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ABSTRACT

Composite nanoparticles consisting of separate corghell materials are of
interest for a variety of biomedical and industrial applications.By combining
different materials at the nanoscale, particles can exhibit enhanced or multi
functional behavior such as plasmon resonance combined  with
superparamagnetism. Gaphase nanoparticle synthesis processes are promising
because they can continuougl produce particles with high massyield rates. In this
dissertation, new methods are investigated for producing gaphase coatings of
TATT PAOOCEAI AO -1EET AAT MAOEEAINT B BADAOAOA
create coatings from silica and gold thiacan be used with a variety of corgarticle
chemistries. A photoinduced chemical vapor deposition (phot€VD) method is used
to produce silica coatings from tetraethyl orthosilicate (TEOS) on the surface of
nanoparticles (diameter ~5-70 nm). Tandem diffeential mobility analysis (TDMA)
of the process demonstrates that particle coatings can be produced with
controllable thicknesses (~1-10 nm) by varying system parameters such as
precursor flow rate. Electron microscopy and infrared spectroscopy confirm thia
the photo-CVD films uniformly coat the particles and that the coatings are silica. In
order to describe the coating process a chemical mechanism is proposed that
includes gasphase, surface and photochemical reactions. A chemical kinetics model
of the mechanism indicates that photeCVD coating proceeds primarily through the
photodecomposition of TEOS which removes ethyl growp thus creating activated
TEOS speciesThe activated TEOS then adsorbs onto the surface of the particle
where a series of subsequet reactions remove the remaining ethyl groups to
produce a silica film with an open site for further attachment. The model results
show good agreement with the experimentally measured coating trends, where
increased TEOS flow increases coating thicknessidh increased nitrogen flow

decreases coating thickness.
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Gold decoration of nanopatrticles is accomplished by evaporation of solid
gold in the presence of an aerosol flow. A hatire generation method is developed
where gold particles are produced from a comosite goldplatinum wire.
Investigations of the hot-wire generator show that it can produce particles with a
range of sizes and that more uniform, nofagglomerated particles are produced
when using smaller diameter tubes where gas velocities across thernaiare higher
and recirculation zones arediminished. When gold is evaporated in the presence of
silica nanoparticles, the silica aerosol is decorated by gold through either
homogeneous gold nucleation and subsequent scavenging by the silica
nanoparticles,or by heterogeneous nucleation on the silica surface in which the gold
OAAT 1 O OpPd6 AOA OI OEA EECE OOOZAAA OAT GEIT I
particles exhibit a plasmon absorbance resonance typical of goldanoparticles
j 1x vum nallygre silic&cBating and gold decoration processes are combined
with a thermal plasma technique for synthesizing iroroxide to produce tri-layer

nanoparticles.
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Chapter I- Introduction and Motivation

1.1 INTRODUCTION

Nano-scale materials and devices exhibit unique properties not seen at larger
size ranges. Investigations of saiconductor materials such as silicon and cadmium
selenide have led to the discoveries of new propertiesncluding the quantum
confinement of electrons that show promise in increasing solar cell efficiencig4-
3]. Studies of magnetic iron oxidematerials have shown that superparamagnetic
behavior is observed fornanosized materials (dimensions <10 nm), which have
broad industrial and medical applications[4]. The increased surface area of nano
scale metal catalysts, such as silver and copper, has given rise to increased chemical
reaction efficiencies that are of interest in creating next generation transportation
fuels [5-7]. The production of devices at the nangcale allows for new interactions
of materials with biological tissue where sizes can be tuned to affect individual
biological components such as DNFS] .

For nanoparticles to be useful in applications, it is critical that the particles
retain their small sizes so that their umque properties are not lost. Also, many
applications require that particles be functionalized to impart desired properties or
control particle organization. Prevention of particle growth and particle
functionalization can be accomplished by modifying th@article surfaces to impart a
desired behavior. Surface modification of nanoparticles is critical in controlling
many aspects ofnanoparticle behavior because interactions of nanoparticles are
often dominated by their surface properties due to their high grface area to volume
ratio.

As investigators have recognized that particle surface modification is critical
to the viability of nanoparticles, many have attempted to modify particle surfaces by

coating nanoparticles to create coreshell structures. Most nitial studies usedwet-
1



chemistry methods to create particle surface coating§9-12]. These investigations
have shown that particle coatings can enhance the functionality of the nanoparticles.
However for large scad production, wetchemistry methods are undesirable
because they are inherently batch processes that require the use and disposal of
environmentally hazardous solvents. Nevertheless, wethemistry methods provide
useful insight into the basic nature of coe-shell nanostructures.

Gasphase methods have also been used to create particle coatings. These
production techniques have benefits overwet-chemistry methods for large scale
particle production because they are continuous processes that do not require
solvents. Several groups have investigated a variety of particle coatingocesses
using heated flow tubes[13-19], flame synthesis[20, 21], spray pyrolysis [22],
microwave plasma[23], and RF plasm&g24, 25]. All of these methods create multi
layered aerosolized particles with relatively short production times without the use
of solvents. While these methods allow for a higher througiut, they often have
broader size distributions than wetchemistry based methodq48] .

Recent work by Zhanget al. and Heet al. demonstrated another gasphase
method for creating multi-layered nanoparticles using photoinduced chemical vapor
deposition (photo-CVD) to grow films on aerosolized particleg26, 27]. Their
studies showed that the photeCVD method can be used to reliably grow organic
coatings on aerosolized particles of differingcore sizes. The method uses vacuum
ultra violet (VUV) light to radicalize an organic precursor in the presence of
aerosolized particles. The activated precursor then reacts to form a CVD coating on
the particle surface as the particle passes down a coating chamber. The organic
particle coatings are generally uniform and can be tuned to differing thicknesses by
varying key system parameters. While the phot€€VD method of coating
nanoparticles has only been used to produce organic coatings of sodium chloride
and aluminum particles, the method has potential for broader applications with

different coating and coreparticle chemistries.
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While CVD methods are available to produce coatings from gpbase
precursors, not all materials have precursors with high vapor pressures that are
commercially available or cost effective. In particular, precursors for precious and
heavy metak are expensive and often hazardoug28]. As a result, other delivery
methods have been proposed to produce ggshase coatings and surface decoration
from such materials. Nanoparticle surface decation with gold and silver has been
accomplished at low pressures (~1€ Torr) by sputtering gold and silver targets in
the presence of gagphase particles [29]. The resulting particles have precious
metals delivered to the surface primarily throughagglomeration, which results in
uneven coatings. Additional methods have been developed that rely on diffusion of
materials within individual particles to self segregate and create composite
structures [30]. While these methods have demonstrated the feasibilityf @reating
surface decoration with precious metals, further work is warranted to develop

methods that allow for the control of particle surface morphology.

1.2 MOTIVATION

As the ability to control the surface properties of nanoparticles has
improved, researchers have begun to consider applications for engineered muiti
functional particles. An area of particular interest for multtcomponent
nanoparticles is thar use for the imaging and treatment of cancerous tumorg31].
Magnetic nanoparticles, in particular magnetic iron oxide, can provide magnetic
resonance imaging (MRI) contrast enhancement within cancerous cells and, if
loaded in high enough concentrations, can be used to thermally ablate tumors due to
the generation of heat through Brownian and Néel relaxation in an alternating
magnetic field [4, 32]. Gold particles are effective delivery vehicles for tumor
necrosis factor[33] as well as the labeling of cell§34]. Nanoparticles composed of
hollow gold shells or thin layers of gold on the surfaces of electrically insulating
cores, such as silica, can be tuned to absorb radiation from the visible to infrared

3



wavelengths [35-37]. A review of multifunctional particles composed of gold and
iron oxide by Melanconet al. [38] discusses the current structures that have been

synthesized (allwet-chemistry methods) as well as some of the barriers for use.
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Figure 1.1: ldealized schematic of multifunctional nanoparticle composites for
biological applications.

While many geometries and structures have been synthesized byet-
chemistry techniques, the advantages of gashase synthesis approache warrant
the exploration of aerosol methods to produce multcomponent nanostructures. As
shown in Figure 1.1, a variety of morphologies can be envisioned from combinations
of iron oxide, silica and gold. The ultimate structuref the particles relies on the
core-particle size and agglomeration rate, as well as the gahase delivery of
material to the particle surface. In particular, coating morphology depends on
whether coating materials are nucleated in the gas phase and thenavenged by the
core particle, or grown on the surface as a result of physical or chemical vapor
deposition.

The purpose of the present study is to investigate methods for the

production of multi-layer composite nanoparticles, consisting primarily of irm
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oxide, silica and gold. To produce composite nanoparticlegthe study focuses on the
development of decoupled gagphase synthesis and coating approaches that can be
connected to produce a variety of nanoparticle structures, as envisioned Figure
1.1. One advantagef individual synthesis and coating modules is that new modules
can be combined with existing ones to create different corshell structures. This
OAOOAIRIAS APDPOI AAE O DPAOOEAI As ffodith®@ EAOEO
core outward and does not rely on the thermodynamic properties of the materials to
determine where each material is located within the particle. This study sets out to
develop separate methods for producing corehell structures with an ultimate aim

of combining the systems to produce biand tri-layer nanoparticles. While iron
oxide, silica and gold are the primary three materials of interest, other materials,
such as silver and yttrium aluminum oxides, are used within the study to investigate
the fundamental mechanisms of the individual coating processes. The central
motivation for the study is to produce core-shell nangarticles for biological
applications as discussed above, but the production methods are general and other
applications are dicussed within each chapter. As the coating modules in this study
vary from photo-CVD to thermal techniques, further background and motivation for

the individual synthesis approaches are given.

