillation response time: The decay time for conventional scintillators is primarily a
function of electron-hole transport and luminescence time. Parity and spin-forbidden transitions
for most rare earth ions have decay times of us to ms. In the case of allowed 5d-4f transitions,
the response times are tens of ns. However, the fastest transitions occur with the radiative decay
of Wannier excitons in direct bandgap semiconductors with values in the sub-ns range.

Radiation resistance: The performance of conventional scintillators can degrade over
time due to radiation absorption causing damage to the lattice. This is a strong concern with bulk
scintillators since the defects may be trapped within the large sample volume and unable to

migrate effectively.

1.2.4 Conventional Rare-Earth Doped Scintillators

Conventional rare-earth doped scintillators combine the benefits of a dense, high-Z

material with high quantum-efficiency luminescence. The host material typically consists of a
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heavy element paired with a halide/oxide/silicate, resulting in a matrix material with a density
greater than 5 g/cm®23, The dopant ion is typically a rare-earth element with a highly efficient
electronic transition that is of lower energy than the bandgap of the matrix material to allow
efficient transport of emitted light. The most common rare-earth dopant currently used in
modern scintillators is the Ce®" ion?. This is due to a 5d-4f transition that is spin- and parity-
allowed, resulting in a fast luminescence decay of order tens of nanoseconds. Additionally, the
emission wavelength is 420-440 nm which, is near the maximum quantum efficiency range of

PMTs as seen in Figure 6.
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Figure 6: Quantum efficiency of a typical silicon photodetector and a PMT (ultra bialkali) as a function of wavelength?*,

For conventional rare-earth doped scintillators, the scintillation process consists of three
parts: 1) energy conversion, 2) transport, and 3) luminescence? as shown in Figure 7. For

gamma rays used in PET scan imaging, the energy-conversion process is dominated by Compton
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Figure 7: Scintillation process for rare-earth doped scintillators consists of conversion of ionizing radiation into electron-hole
pairs, transport of the weakly bound pairs to luminescent centers, followed by transfer to the rare-earth ion and light emission®.

scattering, in which the incident gamma ray inelastically collides with the electrons of the
scintillating material. The collisions result in ionization and promotion of electrons high into the
conduction band while holes are formed deep within the valence band. The electrons then
rapidly thermalize to the conduction band edge, over the course of a few ps, while the holes
migrate more slowly to the valence band edge.

The transport process occurs after thermalization as the electrons and holes migrate
through the lattice to reach luminescent centers present in the form of doped impurity atoms. As
the electrons and holes migrate, they may be repeatedly trapped into defect centers, resulting in a
much slower response time for the scintillator?®. After reaching the luminescence centers, the
electron and hole recombine, yielding light in the UV-vis range. This luminescence is lower

energy than that of the host-material bandgap so the emission is able to propagate through the
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scintillator without significant attenuation. However, since the emission is omnidirectional, only

a fraction of the total emission is detected.

1.3 ZnO As a Scintillator Material

1.3.1 ZnO Properties

Zinc oxide (ZnO) is a 11-VI semiconductor with a wide direct bandgap of 3.37 eV and a
large exciton binding energy of 60 meV. These properties yield a band-edge exciton that is
thermally stable at room temperature (KT =~ 25 meV), resulting in a highly efficient, near-Uv
emitter that has been used in a variety of applications including optoelectronics?’-2°,
nanolasers®®-32, and sensors33=°.

Zinc oxide typically crystallizes into a hexagonal wurtzite structure with lattice constants
of a=b=23.25Aand c =5.21 A®. The formation of a semi-stable zincblende structure is
possible through epitaxial growth on a substrate with a cubic lattice, while a stable rocksalt
structure is only achievable at pressures greater than 9 GPa®’. The material density of ZnO is
5.61 g/cm?, which is substantially less than that of conventional heavy-metal oxide scintillators,
but is greater than that of plastic scintillators®,

Room-temperature PL spectra for ZnO typically comprise two emission bands, as shown
in Figure 8. One is a sharply defined band-edge peak centered at 3.3 eV that is due to free
exciton recombination, while the other is a broad visible emission peak centered at 2.3 eV that is
a superposition of various intrinsic defect emissions®. Furthermore, recent studies of ZnO

nanorods have yielded strong evidence that the visible emissions located at 2.5 and 2.2 eV can be
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attributed to singly-charged oxygen vacancies (Vo+) and doubly-charged oxygen vacancies

(Vo++) respectively®.

Photoluminescent Spectrum of ZnO Nanowires
350 400 450 500 550 600 650

smo 1 1 1 1 1 1 1
Band-edge Emission
400000 - (exciton recombination) .
300000 . . - - B
@ Visible Emission
3 - (superposition of
v T defect emissions) I
100000 ~ -
0 4 =

——
350 400 450 500 550 600 650
Wavelength (nm)

Figure 8: Typical photoluminescence spectrum of ZnO. The sharply-defined band-edge emission is due to exciton
recombination and is centered around 3.3 eV. The visible emission is a superposition of defect emissions typically centered at
2.3eV.

There has been a steady increase in research focusing on ZnO as a scintillating material
over the last decade*'®!. Some of the properties of ZnO that are appealing for scintillation
applications include: high quantum efficiency light output®, sub-nanosecond response times®?,

and higher radiation hardness than other semiconductor materials such as Si, GaAs, or GaN>*.
1.3.2 ZnO Thin Film Scintillators

Approximately 50 years ago, ZnO was among the very first direct band gap

semiconductors to be studied for scintillation applications. In 1966, ZnO was doped with
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gallium to examine the potential improvement in response time®. This resulted in the
replacement of Zn atoms with Ga atoms and introduced a degenerate donor band overlapping the
bottom of the conduction band. The electrons from the donor band recombined with the holes
within the valence band with a time response faster than 1 ns, which was the limit of temporal
resolution for the experimental measurement at that time. Additional experiments on undoped
ZnO have found similar response times with an overall consensus that the radiative lifetime of
the free exciton is highly dependent on the material quality®®.

In the case of highly-crystalline ZnO, non-radiative decay through defect channels is
minimized, while the band-edge emission is extremely efficient with a yield of approximately
one photon for the absorbed energy necessary to generate an electron-hole pair®’. This is in
contrast to rare-earth doped scintillators which require absorption of 2-7 times the band-gap
energy to yield a photon®®, primarily due to inefficient electron-hole transport to luminescent

centers within the host material®®.

1.4 Overview of Scintillation in PET Scans

One of the most promising applications for ZnO nanowire scintillators is for use as a PET
scan radiation detector. A PET scan is a medical-imaging system that is used to observe
biological processes and search for potential tumor and metastases sites. Tumor sites generally
have a large metabolic energy demand, leading to a preferential uptake of glucose compared to
normal tissue. Scans utilize this pathway by having the patient ingest a radioactive glucose
analog that concentrates in tissues with increased metabolic rates.

The most commonly used radioactive glucose analog is [*8F-2-fluoro-2-deoxyglucose], or

FDG®. This compound contains the radioactive isotope fluorine-18 that has a half-life of 110
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minutes. As fluorine-18 decays to a stable isotope of oxygen, O-18, it emits positrons that
quickly annihilate with localized electrons. The distance the positron travels before annihilation
depends on the type of tissue it is generated within; water serves as a good approximation for
most tissue. The mean distance a positron will travel in water before annihilation is 0.6 mm®, so
the signal generated is highly localized to the site of the positron emission. The annihilation
event yields two 511 keV gamma rays that are emitted at nearly 180° opposite each other as
shown in Figure 9.

Figure 9 also shows that the patient is surrounded by a 360° ring of scintillators and
detectors during the scanning process. The scintillator crystals convert the gamma rays into
visible light that is emitted omnidirectionally. Only the light that is incident on the detectors is

counted as an event. If two such events occur 180° opposite each other and across the patient,

180
Spontaneous E=mc2
decay p.n " =511 keV PET scanner
'ﬁﬂ 0@ active detector area
P 44
It
O’U?GQ Positron
o emission A Detector 1
\®ﬁ+ N ( t, )
Ve ~180°
\
~2mm \ N \
eoe l‘
1
High-energy Positron- // .
annihilation electron Line of
photon annihilation , response
~ia - 7z ”
- = Detector 2
t, (t;) —d— £
o } e
g

Figure 9: Overview of PET scan procedure. After a radioactive glucose analog is ingested by a patient, it is preferentially taken
up by regions of high metabolic demand. As the fluorine-18 decays into a stable oxygen-18 atom, it emits a positron that
annihilates with a localized electron, generating two 511 keV gamma rays 180 degrees apart. The detectors then localize the
annihilation event along the line of response based on the difference in timing between the two gamma-ray detections®.
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the coincidence processing unit will calculate where along the line of response (LoR) the
annihilation occurred based on the difference in the timing of the events. The distance of the
event from the center of the LoR is calculated as the difference in time between the first
detection, t1, and the second detection, to, divided by two and multiplied by the speed of light, c.

It is also important to note that the majority of the annihilation events do not get counted
by the coincidence processing unit — or are counted with erroneous LoRs. Figure 10 shows the
different types of errors that can occur. No event will be recorded if the gamma rays do not
travel along the plane of the detectors, or if one gamma ray is incident on a detector while the
second gamma ray is out of plane. Moreover, if two such events occur, the coincidence
processing unit can incorrectly assign an LoR between the two incident gamma-ray events. It is
also possible to assign an LoR between two detections that occur after a Compton scattering
event has changed the course of one or both of the gamma rays.

However, the largest source of error is from the uncertainty due to the inherent time

resolution of the scintillator. Since the state-of-the-art scintillators currently used for PET scans
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Figure 10: Possible sources of error for determining the location in space where an annihilation event occurred?®.
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have a response time of 40 ns + 200 ps, the 200 ps temporal uncertainty translates into
approximately a 3 cm spatial uncertainty. This spatial uncertainty is responsible for poorly
defined boundaries in PET scans, especially compared to other scan methods such as an MRI as

shown in Figure 11.

