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Introduction

Zinc Oxide (ZnO) is a widely accessible wide bandgap semiconductor. It is a
multifunctional material used in a range of industries due to its unique physical and
chemical properties. In addition to having a wide bandgap, ZnO also exhibits high
mechanical, thermal, and chemical stability at room temperature [1]. Due to its chemical
stability and mechanical properties, ZnO is used in concrete to help with strength and
protect rebar from corrosion [1-3]. ZnO powders are employed as a cross-linking agent in
elastomers and thermoplastics [1]. Bandgap and surface electronic properties of ZnO make
it useful in textiles for manufacturing hydrophobic and UV absorbing fabrics. Unique
optoelectronic properties also make ZnO an ideal material in sensing devices and
photovoltaics. Additionally, ZnO is used in medicine, cosmetics, and food storage due to

its low toxicity and biocompatibility. Figure 1 below illustrates the various uses for ZnO.

Application
of ZnO

Figure 1: ZnO applications [1]

Thus, due to its accessibility and abundance, ZnO is applied in many different
industries across the globe. Figure 2 illustrates relative consumption of ZnO around the

world by region.
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Figure 2: ZnO use around the world [1]

Zn0O on the nanoscale

Many of the ZnO applications utilize micro- and nanoscale ZnO particles. In
general, nanomaterials are becoming increasingly prevalent in applications including
medicine, sensing devices, luminescent markers, photovoltaics, etc. [1, 3-5]. Applications
of micro- and nanoscale ZnO are influenced by the effects of size reduction and the
resulting dominance of surface properties over bulk properties (surface-to-volume ratio is
increasing as particle or feature size decreases), as well as quantum confinement

phenomena.

Near the surface of a material, charge carriers behave differently than those in the
bulk. Free surfaces introduce defects and dangling bonds due to lattice termination, which
in nonmetals leads to partially filled surface states allowing charge transfer to occur
between the bulk and the surface. Excess or deficiency of a surface charge due to dangling
bonds and surface defects generates an electric field in the surface space charge region.
This field pushes mobile charge carriers to or from the surface resulting in changing the
potential difference between the surface and bulk of the semiconductor. This potential

difference between surface and bulk atoms is called the surface potential barrier (SPB).



SPB directly influences band bending near the surface and, by extension, the optoelectronic

behavior of a material. SPB is highly sensitive to surface defects and energy states.

Surface defects and energy states that influence SPB in turn play a role in many
applications of micro- and nano-scale ZnO. Due to the fact that these surface states affect
the interactions between the surface and its environment, ZnO can be used in such
applications as sensors, biomarkers, and medicine. In particular, one phenomenon possibly
related to surface-environment interactions influencing SPB and available near-surface

energetic transitions is the antimicrobial behavior of micro- and nano-scale ZnO [5-8].

Antimicrobial action of ZnO

Anti-bacterial and anti-odor properties make micro-scale ZnO ideal for use in
medicine, food packaging, and first aid [5, 9-11]. The fundamental mechanisms behind
antibacterial activity of ZnO, however, are not completely understood. Antibacterial action
is defined as the action by which bacterial growth is terminated or inhibited [5, 12]. For
antibacterial agents, such as micro- and nanoscale ZnO, antibacterial action is usually a
function of the particles’ surface area in contact with bacterial cells or microorganisms [5,

13].

Bacteria surfaces
Three major components of bacteria that interact with ZnO surfaces leading to
antibacterial action are: cell wall, cell membrane, and cytoplasm. The cell wall is the

outermost layer of the cell. It gives the cell its shape and helps to maintain the osmotic



pressure of the cell interior. Cell walls are layers of homogeneous peptidoglycan composed
of amino acids and sugars. Overall, the cell wall of a bacteria has a negative charge [5].
Immediately within the cell wall is the cell membrane. The membrane is composed of

protein layer(s).

There are two characteristically different types of bacteria cells. Gram-positive
bacteria, which have only one plasma membrane and a relatively thick cell wall composed
of many layers of peptidoglycan [5, 14, 15]. Gram-negative bacteria, on the other hand,
have a more complex cell wall containing only one thin layer (~7-8 nm) of peptidoglycan.
Though these bacteria have thinner cell walls, they have a multilayered cell membrane
composed of an outer membrane and a plasma membrane. The outer membrane influences
the permeability of the cell surface with respect to different molecules. As a result, Gram-
negative bacteria can be more resistant to chemicals and antimicrobials than Gram-positive
cells [5, 14, 15]. Cytoplasm is an intracellular material. Interactions between cytoplasm
and ZnO surfaces are limited to particles which have infiltrated the cell membrane. In this
study we primarily investigate interfacial interactions between bacteria surfaces and ZnO.

For this reason, we will focus on the nature of the cell wall and membrane.

Extracellular behavior

Studies suggest that ZnO nanoparticles can inhibit growth of and kill microbes by
infiltrating the cell, damaging the cell membrane, and damaging the inner workings of the
cell [3, 16, 17]. Gene expression studies indicate that oxidative stress and metal ion
infiltration can interfere with bioenergetics, cell metabolism, and DNA replication inside

the cell.



UV photocatalysis

The chemistry of ZnO and its response to UV light imply that the antibacterial
action of nano ZnO is driven by the photon-catalyzed production of introduced reactive
oxide species (ROS) such as hydroxyl radicals, H202, superoxide ions (O27) and singly
excited oxygen molecules as well as metal ions (Zn**) [5, 16-20]. Figure 3 below shows
the possible mechanisms behind antibacterial action of UV-activated nano-ZnO for both
Gram-positive and Gram-negative cells. Hydroxyl and superoxide ions are negatively
charged and, therefore, cannot penetrate the cell wall or membrane [5, 21]. ROS such as

H202, however, can damage and permeate the cell membrane leading to cell death [22, 23].

ZnO exhibits very high photoconductivity under UV irradiation [24]. ZnO
photoconductivity enhances UV-induced antibacterial action of ZnO and allows this action
to continue for some time after UV exposure is ceased [5]. The continued production of
ROS in the absence of UV illumination is associated with the surface electron depletion
region of ZnO. Absence of UV light causes the surface space charge region to be depleted
of electrons and have an excess of positive charge. Being depleted of negative charges, the
surface adsorbs negatively charged oxygen ions, O* and O™ [5, 25]. UV exposure, however
excites electrons from surface trap states into the conduction band, thus causing desorption
of oxygen atoms at the surface and enhances the photoconductivity of ZnO [5, 26]. The
process of adsorption and desorption of oxygen at the ZnO surface due to absence or
presence of UV light is totally reversible. This process is akin to “breathing” [26] where
UV illumination and darkness represent diaphragm relaxation and contraction,

respectively.



Exposure of aqueous ZnO solutions to UV illumination catalyzes the production of
agents utilized in antimicrobial and other biomedical applications [27]. ROS, hydroxyls,
and superoxide O ions are produced when UV-desorbed oxygen species interact with
water molecules, dissolved oxygen and hydrogen atoms. Generation of these species is

outlined in the equations shown in Equation 1.

Zn0+hv > e~ +h* (D
h*+ H,0 > OH+ H™ (2)
e+ 0,- 05 3)
O; + H* - HO, (4)
HO, + H" + e~ > H,0, (5)

Equation 1: Chemical equations outlining generation of ROS in ZnO [5, 22]

Strong enhancement of antimicrobial agent production by ZnO under UV
illumination [28] indicates a strong correlation between the UV exposure of micro- and
nanoscale ZnO and its antibacterial action. Other studies, however, indicate that the

fundamental processes involved are more complex and not limited to the photon-catalyzed

ROS production [7, 8, 29, 30].