1.3 CHARACTERIZATION ECHNIQUES

1.3.1TANDEMDIFFERENTIAIMOBLITY ANALYZER
The primary characterization device for the gaghase coating processes

discussed in this study is the tandem differential mobility analyzer (TDMA). The
differential mobility analyzer (DMA) has long been studied as a method for
characterization of aerosols [39-43]. DMAs classify particles by electrically

attracting charged particles across a clean sheath flow in accordance with their



electric mobility, & . The electric mobility is defined as the ratio of drift velocity to

the magnitude of the applied electric field,
0 —, (11)
where g is the number of elementary charges on the particled, is the particle

diameter, andmis the fluid viscosity. The slip correction factor, C, determined by
Allen and Raabe is given by the relation,
C =1.0+ Kn(L.155+ 0.471exp[- 0.596/ Kn]) (1.2)

where the Knudsen number iskn=2//d_ and / is the mean free path of the gas

[44]. Figure 1.2 shows a schematic of the DMA used in this study (TSI, Inc. model

3085). The charged patrticles entering the DMA must pass across the sheath flow to

reach the monodisperse aerosol outlet. As shown by Knutson and Whitbyhe

particles pass both electrical and flow streamlines as they move down the tube
xEAOA OOEA OAOET 1 & OGEA 101 AAO 1T £ OOOAAIITE
1 ETAO AOTI OOAA EO Al xAUuO ANOMG). Thelr an@ysid DHAOO
derived the voltage required to attract particles of a given mobility,

_ G
V= Tz (1.3)

where @, is the clean air flow rate,L =L/In(b/a) and the dimensionsL, band a

are shown inFigure 1.2.
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Figure 1.2: Schematic of TSI Model 3085 Nano DMAS] .
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Results from Knutson & A 7 EE OA UV@ araligsis Gite Auseful in
determining the behavior of TDMAs. Kousaket al.investigated two DMAs placed in
series where the outlet of the first DMA was the inlet to the next. The first DMA was
set to a constant voltage to select discrete range of mobilities The second DMA
was used in conjunction with a condensation particle counter (CPC) to scan over a
range of voltages in discrete increments to determine the particlemobility
distribution. The results of the TDMA study showed thathe concentration of the
aerosol leaving the second DMA was exactly one third that of the concentration
entering the first DMA when losses from Brownian diffusion were neglecte{#6].
More relevant to the present study is the clasfication of an aerosol that undergoes
a size change between the two DMAs, which was first investigated by Rader and
McMurry in 1986 [47]. Their study developed an analytical framework for
determining the particle growth within a TDMA and proved experimentally that the
method provides a reliable means for measuring changes in particle siziwn to

1% of the particlediameter.



In this study, both DMAs are operated with a 10:1 sheath to aerosol flow
ratio. The voltage of the DMAL is held constant and the voltage of DM is scanned
in discrete increments over a range of voltages. The concentration of the aerosol at
the exit of DMA2 is measured using an ultrafine condensation particle counter
(UCPC, TSI, Inc. Model 3025A). In some cases a single DMA is used in series with a
UCPC to scan over a range of particle mobilities in discrete increments, which is
known as a disrete mobility particle sizer (DMPS). Both DMAs and the UCPC
interface with a LabView (National Instruments) data acquisition board and are
controlled by a personal computer.

The resulting particle counts, as measured by the UCPC, are corrected for
particles losses to the tube walls, particle losses within the UCPC and the size
dependent counting efficiency of the UCPC within the LabView software. The results
of the LabView analysis give particle counts versus particle mobility for a given
measurement. Thee results are comparable to a histogram in which the widths of
the bins correspond to the DMA transfer function at each mobility. In order to
determine the particle mobility distribution in terms of the number concentration of
particles, N the particle @unt data must be divided by the area of the transfer
function at each mobility diameter. Further details for the conversion of raw counts
to particle size distribution functions can be found in these referencef39, 40]. In
addition to correcting for the transfer function of the DMA, particles couts were
also corrected for the charging efficiency of the R810 bipolar charger that was
used to charge the aerosdi8]. Differences betwen distributions showing the raw
particle counts corrected only for UCPC counting efficiency and wall losses, and the
fully corrected particle mobility distribution are shown in Figure 1.3. The modes of
the corrected particle mobiity distributions shown in Figure 1.3b are lower than the
modes of the raw count datafigure 1.3a. This result highlights the effect of dividing
by the charging efficiency and area of the transfer funicin, both of which are

smaller (in terms of numerical magnitude) for smaller particles than for larger
8



particles. Additionally, Figure 1.3 highlights the need for correcting raw count data
from the UCPC. All DMPS particle distrition data within this study were corrected
during post processing. An implicit assumption for the conversion of DMPS data to a
particle mobility distribution is that the particle concentration is constant across the
width of the transfer function, which istypically valid for polydisperse aerosols. For
TDMA data, the monodisperse nature of the aerosol means that strong
concentration gradients can exist within the width of the transfer function, making
the assumption invalid. Therefore the transformation from TDMA raw counts to a
particle size distribution requires a more detailed conversion function not used
within this study [49]. However as the TDMA data is primarily used to express
differences in particle growth, the error of not correcting for the TDMA transfer

function is minimal.
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Figure 1.3: (a) DMPS measured counts corrected only for particle loss and UCPC
counting efficiency and (b) particle mobility distribution determined by correcting
for charging efficiency and by dividing by the transfer faction of the DMA.

1.3.2CHEMICALCHARACTERIZATION

The chemical composition of the nanoparticles and subsequent coatings is
determined by Fourier transform infrared spectroscopy (FTIR). FTIR spectra from
the Nicolet Series Il MagndR System 750provide information on the chemical

bonds of the samples by passing infrared light with wave lengths from 2- 1t |
9



through the samples. Samples can either be analyzed-situ by placing a mesh

within the analysis cell of the FTIR and passing the aerosol flow through the mesh,

or ex-situ by colleding samples and then analyzing them usingiffuse reflectance

infrared Fourier transform spectroscopy (DRIFTS). In either techniquéhe samples

absorb the infrared light by converting the photon energy to vibrational energy

between covalently bound atomsSince bonds vibrate only in discrete frequencies,

specific wavelengths of light are absorbed that correspond to the natural
frequencies of the bond4 EA &4) 2 ET OO00O06I AT O Al 11T x0O0 A& O
be found by comparing the baseline transmitted ligt to the light transmitted

through a specimen where specific wavelengths of light have been absorbed. The
OPAAEI AT6O0 OPAAOOOI AAT OEAT AA AT i1 PAOAA ¢

determine which bonds are present.

1.3.3PHYSICAICHARACTERIZATION
For physical characterization and visualization of nanoparticle coatings, a

transmission electron microscope (TEM) is used to provide high magnification
images for particle analysis. The Tecnai T12 microscope used in this study has an
operating voltage of 120K/ with a LaB filament as an electron source. The Tecnai
T12 microscope allows for typical magnifications of 10200 thousand times the
original sample size. With such magnifications it is possible to resolve key features
of the collected nanoparticles, ncluding particle size, degree of agglomeration,
coating thickness and morphology. Also, by using the diffraction mode of the T12,
the crystalline nature of the particle and particle coating can be resolved.

Higher resolutions can be achieved with the Te@a G F30 microscope which
provides imaging, diffraction and analytical techniques at high spatial resolution
and detection efficiency. The F30 microscope allows for magnification in excess of 1
million times the original sample size. The electron emissiosource for the Tecnai

& F30 is a Shottky field emission gun with an operating voltage of the up to 300 kV.

10



The Tecnai @G F30 is also equipped with a silicon sxay detector which detects
photons released from the deexcitation of high-energy electrons inthe sample that
xAOA ETEOEAI T U AGAEOAA AU EIT OAOAAOEI T xEOE
known as energy dispersive xay spectrometry (EDX), provides quantitative
analysis of elements with atomic numbers from 82. Another technique available
on the Tecnai G F30 is electron energy loss spectroscopy (EELS), which like EDX
gives information on the elemental makeup of the sample. EELS analysis determines
the amount of the electron beam energy absorbed by the sample, which is unique
for each elemen and is best used for lower atomic number samples ¢(30). EELS
provides higher resolution and is a faster sampling technique than EDX, but requires
thinner samples and does not work on high atomic number elemen{80].

While those characterization techniques discussed above are the primary
ones used in this study, other characterization methods are discussed in detail

within the individual chapters.
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Chapter 2 Photoinduced (hemical Vapor Deposition

Particle Coating

2.1 OVERVIEW

As discussed in Chapter 1, nansized coreshell structures are of interest for
a variety of applications. This study builds on the work of Zhangt al.and Heet al.
[26, 27] to produce inorganic films on nanoparticle surfaces. Like the organic
coating process, a gaseous precursor is injected into a coating chamber where
vacuum ultraviolet light (VUV) activates the precursor in the presere of
aerosolized particles. The activated precursor then reacts to form a CVD coating on
the particle surfaces as the particles pass down the coating chamber. The particle
coatings are tested for chemical purity and coating morphology. The pho@VD
method of coating nanoparticles is investigated to determine whether it can be used
for broadly to coat a variety of core materials.