Figure 11: MRI and PET scans taken at the same location. The MRI image shows physical features with clear margins
(resolution ~ 1 mm) while the PET scan shows areas of high metabolic activity with diffuse margins (resolution ~ 2 cm). Image
adapted from: Dr Paul Edison, Neurology Imaging Unit, Imperial College, London.

The clear difference in the resolution of the images illustrates the importance of developing a
new type of scintillator with a much faster time resolution.

The gamma-ray flux incident upon scintillators during a PET scan can be estimated by
dividing the gamma-ray emission from a typical dosage of FDG by the surface area of a sphere
with a radius equal to that of the detector ring. The number of gamma rays emitted per second
by a standard dose of FDG is approximately 400 million®®. The detector ring for a typical PET

scan system is 40 cm in radius®?, which yields a spherical surface area of approximately 20,000




cm?. Dividing the number of gamma rays per second by the surface area yields a gamma-ray
flux of 20,000 per cm?, as shown in Equation 8.

4x108 y-rays/sec
41X (40 cm)?

~ 20,000 y-rays/sec/cm? (8)

The typical gamma-ray fluxes from less-benign sources vary greatly depending on the
source. For nuclear-reactor accidents, the gamma-ray flux for *3’Cs emission ranges from 150
y-rays/sec/cm? at Chernobyl®® to approximately 15 y-rays/sec/cm? at the recent Fukushima
disaster®. For nuclear warheads, the primary gamma-ray emission energy for the fissile material
is 1.001 MeV. At a distance equal to the surface of the warhead, the gamma-ray flux is
approximately 12.5 y-rays/sec/cm? for weapon-grade uranium and 7.5 y-rays/sec/cm? for
weapon-grade plutonium®. This is for a warhead using depleted uranium for the tamper layer
that is used to contain and focus the chain reaction. Conversely, if the warhead uses tungsten for
the tamper layer, the gamma-ray flux drops to under 0.1 y-rays/sec/cm?. These values are

summarized in Table 2.

Table 2: Typical gamma-ray fluxes for a variety of sources.

Gamma-Ray Gamma-Ray Flux
Energy (y-rays/sec/cm?)
PET Scan 511 keV 20,000
Chernobyl Disaster 662 keV 150
Fukushima Disaster 662 keV 15
Uranium Warhead 1.001 MeV 125
Plutonium Warhead 1.001 MeV 7.5
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Much of the signal from conventional scintillators is not registered by the detectors due to
the omnidirectional nature of the emission. Figure 12 shows a typical scintillator/detector block

setup. An 8x8 array of scintillation crystals is mounted in front of a 2x2 array of photomultiplier
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Figure 12: Diagram of a typical block detector used in PET scan systems. An 8x8 array of scintillator crystals is mounted in
front of a 2x2 array of photomultiplier tubes?.

tubes (PMTs). In between the scintillator crystals, thin barriers of tungsten or lead, called septa,
may be positioned. The septa will absorb most of the light that impinges upon their surface,

collimating the emission at the expense of absorbing a large percentage of emitted photons®.
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CHAPTER 2

ZNO NANOWIRES: HIGHLY EFFICIENT EMITTERS

2.1 ZnO Nanowires

2.1.1 ZnO Nanowire Synthesis

Zinc oxide nanowire (NW) synthesis follows a protocol developed over several years
with a goal of fabricating nanowires with an extremely high ratio of band-edge emission to
visible emission in order to start with a system that is an efficient emitter prior to any
modifications; the protocol follows. Sample substrates consisted of 500 um thick fused-silica
wafers cut to dimensions of approximately 1 cm x 2 cm with a diamond saw. These substrates
were then cleaned through ultrasonication with acetone, methanol, and deionized water for 10
minutes each; compressed zero-grade nitrogen gas was then used to dry the substrates.

A 100 nm thick ZnO seed layer was deposited onto the substrates in an electron-beam
evaporation chamber (Thermionics, 150-0040). A base pressure of 3 x 10® Torr was reached
before deposition to minimize contamination. An operating pressure of less than 3 x 10° Torr
was maintained with a deposition rate of 0.1 A/s to minimize oxidation of the filament and
ensure a uniform coating. The 100 nm film thickness was verified by a quartz crystal
microbalance in situ.

Zinc oxide nanowires were then grown onto the crystalline ZnO buffer layer using a
modified vapor-solid method with a vertically oriented tube furnace (Thermolyne 21100). The
vertically oriented quartz tube housing used to support the substrate and gas feed lines during

deposition is depicted in Figure 13. A measured amount (6.0 mg) of Zn powder was placed into
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an alumina crucible, which was mounted at the bottom of the 0.9 m tall quartz tube housing. The
substrate was situated seed layer face-down on two silicon shelves in the substrate holder, and a
fused-silica mask was placed on top of the substrate to prevent unwanted ZnO deposition on the
back side of the substrate. The substrate was positioned approximately 10 cm above the
crucible. Gas feed lines for Ar and O», a thermocouple, and exhaust vent, were fed into the
growth tube through a rubber stopper. The O line and thermocouple extended to directly above
the level of the substrate while the Ar line was located between the substrate and crucible.
Initially, the Ar flow rate was set to 1000 sccm and the O at a flow rate of 23 sccm. The
higher Ar flow rate allowed the Ar gas to purge the system of ambient air and prevented the O>
from reaching the surface of the substrate. After purging for ten minutes, the quartz tube was
transferred to the vertical furnace, which was preheated to 690 °C. At this temperature the Zn
source began to evaporate to the level of the substrate after five minutes, as confirmed by the
appearance of zinc metal at the substrate. The Ar flow rate was then lowered to 350 sccm,
allowing a partial pressure of approximately 6% O- to reach below the level of the substrate, and
for reactions between the Zn and Oz to occur. Zinc oxide then began to deposit onto the
substrate, preferentially nucleating at grain boundaries on the ZnO seed layer. The continued
growth from those locations formed the ZnO NWs. After exhausting the Zn source, the quartz

tube was removed from the furnace and the sample was allowed to cool at ambient conditions.

2.1.2 ZnO Nanowire Characterization

The nanowires were then imaged by a scanning electron microscope (SEM) using a

Hitachi S-4200 system with images taken in both plan view and 45° tilt configurations at
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Figure 13: The vertically oriented quartz growth chamber is shown on the left with an SEM image of a typical nanowire sample
on the right. For nanowire growth, the substrate is mounted face down approximately 10 cm above the crucible containing the
Zn powder. The Ar gas line extends below the level of the substrate while the Oz line ends just above the substrate.

multiple locations to verify the uniformity of nanowire morphology across the sample. Figure 13
shows a representative high-resolution image, acquired in a Raith e-Line SEM, of nanowires that
are uniform in thickness, well-aligned, and have hexagonal facets at the ends; these features are
typically indicative of high quality nanowires.

The SEM images were analyzed to determine an average NW height and interwire
spacing of 800 nm and 400 nm respectively. The next step in fabrication was the preparation of
the MgO shell layer by glancing-angle deposition as shown schematically in Figure 14. From
the measurements of average NW height and spacing, the optimal rotation angle was calculated
using the inverse tangent of the interwire distance divided by NW height, o = tan'}(1/2) = 27°.

By rotating at this angle, shadowing effects between the nanowires were minimized while the

uniformity of deposition along the sides of the nanowires was maximized.
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Angle of Rotation: « = tan™! (1)
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Figure 14: Schematic showing the glancing-angle deposition method used to deposit thin films or nanoparticles uniformly along
nanowire samples. The optimal angle of rotation is calculated based on the average interwire distance and nanowire height.

2.2 Core-Shell Nanowires

2.2.1 Core-Shell Fabrication

The nanowire sample was then masked into octants in order to provide eight sample
locations on the same substrate for subsequent experiments. The substrate was then mounted
onto a glancing-angle deposition (GLAD) apparatus that was used to continuously rotate the
substrate in an electron-beam evaporation chamber at the calculated angle, a. Magnesium oxide
was chosen as the shell material to be evaporated onto the nanowires due to its wide bandgap of
approximately 7.8 eV. Furthermore, MgO crystallizes in a rock-salt formation that has a low
lattice mismatch with the wurtzite form of ZnO®. Magnesium oxide was evaporated onto the
sample, in separate depositions for each octant, with thicknesses ranging from 0 nm to 70 nm in
10 nm increments. The resultant core-shell nanowire structure is shown in Figure 15 with an
image of the sample taken by an FEI Tecnai Osiris high-resolution scanning transmission

electron microscope (STEM). The interface between the ZnO and MgO is well ordered with few
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visible defects, which should reduce light scattering at the boundary and enhance the emission

efficiency of the sample.

Figure 15: High-resolution TEM image of MgO coating on a ZnO nanowire. The lattice planes characteristic of a well-ordered
interface show epitaxial growth of the MgO onto the ZnO, which also should reduce light scattering along the boundary.

2.2.2 Core-Shell Characterization

Photoluminescence spectra were measured with a thermoelectrically cooled (-40 °C)
CCD camera in a spectroscopy set-up (HORIBA Jobin Yvon LabRAM 800HR) in the range of
1.86 eV - 3.76 eV, encompassing both the band-edge and defect emissions of the ZnO NWs.
The ZnO NW emission was excited by a 325 He-Cd laser (Kimmon, 1K series 200mW vertically

polarized), detected in line with the laser normal to the surface. Each measurement was the
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accumulation of ten measurements taken for 0.2 seconds, all with background correction. The

PL spectra are shown in Figure 16.
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Figure 16: Left panel, photoluminescence measurements as a function of MgO coating thickness. Right panel, luminescence
enhancement factor, normalized vs the bare ZnO nanowires. At 20 nm and 60 nm MgO thickness, there is more than a 15-fold
enhancement of the luminescence compared to that of the bare ZnO nanowires.