Figure 3. Possible mechanisms of UV-activated ZnO antibacterial action. The left side of
this figure illustrates excitation of a single ZnO diatom by UV light. This excitation leads
to the production of ROS and Zn** ions. The flow represented by the arrows at the top of
the figure illustrates the effect on Gram-positive bacteria like S. aureus bacteria. Flow
illustrated in the lower portion effect on Gram-negative bacteria like E. coli [17]

Surface-surface interactions

Extracellular interactions and bacterial cell membrane damage might not occur
exclusively due to extracellular ROS and Zn" ion production [30]. Micro- and nanoscale
ZnO surfaces also interact directly with cell surfaces. In general, as outlined in Figure 4,
metal oxide nanoparticles can interact with different types of bacterial cells by way of ROS,
metal ions, accumulating on the membrane, and by direct interaction with the cell

membrane.
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Figure 4: Extracellular interactions between bacteria and metal oxides [30]

An antibacterial study of nano-ZnO in dark conditions shows that UV activation is
not necessary for ROS production or bacterial cell damage [8]. This study suggests that
antibacterial action of ZnO NPs can be a result of ZnO NPs sticking to the cell wall [8].
These more recent studies suggest that nano-ZnO may exhibit some biomimetic signaling
properties which could contribute to the still unknown surface interactions between nano-
Zn0O and cell membranes which allows particles to stick to or directly interact with the cell
surface [7, 8, 31]. This interaction also means the production of ROS, radicals, and Zn>*

ions is proximal to the cell surface. As a result, extracellular production of these agents
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more directly interacts with the bacterial cell. Moreover, a gene expression analysis study
of S. aureus in response to nano-ZnO reported that cells primarily exhibited mortality due
metabolic and bioenergetic interference and not simply due to oxidative stress of ROS [7,
8]. It is hypothesized that this is a result of the Zn** ions taking the place of Fe*" in the
bioenergetic processes within the cell. This leads to mis-metallization and dysfunction of
proteins produced by the cell [7]. Studies further suggest that the Zn>" ions can be
transported directly through the membrane via the surface-surface interactions. These
interactions include transport through holes in the membrane due to extracellular
membrane damage [7, 8]. This further suggests that there are surface interactions unique

to ZnO which allow ZnO NPs and micro crystals to interact with bacterial cell surfaces.

Being rooted in the surface-surface interaction, fundamental processes behind ZnO
antibacterial action can be attributed to its surface properties. Micro- and nanoscale ZnO
interact with both Gram-positive and Gram-negative bacterial cell membranes [8, 30]. It
is hypothesized that teichoic acid on the outer layer of Gram-positive cells contribute to
interactions with micro- and nanoscale ZnO while lopteichoic acids on Gram-negative
membranes attract and interact with ZnO [8]. The interaction between ZnO and two
differently charged surfaces indicates that this behavior is influenced by the surface
polarity and electronic states at the surface. Studies also indicate that even the nanoscale
ZnO particles, with predominantly polar surfaces exposed, exhibit stronger antibacterial

action [3, 5, 9].



ZnO surface polarity

In semiconductors and insulators, 2D terminations of the crystal lattice such as
interfaces, free surfaces, and grain boundaries lead to a near-surface band bending. Surface
band bending is a function of SPB of the material. As mentioned before, SPB is influenced
by the presence of the near-surface charge accumulation as well as surface energy states
(due to defects, etc.). ZnO has an anisotropic crystal structure which yields two
characteristically different types of crystallographic surfaces — polar (hexagonal, Zn- or O-
terminated) and neutral nonpolar (rectangular). Figure 5 illustrates the crystal lattice of
Zn0O. The axial direction of the lattice is composed of alternating layers of zinc and oxygen.
Lattice termination perpendicular to this axis then leaves a layer of oxygen or zinc at the
surface. As a result, polar surfaces of ZnO can be cationic (Zn exposed) at the (0001)

crystallographic planes or anionic (O exposed) at the (000-1) crystallographic planes.

In general, polar surfaces have intrinsic surface states which affect band bending
and electronic transitions at the surface [32]. Non-polar surfaces, however, do not
intrinsically have these states, but surface states can be introduced by surface defects or
adsorbed species [33]. This, in addition to the overall net surface charge of polar surfaces,
contributes to differences in SPB. Consequently, properties of the surface are heavily

influenced by its polarity.
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Figure 5: lllustration of ZnO wurtzite structure with polar hexagonal surfaces and
nonpolar rectangular surfaces

Typically in an anisotropic metal-oxide semiconductor (MOS) composed of
alternating cationic and anionic layers, lattice termination at polar surfaces is
thermodynamically and electrostatically unstable [34]. The wurtzite structure of ZnO has
this layered structure, but it retains stability of polar surfaces through disordered defects on
both O- and Zn-terminated surfaces [34-38]. The introduction of surface defect states
serves to balance the thermodynamically and electrostatically unstable polar surfaces.
These surface states and the corresponding charge dynamics influence optoelectronic

properties of nanoscale materials like ZnO. Therefore, it is prudent to investigate the

11



influence of surface polarity on the behavior of the SPB. In this work we focus on
investigating surface defect states and energy transitions in ZnO nano- and microcrystals
with different surface polarities. Specifically, this study utilizes a defect sensitive
photoluminescence spectroscopy study to uncover the presence of different defect-related

states by detecting sub-bandgap radiative transitions.
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Figure 6: Sketch of sub-bandgap transitions in ZnO. The left side illustrates oxygen
vacancies in the bulk of the material. The electron falling from this state to the VB energy
is associated with emission of a ~2.5 eV photon. The right side is an illustration of the
influence of surface defect states on PL emission. This shows that excited electrons fall
from the CB to states created by near-surface oxygen vacancies to produce ~2.2 eV’
photons [39]
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For example, Figure 6 illustrates sub-bandgap transitions introduced by oxygen
vacancies in the lattice. By comparing the luminescent emissions in the visible part of the
spectrum of different ZnO samples, one could deduce the relative abundance of polar

surfaces for different samples.

Zn- and O- terminated polar surfaces are morphologically and electronically
different due to stabilization mechanisms. Studies using density functional theory indicate
that clean, defect free O-terminated polar surfaces are not energetically favorable except in
oxygen-rich environments with very low hydrogen partial pressure [37]. In this situation
ambient oxygen is adsorbed onto the surface, thus filling oxygen vacancies at the surface.
However, if there are Zn-terminated surfaces present, adsorption of hydrogen or water is
energetically favorable [37]. Additionally, studies utilizing a scanning tunneling
microscope (STM) show that Zn-terminated polar surfaces are stabilized by the removal of
Zn atoms at the surface through the formation of disordered, triangular features. These
triangles of missing Zn atoms have been shown to be energetically favorable in the absence
of ambient gaseous hydrogen, according to the density functional theory calculations [34-
36, 40]. This sensitivity of surface stability and surface states to adsorbed atoms and
ambient environment, in turn, indicates a corresponding sensitivity of optical properties
and charge dynamics of polar ZnO. One study on ZnO photo induced oxygen release and
photoconductivity shows that oxygen adsorption and desorption not only depends on UV
illumination, but also the ambient gas pressure and oxygen content [26]. Thus, it is
important to have a better understanding of the impact of ambient gas pressure on the
surface energy states and electronic transition energies in relation to intrinsic defects

introduced by ZnO polar surfaces. Since the antibacterial action and the photoconductivity

13



of ZnO are influenced by UV photon-catalyzation, it is necessary to consider the time-
dependent dynamics of near surface energy transitions. As mentioned before, surface
oxygen adsorption and desorption are a function of time and extends well beyond the
introduction of UV illumination or darkness. Thereby, studies of characteristic times for
surface electron depletion and saturation leading to the photon-catalyzed adsorption and
desorption processes and photoconductivity of different ZnO surfaces could impact our

fundamental understanding of the antibacterial action of ZnO surfaces.