Macroscopic photeCVD film growth has received much study and is
currently used to createmany different thin films. An initial report by Kogelschatzet
al. studied the theory of excimer discharge lamps and demonstrated the ability of
the lamps to produce monochromatic VUV radiation capable of material processing
[51]. Xenon excimer lamps were first used to create silica (Si)&oatings from silane
(SiHs) and nitrous oxide (NO) [52, 53]. Bergonzoet al. have shown that examer
lamps can be used to produce chemically pure coatings with fast film growth rates
[52]. In an effort to simplify the number of precursors and limit use of the highly
combustible silane, Takezoeet al. created silica films from a single precursor,
tetraethyl orthosilicate, (TEOS Si(O£s)4) [54]. Their group showed that VUV light
is capable of creating silica films at room temperatuf®5]. Continued work has
examined the properties of the silica flms from the photeCVD process including
photoluminescence, electrical leakage, and smoothnefst, 56, 57]

12



The favorable characteristtcs of bulk silica make it a desirable coating
material for particles at the nanometer scale. Silica coatings on nanoparticles have
been shown to stabilize particles and prevent agglomeration in solution even at
relatively high particle concentrations [58]. The high melting point of silica
increases the thermal stability of coated particles and can prevent coated particles
from sintering [59]. Also silica coatings can be used to stabilize particle
photoluminescence with little shift in the excitation band of the coated particl¢58,
60]. The silanol groups found at the surface of silica coatingéso allow for the easy
attachment of functionalizing ligands that are useful for a variety of biological
applications [4, 61]. Silica acts as an effective electrical insulator which is of interest
in creating multilayered films and nanoparticles that can be used in the
semiconductor industry [56, 62]. Furthermore, silica is a cheap and abundant
molecule that can be used to coahany particles at low cost[58].

In this chapter work is presented on the production of silica coatings on a
variety of core particles. Initial studies are discussed thasought to determine an
appropriate particle core to be used in the study of the phot&€VD coating process.
Sodium chloride (NaCl), polystyrene latex (PSL), yttrium aluminum oxide perovskite
(YAP) and silver (Ag) were all tested to determine whether they wuld be suitable
core structures for silica coating. The yttrium aluminum oxide particles were of
interest beyond fundamental studies as applications exist for yttrium aluminum
oxides that photoluminesce, notably the ceriunrdoped yttrium aluminum oxide
gamet (YAG)[63, 64]. Likewise, silica coated silver has potential applications for
bacterial disinfection [65], labeling via plasmon resonancg6] and enhancement of
Raman spectroscopy[67]. Further applications of the photoCVD silica coating
process were studied in the production of silicacoated magnetic iron oxide
nanoparticles for applications such as enhanced magnetic resonance imagipyg
and thermal therapies[68]. The primary focus of this chapter is to investigate the

key variables that control coating thickness and chemistry of fil on the surface of
13



nanoparticles, as well as study the fundamental mechanisms involved in phe@vD

coating.

2.1.1PHOTOCHEMICAVAPORDEPOSITIONEXPERIMENTASETUP
A schematic of the typical configuration of the photeCVD system is shown in

Figure 2.1. The system consists of an aerosol source, precursor bubbler, coating
chamber, and VUV excimer lamp. A pair of differential mobility analyzers (DMAS)
and a condensation particle counter (CPC) are used for real time characterizatidn
combination the DMA and CPC are known as a discrete mobility particle sizer
(DMPS). As shown, a polydisperse aerosol is introduced (1 slm) into DMAwhere
particles are size selected according to their electrical mobility. Concurrently,
nitrogen gasis bubbled (0.03-1.1 slm) through a coating precursor, TEOS, where the
precursor vapor is incorporated into the nitrogen flow stream. Assuming the exiting
nitrogen/precursor mixture is at steady state, the flow rate of the precursor is

determined accordingto the relation,
0 0 ——, (2.1)

where0 and0 are the precursor vapor pressure and system pressure ard
and0 are the volumetric flow rates of the precursor and the carrier itrogen. The
vapor pressure of TEOS can be found using the Antoine equation,

17T ¢ o —, (2.2)

where P__is the vapor pressure in bar; T is the temperature in Kelvin; and A, B, and

vap

C are constants with the valus 4.17, 1561.28, and67.57 respectively[69].
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Figure 2.1: Schematic of photeCVD coating reactor.

As the aerosol and precursor enter the chamber, they mix and are exposed to
172-nm radiation from a Xe* excimer source (USHIO model UER2AH2). The

energy of the VUV photons, 7.2\& is greater than the binding energies of the-O

(3.8 eV) and GH (4.2 eV) bonds within the precursor. When exposed to radiation,

the precursor partially dissociates and then reacts on the particle surfagereating a

CVD coating as particles flow downhe chamber. The residence time of the aerosol

precursor mixture in the reaction chamber is primarily controlled by the flow of
OPOOCAS6 1-% émlinGdlliiced jtoothe system in order to keep the VUV

window clear of particles and to control the flow wthin the chamber. The coating

chamber is encased in a tube furnace (Lindberg/Blue STF553463) that allows for

temperature control of the chamber from ambientroom temperature O |

ppmTO#8

the coated particles exit the photeCVD chamber, they are either collected or

characterized using tandem differential mobility analysis (TDMA), whereby the

second DMA scans a range of particle mobilities and the CPC (TSI model 3025A)
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counts the number of particles at each size. Particles are collected for
characterization via impaction onto gold coated silicon wafers[70] and onto
microscopy grids via electrostatic precipitation (at +3kV). An image of the entire
experimental setup is shown inFigure 2.2. As seen, all tubing through which the
aerosol passes is conductive, thus lowering the losses due to charge buildup on the

tube walls.

oy : 11y,

: Conduncti.vw "
Silicon =
Tubing

L Voltage &
Sourcer

=)

Figure 2.2: Photograph of photeCVD experimental setup.

Throughout the experimental studies of the photeCVD system, theadiation
transmission through the window was tracked to ensure that theVUV intensity
remained constant. Radiation transmission through the windows can be affected by
particle fouling and light-induced degradation of the window after repeated use. As
shown in Figure 2.3, a reduction in visible transmttance of the VUV window can be

seen byinspection of the window. Radiation intensity measurements with each of
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these windows showed that the transmitted intensities of 172nm light through the
silica (Figure 2.3b) and fouled catium fluoride (Figure 2.3c) windows were 33%
and 40%, respectively, of the intensity through a clean calcium fluoride window
(Figure 2.3a). These results highlight the need to test the window transmission
regularly, which was done for all studies. In most cases it was found that purge flow
rates greater than 3 sIm suppressed fouling of the windows with particles. After
repeated testing, it became apparent that calcium fluoride windows resisted VUV
induced degradation better than silica windows and were thus used for the majority
of the studies within this chapter. All calcium fluoride windows had a 38nm
diameter and a 5mm thickness, supplied by Koch Crystal Finishing, Inc. (Elyria,
OH).

Figure 2.3: Images of different vacuum ultraviolet windows, consisting of (a) newly
installed calcium fluoride window, (b) silica window with VUV induced degradation,
and (c) calcium fluoride window after significant partide deposition.

2.1.2PARTICLESYNTHESIS

Three methods were used to generate aerosols for the coating study, as
shown in Figure 2.4. Nebulization,Figure 2.4a, aerosolizes particles suspended in a
liquid by expanding a pressurized gas through an orifice to create a higlelocity,
low-pressure region at the top of a capillary tube. The capillary tube draws the

solution contained in the nebulizer up into the highvelocity flow which shears off
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the liquid to create aerosolized droplets of the solution. Larger droplets are
removed from the flow stream by means of impaction, leaving only droplets smaller
than several microns in diameter in the aerosol. The aerosol is then passed through
a desiccant dryer that renoves the solvent from the droplets, leaving only the solid
particles. Further details on nebulizers can be found in the following referencd31,
72]

Inert-gas condensation, Figure 2.4b, forms nanoparticles by a process
originally described by Scheibel and Porstendoérfer, in which a solid precursceg.
silver, is melted in the presence of an inert carrier gas. The elevated temperature
raises the vapor pressure of the precursor allowing it to evaporate into the carrier
gas. As he flow passes out of the furnace, the temperature decreases, thus
supersaturating the vapor and causing homogeneous particle nucleation. The
particle nucleation results in a burst of a high concentration of small particles that
quickly agglomerate to formclusters. The clusters are then prevented from further
agglomeration by diluting the aerosol with additional nitrogen. The agglomerates
are sintered as they pass through a second heated region, which encourages solid
state diffusion. A further discussionof inert-gas condensation is found in Section 2.5.

The third method of aerosol generation synthesizes particles by passing a
liquid or gaseous precursor through a thermal plasmakigure 2.4c. The elevated
temperature of the plasma disassociates the precursor into its elemental
components. As the monatomic vapors pass out of the plasma, they rapidly cool,
which causes a supersaturation of the vapors and results in homogeneous
nucleation of particles. A further discussion of plasmaysthesis as it relates to the

production of magnetic iron oxide nanopatrticles is found in Section 2.6.
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Figure 2.4: Nanoparticle generation mechanisms (a) nebulization, (b inert-gas
condensation, and €) plasmasynthesis.
2.2 TEOSCHARACTERIZATION

In order for TEOS to be an effective precursor for silica coating of
nanoparticles it must not homogeneously nucleate when exposed to VUV radiation.
To determine the range of TEOS concentrations that does not s in
homogeneous nucleation, TEOS was injected into the coating chamber along with
VUV radiation and a nitrogen purge flow rate of 7.2 sim. The results, as shown in
Figure 25 where N is the particle concentration (cn?) and d, is the particle
diameter (nm), indicate that no homogenous nucleation occurs at flow rates up to
1.8 sccm of TEOS. For lower nitrogen purge flow rates the likelihood of TEOS
homogeneous nucleation increase due to higher residences times and TEOS
concentration. When the nitrogen purge flow was 4.3 slm, nucleation began as low
as 1 sccm of TEOS. TEOS homogeneous nucleation is further encouraged by the
presence of oxygen in the system. Experiments using small flow rates of dry filtered
air caused an increasdn homogeneousy nucleated TEOS particles, which were

likely a result of oxygen participating in the photeCVD reactions.
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Figure 2.5: Particle size distribution of homogeneously nucleated TEOS particles
with 7.2 sIm nitrogen flow and varying flow rates of TEOS in the presence of VUV
radiation.