The enhancement factors shown in the right panel of Figure 16 were calculated from the
integrated areas under the emission bands in the PL spectra using a baseline and were normalized
against the emission of bare ZnO nanowires. At 20 nm and 60 nm of MgO thickness, the band-
edge emission is enhanced by a factor of more than 15, while the visible emission remains fairly
constant. At 40 nm of MgO thickness, the emission is enhanced three-fold. This is the minimum
enhancement seen and can be explained by the strong passivation effect that an MgO coating can
have on the surface states on the ZnO nanowires, as reported in literature®®"*. However,
passivation effects alone cannot account for the large emission enhancement seen at 20 nm and

60 nm; the oscillatory nature of the enhancement suggests optical cavity effects.
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There are two principal types of resonant modes that can be established inside a regular

hexagonal cavity as in Figure 17. The first is a Fabry-Perot mode in which light is trapped

Primary Modes of Interest

Fabry-Perot WGM Quasi-WGM

Figure 17: Resonant modes for hexagonal cavities include, from left to right: Fabry-Perot, whispering gallery mode, and quasi-
whispering gallery mode. The principal modes of interest in this research are the Fabry-Perot and whispering gallery modes’.

between two parallel facets. The second mode is a whispering gallery mode (WGM) that occurs
as light travels circularly around the interior of the cavity. For an elongated hexagonal cavity,
light can still be trapped in Fabry-Perot and whispering gallery modes as shown in Figure 18, but
the optical path length may differ significantly’®. Since the as-prepared ZnO nanowires that
were imaged in Figure 15 consisted of elongated hexagonal cross sections, it is likely that both
modes still occur within the core-shell nanostructures. This effect can also explain some of the
enhancement seen for non-resonant MgO thicknesses. Since the SEM images show that the ZnO
nanowire hexagonal cross sections are dominated by the regular polygonal structure; however,
there is a moderate range of cross-sectional shapes that are elongated from the regular hexagon.

Thus a band of wavelengths should resonate within the optical cavities of varying cross sections,
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Figure 18: Optical cavity modes for elongated hexagonal cavities. Both Fabry-Perot and whispering gallery modes are still
possible, albeit with altered optical path lengths?.

leading to an overall efficiency enhancement for all MgO thicknesses. In addition, optical modes
have been shown to exist for both triangular and square ZnO cavity geometries recently, which
adds even more potential resonant conditions’ 7°,

Optical cavity effects have been well-documented to significantly enhance the band-edge
emission of ZnO micro- and nanostructures’®"®. This enhancement has been shown, for
example, to drastically reduce the threshold for nanowire lasing, especially when exploiting the
high Q factor resulting from the total-internal reflection that occurs in whispering gallery
modes®> 8. However, even Fabry-Perot resonant modes can significantly enhance the band-edge
emission and have been used for lasing applications®’.

For core-shell nanowires, the differing mode geometries are of particular importance.
Fabry-Perot resonant modes set up across the diameter of the nanostructure and pass through
both the core and the shell. However, in the case of whispering gallery modes, the light is
trapped primarily around the interior of the shell. This has been studied using tapered ZnO

microrods that are thicker in the middle of the rod than at the ends®. Both experimental data and
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finite-difference time-domain (FTDT) simulations confirm the presence of whispering gallery
modes only in the thicker portions of the microrod while Fabry-Perot modes are seen throughout

the length of the microrod, resulting in a hybrid mode structure when the two modes overlap.

2.2.3 Optical Cavity Modes: Calculations

The thickness of the MgO coating, m, that results in a resonant condition can be
calculated by using straightforward standing-wave analysis with a slightly modified version of a
square resonant-cavity equation® that properly accounts for the hexagonal shape of a ZnO

nanowire of diameter a = z + 2m, as shown in Figure 19:

Nepr  |j2+ k2 + 12

A 4a? ®
The effective refractive index, nes, of the core-shell nanowire can be written as a weighted
average by the following equation:
(zxn,) + 2mxn,,)
Meff = zZ+2m 10

Here, z and n,, and m and nm , are the thicknesses and refractive indices of the ZnO nanowire and
the MgO coatings respectively. Solving for the MgO thickness, m, that results in a resonance

condition gives:

MW+ kE+ 12 —2(zxn,)
m = A (11)

m

The resonant modes are given by integer values of j, k, | with 1 as the band-edge emission

wavelength of 380 nm. For ZnO nanowires of approximately 90 nm in diameter, Figure 19
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shows the calculated MgO thicknesses for the (1, 1, 0) and the (1, 2, 0) modes. The calculations
show resonant conditions occurring at thickness values of approximately 20 nm and 60 nm. This
is in good agreement with the measured band-edge emission maxima. Additionally, the visible
emission does not show any enhancement over the range of MgO thicknesses. This is also in
agreement with the experimental data since no resonant modes can occur under this system using

the much longer visible emission wavelengths.

2.2.4 Optical Cavity Modes: COMSOL Simulations
To provide additional insight into the enhanced band-edge emission seen at specific thicknesses
of MgO, the system was simulated using COMSOL Multiphysics. Figure 20 shows the model

that was developed for the simulations. Since the nanowires are much smaller than the

E E MgO Coating Thickness
(tpg0) for Resonance
MgO: ny,, = 1.77 AELE ) )
Zn0O Nanowire (1,1,0) (1,2,0)
Zn0: ny,, = 2.45 Thickness (t,,,) (nm) Mode Mode
T 87 21 65
88 20 64
89 20 64
tano ™ 90 19 63
S 91 18 62
92 18 62
93 17 61
) 94 16 61
L tygo 95 16 60
. 96 15 59

Figure 19: Calculated MgO thicknesses that result in resonance conditions for Fabry-Perot modes. For ZnO nanowires
approximately 90 nm in thickness, resonance occurs for 19 nm and 63 nm.of MgO thickness. This is in close agreement with
experimental results where maximum band-edge emission intensity occurs at MgO thicknesses of 20 nm and 60 nm.
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wavelengths of the simulated light sources, a plane wave was used with the propagation direction
set from left to right from Boundary 3. Perfectly matched layers (PMLs) were used at the top
and bottom of the model to prevent scattering at large angles while a scattering boundary

condition (SBC) at Boundary 21 was used to prevent scattering at small angles.

. PML ek

y PML =Y

Figure 20: COMSOL Multiphysics simulation diagram for ZnO-MgO core-shell nanowire. A plane wave was used as the light
source with a direction of travel from left to right from Boundary 3. Perfectly matched layers (PMLSs) and a scattering boundary
condition (SBC) were used to minimize reflection.

The ZnO nanowire core was held fixed at 90 nm diameter while the MgO shell varied
from 0 nm thickness to 80 nm thickness in 2 nm increments. The first light source that was
simulated was 325 nm; that corresponds to the wavelength used by the He-Cd laser used as the
excitation source for photoluminescence measurements. The second light source that was
simulated was 380 nm and corresponded to the wavelength emitted by the band-edge excitons of

the ZnO nanowires. The optical constants used for ZnO at 325 nm and 380 nm were n = 2.04, k
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=0.41 and n = 2.48, k = 0.15 respectively, while the optical constants used for MgO were n =
1.79,k=0and n =1.77, k = 0 respectively. The potential reflection at the interface between the
oxides due to the difference in refractive indices is mitigated by the tendency of Mg?* to diffuse
into Zn?* sites to form a graded index with Zn;-xMgxO8% &,

After the simulations were run, the resultant steady-state electric field intensities within
the core-shell nanostructures were integrated to compare the enhancements from the different
MgO thicknesses. The first simulation result, shown in Figure 21, shows the optical-cavity
effects from a 380 nm light source interacting with the core-shell nanowires. The highest
integrated efficiencies were found at 20 nm and 60 nm of MgO thickness. This is in good
agreement with both experimental data and calculations. At 20 nm of thickness, the first Fabry

Perot mode sets up inside the nanostructure horizontally.

Excitation Source:
ZnO Band-Edge - 380 nm

Stimulated Emission

Figure 21: COMSOL Multiphysics simulations for the interaction of 380 nm light with ZnO-MgO core-shell nanostructures
with varying MgO thickness from 0 nm to 70 nm in 10 nm increments; the highest integrated intensities correspond to 20 nm and
60 nm MgO thickness. Fabry-Perot modes are seen at both thicknesses with whispering gallery modes appearing at 60 nm.
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The results for the 325 nm light source simulations are shown in Figure 22. The highest
integrated intensities were now seen to occur at 10 nm and 50 nm of MgO thickness. This
matches theoretical expectations given that the 325 nm wavelength is shorter than the 380 nm
wavelength, and therefore the resonant conditions would also be expected to occur in regions
with thinner MgO coatings. However, this is still close enough to the 20 nm and 60 nm intensity
maxima seen for the 380 nm light source to contribute to the large enhancement that is seen

experimentally.

Light Source:
He-Cd Laser - 325 nm

Exciton Generation

Figure 22: COMSOL Multiphysics simulations for 325 nm light interacting with ZnO-MgO core-shell nanostructures. The
thickness of the MgO varies from 0 nm to 70 nm in 10 nm increments. The highest integrated intensities correspond to 20 and 50
nm of MgO, respectively. Fabry-Perot modes are seen at both thicknesses while whispering gallery modes appear at 50 nm.