Since surface-adsorbed oxygen species in ZnO are a result of surface electron
depletion, on polar surfaces they can occupy states created by near-surface oxygen
vacancies. These surface states represent different charge transitions and could be
occupied by the adsorption of different gas species. Different adsorbed species, in turn,
would impact the SPB differently leading to changes in transition energies and surface
electron depletion and saturation times. Investigating how different adsorbed species affect
energetic transitions reveals information about how ZnO polar and nonpolar surfaces
interact with extracellular material. In our study of antibacterial action of ZnO it is thereby
important to focus on the effect of surface adsorbed species on electronic transitions and
energy states near the polar and nonpolar ZnO surfaces. Photoconductivity and surface
charge depletion/saturation times are dependent on the SPB. Since the SPB is influenced
by occupied and empty surface states, different adsorbed species, in turn, influence
characteristic times for surface electron saturation and depletion. These characteristic
times reveal information which lead to the influence of environment and extracellular
material on latent photoconductivity of ZnO in the dark after UV illumination. Our goal

is thus to investigate the transient behavior of surface electron depletion and saturation
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based on different adsorbed species on polar and nonpolar surfaces of ZnO. As mentioned
above, nonpolar ZnO surfaces do not intrinsically have defect states. This indicates that not
only are there no intrinsic dangling bonds or surface states at a clean, nonpolar surfaces.
These surfaces are inherently stable and neutral in charge. Understanding differences
between the surface optoelectronic properties of both surfaces lead to a better
understanding of the fundamentals behind the antibacterial nature of micro- and nanoscale

Zn0.

Addressing these issues regarding the charge dynamics and optoelectronic
properties of different ZnO surfaces leads to clearer understanding the fundamental nature
of its antibacterial action. Since surface morphology, polarity, and electronic properties go
hand in hand, it follows that these characteristics influence the surface driven antibacterial
action of ZnO. In a systematic comparative study we plan to investigate the relationship
between the ZnO optoelectronic properties and antibacterial action of different ZnO
surfaces as reported in the literature. In particular, understanding the effect of ambient
environment and adsorbed species on surface optoelectronic properties yields insight into

the nature of the interactions between nano-ZnO and bacterial surfaces.

Preparing the platform

To clarify the influence of surface microstructure and polarity on optoelectronic
and antibacterial behavior we must first have a supply of various morphologies of micro-
and nanoscale ZnO. [In this study, we seek to produce ZnO nano- and microcrystals
employing a low-cost synthesis method and control their morphologies as well as surface
polarity abundances.
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Generally, there are two primary approaches to producing micro- and nano-scale
materials: top down and bottom up. The top down approach is based on removing material
from a larger sample by processing it down until the desired size (micro/nano) and
morphology are achieved. The advantage of this type of material development is in its
high degree of control. The top down methods, however, can be costly and produce a lot
of waste. For these reasons a bottom up method is often is preferred. It involves starting
with some raw seeding material and chemical precursors. Although there is a huge variety
of different specific bottom up approaches, they all have in common the principle that the

material is grown from the smallest raw unit (bottom) to the desired size and structure (up).

Controlling ZnO morphology

There are numerous methods for producing ZnO with bottom up processing such
as: mechanochemical methods, precipitation, sol-gel, hydrothermal, and microwave
techniques. Setting cost and temperature as a limit while trying to maximize the amount of
ZnO grown, we chose to employ an established low temperature hydrothermal synthesis
approach [41]. This method is not only cost effective, but it allows for the relatively
accurate control of ZnO size and morphology simply through modifying chemical

precursors as well as heat treatment temperatures and times.
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There are four functional chemical components in this process:

1. Zinc supplier
2. Surfactant
3. pH balance

4. Solute

By simply changing the relative concentrations of the zinc supplier and surfactant
in solution the low temperature hydrothermal bottom up method yields drastic changes in
ZnO particle morphology and relative abundance of polar surfaces. More explicit details

of sample preparation will be presented in the ‘Experimental’ section below.

Establishing “net polarity” and ZnO composition

Before any optoelectronic or antibacterial studies can be performed, we must first
establish that not only is ZnO being produced, but that different morphologies are being
produced in a controllable manner. This can be established by performing
complementary scanning electron microscopy (SEM) and energy-dispersive x-ray
spectroscopy (EDX) studies on the synthesized specimens. SEM provides detailed
imaging of particles and features which are too small to be observed using optical methods.
Using SEM images of samples prepared with different chemical precursors and heat
treatments, one can select adequate growth parameters to prepare a desired morphology
and relative abundance of polar vs. nonpolar surfaces. Although SEM can be used for
establishing the morphology and structure of the grown samples, SEM images do not reveal

any information on the composition of the studied ZnO structures. For example, Figure 7
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and Figure 8 show morphologically similar particles grown by us using somewhat different
precursors. One could argue that both cases represent ZnO particles with predominant
polar surfaces exposed. An EDX study, however, indicates a large amount of chlorine
present in the particles of Figure 7. Zinc chloride hydroxide monohydrate also has a
hexagonal structure but contains large amounts of both zinc and chlorine atoms. Therefore,

it cannot be concluded that any of the sample shown in Figure 7 is a pure ZnO.

10pum JEOL 7/24/2018
SEM WD 10.0mm 11:33:26

Figure 7: SEM image of hydrothermally grown zinc chloride hydroxide monohydrate
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Figure 8: SEM image of hydrothermally grown ZnO

Building on the platform

In this work, through hydrothermal chemical growth, the control of ZnO crystal
morphology and predominant surface polarity, in combination with optoelectronic studies,
a preliminary comparative study of surface charge dynamics, surface chemistry, and
literature-reported antibacterial action of ZnO was performed. This forms the foundation
upon which further optoelectronic studies and in-house antibacterial assays will be
performed to better understand and reveal the fundamental mechanisms behind

antibacterial activity of nano- and microscale ZnO.

Building on this platform will involve further, more in-depth studies of the near

surface optoelectronic properties of different morphologies of micro- and nanoscale ZnO,
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in particular how crystallites’ shape and size affect the surface states and the charge
saturation/depletion characteristics leading to antibacterial action of ZnO. Further

building on this platform will involve performing studies on different antibacterial assays.
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Experimental methods and equipment

ZnO Fabrication

Before any testing can be done, ZnO microcrystals must be produced. This is
essential for examining the influence of surface polarity on surface charge dynamics and
antibacterial action of ZnO. Previously established hydrothermal growth method [41] was

used by us to obtain ZnO micro-crystals with controllable morphology.

Using a teflon-lined reactor, chemical precursors underwent heat treatments under
constant temperatures and pressures for designated amounts of time. These reactions used
hexamethylenetetramine (HMT) as a surfactant and hydroxide supplier with zinc suppliers
being 99.999% pure Zn foil and either zinc chloride (ZnCl2) or zinc acetate dihydrate
(Zn(O2CCH3)2(H20)2). Different concentrations of HMT and a given chemical zinc
supplier were stirred at medium speed for 2-4 hours while 2 mL of ammonium hydroxide
were added 125 microliters at a time. Once the mixing was complete, the solution was
transferred to a Teflon reaction chamber along with a sheet of cleaned Zn foil. The lid on

the Teflon container was immediately closed and heat treatment began.