To determine the chemical composition of the coatings formed from TEOS in
the photo-initiated CVD process, a series of films were collected in the chamber on
macrosmpic substrates. Films were collected at four locations down the chamber on
80x80 stainless steel mesh per inch as shown ifigure 2.6a. Each mesh was
immediately followed by a flow constrictor that forced the flow of TEOS througthe
i AGE O A mn8uvdo AEAI AGAO OEOI OCE OEA AAT OA«
that region of the screen. The coatings were grown for 30 minutes with the lamp on
and gas flow rates of 0.9 sccm and 7.2 sIm for TEOS and nitrogen, respectively. FTIR
analysis of the films, shown inFigure 2.6b, indicated that the films consisted largely
of silica with few hydrocarbon contaminants. The signal intensity of the silica can be

taken as an indication of the relative film thickness agilms were grown on all
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meshes for the same time and TEOS flow rates, and there are no significant peaks
other than silica. The silica peak at 1100 crhis relatively low at Position I,
indicating that the TEOS vapor is not immediately activated by the WUradiation
and requires some time for exposure to create a thicker coating. The silica signal
intensity continues to increase at Position Il and is a maximum at Position Ill. The
film collected out of view of the lamp, Position IV, had a much smaller signthan
those collected upstream. The diminished response of Position IV may be an
indication that the presence of radiation at the coating surface enhances the film
deposition rate. However, because Position IV was the farthest downstream of the
samples t is possible that a majority of the silica vapor may have condensed on the

tube walls before reaching the sample.
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Figure 2.6: (&) Schematic of chamber configurations for film depositions(b) FTIR
absorbarce spectrum of film samples collected at various locations within the
chamber.

To further investigate the relationship between surface radiation and film
growth, another experiment was performed that held the distance from the lamp to

the mesh constant. Ashown in Figure 2.7b, films were grown at equal distance
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from the TEOS inlet on 80x80 stainless steel meshes. The sample collected in
Configuration A was in view of the lamp and received radiation during coating while
the film in Configuration B was located downstream of a 90° bend in the tube and
received no radiation. FTIR spectra were taken of the two films as shown kigure
2.7a. As with the previous result, the film grown in the presence of VUV radion
had a larger absorbance intensity for the SD-Si stretch than the film without
radiation. While lower in intensity than the film grown in the presence of radiation,
the significant absorbance of the silica film without surface radiation indicates is
possible that films can be deposited without direct photon interaction. However, as
the signal intensity is nearly doubled for the film in which radiation is present at the
surface, these results suggest that both interactions of radiation with the gasd at
the surface are important. As no significant hydrocarbon peaks are seen in either
spectrum, further study would be needed to definitively determine which film had

fewer chemical impurities.
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Figure 2.7: (a) FTIR absorbance spectrum of film samples collected with and
without surface VUV radiation (b) Schematic of chamber configurations for film
depositions with and without surface VUV radiation
2.3 SLICACOATING OFSODIUMCHLORIDE ANODPOLYSTYRENEATEXPARTICLES

Initial studies of the silica CVD coating process used sodium chloride as test
particles for coating study. Sodium chloride particles were chosen because they
were easily aerosolized from aqueous solutions by using a nebulizer in series wigh
diffusion dryer. A 0.5 M sodium chloride solution was used, which was found by
DMPS measurement to result in a distribution with the mode of the distribution at

50 nm. Next, to maximize the monodisperse concentration, 5mn particles were
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selected usingDMA-1 and mixed with TEOS before being injected into the coating
chamber. The resulting coating thickness of the particles was determined by
scanning DMA2 over a range of voltages, and thus particle mobility diameters, to
determine the peak shift of theparticles. As seen irFigure 2.8, a peak shift occurred
when the TEOS was present and the lamp was on. For small TEOS flow rates there
was little broadening of the distribution while at larger flow rates the distribution of

the caated particles became broad and even unsteady for the 1.51sccm TEOS flow

rate.
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Figure 2.8: TDMA measurements of coated sodium chloride nanoparticles for
varying TEOS flow rates

A measure of average partie coating thickness was found by taking the
difference in particle radius, as determined by Gaussian fits to each particle size
distribution, between coated and uncoated particles. As shown iRigure 2.9, the
coating thickness ircreased directly with TEOS flow rate from less than 1 nm to
greater than 3 nm. Also, the variability of the coating thickness increased along with
the TEOS flow rate where standard deviations of the Gaussian fit to the distributions
went from 0.1 nm for 0.05 sccm of TEOS to 58m for the 1.23 sccm flow rate of
TEOS.

24



o

Coating Thickness (nm)

0.0 RS (SN AN ) (PO S AN | | SN A"
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

TEOS Flowrate (sccm)

Figure 2.9: Coating thickness of sodium chloride particles for varying TEOS flow
rates.

While the TDMA studies give an indication of the ating thickness, they do
not give any measure of the chemical composition of the coating. In order to
determine the bulk chemical structure at the surface of the particles, an FTIR
analysis was performed on collections of particles both before and after ating.
Each sample was collected on a 200x200 mesh placed at the exit of the chamber out
I £/ OEAx 1T £ OEA 1 Ai P60 OAAEAOEI T8 4EA A@PAO
a nitrogen purge flow rate of 7.2 slm and TEOS flow rate of 0.62 scdgach sample
was collected for 45 min, except for the coated sodium chloride which began to fully
clog the screen after 25 min. As seen iRkigure 2.10, the FTIR spectra from the
sodium chloride particles with TEOS show that the characteristici®-Si peaks are

more significant than for the other samples. Also apparent in the sodium chloride
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samples is the presence of water indicated by the-B stretch at 34003500 cml.
The presence of water in the samples likely indicates that water remained taf
passing the nanoparticles through the diffusion dryer. The presence of
hydrocarbons in the FTIR spectra (wavenumbers 1200600) with TEOS indicates
that remnants of the hydrocarbon chains left over from the radicalized TEOS were
also present in the sarple. While FTIR is useful in providing information pertaining
to the entire bulk sample it does not give detailed insight into chemical structures

present on an individual particle surface.
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Figure 2.10: FTIR gpectra of bare sodium chloride, sodium chloride with TEOS, and
TEOS onlycollected on stainless steel meshes.

For more detailed probing of individual coated particles, TEM analysis with
corresponding elemental analysis techniques such as EDX is requref the sodium

chloride samples. However, TEM of sodium chloride particles is problematic due to
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the propensity of sodium chloride to melt when exposed to an electron beam.
Therefore further investigation of the coating phenomena requires use of other cer
nanoparticle materials.

To find particles that would provide better imaging capabilities PSL was
used as a core particle for coating. PSL particles have been shown by others to have
highly reproducible particle sizes and are known to be stable within tb TEM[43,
73, 74]. Also, PSL particles have known mobility characteristics, and are easily
dispersed in solution and aerosolized without agglomeration[75]. Initial studies
conducted with PSL particles characterized how particles behaved in the coating
cell. Duke Scientific PSL particles with a diameter @0+9 nm were mixed in an
aqueous solution with Millipore filtered water at a ratio of 68 drops per liter. The
solution was aerosolized in the same manner as the sodium chloride solution and
was dried using a diffusion dryer. The aerosol size distribution was measured with a
DMPS system for the particles passing through the system with and without VUV
radiation. As seen inFigure 2.11, the measurement of particles without the lamp
produced a weak mode in the size distribution near 60 nm. However when the lamp
was on, the mode of the distribution shifted to ~25 nm and the concerdtion of
particles increased by three orders of magnitude. Because no additional mass was
added to the system, it is likely that the shift in size and concentration was caused

by VUV disintegration of the PSL patrticles.
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Figure 2.11: Particle mobility distribution of PSL particles with and without VUV
radiation.
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radiation, collections of particles were taken with and without VUV radiation.
Particles were nebulized in the same manner as above and collected using an
electrostatic precipitator after exiting the coating chamber. The particles were
collected on lacey carbon TEM grids for 67 and 32 minutes for the lamp off and on,
respectively. Eab sample was then imaged using TEM and the results are shown in
Figure 2.12. The particle sizes in each of the images correspond well to the DMPS
results with smaller particles (<60 nm) present when the lamp was onThe images
further confirm that 172-nm VUV radiation caused the PSL particles to be broken
apart. The disintegration of PSL particles in the presence of VUV radiation excludes

PSL particles as suitable substrates for fundamental coating studies.
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Figure 2.12: TEM images of PSL patrticles cotieed on lacey carbon grids (a) witlout
VUV radiation and @) with VUV radiation.

2.4 SLICACOATING O TTRIUMALUMINUMOXIDEPARTICLES

For the study of coatings on yttrium aluminum oixde, YAPparticles were
selected for initial testing because they were commercially available at submicron
sizes. Colloidal solutions were prepared using YAP powder (provided by Nitto
Denko Technical Corporation, San Diego, CA) dispersed in methanol atlOnfolarity
and aerosolized in a manner similar to the sodium chloride and PSL nebulization.
The methanol was removed from the aerosol by passing the aerosol through a
diffusion dryer that contained molecular sieves. The sieves were selectadth an
effective pore size of 3A wich was large enough to remove methanol molecules
from the flow stream [76]. The YAP aerosol was size selected at 35 nm, then mixed
with TEOS at various flow rates and passed into chamber where VUV radiation
initiated coating growth. The resulting size shifts were determined by TDMA
measurements of particle diameter, as shown inFigure 2.13. The YAP particle
diameter grows with TEOS flow rate, similar to sodium chloride particle growth in

Figure 2.9. While the particle growth is similar for both sodium chloride and YAP
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particles, the particle size distributions of coated YAP are significantly narrower at

high TEOS flow rates and do not become unstable at 1.51 sccm.
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Figure 2.13: TDMA analyss of YAP particle diameter with varying TEOS flow rase

The particle coating thickness versus TEOS flow rate was determined in the
same manner as for NaCl particles. The coating thickness was measured for two
different VUV radiation intensities, which wee controlled by varying the lamp
window transmissivity via the selection of window material. A thermopile radiation
detector measured radiation intensities transmitted by a calcium fluoride and silica
window. The transmitted intensity was found to be 7.5 iV cm?2 and 15 mW cn®?
for the silica and calcium fluoride windows, respectively. Measurements from the
thermopile detector were not accurate enough to give absolute values of the
intensity but were good indications of relative intensity. Therefore it canbe
concluded that the transmitted radiation intensity of the silica window was half that
of the calcium fluoride window.