The 325 nm light source generates excitons within the ZnO core. As the Fabry-Perot

cavity traps the laser light, the optical path length increases as the light makes multiple passes
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through the ZnO. The 380 nm wavelength corresponds to band-edge emission from excitons
generated in the ZnO. As the Fabry-Perot and whispering gallery modes trap the ZnO emission,
that light can in turn stimulate emission from the band-edge excitons, increasing the radiative
efficiency. Light trapped within the whispering gallery mode does not strongly affect the
emission since it is primarily confined within the 50-60 nm MgO shell. This can explain why
both the 20 nm and 60 nm of MgO coating result in approximately the same fifteen-fold

emission enhancement.
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CHAPTER 3

PLASMONIC EFFECTS AND WAVEGUIDING

3.1 Plasmon Interactions

3.1.1 Plasmon Overview

Plasmons are quasiparticles that arise from the collective oscillations of the free electron
gas in a metal relative to fixed positive ion cores that are driven by the electric field component
of incident light. Localized surface plasmons (LSPs) and localized surface-plasmon resonances
(LSPRs) arise when light interacts with metal nanoparticles small enough that the oscillating
electric field vector can be assumed to be roughly constant over the volume of the nanoparticle
(quasi-static approximation). Coherent excitation of the plasmon field only occurs when the size
of the metal nanoparticles is much smaller than the wavelength of an incident light beam. In the
case of the light sources, 325 nm and 380 nm, and metal, Ag, used in this research the size of the
nanoparticles is limited to tens of nanometers for an LSP response. The resonance frequency of
the localized surface plasmon is strongly dependent on nanoparticle material, size, shape, and
nearby dielectric environment, with the oscillations of the free electrons generating a strong

localized electric field with a range of a few tens of nanometers from the metal nanoparticles.

3.1.2 Decorating Core-Shell Nanowires with Silver Nanoparticles
To study plasmonic interactions with the excitons in the core-shell ZnO-MgO nanowires,
the entire sample was coated with a 10 nm nominal layer of silver using the GLAD apparatus.

At this thickness, the silver coating was in the form of nano-islands on the surface of the MgO
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rather than a continuous film. Once the nanowires were decorated by the Ag nanopatrticles,
photoluminescence spectra were then acquired using the same protocol as with the core-shell
nanowires. This procedure ensured that the only varied parameter was the addition of the Ag
nanoparticles, as the provenance of the core-shell nanowires could not necessarily be guaranteed
had they been fabricated in a second deposition cycle.

To study the morphology and uniformity of the MgO coating and Ag nanoparticles, high-
resolution SEM and STEM images were taken using a Raith eLine and an FEI Tecnai Osiris
respectively. Figure 23 displays high-resolution SEM and STEM images of the uniform NW

coverage that resulted from depositing 10 nm of Ag using the GLAD apparatus. Graphic

Figure 23: The upper left SEM image shows the highly faceted ZnO nanowire surfaces, while the bottom left SEM image
displays the same nanowire sample after 10 nm of Ag was deposited. A high-resolution STEM image of an Ag-decorated core-
shell nanowire is shown on the right. The top-right image displays the morphology of the surface of the nanowire, while the
remaining images show the elemental composition.
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analysis of the SEM images using ImageJ software found that the average size of the Ag
nanoparticles was approximately 25 nm in diameter, with 70% coverage uniformly across the
surface of the ZnO NWs. The deposition of magnesium, corresponding to the MgO coating, and
silver was also shown in the elemental-analysis images. The MgO coating was deposited along
the lengths of the ZnO nanowires, with only a slight increase in thickness at the ends of the
nanowires. The MgO coating not only provided additional optical path lengths for optical cavity
modes to set up within the core-shell structure, but it also allowed for distance-dependent effects
on plasmonic enhancement to be studied, which was critical for interpretation of subsequent

photoluminescence measurements.

3.1.3 Plasmonic Effects on Emission

Figure 24 shows the plotted emission enhancement and room-temperature PL spectra of

the ZnO nanowires with varying thicknesses of MgO functionalized with Ag nanoparticles. The
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Figure 24: Left, photoluminescence spectra of Ag-decorated core-shell nanowires. The emission enhancement normalized
against the bare ZnO nanowire is shown on the right. At 20 nm MgO thickness, the band-edge luminescence is enhanced
approximately 25 fold while at 60 nm of MgO thickness, the emission is enhanced 55 fold.
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same oscillatory enhancement to the band-edge emission that was seen in the PL measurements
for the undecorated nanowires is also seen after the Ag-nanoparticle deposition. However, at 20
nm of MgO thickness, the enhancement to the band-edge emission is increased approximately 25
fold, while at 60 nm the enhancement is increased 55 fold. Also, as seen previously, the visible
emission remains relatively constant, independent of the MgO thickness.

The drastic enhancement of the band-edge emission seen in the ZnO/MgO/Ag structures
can be attributed primarily to plasmonic effects. The enhancement seen at 20 nm of MgO
thickness can be due to the large increase in the density of states from the presence of the LSPs

in the Ag nanoparticles. The transition rate is described by Fermi’s Golden Rule No. 2 as:

2
iy = == /11D (12)

where T is the transition rate of the exciton from an excited state to the ground state, |(f|H'|i)|
represents the dipole matrix element that when squared yields the probability of a transition, and
p represents the joint density of states available for the transition. The plasmons generated in the
Ag nanoparticles greatly increase the local density of states which in turn increases the transition
rate and results in an enhanced radiative emission and reduced non-radiative losses.

The large emission enhancement seen at 60 nm can be attributed to a different process.
At 60 nm of MgO shell thickness, the electric field intensity of the LSPs from the Ag
nanoparticles will be strongly attenuated and have little effect on the ZnO core. Instead, the
enhancement can be explained by the light that is propagating in whispering gallery modes inside
the MgO shell. As the light reflects from the exterior MgO surfaces along the hexagonal facets,
it is potentially back-scattered by the plasmons into the cavity and across the ZnO core. This
effectively greatly enhances the amount of light that interacts with the ZnO core and results in

the 60-fold enhancement to the band-edge emission.
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To provide additional insight into the enhancements, we numerically analyzed the change
in band-edge emission enhancement factors over thicknesses by fitting quadratic and cubic
equations to the PL yield. The first set of equations was for the MgO shell only with no Ag
nanoparticles. The first equation was for the thicknesses m < 40 nm, and another for m >
40 nm, which yielded:

pi(m) = —.03x% + 1.4x + 2.7 (13)

po(m) = —.03x% + 4.7x — 120.2 (14)

For the enhancement seen in the Ag-nanoparticle decorated core-shell nanowire, both
quadratic and cubic terms were needed to fit the data. As before, the first equation was for
thicknesses m < 40 nm, and the second was for m = 40 nm, which yielded:

pi(m) = —.04x% + 2.1x — 1.2 (15)

p,(m) = —.01x3 + 1.2x? — 58.6x + 903 (16)

The root mean square deviations for these fits were 1.7, 1.5, 4.8, and 10.7, respectively.

The only fit that required a cubic equation was for the measurements that included the 60
nm of MgO thickness with Ag nanoparticles. This is due to the drastically different
enhancement mechanism of the plasmons backscattering the light that is propagating in
whispering gallery modes back into the ZnO core. By doing so, additional Fabry-Perot modes

can be generated which in turn greatly enhances the emission of the ZnO.
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3.2 Cathodoluminescence Measurements

3.2.1 Cathodoluminescence Experiment

To further characterize the Ag-decorated core-shell nanowire sample, high-angle annular
dark field (HAADF) images and cathodoluminescence (CL) measurements were acquired as part
of a collaboration at Oak Ridge National Laboratory. The microscope system used was a VG-
HB601 aberration-corrected STEM operated below 60 kV to increase the interaction between the
beam and the sample. Both high-angle annular dark field images and cathodoluminescence
measurements were taken simultaneously to provide complementary morphology and emission
information. Cathodoluminescence measurements use a focused beam of above-bandgap energy
electrons to excite the luminescent centers within the sample. The emission can then be spatially
resolved as the beam rasters across the sample. High-angle annular dark field imaging provides
high-quality images of the morphology of the sample and is especially sensitive to contrasts in
the atomic number of the atoms comprising the sample. Figure 25 depicts the experimental

arrangement used for the measurements.
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Figure 25: Schematic showing the imaging configuration for both the HAADF and CL measurements of the Ag-decorated core-
shell nanowires. Images courtesy of Jordan Hachtel.
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3.2.2 Plasmonic Effects

The HAADF and CL measurements taken of a core-shell nanowire with a non-uniform
Ag-nanoparticle distribution are shown in Figure 26. The HAADF image shows that the
nanowire has alternating areas of high and low Ag-nanoparticle concentration. In the areas of
high nanoparticle concentration, the CL measurements show strong band-edge emission from the
nanowire. Conversely, the areas that show low Ag-nanoparticle coverage display the lowest
band-edge emission. This direct correspondence of the enhancement of the band-edge emission
with the presence of the Ag nanoparticles verified that the ZnO band-edge emission can be
strongly enhanced through plasmonic interactions, potentially leading to a greatly enhanced

scintillating material.

Figure 26: High-resolution HAADF (left) and CL (right) images of a ZnO-MgO core-shell nanowire non-uniformly decorated
with Ag nanoparticles. The HAADF image shows the nanowire has alternating areas of high and low Ag-nanoparticle coverage.
The CL measurement shows that the areas with the higher concentration of Ag nanoparticles correspond to the most intense
emission.
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3.2.3 Waveguiding Effects

Waveguiding effects also have the potential to greatly enhance the efficiency of a ZnO
nanowire scintillator. By channeling the band-edge emission along the length of the nanowire,
virtually all of the emitted light will reach the detector. This is in contrast to the omnidirectional
emission of typical scintillators that results in the majority of the emitted light not being detected,

as seen in Figure 27.
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Figure 27: Conventional omnidirectional scintillator emission results in a small fraction of the signal being detected.