The heat treatment was initially performed using a large sterilization autoclave
designed for biological applications. This, however produced some inconsistent results due
to the large size of the chamber, which prevented uniformity of temperature and pressure
distribution throughout the reactor volume. To solve this issue, small-size stainless steel
hydrothermal autoclave reactors were acquired. These reactors as shown in Figure 9 are
composed of a PTFE sleeve which fits flush against the walls and floors of the reaction

chamber. The lid of the reactor is then screwed on tight. This ensures that when heated,
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the contents of the chamber maintain a relatively uniform temperature and pressure

throughout the reactor volume.

Figure 9: Steel autoclave hydrothermal reactors. The right side depicts the reactors
components: a white Teflon sleeve and a steel trap container. The left side shows the
reactor fully assempled with the sleeve secured inside the metal trap.

These reactors should not be used in the large sterilizing autoclaves so at first, two
heat sources were used: a strip of heating tape (HT) wound around the reactors and a hot
plate (HP). Even with these new arrangements there were sources of inconsistency. Table
1 outlines the different chemical precursors and heat treatment conditions used in the initial

batch of samples made using the steel reactors. Firstly, all of these temperatures are not
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exact because of lack of controllability of temperature of the HT and HP. Another
limitation of these heat sources is that it was difficult to establish the exact duration time
of the reaction at a given temperature. Because of this, a programmable oven (Across
international STABLETEMP series forced air oven) was employed, shown in Figure 10,

to improve the consistency of experimental conditions.

Figure 10: Across International STABPLETEMP series forced air oven
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Mass
Mass Final Heat Heat Growth
Sa'gple HMT | [HMT] Z(gél [ZnClz | Zn(Ac: | 17, Akl | Volume | Treatment Temp Time
(@ “z I ® (mL) Method ©°C) (hrs)
Tral 122 | 043 ; ; 1.66 0.38 19.00 HT ~ 8+
Thal | 122 | 043 ; ; 1.66 0.38 20.00 HP 8+
S1.1 1.22 0.43 1.66 0.61 - - 21.00 HT ~120 8+
S1.2 - 041 - 0.58 - - 21.00 HP ~120 8+
S2.1 1.31 0.46 - - 1.66 0.38 22.00 HT ~130 8+
S2.2 - 0.42 - - 1.66 0.38 22.00 HP ~120 8+
$3.1 1.43 0.48 0.68 | 024 - - 22.00 HT ~120 10
$3.2 - 0.43 - 0.22 - - 22.00 HP ~120 10
S4.1 - 0.82 - 1.46 - - 15.00 HT ~130
S4.2 - 0.82 - 1.46 - - 15.00 HP ~120
S5.1 2.10 0.47 1%’0 3.52 - - 16.00 HT ~110 10
S5.2 2.10 0.47 1%'0 3.52 - - 16.00 HP ~120 10
15.0
$6.1 4.20 0.94 o 3.52 - - 16.00 HT ~110 9
S6.2 4.20 0.94 1%'0 3.52 - - 16.00 HP ~120 9
S7.1 2.10 0.50 2.73 0.68 - - 15.00 HT ~110 8
S7.2 2.10 0.50 2.73 0.68 - - 15.00 HP ~120 8
S8.1 4.20 1.00 - - 3.30 0.81 15.00 HT ~110 7.5
S8.2 4.20 1.00 - - 3.30 0.81 15.00 HP ~120 7.5
9.1 2.10 0.47 - - 3.30 0.76 16.00 HT ~110 8.5
S9.2 2.10 0.47 - - 3.30 0.76 16.00 HP ~120 8.5
$10.1 | 15.00 | 3.52 2%'0 5.86 - - 16.00 HT ~110 10
25.0
S10.2 15.00 3.52 0 5.86 - - 16.00 HP ~120 10
S11.1 | 15.00 | 3.52 - - 15.00 3.52 16.00 HT ~110 10
S11.2 15.00 3.52 - - 15.00 3.52 16.00 HP ~120 10
S12.1 9.00 2.11 230 4.92 - - 16.00 HT ~110 9
21.0
S12.2 9.00 2.11 0 4.92 - - 16.00 HP ~120 9
S13.1 15.00 3.52 1%'0 3.52 - - 16.00 HT ~110 9
S132 | 15.00 | 3.52 1%'0 3.52 - - 16.00 HP ~120 9
S14.1 15 0.5 - - 15 0.5 32.4 HT ~100
$14.2 15 0.5 - - 15 0.5 324 HP ~120
S15.1 7.5 0.25 15 0.5 - - 33 HT ~100 8+
S15.2 75 0.25 15 0.5 - 34 HP ~120 8+

Table 1: Outline of chemical methods for p

roduction using

the heating tape (HT) and hot

plate (HP). In this table, masses and concentrations of chemical precursors are listed
with each sample. Additionally, approximate heating temperatures and times are listed.
Temperatures and times are not exact here due to the limited control over parameters

granted by the HT and HP.
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With the oven-based arrangement, heat treatment outcomes became much more
consistent and resulted in a good control over sample sizes and morphologies. In another
effort to streamline production and improve consistency, stock 1 Molar solutions of each
precursor were prepared. This also improved sample consistency and ease of production.

Table 2 is an outline of samples made using stock solutions and the programmable oven.
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Vol.

Vol.

Vol.

Sample 1M M Vol. IM DI Final Heat Heat Grf)wth
# HMT [HMT] ZnCls [ZnClL] Zn(Ac): [Zn(Ac):] Water Vol. Metho Temp Time
(mL) (mL) (mL) (mL) (mL) d °C) (Hrs)
S16.1 7.5 0.5 3.75 0.25 - - - ~15 Oven 130 6
$16.2 7.5 0.5 3.75 0.25 - - - ~15 Oven 130 6
S17.1 7.5 0.5 - - 7.5 0.5 - ~15 Oven 130 6
S17.2 7.5 0.5 - - - 1 - ~15 Oven 130 6
S18.1 3.75 0.25 - - 7.5 0.25 - ~15 Oven 130 6
S18.2 3.75 0.25 - - - 0.25 - ~15 Oven 130 6
S19.1 7.5 0.5 - - 7.5 0.5 - ~15 Oven 130 6
S19.2 7.5 0.5 - - 7.5 0.5 - ~15 Oven 130 6
S20.1 7.5 0.5 7.5 0.5 - - - ~15 Oven 130 6
S20.2 7.5 0.5 7.5 0.5 - - - ~15 Oven 130 6
S21 7.5 0.25 7.5 0.25 - - - 32 Oven 130 6
S21.1 3.75 0.5 - 0.5 - - - ~15 Oven 130 6
S21.2 3.75 0.5 - 0.5 - - - ~15 Oven 130 6
S24A 7.5 0.5 - - 5.625 0.375 1.875 ~15 Oven 130 12
S24B 7.5 0.5 - - 5.625 0.375 1.875 ~15 Oven 130 12
S25A 5 0.33 - - 5 0.33 5 ~15 Oven 130 13
S25B 5 0.33 - - 5 0.33 5 ~15 HT ~120 13
S26A 5 0.33 - - 5 0.33 5 ~15 Oven 13 4
S26B 5 0.33 - - 5 0.33 5 ~15 HT ~90 11
S27A 2.5 0.167 - - 2.5 0.167 10 ~15 Oven 100 8
S27B 2.5 0.167 - - 2.5 0.167 10 ~15 HT ~75 18
S28A 1.5 0.1 - - 1.5 0.1 12 ~15 Oven 100 8
S28B 1.5 0.1 - - 1.5 0.1 12 ~15 HT ~90 18
S29A 3 0.2 - - 3 0.2 9 ~15 Oven 100 8
S29B 3 0.2 - - 3 0.2 9 ~15 HT ~90 18
S30 20 0.33 - - 20 0.33 20 60 Oven 140 12

Table 2: Precursors and heat treatment using stock solutions and oven. This table

depicts volumes of different stock solutions used in each sample. The final

concentrations of each precursor and total final volume are outlined here. Additionally,

this outlines heat treatment methods.