The coated YAP particle sizes were measured for systems with both the
calcium fluoride and silica windows with a 7.2 sIm nitrogen purg flow rate and a
variety of TEOS flow rates. The resulting coating thicknesses for the two different
radiation intensities are shown in Figure 2.14. The coatings produced using the
calcium fluoride window were significantly thicker at higher TEOS flow rates than
coatings that were produced using the silica window. At lower TEOS flow rates,
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however, both coatings were nearly the same. This result indicates that the VUV
intensity in the chamber was high enough with either window tadissociate all of the
TEOS at lower flow rates, resulting in the same coating thickness. For higher TEOS
flow rates the lower transmitted power of the silica window was insufficient in
disassociating as much TEOS as the calcium fluoride window, resulting thinner

coatings.
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Figure 2.14: Coating hickness of YAP particles for varying TEOS flow rates and
transmitted VUV power.

Images of YAP patrticles with and without coatings were obtained by TEM, as
shown in Figure 2.15. The sample depicted ifFigure 2.15b consisted of sizeselected
40-nm particles that were coated with chamber conditions of 4.3 slm nitrogen flow,
0.9 sccm of TEOS and a Gakindow. The particles were gathered for 60 minutes
onto a lacey carbon TEM grid via an electrostatic precipitator. The sample shown in

Figure 2.15a was made by placing a droplet of the YAP solution on a TEM grid and
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allowing the solvent to evapoate. As seen inFigure 2.15b, the particle coating
appears to be in good agreement with the coating thickness reported for particles of
similar size and flow rate in Figure 2.14. The particle coatings appar uniform
around the particle, but neck into the lacy carbon grid at the point of contact to the
grid. The necking of the coating may have been an indication of impurities in the
film. Necking of the coatings is reduced by performing phot€VD coatings ahigher

temperatures as discussed in Section 2.5.

Figure 2.15: TEMimageof (a) bare and () coated YAP patrticles

While it was shown that aerosolized YAP particles could be achieved by
nebulizing a YAP slution, the nebulization process had reproducibility drawbacks
in terms of repeatable aerosol sizes and concentrations. Also, the ability to test small
particles sizes (<30 nm) was limited as the residue after evaporation within the
purest available waterapproached the same size as the particles when micresized
water droplets were dried after nebulization. Ultimately, it was determined that in
order to test the photo-CVD coating process over a range of sizes and concentrations,

gasphase synthesis procsses would achieve more reproducible core particles.
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2.53LICACOATING OFSLVERPARTICLES

Further study of the photo-CVD nanoparticle coating process was conducted
using silver nanoparticles which have been shown to image well and are not
disintegrated by VUV radiation[77, 78]. Silver nanoparticles were synthesized by
inert-gas condensation where silver was evaporated in a tube furnace and then
allowed to homogeneously nucleate[79]. In order to investigate the effect of
furnace temperature within our system, a study was conducted holding all other
parameters constant while furnace temperature was varied. The flow parameters
were 2 slm of nitrogen through the tube furnace and 4.3 sIm of pogtroduction
nitrogen dilution flow, which served to suppress further agglomeration. As shown in
Figure 2.16, the increase in furnace temperature served to increase the mode and
width of the distributions. The first silver particles were measured at ~800°C. Other
parameters that were found to significantly affect the production size of particles
from inert-gas conensation include the volumetric flow rate of both the inlet and
purge gases, as well as the diameter of the tube within the tube furnace, which

changes the velocity across the face of the evaporating metal.
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Figure 2.16: Particle mobility distribution for silver particles produced with
different furnace temperatures.

In order to use TDMA as an analysis technique it was imperative that
particles were produced in sufficient quantities such that the sample sizef coated
particles was large enough to represent the entire aerosol and could be accurately
measured by the DMPS. An initial study sought to determine whether condensation
of silver vapor could produce particle concentrations that were high enough for
parOEAT A AT AOET ¢ A@bAOEI AT 008 4EA £EOOT AAA
nitrogen flow rate was set to 2 sim. As shown ifrigure 2.17, the resulting aerosol
was characterized with a DMPS system and found to have a peak in thes particle
counts at 33 nm with total particle counts in excess of 2ocm-3 for the polydisperse
distribution. When the particles were size selected at 33 nm with a DMA before
entering the chamber, the particle counts at the peak were decreased by a facof

2. The measured counts of particles delivered to the CPC were further decreased by

34

O



an order of magnitude when the aerosol was exposed to radiation from the VUV
lamp and passed through another bpolar charger. While the measured counts
decreased wherthe aerosol was exposed to a second-polar charger and radiation,
there was no actual decrease in particle concentration in the chamber. The drop in
measured counts was due to a decrease in negatively charged particles by a
redistribution of particle charge states by the second kpolar charger and particle
photon interactions. Despite the measured counts of particles being drastically
reduced by size selection and charge redistributionthe resulting sampled aerosol
concentration was high enough (~5x10 counts cm?3) to give a representative

sample of the coating process.
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Figure 2.17: DMPS measurements of particle cants versus particle mobility
diameter with various charging and sizeselection effects.

While particle counts were sufficient, TEM analysis of the particle samples
produced by the Scheibel and Porstenddrfer method indicated that most particles
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were agglomerates of smaller primary particled79]. For fundamental study of the

coating process individual spherical particles were desired for simplicity of

geometry and smaller surface area per particle. Therefera method was devised to

sinter the agglomerated particles downstream of the particle nucleation point.

71 0E Au +0 AT A -Aul AOA & O A OEAO OAiD®D
agglomerated silver particles in this size range to begin sinterinfy8]. To sinter the
agglomerates a second tube furnace was added to the system along with a dilution

nitrogen flow to suppress further agglomeration as shown irFigure 2.4b. Particles

xAOA PpOiI AOAAA xEOE OEA AZEOO0OO OOAA &£OO1T AAA
xEOE AT A xEOET OO0 OEA OAATT A OOAA £EOOT AAA
seen inFigure 2.18 where the large agglomerategFigure 2.18a), were reduced by

dilution and sintering forming individual particles (Figure 2.18b). While the

particles are largely sintered they have not completely coalesced into spheres.

Higher temperatureO 1 £ OEA OAATT A OOAA &£EOOT AAA j exm

fully coalesce the particle§78].

xEOE O,
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Figure 2.19a shows the normalized particlecounts of coated and uncoated
silver nanoparticles. The graph shows a series of eight DMA scans for the coated
particles, normalized to the highest value measuretbr all eight scansFigure 2.19b
shows the corresponding TEMimage of 35nm size-selected particles that were
coated with the following photo-CVD conditions: islm aerosol flow, 0.5sccm TEOS,
7-01 1 T EOOI CAT DPOOCA Al 1 xh 1mnnd#msAEilkeAl AAO
particle concentration. The particles were collected on lacey carbon TEM grids (Ted
Pella 01890) over a 35 minute period. During the collection eight TDMA
measurements were made to dtermine the final diameter of the coated patrticles. As
shown in Figure 2.19a, the coating size did not vary throughout the collection,
indicating that all of the particles were coated with nearly uniform thickness. The
TEM imageof particles collected concurrently with the TDMA data indicates that the
TDMA-measured 5nm change in peak particle diameter, shown irFigure 2.19a,
corresponds to the 23 nm coating thickness (change in radius) seen irigure 2.19b.
The particle coatings are nearly uniform, indicating that TDMA measurements,
which assume spherical aerodynamic mobility diameter, are accurate measures of
particle coating thickness.The silica coatings exhibit less neckingt 400°C than

coatings conducted at room temperatures as shown iRigure 2.15b.
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Figure 2.19: (a) TDMAmeasured normalized particle counts versus particle
mobility diameter, of silver particles with and without coating. (b) TEM image of
coated silver particles collected concurrently with TDMA measurement.

In order to determine the effect of various system parameters on particle
coatings, coating thicknesses were measured for a vanebdf system configurations.
The two parameters that were found to influence particle coating thickness the most
were the flow rate of TEOS and the flow rate of nitrogen purge gas. An experiment
was conducted where sizeselected 30nm particles were coated at ambient
temperature with three different nitrogen purge flow rates and a range of TEOS flow
rates. All other conditions were held constant at the values listed above. The
resulting coating thicknesses were measured as a difference in radius (defined as
one-half the mobility diameter) between coated and uncoated patrticles, determined
by the Gaussian fits to the TDMA particle size distribution. As shown Kigure 2.20,
the coatings grew linearly with TEOS flow rate over the rangef flows tested. The
nitrogen purge flow rate also strongly influenced particle coating thickness. A
change from 9.1 sIm to 5.2 slm of nitrogen flow more than doubles the coating
thickness for any given TEOS flow. Decreased flow rates of nitrogen purge gas
increased coating thickness by increasing particle and precursor concentration as

well as increasing residence time. While the decreased purge flow increased coating
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thickness, it also increased the variance of the coating thickness distribution. The
increase in the standard deviation of Gaussian fits to the size distributions varied
from 3.4 to 8.4 nm for purge flow rates of 5.2 slm and 9.1 slmespectively. These
results demonstrate that by controlling critical photoCVD parameters specific

particle coaing thicknesses can be obtained.
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Figure 2.20. Coating thickness of silver particles for varying TEOS flow rates and
with different purge nitrogen flow rates.