ZnO nanowires with their hexagonal structure and sharp faceted ends provide an ideal
morphology for waveguiding and have been researched extensively for this property®¢-8°. The
wavelength of the light, cavity diameter, and coupling angle can all strongly affect which optical
modes set up inside of the nanowire cavity and whether efficient waveguiding will occur. For
the band-edge emission at approximately 380 nm, the fundamental, Fabry-Perot mode is the
most efficient and tends to be the dominant mode for ZnO nanowires with diameters between 90
and 150 nm® ®, Photoluminescence measurements of waveguiding efficiency of the band-edge

emission in ZnO nanowires has shown that these single modes are capable of confining 80-90%
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of the light®> ®3, In addition, cathodoluminescence experiments have clearly shown that ZnO
nanowires exhibit strong waveguiding behavior® %

To experimentally verify waveguiding within an Ag nanoparticle-decorated, core-shell
ZnO nanowire, additional cathodoluminescence measurements were performed at Oak Ridge
National Laboratory. Figure 28 shows the results of that experiment. The top image is a high-

resolution TEM image of a core-shell ZnO-MgO nanowire that is uniformly decorated with Ag

Figure 28: High-resolution HAADF and cathodoluminescence measurements, top and bottom respectively, of a ZnO-MgO core-
shell nanowire more uniformly decorated with Ag nanoparticles. The emission is much brighter at the ends of the nanowire than
in the center, verifying the presence of waveguiding effects.

nanoparticles. The uniformity of the nanoparticles is important to avoid any intensity hotspots
due to plasmon interactions. The bottom image shows cathodoluminescence measurements of
the same nanowire. The highest intensities are seen at the ends of the nanowire with the most
intensity occurring at the end that was broken off the sample and is not covered with Ag
nanoparticles; here, the confined light is able to escape the nanowire cavity. These images
confirm the presence of waveguiding effects for core-shell ZnO nanowires and ensure directional

emission for scintillator applications.
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CHAPTER 4

INITIAL EXPERIMENTS WITH ZNO NANOWIRE SCINTILLATORS

4.1 Irradiation Experiment

To study the effects of radiation on the luminescent properties of ZnO nanowires, a new
nanowire sample was grown onto a fused silica substrate using the modified vapor-solid method
described previously. Scanning electron micrographs of the sample were taken using a Zeiss
Merlin high-resolution SEM to examine the nanowire morphology and uniformity, as seen in
Figure 29. Image processing software was then used to estimate average nanowire diameters and
lengths of 80-100 nm and 1-2 um respectively. Moreover, photoluminescence measurements
were taken at multiple locations across the sample to verify that the integrated intensities of both
the band-edge and visible emission varied by less than 10%. These specific locations were then
used in subsequent radiation experiments.

Photoluminescence spectra were then acquired both before and after irradiation using a
325 nm He-Cd laser in a Horiba LabRam HR800 system that showed an integrated band-edge
emission intensity two orders of magnitude greater than that of the defect emission, indicating
high crystallinity of the nanowires. The band-edge emission spectra were acquired witha 0.1 s
accumulation time, while the visible emission required a 5.0 s accumulation time since the
emission was much lower in intensity. At each point where PL spectra were acquired, the
software looped through four repetitions and then constructed an average. For each selected
location on the sample, PL spectra were acquired at the corners and the center of a square
0.2 mm on a side and were averaged to provide more accurate PL spectra that would be

representative of the range of nanowire diameters and morphologies. The spectra shown in
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Figure 29 are representative of the emission seen across the sample with less than 10% variation
in the integrated areas for both the band-edge and visible emission, establishing this sample as

suitable for comparative measurements.

350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 29: Scanning electron microscope image of ZnO nanowire sample. The nanowires are faceted, approximately 80-100
nm in diameter and 1-2 pm in length. Photoluminescence spectra taken at the same location show the high degree of crystallinity
of the nanowires, with the band-edge exciton emission intensity approximately 150 times that of the visible defect emission.

Before each irradiation, the selected portion of the sample was masked using a 2.5 cm
thick lead brick with a 5x7 mm rectangular notch aperture to minimize vignetting effects. The
sample was then placed inside a J. L. Shepherd and Associates Mark | cesium irradiator at a
distance approximately 2.5 cm away from an 84 TBq **'Cs source. Cesium-137 is a mono-
energetic emitter of 662 keVV gamma rays, an energy close to the 511 keVV gamma rays emitted
during positron annihilation in PET scans. At the distance of 2.5 cm, the dose rate was measured
to be 0.17 Gy/s = 0.17 J/kg/s =~ 108 eV/kg/s with an approximate flux of 1x102 gamma rays

per second per cm?.
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4.2 Radiation Damage Effects

4.2.1 Radiation Damage to Nanowires in Literature

Several investigations into the damage effects of gamma-ray irradiation on nanowires
have been carried out over the last decade. The nanowires that have been studied primarily
consist of metals and metal oxides since the methods of nanowire growth for these materials are
already well established. The nanowire architecture has the potential to differ greatly from bulk
crystals in its response to gamma rays due to the much larger surface-to-volume ratio and the
high degree of crystallinity typically seen. Therefore, it is important to examine the overall
effects of gamma-ray irradiation on nanowires before moving onto the ZnO nanowire
experimental results.

In one study, the potential damage effects of gamma-ray radiation from a *'Cs source on
SnO2 nanowires was examined®. Tin oxide nanowires were grown using a vapor-liquid-solid
method with the results shown in Figure 30. The randomly aligned nanowires had an extremely
high aspect ratio with an average diameter of 200 nm and a length of tens of microns. In
addition, TEM images showed the high-crystallinity of the nanowires, providing an ideal system
to study the effects of gamma-ray irradiation. Gamma rays of 662 keV energy from the 3’Cs
source were used to irradiate the sample. Dosages varied from 5 mGy/hr to 420 mGy/hr at a
distance between the sample and the cesium source of 365 cm and 40 cm respectively.

Resistance measurements were taken in situ and showed a 14.8 MQ increase in resistance
at the higher irradiations. This was attributed to a decrease in available charge carriers as the

ionized and hot electrons were trapped by induced mid-gap, defect states, including singly- and
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Figure 30: Carpet SnO2 nanowires with high aspect ratios are shown in (a). High-resolution TEM image of a single nanowire
with well-ordered growth planes visible in (b). This shows the highly crystalline nature of the nanowires®.

doubly-charged oxygen vacancies. Photoluminescence measurements with a He-Cd 325 nm
excitation source showed a large increase in the overall emission of the SnO2 nanowires, as seen
in Figure 31. The large emission increase was partly attributed to the luminescence of the
created trap sites and was a result of total dosages of only 21 Gy and 42 Gy for the red and blue
traces respectively. This illustrated how sensitive the SnO2 nanowires were to 662 keV gamma
rays. The singly-charged oxygen vacancy peak position is located at 590 nm and is greatly
enhanced after 42 Gy of radiation. This enhancement was also attributed to the large number of
hot electrons filling the trap sites.

In additional experiments, Zn®%’, Cu®, and Cd® nanowires were grown using an electro-
deposition technique within a polycarbonate track-etch membrane with a pore size of 100 nm

and 10 microns of thickness mounted onto a copper substrate. The polycarbonate was then
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Figure 31: Photoluminescence measurements of 662 keV irradiated SnO2 nanowires. The red and blue traces correspond to
total dosages of 21 and 42 Gy respectively®.

dissolved, leaving the Zn, Cu, and Cd nanowires as shown in Figure 32. The nanowires were all
irradiated by a ®°Co source, which emits at 1.17 and 1.33 MeV. All of the nanowire samples
showed a strong decrease in conductivity as a function of radiation dosage, which agreed with
the effects seen in the SnO2 nanowires. However, the dosage for the metal nanowires was much
higher at 200 kGy, 250 kGy, and 100 kGy for the Zn, Cu, and Cd samples respectively. The
authors stated that the mechanism behind the decrease in conductivity was a change in the grain
sizes, boundaries, and orientations within the metal nanowires.

Finally, CeO, nanowires were grown via a hydrothermal method and irradiated by a **'Cs
source for dosages in the pGy range'®. Figure 33 shows an SEM micrograph of the randomly

oriented nanowires and transmittance spectra after irradiation. The nanowires showed a
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Figure 32: Scanning electron microscope images of Zn, Cu, and Cd nanowires grown by electrodepositing Zn within a
polycarbonate trace-etch membrane. The polycarbonate was then dissolved, leaving the nanowires as shown®"-%°,

transmittance response at dosage thresholds as low as 10 uGy, a sensitivity improvement of three
orders of magnitude over chemical dosimeters. This study highlights how sensitive nanowires
can be to gamma-ray irradiation and is in stark contrast to the radiation hardness of ZnO

nanowires.

4.2.2 Radiation Damage to ZnO Nanowires

To examine the radiation effects on the ZnO nanowire structure, a 5X5 mm? section of the
sample was irradiated for 10 hours for a total dosage of approximately 6000 Grays.
Photoluminescence spectra were taken each day for three days with the sample held in dark

conditions between measurements. The results are shown in Figure 34. The band-edge emission
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Figure 33: On the left, an SEM micrograph of CeO2 nanowires grown via a hydrothermal method. On the right, transmittance
spectra of the CeO> nanowires after irradiation from a 137Cs source!®.

is relatively unaffected by the irradiation. Contrariwise, the visible emission shows a large
amount of change. Using MATLAB to fit Gaussian curves to deconvolute the PL from discrete
defects, resulted in two main peak locations, as seen in Figure 34. The first of two peaks,
denoted by dashed lines, is located at 490 nm and corresponds to the singl charged oxygen
vacancy, where an electron has been trapped in the potential well of the oxygen vacancy. The
second peak, denoted by dotted lines, is centered at 510 nm and corresponds to the doubly
charged oxygen vacancy; no electrons are present in such a defect site.