26




SEM

SEM, as its name implies, uses a primary focused electron beam to scan the surface
of a material and produce an image based on secondary and/or backscattered electrons.
These images can be used to characterize the morphology and some compositional
information of a sample. When a focused electron beam is incident on a material’s surface
several phenomena occur simultaneously. Electrons penetrate a certain depth under the
surface of the material, and, at different depths, as depicted in Figure 11, produce emission
of electromagnetic waves, heat, and electrons. Secondary electrons and backscattered
produced at relatively shallow penetration depths are detected in SEM. As the electron
beam is rastered across the sample, the intensity of the secondary/backscattered electron
yield at each point is measured and plotted. These are compiled to form an SEM image of

the specimen.
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Electron beam
Characteristic X-rays Backscattered electrons

Cathodoluminescence

Secondary electrons
Auger electrons

Secondary fluorescence |
by continuum and |
characteristic x-rays

Figure 11 [42]: Electron beam-surface interactions. At different depths in the interaction
volume, different phenomena take place. This involves the emission of characteristic x-
rays used in energy-dispersive x-ray spectroscopy to identify composition. Shallower
depths of electron interactions involve the release of backscattered and secondary
electrons.

EDX

In an EDX study, the deep-penetrating electrons of the electron beam produce
characteristic x-rays with wavelengths unique to different elements in the material, thus
allowing evaluation of the elemental composition of a material through the unique

spectrum of x-rays produced.

Photoluminescence

Photoluminescence (PL) is a tool which can be used to measure electronic transition
energies of a material. Figure 12 below illustrates the mechanisms behind
photoluminescence phenomenon. A monochromatic laser is used to illuminate the material
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with super-bandgap photons. After excitation, the excited electron undergoes a non-
radiative energetic transition called thermalization to the bottom of the conduction band.
The electron can then undergo emissive energetic transitions to defect states and to the
valence band with an emission of a photon. The intensity of the PL emissions specific to
defect states is a good indication of the relative concentration of different defect states. PL
thus can yield information on the energy of the band gap as well as energetics of the defect-

related transitions.
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Figure 12: Principle of photoluminescence. Illlumination by super-bandgap photons
excites electrons into the conduction band. These electrons can then undergo transitions
into the lower energy states. Defects can introduce states between the valence and
conduction bands.

Since PL has an information depth of tens to hundreds of nanometers, PL reflects
both bulk-specific properties and surface-specific properties of nano- and microparticles.
Therefore, PL should be used in conjunction with other probes to isolate properties unique

to the surface from those exhibited by the bulk.

PL equipment and procedures

This PL study utilizes a HeCd Kimmon continuous-wave laser (model IK5452R-
E) shown in Figure 13 below. The 325 nm emission of this laser was used to initiate super-
bandgap excitation of electrons in ZnO. PL signal was collected using a (T-64000) three

stage subtractive grating monochromator displayed in Figure 14. Intensities of different
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wavelengths are measured using a Horiba CCD shown in Figure 14. The monochromator
and the CCD are all controlled using the LabSpec 5 software on a computer coupled with

the monochromator.

Figure 14: T-6400 subtractive monochromator setup. The blue box on top is the CCD that is
connected to the computer for plotting PL data.
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Results and discussion

The objective of this work was to establish a platform for an in-depth study of the
fundamental phenomena driving antibacterial action of micro- and nanoscale ZnO. This
was accomplished by first utilizing a bottom-up method to grow ZnO particles with
controllable morphology. SEM and EDX studies were used to confirm the composition
and the relative surface polarity. PL experiments were performed as a preliminary study

of available defect states based on surface morphology.

Production of controllable morphology

Utilizing the hydrothermal method described above, different ZnO microcrystals
were produced. Early on, with more primitive equipment, it was difficult to control
morphology due to limited control over different parameters. Utilizing smaller, PTFE-
lined steel autoclaves, an improved control allowed us to maintain more uniform
temperature and pressure throughout the reaction solution. Consistency of particle
morphology was, again, improved by using a programmable oven to precisely control
reaction temperatures and times. Table 3 and Table 4 summarize the different samples
synthesized and their morphologies. The changing notation of the sample names in these
tables denotes different experimental tools being used. The first samples labeled as 1a, 1b,
2a, etc. were samples made using a large sterilization autoclave designed for biological
applications. This autoclave operated at 140°C and had a large volume in which the small
PTFE reactors could be placed. The large volume of the autoclave proved to be a limiting
factor in sample control due to temperature and pressure gradients throughout the volume.
The next samples, Trial-HT and Trial-HP, were initial trials of the PTFE-lined steel
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autoclaves. HT denotes that reactions were heated by wrapping the steel autoclave with a
heating tape made of nichrome wire and fiberglass. HP denotes the use of a hot plate to
heat the autoclave reactor. Following these, samples labeled as S2.1, S2.2, etc. were
synthesized using the steel autoclaves. The numbers 1 and 2 following the decimal place
represent use of HT and HP, respectively, as the heat source. The final samples labeled as
S25A, S25B represent samples made using the steel autoclave in the programmable oven.
In this notation the letters A and B represent two samples with identical procedures
chemical precursors and approximately the same processing temperature. Samples “A”

were heated using the oven while samples “B” were heated with HT.

These tables have missing samples when compared with Table 1 and Table 2.
These missing samples had morphologies that were not ideal for the present study. Those
include, but are not limited to, lacking clearly exposed polar and nonpolar surfaces, being
excessively polycrystalline, particles being too small, or having excessive amorphous

organic residue.
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. Secondary
Sample Primary Morphology Morphology Comments
la Micro-rods and pencils Bowties and rod Primarily nonpolar
clusters
1b Bowties and bushels short, fat pencils
2a Short fat pencils rods anq thin Mostly nonpolar
pencils
3a Short, fat pencils and N/A Not ideal
plates
4a Short fat pencils Mostly nonpolar
7a Micron sized fat rods Bowties Mostly nonpolar
7b Bowties and blooms short fat pencils Primarily nonpolar
8a Bowties and blooms fat pencils Mostly nonpolar
8b Bowties and blooms small hex prisms Bowties mostly nonpolar, prisms
mostly polar
9a Bowties and blooms micro-rods
9b small hex prisms
Trial- . Micro- pencils and
HT Bowties and blooms rods
Trial- . bowtie and
HP Clusters of short pencils blooms
S2.1 thin plates and aggregates not ideal
S2.2 thin hex plates not ideal
S3.1 Thin hex plates Zns(OH)sCl>-H,O
S3.2 Thin hex plates Zns(OH)sCl>-H,O
S4.1 micro-rods and crosses Primarily nonpolar
S4.2 micro-rods and crosses Primarily nonpolar
S6.1 2D features Zns(OH)sCly-H,O
S6.2 2D features Zns(OH)sCl>-H,O