In order to determine the effect that particlesize has on coating thickness,
silver particles were size selected with three different particle mobilities that
corresponded to 20, 30-, and 4Gnm particle mobility diameters. The particles were
then coated using the photeCVD process with operating conitions of 7.2-sIm purge
nitrogen flow, 3-slm tube furnace nitrogen flow, and tube furnace temperatures as

stated above. The particle coating thickness was measured using the TDMA system
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and plotted as a function of TEOS flow rate and particle size. As show Figure
2.21, the coating thickness increased nearly linearly over the range of TEOS flow
rates measured for all initial particle sizes. Also, the initial particle size had no
distinguishable effect on the resulting coating titkness. For particles in the
continuum regime, Kn<0.1, theory predicts al/d, dependence on the coating
thickness for transport limited particle growth, i.e.condensation growth [80]. For
the free molecule regimeKn>10, thereis no predicted dependence on particle size
and for the transition regime, 0.1&Kn<10, there is assumed to be a decrease in
coating thickness with increased particle size, but less thatvdp. The initial sizes of
the particles indicated by Figure 2.21 are 20 nm, 30 nm, and 40 nm which
correspond to Knudsen numbers of 6.5, 4.3, and 3.3, respectively. While all of the
Knudsen numbers are within the transition regime, theparticle coatings are
expected to have a weak dependencen initial particle size. With the current
resolution of instruments, no change in coating thickness was observed with
different core particle sizes, which is contrary to previous work with photeCVD
produced organic coatingg26]. These results were repeatable for several different
runs and served to indicate that the silica growth was not limited by transport but
rather by reaction rates within the gas phase and at the particle surface. The eatof

these reactions are considered in detail in Chapter 3.
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Figure 2.21: Coating thickness of silver particles for varying TEOS flow rageand
initial particle sizes.

A study of differing aerosol and TEO$let positions sought to determine
how spatial variations of the system could affect the resulting coating thickness. As
inlet positions were moved from a location close to the lamp to farther down the
chamber, both the residence time and radiation reachg the particles decreased. At
each inlet position sizeselected 3Gnm particles were passed into the chamber with
a nitrogen purge flow of 7.2 slm and varying flow rates of TEOS. A schematic of inlet
positions and resulting coating thicknesses for variatns in inlet positions and
TEOS flow rates is shown inFigure 2.22. The coating thicknesses decreased
dramatically as the inlet positions were moved down the tube and away from the
excimer lamp. These results, alongside those frofigure 2.20, highlight the impact

of residence time, which was 3.9 s, 3.6 s, 2.4 s for Position 1, 2, and 3, respectively
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(note that the Position 1 curve inFigure 2.22 is the same as the 7.2 slm curveni
Figure 2.20). The difference between the results oFigure 2.22 and Figure 2.20 is
that the decreased residence time inFigure 2.20 coincides with a decrease in
concentration of the precursor and particle concentrations, whereas ifigure 2.22,

the concentrations remain constant.
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Figure 2.22: (a) Schematic of particleand TEOScoating chamberinlet positions. (b)
Coating thickness of silver particles for varying TEOS flow rateand different
particle and TEOSnlet positions.

To determine the role that reactions involving VUV radiation at the particle
surface play in creating thecoatings, the system was modified so that the TEOS and
aerosol were injected into the chamber at different positions. The TEOS was
introduced upstream of the aerosol and in view of the lamp. The aerosol inlet was
placed 12.7 cm downstream of the TEOS irlen two different configurations, as
shown in Figure 2.23a. In configuration 1 the particles were injected in direct view
I £/ OEA 1T AiDp AT A OEOO Agbi OAA O OAAEAOEIT ¢
the particle inlet and the lamp prevented radiation from reaching the particle
surface. In both configurations, ge-selected 3Gnm particles were passed into the

chamber at ambient temperature with 7.2 slm of nitrogen purge flow. Varying flow
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rates of TEOS precursor were used and the coating thicknesses were measured
using TDMA. As shown irFigure 2.23b, the coatings on the particles exposed to
radiation were thicker than those that were not. However, the presence of a coating
on the particles in configuration 2 indicates that gagphase photochemical reactions
alone are sufficient to producefilms, but that by combining gasphase and surface
reactions, higher film growthrates are possible Also, while films are grown without
radiation at the surface, it does not mean that films grown with and without
radiation have the same chemical purity.These results corroborate the thin film
infrared experiments shown inFigure 2.7 where higher SiQ peaks were seen when

radiation was present on the film surface.

I 1 LI L L LI L T

a)  Ppolydisperse b)
25+ -
Aerosol =— Configuration 1 e

é l Configurationl e Configuration 2 /-/

{ _ ﬁ Lamp
NI

AN

2]
T
N
L

v,
Coating Thickness (nm)
P
\\
]
1

.
L
a4
N
i
Ia)
o
=
=
o
c
=
o8]
=
o
=1
N
o
(4,1
.\\
[ ]
L ]
L

00 1 A 1 A 1 L 1 L 1 n 1 n 1 n 1 n 1
Out to DMA 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16

and CPC TEOS Flow Rate (sccm)

Figure 2.23: (a) Schematic ofphoto-CVDcoating chamber configuration. (b) Coating
thickness of silver particles for varying TEOS flow rates and different system
configurations.

The coated silver particle thicknesses were measured for photGVD systems
in which the radiation intensity was changed by inserting different transmission
filters between the VUV excimer lamp and the chamber. In the experiment, the
nitrogen purge flow was fixed at 7.2 slm of nitrogen, the CVD chamber temperature
was held at 20°C, and the flow rateof TEOS was varied. The resulting coating

thicknesses for the two different radiation intensities are shown inFigure 2.24. The
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reduction in radiative flux caused by the 50% and 10% transmission filters
significantly reduced the oating thicknesses at all TEOS flow rates when compared
to the thicknesses produced without a filter. For the 10% transmission filter, the
coating thickness actually decreased at high TEOS flow rates, possibly due to too

high of a TEOS concentration in thehamber for the VUV radiation to properly

decompose.
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Figure 2.24: Coating thickness of silicecoated silver nanoparticles with varying
powers of VUV radiation controlled by transmission filters.

FTIR spetroscopy was used to measure the chemical composition of coated
particles produced by photeCVD. Particle samples were produced by flowing
polydisperse silver nanoparticles directly into the coating chamber without size
selection at a flow rate of 3 slm. @currently, purge nitrogen (5.2 sim) and TEOS (1

sccm) flowed into the chamber and mixed with the aerosol in the presence of VUV
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radiation. Upon exiting the chamber, the coated particles were collected via
impaction onto gold-coated silicon wafers (106nm Au film). The impaction was

conducted by accelerating the aerosol through a-fihm-diameter orifice placed 3

mm from the substrate, which resulted in subsonic flow delivering particles to the

wafer. Coated particles were collected for 10 minutes on each sstbate for chamber
temperatures ranging from 20x nmo#8 3 DAAOOA 1T £ OEA OAOOI C
then obtained using dffuse reflectance infrared Fourier transform spectroscopy

(DRIFTS). Five spectra were taken for each film and then averaged to reduce
variations due to spatial disparities in sample thickness.

Figure 2.25 shows the spectra of coated silver particles for differing coating
chamber temperatures. While the spatial resolution of the DRIFTS is not @renough
to distinguish between the particles and the coatings, over the range of
wavenumbers investigated vibrations of the silver bonds are not detectable.
Therefore, the resulting spectra represent the chemical composition of the particle
coatings and rot the cores. As seen ifrigure 2.25, the spectral signatures osilica at
1000-1200 cmrl (Si-O-Si asymmetric stretching) and ~800 cnt (Si-O-Si symmetric
stretching) are present in samples produced at all coating chamber temperaes.
However, the amount of hydrocarbon impurities that remain from the
organometallic precursor, indicated by the peak at ~1400 crh, decreases with
increased coating chamber temperature. While the intensity of the -B peak
decreases at higher temperatug, the spectral signal in the range of 2968000 cm?,
indicative of GH, does not diminish and even slightly increases for certain elevated
chamber temperatures. Additionally, other hydrocarbon impurities, seen at 1016
cml, intensify as chamber temperatte increases. Therefore while TEM images of
coated particles (discussed later) indicate improved coatings at increased

temperatures,infrared results show that hydrocarbon impurities remain.
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Figure 2.25. Namalized infrared spectra of coated polydisperse silver nanopatrticles
for varying chamber temperatures.

In order to reduce film impurities, oxygen was added to the system during
the photo-CVD coating process. Samples were prepared at a fixed chamber
temperAOOOA 1T £ onmnmo# OOET ¢ OEA OAI A TEOOI CAT h
used for samples shown irFigure 2.25. Varying flow rates of oxygen were added to
the particle/precursor mixture just prior to entering the photo-CVD clamber and
the resulting coated particles were collected via impaction as described above. As
shown in Figure 2.26, the infrared spectra of the particles coated in the presence of
oxygen differ substantially from the spectra of coed particles without oxygen. The
particles coated with additional oxygen have significantly dss GH bond
incorporated into the coating, as well as less intense signals of the contaminants
found at 1400 cm?, 1200 cml, 1016 cmi, and 975 cmt. In addition to reducing
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hydrocarbon impurities, the presence of oxygen also improves the spectra in the
region of the SiO-Si peak by shifting the peak to a highewavenumber, which is
indicative of more structurally ideal silica [81]. As expected, the introduction of
oxygen also increases the presence of OH (~3400 ém While the addition of 1
sccm of oxygen results in a highequality silica coating, further increases in oxygen
flow does little to improve the quality ofthe coatings. Flow rates of oxygen in excess
of 5.1 sccm resulted in significant TEOS seiticleation as measured by TDMA. The
results indicate that monatomic oxygen produced by VUV radiation may serve to