Figure 34 also shows the integrated intensities for the fitted Gaussians. Before
irradiation, almost all of the oxygen vacancies are doubly charged. After irradiation, the overall
amount of oxygen vacancies nearly doubles, with almost all of the emission corresponding to
singly charged oxygen vacancies. Over a period of three days, the defect emission returns to pre-

irradiation levels.
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Figure 34: Room-temperature photoluminescence measurements taken each day for three days following irradiation of
ZnO/MgO core-shell nanowires by 662 ke gamma rays. In (a), the peak centered at 380 nm corresponds to the band-edge
exciton emission while the inset displays Gaussian fits for the visible emission. The dashed and dotted lines correspond to the
fits for singly- and doubly-charged oxygen vacancy emissions respectively. In (b), the relative intensities for the singly- and
doubly-charged oxygen vacancy emissions, as well as for the band-edge emission, are shown as a function of time.

The primary interaction for 662 ke\VV gamma rays with the ZnO sample is through
Compton scattering, in which the high-energy photons inelastically scatter from both electrons
and nuclides. In the first case, electrons are initially ionized, but as the energy is gradually
reduced through interactions, electrons are excited high into the conduction band and are referred

The displacement energies for oxygen and zinc in ZnO are 310 keV and 900 keV,
respectively!®l. Therefore, the 662 keV gamma rays have enough energy to form oxygen
vacancies within the lattice but not enough energy to form zinc vacancies. The doubly-charged
oxygen vacancies then serve as trap sites for the hot electrons, resulting in the formation of F+
centers. When the color center relaxes, a singly-charged oxygen vacancy results. A schematic

showing the energetics of gamma-ray interaction with the ZnO nanowires is shown in Figure 35.
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Figure 35: (a) Schematic of a ¥’Cs gamma ray generating oxygen vacancies in the ZnO lattice in addition to ionization due to
Compton scattering (b) Energy-level diagrams for singly- and doubly-charged oxygen vacancy emission.

The singly charged oxygen vacancies are thermodynamically unstable® 12, so over a
period of days, electrons escape the trap sites. In addition, it is energetically favorable for
oxygen vacancies to diffuse toward the surface of the very thin nanowires!%. This self-annealing
behavior is consistent with previous research® and returns the ZnO nanowires to a pre-

irradiation state within a few days, illustrating the radiation hardness of highly crystalline ZnO.

4.3 Photoluminescence Yield

To estimate the scintillation efficiency in terms of photons detected as a function of
energy deposited by the gamma rays, it is critical to understand how a ZnO nanowire scintillator
would differ from a conventional one. In a typical scintillator, gamma rays are completely
attenuated within an interaction volume of cm3; photons emitted by electron-hole-pair
recombination are counted in a photomultiplier, and the counts recorded over a given time are

divided by the total deposited energy to yield a figure of merit in terms of (Niv)/MeV. A good
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scintillator typically has a light yield of 10%-10° photons/MeV, with high-quality, undoped ZnO
ceramic scintillators having a light yield around 9 x 10* photons/MeV*.

In the nanowire system, an analogous method may be used with the photoluminescence
yield. However, only a small fraction of the irradiated nanowires, corresponding to the focal
volume of the PL pump laser, is responsible for the photoluminescence. In PL measurements,
the laser spot size was approximately 10 um in diameter, while the overall nanowire coverage
was 0.08, as estimated from SEM images. This, combined with an average nanowire length of
1.5 um, gives a PL excitation volume of approximately 10 um3. By multiplying the excitation
volume by the density of ZnO, 5.6 g/cm?®, we obtain roughly 5 x 1024 kg for the total mass of
ZnO excited by the PL pump laser.

For 662 keV gamma rays, the mass attenuation coefficient for ZnO was interpolated from
recent literature'® to be approximately 7.45 x 102 cm?/g, thereby yielding a linear attenuation
coefficient of 0.418 cm™. Invoking Beer’s law given the average nanowire length of 1 um gives
a fractional absorbed intensity of the gamma-ray beam of order 6 x 10 of the incident beam.

This gives an overall light yield of:

Np (hv)

b = S in irradiated volume 17)

absorbed y rate (eV/s)

4 counts
o i 7.6x10* = ___ .
(0.17 Ty) X (3.6X1055)X (6x10-5)x (5% 10~14 kg) (6.24>< T)
counts
o = 6X105ﬁ (19)
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This remarkably high yield suggests that the ZnO nanowire system has the potential to be
sensitive to a total dose at least two orders of magnitude less than that used in this initial study.
This is somewhat surprising given that the stopping power of ZnO and interaction volume are so
much lower than traditional scintillators. However, the high crystallinity of the nanowires
combined with the wave-guiding efficiency has the potential to explain the high
photoluminescence response. In the nanowire system, the entire volume of each nanowire can
potentially contribute to the photon yield by creating optically active defects and subsequent
defect luminescence, whereas in conventional scintillators the small concentration and relatively
low quantum yields of the activator dopants (typically rare-earth atoms) can dramatically reduce
the effective volume in which observable emissions eventually take place. Moreover, the wave-
guiding effect of the ZnO nanowires ensures an essentially unidirectional photon emission for

detection, resulting in a highly efficient overall process.

4.4 Dosage Effects

To study the effects of different dosages of 662 keV radiation on ZnO nanowires, a new
sample was grown using the modified vapor-solid method outlined previously. The sample was
again characterized via SEM imaging to verify the presence of uniform nanowire growth, and PL
measurements were taken to identify locations with band-edge and visible emission peak
intensities with less than 10% variance. The sample was masked with a lead brick as before and
irradiated for 10 hours for a dosage of approximately 6000 Gy. After this, PL measurements
were taken at the irradiated location, but little change in both the band-edge and visible emission

was observed as seen in Figure 36.
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Figure 36: Photoluminescence spectra for the masked ZnO nanowire sample before and after ten hours of irradiation. On the
left, the band-edge emission is shown to slightly decrease after the irradiation. On the right, the visible emission line shape
broadens slightly toward the blue edge of the resonance, indicating an increase in singly-charged oxygen vacancies.

The intensity changes for the visible emission were much smaller than those observed in
the previous time-dependent measurements of radiation damage. This inconsistency could be
potentially explained by a slightly offset or angled lead mask. Since the rectangular aperture was
5 mm in width and 25 mm in depth, even a small change in the angle or position of the mask
relative to the cesium source could produce strong attenuation effects. To remove any possibility
of masking error, a new set of measurements were taken using a different protocol.

The sample was mounted onto a new optical slide that was then attached to the lead brick
base at the same height as before, but without any lead mask. The sample was irradiated for one
hour for a dosage of approximately 600 Gy and immediately followed by PL measurements. The
sample was then irradiated for four more hours for a dosage of approximately 2400 Gy and a
total dosage of 3000 Gy that should be equivalent to irradiating for five hours. After the four-
hour irradiation, PL measurements were repeated. Five more hours of irradiation followed for a
total dosage of 6000 Gy that should be equivalent to irradiating for ten hours. To minimize any

self-annealing effects, the sample was only exposed to light when transferring to and from the
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irradiation chamber. At all other times, the sample was kept in a dark environment. In
summary, the PL measurements were taken for total dosages that corresponded to 600, 3000, and
6000 Gy. This method not only eliminated any potential masking and positioning errors, but
controlled for the slight variations present between locations on the sample. Furthermore, the
color of the optical slide changed to an amber color, indicative of F-center generation, that
confirmed the sample was exposed to large doses of gamma radiation.

The PL measurements taken during this unmasked series are shown in Figure 37.
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Figure 37: Photoluminescence measurements of the unmasked ZnO nanowire sample after one, five, and ten hours of
irradiation. On the left, the band-edge emission shows a decrease in intensity only after 10 hours of irradiation On the right, the
visible emission line shape narrows slightly, indicating a decrease in singly-charged oxygen vacancies.

The intensity changes in the visible emission were again much smaller than expected, but were
consistent in magnitude with the spectra seen in Figure 36. The difference between the two ten-
hour irradiations was a narrowing of the line shape for the sequentially irradiated sample. Figure
38 shows a zoomed-in perspective of the spectra shown above. The band-edge emission shows a
drop in intensity for the 10-hour irradiation, but seems unaffected for the 1- and 5-hour

irradiations. The visible emission shows a drop in overall intensity for the 5- and 10-hour
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irradiations with a slight narrowing of the line shape. The narrowing is more pronounced for the

10-hour irradiation.
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Figure 38: Zoomed-in view of PL spectra in Figure 37. On the left, the band-edge emission shows a significant reduction in
intensity for the ten-hour irradiation. On the right, the visible emission shows a slight decrease in intensity for the five- and ten-
hour irradiations. In addition, the line shape appears to narrow for the ten-hour irradiation.

Comparing the visible emissions of the 10-hour irradiations for the masked and
unmasked samples shows an increase in singly-charged oxygen vacancies for the masked sample
versus a decrease in singly-charged oxygen vacancies for the unmasked sample. One possible
explanation is that repeated PL measurements of the same location on the unmasked sample
imparted enough energy to accelerate the self-annealing effect seen in the time-dependent
measurements.

To test this hypothesis, PL measurements were taken sequentially at a location on the
time-dependent sample without moving the sample or turning off the laser beam. Each
measurement took approximately eleven minutes for a total irradiation time of fifty-five minutes.
The PL measurements are shown in Figure 39. The spectra show very little variance, confirming

that repeated PL measurements at the same location were unlikely to be the source of the line-
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shape change. Two possible causes are the extra exposure to light when mounting and
unmounting the sample in the irradiation chamber and the extra thermal energy absorbed from
transporting the sample between Vanderbilt University, where the irradiations were performed,

and Fisk University, where the PL measurements were taken.
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Figure 39: Repeated PL measurements at the same location on the time-dependent ZnO nanowire sample. This shows that
taking sequential PL measurements does not appear to cause changes in the visible emission.