Table 3: Observed morphologies in samples up to sample S6.2. This qualitatively

tabulates primary and secondary morphologies of samplesla to §6.2. The last column
indicates if the sample was confirmed to be ZnO and, if so, estimated polar nature of the

exposed surfaces.
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. Secondary
Sample Primary Morphology Morphology Comments
S7.1 Short, fat hex Mostly nonpolar
S8.2 hex plates Interesting ring Mostly polar
samples
S9.1 Long pencils Primarily nonpolar
S9.2 short fat p;ncﬂs, Hex plates
pyramids

S10.1 Thin plates Zns(OH)sCly-H2O
S10.2 thicker hex plates Zns(OH)3Cly-H,O
S11.1 Thick hex plates hollowed out fat Unique morphology

pencils

S12.1 hex plates Zns(OH)sCl,-H,O
S12.2 hex plates Zns(OH)sCl,-H,O
S13.1 thin hex plates Zns(OH)sCl-H,O
S13.2 thin hex plates Zns(OH)3Cl>-H,O
S15.1 thin hex plates Zns(OH)sCly-H2O
S15.2 thin hex plates Zns(OH)sCl-H,O
S18.2 spherical aggregates Not ideal
S19.1 nanoparticles Not ideal

. Short fate pencils,
S25A Thick hex plates rings and tubes Mostly polar
. Short fate pencils,

S25B Thick hex plates rings and tubes Mostly polar
S26A Hex plates and rings short fat pencils unique shapes and polar surfaces
S26B Thick hex plates Primarily polar
S27A Short, fat pencils Balanced polar and nonpolar
S27B Thin pencils Thick pencils Primarily nonpolar
S28A Pyramid/diamond Thick pencils Unique surface morphologies
S28B Pyramid/diamond Thick pencils Unique surface morphologies
S29A blooms crosses Primarily nonpolar
S29B bowties rods and aggregates Primarily nonpolar

Table 4: Observed morphologies in samples up to sample S6.2. This qualitatively

tabulates primary and secondary morphologies of samplesla to 56.2. The last column
indicates if the sample was confirmed to be ZnO and, if so, estimated polar nature of the

exposed surfaces.
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SEM results

SEM was used to study the polar nature of the exposed ZnO surfaces. As shown in
Figure 15, Figure 16, and Figure 17, some samples exhibit distinct polar and nonpolar
surfaces. With these samples it is easy to establish the relative abundance of polar and
nonpolar surfaces. With these samples, polarity can be established through an analysis of
these SEM images. However, some samples have a wide array of morphologies or unique
morphologies which make it difficult to establish whether the surfaces will behave as
primarily polar or nonpolar. For these more ambiguous samples, PL can help establish their
electronic characteristics. Figure 18, Figure 19, Figure 20, and Figure 21 show examples
of some of the more interesting ZnO morphologies that were found. Figure 18 is an image
of the S9.1 sample which produced some hexagonal pyramid-like features and diamond-
like structures. It seems to be in the process of forming features similar to those in Figure
19, which shows the primary particle type synthesized in sample S28B. Figure 20 (sample
S25A) seems to point to a reaction interrupted along the way to producing features similar
to those in sample S26A (Figure 21). As mentioned above, SEM cannot conclusively
indicate whether the observed surfaces contain significant abundances of defect states, as
would be expected from polar surfaces. Therefore, it is necessary to connect these results

with optoelectronic studies to better understand the surface properties of these particles.
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Figure 15: SEM image of sample 1a
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Figure 16: SEM image of a primarily polar S26B sample
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Figure 18: SEM image of morphologies of sample S9.1
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Figure 19: SEM image of diamond-like and pyramid-like particles in sample S28B
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Figure 20. SEM image of a particle in sample S254

8/22/2018
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Figure 21.: SEM image of hexagonal rings in sample S26A

EDX studies of ZnO composition

As mentioned earlier, although particle hexagonal morphology, as observed by
SEM, can indicate wurtzite ZnQO, it cannot be accepted for granted. Samples grown
employing ZnCl> as a zinc supplier generate Zns(OH)sCl2-H2O as a step in the
hydrothermal reaction chain. Zns(OH)sCl2-H20 has a similar hexagonal structure which
may provide a misleading evidence of ZnO production in SEM images. Utilizing EDX,

purity of ZnO particles can be confirmed by the absence of chlorine peaks.
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Figure 22: The top is an SEM image of a pure ZnO sample. The small box
represents the area in the image where the electron beam was focused to
perform the EDX study. The graph below depicts the EDX results
indicating that this sample is composed of pure ZnO
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Figure 23: The top is an SEM image of a Zns(OH)sCl2-H20 sample. these
particles. The small box represents the area in the image where the
electron beam was focused to perform the EDX study. The graph below
depicts the EDX results showing strong chlorine peaks, thus indicating
that this sample is not composed of pure ZnO
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Figure 22 shows SEM/EDX results of a pure ZnO sample, while Figure 23
illustrates the hexagonal crystal of Zns(OH)sCl2-H20. Since a significant number of
samples using ZnClz produced Zns(OH)sCl2-H20, a focus was placed on samples produced

employing zinc acetate dihydrate (Zn(Ac)y2).

Relative abundance of polar surfaces

Utilizing the Imagel software, surface polarity was analyzed using SEM images of
ZnO particles. In addition to measuring relative contributions to surface areas from polar
and nonpolar facets of the ZnO particles, we also determined the aspect ratio of the widths
of the polar planes to the heights of rectangular facets for different samples. Aspect ratio
is an important quantity when studying anisotropic crystals and particles. For this analysis,
samples composed predominantly of single crystals were studied as a reference to
explicitly study the correlation between the surface polarity and the aspect ratio for wurtzite
Zn0. Figure 24, below illustrates a linear relationship between particle aspect ratio and
the abundance of polar surfaces. Error in this linear regression was calculated by using the
standard error of dimensional measurements done with ImagelJ. The off-colored data point
in the plot represents an estimated polarity and aspect ratio of bowtie-shaped ZnO. This
indicates that the relative abundance of polar surfaces is smaller in this complex

morphology than in simple single crystals.
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Figure 24: Relationship between surface polarity and aspect ratio

These results point to a direct connection between the polarity and the aspect ratio
in samples consisting primarily of well-defined crystals. However, we also notice that the
prevalence of polar surfaces is not so straightforward when dealing with samples
containing more complex morphologies. Optoelectronic properties may exhibit correlation
with the predominant morphologies and thus provide greater insight into the role of surface

polarity.