enhance the radicalization of TEOS, as has beepoeted by others[82, 83].
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Figure 2.26. Infrared spectra of coated polydisperse silver nanoparticles with
varying oxygen flow rates.
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While infrared spectroscopy gves an indication of the quality ofsilica in the
collected samples, it does not provide spatial information regarding whersilica
resides in relation to the silver particle. To confirm that the particle coatings seen in
TEM are comprised of silicon anaxygen, EDX analysis of an individual particle was
used to spatially determine the elemental composition of the particle core and shell.
Monodisperse 3G3nm particles were passed into the chamber at 1 slm along with 1
sccm of TEOS, 4.3 sIm of purge nitrogeand no oxygen. Additionally, the particle
AT AGET ¢ AEAT AAO xAO EAT A AO onmo# AT A
exited the chamber, they were collected by electrostatic precipitation onto lacey
carbon TEM grids for 10 minutes. As seen iRigure 2.27a andb, the STEM images
depict a coated silver particle on a lacey carbon grid with a 30m core and a 16nm
coating. The line indicated by the red arrow is the scanned path of elemental
information gathered by the EDX. As & in the elemental spectrum inFigure 2.27c,
the particle coating (010 nm and 4050 nm) primarily consists of silicon and
oxygen, while the core region of the particle (10 nm) is largely composed of
silver. The reduced silicm and oxygen signal in the core region is a result of the
coating in the foreground and background of the three dimensional particle, which
is not apparent in the two dimensional image. The distinct boundary between the
silver core and the silicon and oxygn shell indicates that little solid state diffusion
occurs between the particle coating and the core. The background carbon present
throughout the sample is a result of the lacey carbon grid on which the particle was
collected. Because of the large carbobackground signal, the level of carbon
inclusion within the coating is not discernable. Unfortunately, no other commercial
TEM grid coating materials exist that do not contain either silicon or carbon.
Therefore, infrared spectroscopy measurements give aetter indication of carbon

impurities within the coatings.
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Figure 2.27: Coated silver nanoparticle on lacey carbon grid STEM (a) dar&and (b)
bright-field images and (c) normalized EDX elemental line sca

For eachinfrared collection depicted in Figure 2.25, particles were also
collected on lacey carbon TEM grids via electrostatic precipitation. As shown in
Figure 2.28, TEM images of the particles indate that coating thickness varies in
addition to infrared spectral intensity as the photeCVD chamber temperature
increases. As seen iffrigure 2.28a, low coating chamber temperatures resulted in
Figure 2.28e, cause thicker coatings that are easily detectable by TEM. The thicker
coatings prevent the particle cores from coming into contact with one another and
thus retain the original structure of the silver nanoparticles despite the higher
chamber temperatures At chamber temperatures in excess @&t 11 pRgure 2.28f,
the TEOS precursor begins to homogeneously nucleate, forming nanoparticle
clusters inside the aerosol. These clusters agglomerate with the silver particles
forming non-uniform films on the particles, as shown inFigure 2.28h. These results
combined with the previous FTIR studies indicate that photaCVD chamber
temperatures from 300t o # Al Ol silicA Ao&fdsOtRad fhibit the
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agglomeration of particle cores. It is important to note that this temperature is
significantly below processing temperatures used for thermal CVD of TEOS on
macroscopic substrates, wriE A OA OUDEAABA.U AAT OA xnmo#

20 nm 20 nm

Figure 2.28: Polydisperse silver nanoparticles coated at (apm O#AQ pom
2O B O ) A 4O ¥ It mjo @) Bt T4 O # hhQA Tx A&t Tjd #
106 particles cmrs.
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In addition to resulting in different infrared spectra, particles coated at
different temperatures and collected onto glasdiber filters scattered radiation
differently. Differences in sample colors were observed as particles were collected
onto glass fiber filters for preliminary FTIR studies. Silver nanoparticles were
coated under the same conditions as discussed previously fdtigure 2.25 and
Figure 2.28. As shown inFigure 2.29, the lowtemperature coating experiments
resulted in particles that appeared black or slightly brown. As the temperature of
the coating chamber increased, the particles began to appear green. At the highest
temperature, 700°C, the particles again appeared black or brown to the naked eye.
These results were confirmed by several other experiments in which particles were
collected with varying thicknesses of silica coating. In general, the results of these
analyses indicated that while uncoated particles appeared black or brown, the
presence of a silica coating resulted in a green appearance of the particles. An
explanation for theseresults may be that by coating the particles with silica, the size
and structure of the nanoparticles are preserved. Work by Mockt al. has shown
that nano-sized silver materials exhibit unique plasmon resonances that can result
in the scattering of gree light for certain nanoparticle geometries[84]. While these
results are generally of interest to the scientific community, they were not directly

applicable to our current work and were thus not investigated further.
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Figure 2.29: Photographof silver nanoparticles collectedon glassfiber filters (~5
cm diameter) in which the particles were coated at varyinghamber temperatures.

In order to determine the effect of particle coating on the dispersion of silver
particles into aqueous solutions,~1 mg of silver nanoparticles wa collected onto
glassfiber filters for the same conditions as forFigure 2.29. The glass fiber filters
were then placed in 50 mL of ddonized water and sonicated for 7 minutes. As
shown in Figure 2.30, the coated and uncoated nanoparticles resulted in drastically
different dispersions. The uncoated silver nanoparticlesFigure 2.30a, remained
hydrophobic as they did not disperse into the solution upon sonication and instead
remained on the filter or in large agglomerates on the water surface or tube walls.
The coated particles, in contrast, easily dispersed within the solution, creating
solutions which adapted the color of the particles themselves. As seen kigure
2.30b, the particles coated at ambient room temperature (~20°C) were able to be
dispersed into solution despite the relatively thin coatings found on particles at such
conditions (see Figure 2.28). The thickercoated particles produced at 400°C
retained their green color and were easily dispersed into the solution. It is not clear
whether individual particles or small particle agglomerates were dispersed, but the

dispersions remained stable for over two weeks withousettling.
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Figure 2.30: Image of dispersions of silver nanoparticles in aqueous solution for (a)
uncoated particles and particles coated at (b) ambient room temperature and (c)
400°C.

To determine the effetiveness of coatings in suppressing agglomeration, a
higher concentration of particles was coated, collected and imaged using TEM.
Increased concentrations of particles were achieved by increasing the flow of
aerosolized polydisperse silver particles to 0 sIm and lowering the flow rate of
purge nitrogen to 2.7 slm. Direct measurement of the concentratiowas not
possible, because iexceeded the upper limit of the CPC (2@nm3). However, by
diluting flows entering the CPC and accounting for the chargingnd selection
efficiency of the DMAs, the particle concentration was estimated to be 2€m3. The
AT AGET ¢ AEATI AAO OAI PAOAOOOA xAO AT 100111 AA
during processing of both coated and uncoated particles. The uncoated parésl|
seenin Figure 2.31a, passed through the heated chamber without the addition of the
coating precursor and were collected on a lacey carbon TEM grid for 1 minute.
Likewise the coated particles, seen irFigure 2.31b, were produced in the same
manner with the addition of 0.5 sccm of TEOS. The uncoated particles appear

agglomerated and the particle cores have sintered together, losing their original
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spherical shape. In contrastthesilica shells of the caated particles provide a barrier
O0i OiI1TEA OOAOA AEAZAEZEOOCEIT 1T &£ OEA DPAOOEAI A
shape and size. The coatings on the particles shown figure 2.31b, also indicate

that the photo-CVD techniqe is capable of producing uniform coatings at high

particle concentrations.
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Figure 2.31: Polydisperse silver nanoparticles (a) uncoated and (b) coated at a
concentration of 10 cm-3.

An important factor in creating individually coated particles at high
concentration is the rate of agglomeration for particles within the system. For
systems with high agglomeration ratese.g.high particle concentrations, the rate of
agglomeration may be faster than the coatig production rate. In these instances,
the production of individually coated nanoparticles is impossible. The residence
time within the photo-CVD system typically ranges from ~820 s, and is influenced
by chamber volume and volumetric flow rates. In orderto determine the
concentration of individual particles that remain unagglomerated in a coagulating

flow, an analytical study was performed using inputs typical to photeCVD coating
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conditions. As given by Friedlande80], the rate of change in the concentration of
individual primary particles, ¢ , undergoing Brownian coagulation is given by the

following relation for an initially monodisperse aerosol,

— 1 &0, (2.3)
where 0is time, U is the collision frequency function and0 is the total
concentration of all particles. Solving the differential equation for the ratio of the

concentration of individual primary particles to the initial concentration of particles

gives,
—_— P — . (24)

The collision frequency function for monodisperse spherical nanoparticles in the
continuum regime is given by the relation80],

f — (255)
wherel EO OEA " 11 OUI™Md terdpérature 1 ahdd 9 AilscOdity. The
viscosity is a function of temperature and is given by, ° 6j6 "Wy I,
whered Y 6andd0 Y O. The values for the viscosity equation catants
for a nitrogen gas ared  p pI§,”"Y 300.55 K and' pX Y pp m Pa s[85]. A
simplified version of the collision frequency function or particles in the free

molecule regime is given by80],

f T , (2.6)

where Q is the monodisperse particle diameter and is the density of the particles,
which for purposes of this analysis were sett® 30 nm and” 10.49 g cn®s.

As seen inFigure 2.32, the normalized concentration of individual particles at
an initial concentration of 10 cm-3 decreases with time in both regimes. Within the
continuum regime particles agglomerate faster than in the freenolecule regime

under the given corlitions. Increasing temperatures serve to increase the collision
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rates in both regimes and thus reduce the concentration of individual particles at all

times.
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Figure 2.32: Unagglomerated primary particle cocentration normalized to the
initial particle concentration, 108 cm3, versus time for 36nm particles undergoing
Brownian coagulation at various temperatures in (a) the continuum regime and (b)
free-molecule regime.