There was a substantial difference in the visible emission response to irradiation between
the time-dependent sample, shown in Figure 34, and the dose-dependent sample, shown in
Figure 37. For the time-dependent sample, the total visible emission almost doubled, while the
visible emission for the dose-dependent sample slightly decreased. One explanation for this
difference is the potential physical difference between the two nanowire samples. They were

grown using the same protocol, but differences in nanowire morphologies and PL responses are
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common between samples. The different PL responses can reflect different defect loads within
the nanowires and have the potential to result in greatly differing responses to radiation effects.
However, one feature consistenly seen across both samples, and for both the masked and
unmasked locations, was the approximately 10% drop in band-edge emission intensity after ten
hours of irradiation. For the time-dependent sample, this drop could correspond to the increase
in radiative defects, both singly- and doubly-charged oxygen vacancies. For the dose-dependent
sample, the decrease in the band-edge emission could correspond to an increase in non-radiative
defects; the presence of additional non-radiative defect sites would also help explain the large

difference in the visible emission response to irradiation.

4.5 Time-Resolved Photoluminescence

Time-resolved photoluminescence (TRPL) measurements were taken for the band-edge
emission of a ZnO nanowire sample using a custom Halcyone fluorescence and second harmonic
generation system shown in Figure 40. A 10 W Verdi G 532 nm laser was used to pump a
78 MHz, 150 fs, 10 nJ Ti:Sapphire laser oscillator (Coherent Mira 900). For the pump/probe
measurement, the 800 nm fundamental from the Ti:Sapphire laser was split into two beams. One
beam was used as a pump to excite the sample while the other beam was used to probe the
photoluminescence response at 1.0 ps time steps that were generated from small changes in the
path length of the probe beam.

The third harmonic of the pump beam, at 266 nm, was used to excite the ZnO nanowire

sample and was subsequently filtered out using a band pass filter. The 380 nm band-edge
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Figure 40: Custom-built Halcyone fluorescence and second harmonic generation system with a 78 Mhz, 150 fs, 10 nJ
Ti:Sapphire laser pumped by a 10W Verdi 532 nm laser.

emission from the ZnO nanowires and the 800 nm probe beam were focused on a BBO crystal to
generate the sum frequency at 258 nm. A mid-UV band pass filter was used to filter the 258 nm
signal before the monochromator and photomultiplier tube that was used to amplify the signal.
This measurement was repeated for ten scans of 200 ps duration, spaced out over 0.5 seconds
total time, and averaged. For the next time step, the optical path length of the probe beam was

increased by approximately 150 pumto increase the time for the probe beam to reach the BBO
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crystal by 1 ps. This process was then repeated to generate the time-resolved photoluminescence

data seen in Figure 41.

A bi-exponenti

al equation of the form,

Y=y + Ale_t/fl + Aze_t/fz

(20)

was used to fit the data where the time constants 7, and 7, were found to be 70.5 + 30.2 ps and
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Figure 41: Time-resolved photoluminescence measurements of the band-edge emission of ZnO nanowires. The bi-exponential
fit found two time constants. The first one was 70 ps and corresponded to the bulk of the nanowires. The second was 10 ps and
corresponded to the surface response.

10.2 + 4.1 ps respectively. The 70 ps time constant corresponds to the response from the bulk

within the ZnO nanowires while the 10 ps time constant corresponds to the surface response and

is approximately an order of magnitude faster since the excitons are less tightly bound at the

surface.
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This lifetime is much faster than the state-of-the-art LY SO scintillator crystals currently
used in PET scan systems. The LY SO time resolution is 200 ps while the ZnO nanowire
temporal resolution is an order of magnitude faster. This should directly translate to an
improvement in PET scan image resolution from single-digit cm to single-digit mm, potentially
providing unmatched accuracy in both cancer diagnosis and prognosis.

Time-resolved measurements of the visible emission of ZnO nanowires could not be
taken on the Halcyone system since the signal was so weak. The band-edge emission itself was
close to the threshold of distinguishing the signal from the noise. Since the visible emission is
two orders of magnitude lower than the band-edge photoluminescence, it was not possible to
acquire visible emission spectra. In any case, the lifetime of the visible photoluminescence is
known to be of order nanoseconds, and the third harmonic of a pulsed Nd:YAG laser (355 nm)

might well be a simpler choice for monitoring the visible luminescence directly.
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CHAPTER 5

CONCLUSIONS

5.1 Discussion

Initial experiments have demonstrated that the ZnO nanowire system provides a
radiation-hardened environment for gamma-ray scintillation. After being irradiated with
approximately 6000 Grays from a 662 keV source, there were only two relatively minor changes
to the photoluminescence. For the band-edge emission, a 10% drop in emission intensity was
seen. For the visible emission, the generation of a large number of F* centers occurred within
one sample while another was only slightly affected. Under dark conditions, the system then
self-annealed within a few days to return back to baseline band-edge and visible emission.

The irradiated ZnO nanowire material also showed a photoluminescence efficiency on
the order of 6x10° photons/MeV. This light yield illustrates the high radiative efficiency of the
nanowires, which is critical given the low gamma-ray flux of 2x10* ys'cm in a typical PET
scan system. The high crystallinity and waveguiding effects of the ZnO nanowires have the
potential to overcome the disadvantages of low gamma-ray stopping power and extremely small
interaction volume. Essentially, a large percentage of the light that is generated within the
nanowires is unidirectionally emitted toward the detector, resulting in a highly efficient overall
process. In order to further enhance the directionality of the emission, completely vertically
aligned nanowires can be grown using a GaN substrate; the ZnO nanowires have less than a 2%
lattice mismatch with GaN* 197 along the c-axis and thus grow normal to the substrate as shown

in Figure 42.
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The true potential of the ZnO nanowire scintillator system, however, is in its unique
ability to decouple the two main components of scintillation: stopping power and detection
efficiency. The overall stopping power of the system can be enhanced by intercalating a high-Z
matrix material within the ZnO nanowires as shown in Figure 42. With this addition, some of
the energy of incident gamma rays will be attenuated, leading to increased interaction with the
ZnO nanowires. This system also allows for metal nanoparticles to be dispersed within the

matrix material to examine plasmonic enhancement effects.

\ |
\ p-GaN Substrate

High-Z Material

©

ZnO/MgO Core-  Metal Matrix
Shell Nanowire Nanoparticle Material

Figure 42: (a) Scanning electron microscope image of vertically-aligned ZnO nanowires grown via a hydrothermal method on a
p-GaN substrate. (b) Schematic for an optimized nanowire scintillator: ZnO-MgO core-shell, vertical nanowires intercalated
with a high-Z matrix material and plasmonic nanoparticles with a high-Z backing material to attenuate gamma-ray energy.

Furthermore, a layer of high-Z material may serve as a backing layer for the ZnO

nanowires. The thickness of the layer can be optimized to attenuate the energy of the incident
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gamma rays before reaching the ZnO nanowires. This has the potential to greatly increase the
interaction of the gamma rays with the nanowires, particularly if energy can be lowered to the
level where the photoelectric effect dominates the photoelectron production dynamics.
Increasing the interaction cross section of the gamma rays with the ZnO nanowires is of critical
importance since this capability will magnify the emission efficiency.

Detection efficiency can also be strongly modified with several emission-enhancement
tools. Core-shell nanowires have been demonstrated to enhance the band-edge emission by a
factor of fifteen, while plasmonic effects from the addition of silver nanoparticles have been
shown to provide a further enhancement factor of three. Finally, vertically-aligned nanowires
provide waveguiding for the emission that is directly in line with the detector, thus avoiding the
strong loss of signal that can occur using conventional unidirectional scintillators.

The ability to decouple and separately optimize both the stopping power and the emission
efficiency provides a unique detector concept and an experimental workbench that has the
potential to systematically advance toward the goal of developing an optimized PET scan

scintillator with unprecedented temporal and spatial resolution.
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APPENDIX

A. COMSOL Parameters and Settings

Included in this appendix are all of the parameters and settings used to simulate the
effects of an incident-plane-wave light source upon a core-shell ZnO-MgO nanowire. In this
example, the light source wavelength is 380 nm and the nanowire diameter is 90 nm.
Screenshots of the COMSOL program have been included throughout this appendix. In some
cases, Photoshop was used to assemble multiple screen elements into a single graphic. However,
no image editing was performed. Each section header in this appendix corresponds to an
analogous section within the Model Builder of COMSOL with empty sections denoting no

changes were made from the default settings.
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1. GLOBAL

1.1 Definitions

1.1.1 Parameters

All of the parameters used to define the simulation are included in the graphic below.
The lambda0 variable represented the wavelength of the incident plane wave, while tZ and tM
represented the thickness of the nanowire and coating respectively. The n_ZnO and n_MgO
variables defined the refractive index of ZnO and MgO for the given lambda0 and were used to
calculate the effective refractive index, n_eff, of the core-shell nanowire. The variable R_Hex,
and R_MgO, was defined to represent the “radius” of the nanowire — or the distance from corner
to corner, while R_ZnO was the distance of the ZnO core from corner to corner. These “radii”

were used to define the vertices of the hexagonal polygons (poll, pol2) in the model.