Preliminary PL results

We studied photoluminescent properties of morphologically different samples to
establish a relationship between electronic transitions and sample morphology. To gain
initial perspective on the optoelectronic behavior of these samples, we compared one of

our samples PL behavior to a commercial grade sample. This comparison is illustrated in
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Figure 25 which is a juxtaposition of the PL spectra of a commercial grade single crystal
(SC) ZnO and sample S7.2. One can observe a clear influence of size, polarity, and
crystallinity on the radiative transitions in ZnO. Compared to the SC sample emission
spectrum, S7.2 has a broader emission peak, implying sub-bandgap radiative transitions
due to crystal defects or impurities. There is also a notable shift in the emission peak for
sample S7.1 bandgap relative to that in SC. This behavior can be attributed to different
characteristics of these materials. The SC sample is O-polar exposed and millimeters in
size while particles in sample S7.1 are one to two microns in size and have balance between

exposed polar and nonpolar surface areas.
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Figure 25: Comparison of PL spectra of commercial single crystal ZnO (O-polar) and
sample S7.1

Furthermore, changes in PL spectra are not limited to states near the band edge
contributing to near bandgap emissions. In addition to a shifted near-bandgap peak, lower
energy sub-bandgap emissions indicate the presence of available intermediate states
introduced by defects. This influence is shown in Figure 26 where we see a shifted bandgap
peak and a breadth of sub-bandgap emission energies green part of the spectrum for sample

S25A.
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Figure 26: PL spectrum for sample S254
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Figure 27: SEM images of morphologies present in sample S254

PL spectra for different samples also revealed influence of sample characteristics
on sub-bandgap transitions and intermediate energy states. Changes in the number of
intermediate states from sample to sample leads to changes in sub-bandgap peaks. Figure
28 juxtaposes PL spectra for samples S9 and S25B. S9 has primarily nonpolar surface
exposure while S25B has more polar surfaces exposed. One can see a clear difference

between those spectra. In order to conclusively claim the nature of these differences and
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their correlation to polarity and morphology, a more systematic study must be performed.

Further experiments in this direction are outlined below in the Future Works section.
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Figure 28: PL spectra of samples S9.2 and S25B
Conclusions

In this work our goal was to create a platform for future studies correlating
optoelectronic properties of nano- and microscale ZnO with their antibacterial action. In
particular, we sought to establish the ability to produce ZnO particles with controllable
surface morphologies. This was done successfully by refining a bottom-up hydrothermal
method for producing ZnO crystals. We also established the best venues to ensure the

compositional purity of the synthesized ZnO material. This was confirmed via SEM and
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EDX studies of a range of samples. Establishment of this control forms a critical part of

the foundation for the study of antibacterial action of ZnO.

We also performed preliminary PL studies of different ZnO samples to establish
our ability to use luminescent properties to investigate surface defect states and energy
transitions of ZnO microcrystals with different surface polarities. Comparing SEM and
PL data we expect to find that changing the morphology of different ZnO samples
corresponds to changing optoelectronic properties. These results will be a starting point
for a comparative study of the relationship between the ZnO optoelectronic properties

and antibacterial action.
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Future Studies

Future optoelectronic studies

Surface Photovoltage

The mobility of charge carriers near the surface is influenced by the surface
potential barrier as well as available electron states or traps. As a result, the nature of a
material’s surface band bending and charge dynamics can be investigated by measuring
the surface potential in response to different stimuli. The surface charge dynamics can be
effectively studied by probing the surface optoelectronic properties. Photons incident on
the surface can transfer their energy to the surface and near-surface electrons. Incident
photons of sufficient energy can promote valence band electrons to the surface states or to
the conduction band. Electrons can also be excited from the surface states into the
conduction band. All these electronic transitions may be followed by charge transport to
or from the surface. An electron excited to the conduction band can flow either to or from
the surface depending on the nature of the band bending. The excited electron leaves
behind a hole. Holes in the valence band are mobile, but since they are positively charged
flow in the direction opposite to that of conduction electrons. The relative motion of these
electrons and holes can increase or decrease the SPB resulting in bands bending more
upward or downward, respectively. Photons can also excite conduction band electrons to
surface traps, and surface trapped electrons to the conduction band. Accumulation or
depletion of charges at the surfaces creates a change in the SPB, which is called the surface
Photovoltage (SPV) effect. SPV can be an effective tool to study surface states and surface
charge dynamics by measuring changes in the surface electric potential in response to

changes in illumination. Important factors contributing to SPV dynamics are the surface
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environment and adsorbed species, both of which can influence surface states, thus
impacting the charge carrier dynamics near the surface. Probing the surface with light in
different environments or with different species adsorbed to the surface reveals information

about how the surface charges and surface states interact with their environment.

Among the number of SPV-based experimental techniques, the two most common
are the SPV spectroscopy and transient SPV. SPV spectroscopy measures changes in
surface potential as a function of the energy of the incident photons, therefore probing the
electronic structure near the surface, whereas SPV transient studies reveal information

about near-surface charge dynamics.

Transient SPV experiments can be performed in a number of variants. In our
studies we will measure SPV transients in response to panchromatic white light, super-
bandgap illumination, sub-bandgap illumination, and in response to the onset of darkness.
As the nomenclature implies, the super-bandgap illumination involves incident photons
with energy greater than or equal to the bandgap and sub-bandgap illumination involves
incident photons of lesser energy than the bandgap. In the super-bandgap transients we
primarily observe changes in the surface potential due to the band-to-band transitions,
while the sub-bandgap transients are mediated by both energy band edges and surface trap

states.

To perform an SPV study, it is necessary to measure the changes in surface potential
using a reference. In these experiments we will use a Kelvin probe as a reference. A
Kelvin probe measures changes in the surface work function as a result of surface band-
bending. It operates by forming an oscillating parallel-plate capacitor with the sample

surface as shown in Figure 29. The probe itself acts as a reference for observing changes
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in the contact potential difference (CPD) between the probe and sample. We define CPD

as:

W, - W,

Vepp = e

where W1(2) are the work functions of the electrode and sample; e is the elementary charge.

VCPD

Figure 29: Principle of operation of Kelvin probe

The probe and the surface act as the two capacitor plates with different work
functions. To study the SPV phenomena, one must first look at how these two elements
interact. Figure 30 illustrates this interaction in 3 scenarios: no contact between the
materials (a), external electrical contact (b), and arrangement driven by an external bias
(c). When there is no contact, there is no electric field between the surface and the Kelvin
probe and both materials have different Fermi energy (£y). If, however, there is an
electrical contact between the two materials, the Fermi level of material 2 drops to match
that of material 1, similar to the situation occurring in metal-semiconductor contacts and
p-njunctions. This creates a CPD due to the difference in surface energies. To compensate
for this energy drop and to retrieve information about the CPD, the system can be externally

biased. By generating a compensating DC voltage, the surface energy of these materials
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can be equalized as shown in Figure 30(c). This compensatory voltage is then equal to the

CPD.

In SPV, the incident light generates charge motion which can excite electrons to
and from surface states or to the conduction band so they can flow back into the bulk. All
these transitions affect band bending and Fermi energy at the semiconductor surface. To
bias the system in a way that there is no electric field between the probe and the sample
surface there must be a driving voltage Vpc = Veep. SPV provides a measurement of
changes in Vpc, and therefore Vepp with respect to energy and exposure time of incident
light in different ambient environments. This creates a direct line to understanding the

charge carrier dynamics and band bending at the surface of a sample.

Figure 30: Energy band diagrams of two materials with different work functions (a)
without contact; (b) with electrical contact; and (c) with external bias

SPV equipment
In our studies, SPV experiments will be performed in a closed chamber with

controllable environmental conditions. The SPV setup inside the vacuum chamber is
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depicted in Figure 31. A Kelvin probe is used as a reference for the CPD of the sample
surfaces. The setup inside the vacuum chamber allows the sample stage to be connected
to the ground. Grounding the sample stage allows electrons to flow freely under the
influence of changing SPB due to illumination. Samples are illuminated using a fiber optic
setup connected to an external light source. A white light source is used for panchromatic
illumination. Monochromatic illumination is achieved by connecting the light source to
the system via a grating monochromator. Since this is a grating monochromator, light
having wavelengths that are integral multiples of the intended wavelengths also passes
through. Therefore, between the monochromator and fiber optic, different filters are
employed to remove these contaminations. Figure 32 shows the details of the SPV

equipment outside of the vacuum chamber.
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Figure 31: lllustration of the interior of the UHV characterization chamber. The Kelvin
probe is positioned above the grounded sample stage. A fiber optic bundle intake is
located above the sample stage to guide light to the sample surface.
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Figure 32: Optical path outside of the vacuum chamber. The white light source sends
light to the monochromator via lenses. Monochromatic light is then fed into the vacuum
chamber via fiber optics bundle. The Kelvin probe is interfaces with a computer via a
Kelvin probe controller.

Ultra-high vacuum system

Ambient environment of the SPV experiments is controlled using an ultra-high
vacuum (UHV) system. The system in use has three connected chambers, shown in Figure
34 through which samples can be moved without leaving the closed system of maintained
ambient conditions. The first is the loading chamber, through which samples can be
removed or inserted into the UHV system. The second chamber is the processing chamber,
where in-vacuum annealing, cleaning, or plasma treatment can occur. After the sample
surface is prepared for characterization it then can be moved to the characterization
chamber, where the sample can be characterized with surface-sensitive probes, with SPV

run under different illumination and ambient conditions among them.
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Pressure inside the chamber is reduced and regulated using three pumps. A Welch
oil rotary pump shown in Figure 33 is used to evacuate the chamber down to milliTorr
pressures. Once a low enough pressure is achieved such that the rotary pump is no longer
effective on its own a turbomolecular pump (TMP), shown in Figure 34 is engaged, which
can reduce internal pressures to ~107 Torr. The degree of vacuum generated by the TMP
can be controlled by restricting the flux of gas particles through the TMP pipeline using an
electronic valve. Though pressure can be controlled and maintained using the TMP and
the rotary pump, vibrations of these two pumps interfere with the Kelvin probe used in
SPV measurements. To generate even lower pressures and maintain these pressures
without generating noise through vibrations, a Varian 270 L/s ion pump is used. This pump

allows the system to reach pressures on the order of ~10” Torr.
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Figure 33: Welch oil rotary pump used to rough pump the system.
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Figure 34: Turbomolecular pump (TMP) is attached beneath the processing chamber of the
UHYV system.

Controlling pressure and air flow through parts of the UHV system is essential for
treating the surface of samples for SPV. Proper gas flow is necessary for cleaning and

treating the surface with remote plasma as will be discussed below.
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Remote plasma treatment

As mentioned above, the presence of surface defects and dangling bonds affect the
surface band structure of a material. Electronic surface states can be altered by physisorbed
and chemisorbed species. It is possible to initiate and control this adsorption by exposing
the surface to ionized gas (plasma). However, exposure to direct (hot) plasma can cause
unwanted defects and phase changes in a material due to heat. To avoid this, we will
employ remote plasma treatment. Remote plasma treatment involves the generation of
direct plasma some distance away from the sample surface. Then, through manipulation
of the gas flow and in some cases by applying an electric field, the plasma can flow to the
sample surface. Doing this allows the plasma to cool as it is no longer being heated by the
excitation of the oscillating electromagnetic field. As it cools down, the plasma is then
guided to the sample which allows ions to be adsorbed without introducing the damaging

effects of heat.

To generate plasma, a gas is leaked into a glass tube above the sample inside the
vacuum chamber. An induction coil connected to a radio frequency (RF) generator via a
match network. The RF generator sends an alternating current through the induction coil
wrapped around the glass tube as shown in Figure 35. This in turn generates an
electromagnetic field through the tube, thus forcing the gas to be ionized and creating an
oscillating current of ions and electrons within the tube. Nitrogen plasma is shown below
in Figure 36. Providing remote plasma to the surface simply involves biasing a metal grid

beneath the sample for a uniform flux of ions to hit the sample surface.
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Figure 36: Direct nitrogen plasma
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Future antibacterial studies

Having established the platform for studying the fundamental mechanisms behind
antibacterial ZnO, we will then study the antibacterial action of different ZnO
morphologies. There are many well-established methods for testing the antibacterial
activity of materials like ZnO [5]. Our study will focus on 3 methods: disc diffusion,

colony counting, and turbidity assay.

Disc diffusion involves placing a culture on an agar plate containing ZnO
microcrystals. After being allowed to incubate for a length of time the plates can be
evaluated. If areas surrounding the ZnO crystals have no evidence of bacterial growth,

then it can be concluded that the crystals are killing bacteria or stopping bacterial growth.
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Figure 37: Disc diffusion assay. The antibacterial agent diffuses out of the disc in the
center stopping bacterial growth. The milky area represents bacterial life. The zone of
inhibition is in the clearer section around the white disc.

Figure 37 is an example of a disc diffusion assay using hydrogen peroxide as an
antibacterial agent on staphylococcus epidermidis. The clear region in the middle is the

inhibition zone. This represents an area where bacterial death occurs at a higher rate than

reproduction.

Turbidity is cloudiness caused by particles suspended in a fluid. In a turbidity
assay, bacteria and ZnO would be suspended in a nutrient broth and the bacteria would be
allowed to incubate or reproduce. The number of bacteria present would correlate directly
to the amount of scattered light. Over time, if the microcrystals are killing the bacterial or

inhibiting its growth, the amount of scattered light would level off or even decrease. This
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assay is great for studying a more continues evolution of antibacterial action, and it would

allow for more quantitative results.

In a typical turbidity assay, the optical density relative to 600 nm light is measured.
This is done by measuring the amount of transmitted light through an incubated broth
relative to a “blank” broth sample. Some sophisticated spectrometers can even measure
turbidity as a function of time which will be useful for characterizing antibacterial effects

of ZnO as a function of exposure time.

Colony counting involves growing a bacterial culture in a broth containing an
antimicrobial (ZnO). This broth culture is then diluted down to a very low concentration
of bacteria/antimicrobial. The diluted solution is then spread across an agar plate and
incubated overnight. During incubation individual bacteria will grow into colonies. The
number of new colonies is then counted. This assay can be used to validate results from
turbidity assays. Combining all these results may help us elucidate antibacterial action
mechanisms at nanoscale ZnO surfaces, potentially useful in many biomedical

applications.
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ABSTRACT

GROWTH OF NANO- AND MICRO-SCALE ZNO PARTICLES AS A PLATFORM
FOR STUDIES OF ANTIBACTERIAL ACTION IN ZNO

By John Reeks, 2018
Department of Physics and Astronomy

Texas Christian University

Thesis Advisor: Dr. Yuri Strzhemechny

Antimicrobial action of micro- and nanoscale ZnO particles has been documented, but the
fundamental physical mechanisms driving this action is still relatively unknown. We hypothesize
that antibacterial action of ZnO is rooted in interactions between ZnO surfaces and extracellular
material. This study builds a platform upon which a study of unique surface properties of micro-
and nanoscale ZnO can be studied in conjunction with antibacterial action. Using a bottom-up
hydrothermal chemical method we established the ability to grow morphologically different ZnO
micro-crystals to isolate and study the two characteristically different surfaces (polar and nonpolar)
in crystalline ZnO. SEM and EDX studies confirmed the growth of ZnO microcrystals of different
morphologies based on chemical precursor. Photoluminescence revealed changes in emission
spectra as reaction parameters change. To build on this platform, various optoelectronic methods
and antibacterial testing techniques will be used to connect different morphologies, surface

polarity, optoelectronic properties, and antibacterial activities.
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