¥ Parameters

»

Name Expression Value Description
lambda0 380[nm] 3.8000E-7T m Band Edge Wavelength
tZ 90 90 ZnO Diameter
t_Zn0O tZ[nm] 9.0000E-8 m ZnO Diameter in nm
tM 80 80 MgO Thickness
tMgO tMInm] 8.0000E-8 m MgO Thickness in nm
n_Zn0O 2.45 245 Refractive Index ZnO
n_MgO 177 1.77 Refractive Index MgO
n_eff (t_Zn0*n_ZnO+2*t_MgO*n_MgQ)/(t_ZnCO+2*t_MgO) 2.0148 Effective Refractive Index
OPL (t_Zn0+2*t_MgO)*n_eff 5.0370E-7 m Optical Path Length
Degrees 30[deg] 0.5236 rad Degrees
R_Hex ((t_ZnO+2*t_MgO)}/(sqrt(3)) 14434E-Tm Radius Corner to Corner
freq0 c_const/lambda0 7.8893E14 1/s. Band Edge Frequency
k_Zn0 2*pilrad]*n_ZnO/lambda0 4.0510E7 rad/m Wave Number ZnO
k_MgO 2*pi[rad]*n_MgQ/lambda0 2.9266E7 rad/m Wave Number MgO
k_eff 2*pi[rad]*n_eff/lambdal 3.3314E7 rad/m Wave Number Effective
R_ZnO ((t_Zn0))/(sqrt(3)) 5.1962E-8 m Radius ZnO Core
R_MgO R_Hex 1.4434E-7T m Radius MgO Cladding
f_min 7.0e14[Hz] 7.0000E14 Hz Minimum Frequency in Sweep
f_max 9.0e14[Hz] 9.0000E14 Hz Maximum Frequency in Sweep
lambda2 325[nm] 3.2500E-7 m Excitation Wavelength
freg2 c_const/lambda2 9.2244E14 1/s Excitation Frequency

1.2 Materials - Default
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2. MODEL
2.1 Definitions
2.1.1 Boundary System - Default

2.1.2 Perfectly Matched Layer

Perfectly matched layers (PML) were chosen for the top and bottom boundaries in our
model to minimize scattering. At incident angles greater than 20° PMLs are recommended over

scattering boundary conditions.
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2.1.3 View — Default

2.2 Geometry

The geometry for the model includes a hexagonal polygon for the ZnO core (poll) and
the MgO shell (pol2), two rectangles, (r2) and (mirl), for the PMLs, and an overall rectangle (r3)
to provide the boundary for the excitation source and the scattering boundary condition (for low-

angle scattering).

2.2.1 Polygon 1 (pol1)

Label: |Polygon 1
v Object Type
Type: | Solid »

¥ Coordinates

Data source: | Vectors "
X 0 (R_ZnO)*sin(60[deqg]) (R_ZnO)*sin(120[deg]) (R_ZnO)*sin(180[deq]) (R_ZnO)*sin(240[deq]) (R_ZnO)*sin(300[deg]) 0 nm
y: (R_Zn0) (R_Zn0)*cos(60[deg]) (R_Zn0O)*cos(120[deg]) (R_ZnO)*cos(180[deqg]) (R_ZnC)*cos(240[deg]) (R_Zn0)*cos(300[deg]) (R_Zn0O) = nm
2.2.2 Rectangle 2 (r2)
Label: |Rectangle 2
¥ Object Type
Type: Solid »
v Size
Width: | 400 nm
Height |50 nm
*  Position
Base: Corner -
X -200 nm
' -250 A
¥ Rotation Angle
Rotation: |0 deg
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2.2.3 Polygon 2 (pol2)

Label: Polygon 2
¥  Object Type
Type: | Solid

~ Coordinates

Data source: Vectors

X 0 (R_MgO)*sin(60[deg]} (R_MgO)*sin(120[deg]) (R_MgQ)*sin(180[deg]) (R_MgO)*sin(240[deg]) (R_MgO)*sin(300[deg]) 0
¥ (R_Mg0) (R_MgO)*cos(60[deg]) (R_MgO)*cos(120[deg]) (R_MgO)*cos(180[deg]) (R_MgO)*cos(240[deg]) (R_MgO)*cos(300[deg]) (R_MgO)

2.2.4 Mirror 1 (mirl)

Label: |Mirror 1
¥ Input
Input objects:

I orF

Active

Keep input objects

 Point on Line of Reflection

x 0

y. 0

¥ Normal Vector to Line of Reflection
x 0

y |1

2.2.5 Rectangle 3 (r3)

Label: |Rectangle 3
¥ Object Type
Type: | Solid

v Size

Width: 400
Height. 400

~ Position

Base: | Center

X 0

y: 0

~ Rotation Angle

Rotation: 0

nm

nm

nm

nm

nm

nm

nm



2.3 Materials

The materials used for the simulation include the default air material for all domains
other than the nanowire, a user-defined ZnO material for the ZnO core, and a user-defined MgO
material for the MgO coating. The zinc oxide and magnesium oxide were user-defined in order
to specify the wavelength dependent refractive index for 325 nm (the excitation wavelength) and

380 nm (the band-edge emission).

Materials
¥ Material Overview

»

Material Selection
air (mat1) Domains 1-3
Zn0 (mat2) Domain 5
MgO (mat3) Domain 4
I I I I
_ o
300
2507
3
2007]
1507
1007]
50
2
L
0 4
-507]
-1007]
-1507]
-2007]
1
-2507]
-3007]
200 00 b hoo boo
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2.3.1 Air

Material

Label: ‘air

Geometric Entity Selection

Geometric entity level: ‘ Domain

<

Selection: | Manual

<

4 (overridden)
5 (overridden)

I Override
I Material Properties

¥ Material Contents

@+

" Property

v |Refractive index

Property group
‘Refractive index

v |Refractive index, imaginary part

‘Refractive index

2.3.2Zn0

Material

Label: |Zn0

Geometric Entity Selection

Geometric entity level: | Domain

<

Selection: | Manual

<

Active

b Override
b Material Properties

¥ Material Contents

& 1+

" Property

v |Refractive index

Value
247668

Property group
‘Refractive index

v |Refractive index, imaginary part

[0.148965

‘Refractive index
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2.3.3 MgO

Materia
Label: MgO

Geometric Entity Selection

Geometric entity level: Domain v
Selection: Manual ~
[on @ | | 4 L]
I
Active [ .|
o)
Qverride

Material Properties

¥ Material Contents

Property Name Value Unit

Property group
+" Refractive index n 1.77 1 Refractive index
+" Refractive index, imaginary part ki 0 1 Refractive index

2.4 Electromagnetic Waves, Frequency Domain

The scattering boundary conditions were defined within this section of the Model
Builder. All exterior boundaries are defined as scattering boundary conditions to minimize low-

angle scattering. Scattering Boundary Condition 2 also acts as the source of the plane-wave light

source with an electric field strength of 1 V/m.
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2.4.1 Scattering Boundary Condition 1

Scattering Boundary Condition
Label: |Scattering Boundary Condition 1
Boundary Selection

Selection: Manual

n 1 (perfectly matched layer)
2 (perfectly matched layer)

Active | 5 (perfectly matched layer)
7 (perfectly matched layer)
20 (perfectly matched layer)
21
22 (perfectly matched layer)

Override and Contribution

¥ Equation

300¥
250

200

1007

507]

-507]

-1007]

-1507]

-200

-2507]

-3007]

22

21

20

200

100

b
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2.4.2 Scattering Boundary Condition 2
Scattering Boundary Condition
Label: |Scattering Boundary Condition 2

Boundary Selection

Selection: | Manual v
on[d]| |3 ]

El -—

Active P Y

Incident wave direction:

-ewfd.nx X
Kaie
ewfd.ny ¥
Incident field:
Wave given by E field v

Incident electric field:

0 X
Eo 0O y wrm
1 z

Scattered wave type:
Plane wave v
Order:

First order >

300’

250 | 5 7 29)

200 |

1007

507
2]

-50

-1007]

-1507]

-2007] 1 4 20

-250']

-300]

‘200 100 o hoo oo
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2.5 Mesh

The mesh size was initially chosen to be Fine while the model was being developed.
However, the final simulation uses an Extra Fine mesh to provide a higher degree of accuracy for

the calculations.

2.5.1 Size

Size

% Build Selected B Build All
Label: |Size
Element Size

Calibrate for:
General physics
(@) Predefined | Extra fine

() Custom
¥ Element Size Parameters

Maximum element size:

10 nm
Minimum element size:
0.0375 nm
Maximum element growth rate:
1.2

Curvature factor:

025

Resolution of narrow regions:

1
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3.STUDY

3.1 Parametric Sweep

The simulation uses a parametric sweep over the MgO thicknesses from 2 to 80 nm in 2
nm increments. Each MgO thickness is simulated separately with the results accessible within

the Results section.

Parametric Sweep

= Compute ' Update Solution
Label: |Parametric Sweep

¥ Study Settings

Sweep type: | Specified combinations v
» Parameter name Parameter value list Parameter unit
tM (MgO Thickness) v | range(2.2,80)
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4. RESULTS

One of the advantages to using COMSOL instead of Lumerical to simulate systems is
that COMSOL calculates and stores multiple data sets within a single simulation. After running
a COMSOL simulation, it is possible to access the intensity maps of the electric field for each
MgO thickness, perform line and surface integrations of any of the edges or areas within the
model to compare and quantify the results, and export all of the graphical intensity maps as an

animation that will sweep through the MgO thicknesses.

4.1 Derived Values
Line and surface integrals can be calculated within this section and the results stored

within the Tables Section with the columns representing MgO thicknesses.

4.2 Tables
The tables generated by the line and surface integrals can be displayed within this section

or exported as .csv files for use with Excel or other program.

4.3 Electric Field
The intensity maps of the electric field can be plotted and exported individually within

this section.

4.4 Export
An animation that will cycle through all of the electric field intensity maps within the

parameter space can be generated here. The available animation formats include gif and avi.
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