As shown inFigure 2.33, the initial particle concentration has a large effect
on the reduction of the normalized unagglomerated primary particle concentration
with time. In both regimes, increased initial particle concentration causes an
increase in the agglomeratio rates which is evident by inspection of Eqn2.4. The
increased agglomeration rate leads to a decrease in the number of individual
nanoparticles as time increases for both regimes. Under these conditions, the
increase in particle concentration has a largr effect on the particles in the
continuum regime than the freemolecule regime, as the decay is shown to be much
faster for a given initial concentration in Figure 2.33a than Figure 2.33b. The
nanoparticles coated in this study are typically in the transition regime as discussed
previously and therefore fall somewhere between the two regimes shown iRigure
2.33. Despite the particles being in the transition regime within this widy, the
analysis depicted inFigure 2.33 is useful in determining the ultimate concentration
that can be effectively coated within the photeCVD system in its current design. For

a coating chamber residence time of 5 s, a majoriof particles in both the free
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molecule and continuum regime remain unagglomerated when the initial
concentration is 100 cm3. These analytical results indicate that an initial
concentration of 10/’ cnmr3 can be effectively coated before significant agglosnation
occurs, which agrees with experimental results shown irFigure 2.31. For initial
particle concentrations on the order of 18 cm3, the number of unagglomerated
particles at 5 s is less than 20% of the initial concentratiom the continuum regime,
indicating that particles in this regime would agglomerate before particles are
effectively coated. For particles in the freemolecule regime Eigure 2.33b), over
60% of the individual particles remain afer 5 s for an initial concentration of 13
cm3. The percentage of unagglomerated particles in the transition regime would be
somewhere between the two regimes depicted ifrigure 2.33, indicating that for an
initial concentration of 108 cm3, 20-60% of the particles would remain
unagglomerated after 5 s. The initial concentration of 1cm3, therefore serves as
an upper limit to the concentration of particles that can be individually coated under
typical conditions within the photo-CVD process. These results show that decreased
agglomeration rates occur for higher Knudsen number particles and signify that for
all else equal, the agglomeration rates can be slightly suppressed by operating the
chamber at lower pressures. The effectof pressure is small however when
compared to the effects of temperature as shown inFigure 2.32. Higher
concentrations of individual particles may be coated if attempts are made to
decrease the collision frequency of the particke by modifying properties, such as the
surface charge of the particles to a unipolar state so that electrostatic forces repel

particles from each other.
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Figure 2.33: Unagglomerated primary particle concentation normalized to the
initial particle concentration versus time for 30-nm particles undergoing Brownian
coagulation at a set temperature of 20°C and varying initial particle concentrations
in (a) the continuum regime and (b) freemolecule regime.

2.6 SLICACOATING ORRONOXIDEPARTICLES

As discussed in Section 2.1.2, thermal plasmas can be used to produce
nanoparticles by thermally decomposing a precursor and then allowing the
precursor radicals to nucleate as they pass out of the plasma and begin dool.
Magnetic iron oxide nanoparticles were synthesized in a DC thermal plasma using
ferrocene as a chemical precursor. While the direct synthesis of magnetic iron oxide
nanoparticles is not the focus of thiglissertation, the coating of magnetic iron oixle
nanoparticles is of interest and thus experimental conditions are discussed as they
relate to the coating process. The magnetic nanoparticlesiere produced by
sublimating ferrocene (solid at room temperature) into an argon flow stream in a
heated bed vhich is maintained at ~120°C and then injecting the ferrocene into the
high-temperature zone of the plasma. The applied DC amperage is typically
maintained at 250 A with a total power of 68 kW. Plasma gases are usually ~30 slm
of argon flow and ~5 sIm ofhelium flow, although these are varied. Other gases such
as hydrogen have been introduced to determine their effect on the nanoparticle
production. The pressure within the plasma chamber is typically maintained at 300

Torr (0.4 atm). Variables of interestwithin the plasma system that have been shown
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to affect the magnetic properties and particle morphologies include oxygen flow
rate and injection location, quench gas flow rates, precursor delivery rate and
temperature profile downstream from the plasma. Tle hightemperature region
that the gases and particles encounter downstream of the plasma is prolonged by
the presence of a ceramic tube near the exit of the plasma jet. The axial location of
the tube in relation to the plasma jet is a variable of interestAs shown inFigure
2.34a, the assynthesized particles typically consist of agglomerate®f primary
particles with diameters less than 5 nm, which are produced at relatively high
production rates (~10 mg hr1). Agglomeration ofparticles can be reduced by the
addition of quenching flow. Experimental studies have shown that the crystal
structure and thus the magnetic moment of the particles are strongly affected by
system conditions, as shown irFigure 2.34. As is typical for particles less than 10
nm in diameter, the nanoparticles appear to be superparamagnetic, as indicated by
the low coercivity for all curves in Figure 2.34b. As of this writing the maximum
saturation magnetizaion that is regularly achieved for the iron oxide nanoparticles

is ~30 emu g and efforts are underway to increase this further.
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Figure 2.34: (a) TEM image of typical magnetic iron oxide nanopatrticles pragted in
a DC thermal plasma and (b) magnetic hysteresis loops for different oxygen flow
rates of iron oxide particles typical of the system.
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The coating of iron oxide nanoparticles downstream of the plasma synthesis
chamber presents several challenges. Aallenge is the difference in pressures of
the plasma system and the atmospheric pressure required to do online size
measurement with the TDMA system. As shown iRigure 2.35, a venturi pump,i.e.
ejector (Model: UV143H, Air-Vac Engineering, Seymour, CT), is used to extract
aerosol flow from the low pressure plasma chamber and inject it into the higher
pressure photo-CVD system. The use of a venturi pump results in a dilution of the
aerosol flow of ~60:1 with the nitrogen gas that is typically used to achieve the
extraction. This extraction results in a highly diluted flow with much lower mass
concentrations than are possible without the venturi. It is possible to coat particles
directly after the plasma synthesis pocess at lower pressures, but the coating
cannot be monitored with TDMA equipment. Another challenge of coating particles
directly after synthesis is that gases that may participate in phot€VD reactions,
such as hydrocarbons or oxygen, may be present wifi can affect the coating rate
and chemistry.
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Figure 2.35: Experimental schematic of the photeCVD coating of iron oxide
nanoparticles produced via plasma synthesis.

Like the studies of the photeCVD coahg of silver particles, the coating of
plasmasynthesized iron oxide particleswas first investigated by TDMA analysis.
Particles were ejected from the plasma chamber after synthesis and then size
selected at the mode of the distribution, 20 nm, with DMA. The monodisperse
aerosol flow out of DMA1, 1 slm, was then injected into the phot€CVD chamber
along with 7.2 slm nitrogen purge flow and varying flow rates of TEOS. No oxygen
was deliberately added, as oxygen was already present in the aerosol flow as
result of being injected into the plasma during the synthesis of the magnetic iron
oxide nanoparticles. The chamber temperature was maintained at 300°C, while VUV
radiation served to initiate the coating process. As shown iffrigure 2.36, TDMA
analysis of coated particles indicated that particles were effectively coated with

increasing coating thickness as the TEOS flow rate increased. Like the coating of
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silver particles, the coated particles remained monodisperse with a slighincrease

in the standard deviation in particle size from 0.91 nm for size selected bare iron
oxide nanopatrticles (0 sccm of TEOS) to a standard deviation 1.79 nm for 1.23 sccm
of TEOS As shown inFigure 2.36b, the growth in coatng thickness showed good
agreement, in terms of overall coating thickness, with the coating thickness
measured on silver nanoparticles under similar conditions shown irFigure 2.20.
The increase in coating thickness was nalinear, which may have been the result of
coating particle agglomerates rather than individual nanoparticles as was done for
the silver experiments. Nevertheless, the similarity in the magnitude of growth and
trends between Figure 2.36 and Figure 2.20 indicate that particle coatings can be

achieved on a variety of coreparticle chemistries with similar results.
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Figure 2.36: Normalized Gaussian distributions fito TDMA data for the photeCVD
coating of magnetic iron oxide nanoparticles at different TEOS flow rates and (b)
coating thickness versus TEOS flow rate.

In order collect sufficient particles for TEM analysis, coating experiments
were conducted without the ejector where the aerosol chamber was operated at the
same pressure as the coating chamber (=300 Torr). By injecting the iron oxide
particles directly after synthesis into the photeCVD chamber, the total

concentration of the particles was much higher tha if particles were diluted by the
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ejector. Particles were collected at the exit of the coating chamber by electrostatic
precipitation as discussed previously. An experimental run was conducted with
similar flow and temperature conditions to Figure 2.36, where the nitrogen purge
flow rate was 6.2 slm, the polydisperse aerosol flow rate was 1.5 slm, and the TEOS
flow rate was 1.23 sccm. The phot&€VD chamber was maintained at 300°C and no
additional oxygen gas was added. As shown Figure 2.37a, many of the iron oxide
nanoparticles were nonspherical. Despite their nonspherical structure the photo
CVD process appeared to coat both spherical and ngpherical particles alike. The
high resolution image,Figure 2.37b, shows that the particle cores remain crystalline
while the observed coating thickness at low pressures agrees well with the

experimental results shown inFigure 2.36 for a TEOS flow rate of 1.28ccm. The 3 A
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magnetization, no attempt was made at doing a full statistical study of the core
particles within the TEM. Further studies are required to better characterize the
crystalline structure of the entire population of iron oxide particles. Tkese results
indicate that sub-atmospheric pressure coatings are possible directly after the
plasma synthesis chamber. However, it is likely that the lower pressures and
presence of different gases may affect coating thicknesses and that the results of

Figure 2.36, may not be useful in guiding abub-atmospheric experimental studies.
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Figure 2.37: (a) Low and (b) high resolution TEM images of silica coated iron oxide
nanoparticles.

While analysis of the core particle lattice fringes indicated that the cores
consisted of iron oxide, an EDX line scan was conducted to determine the elemental
composition throughout a coated particle. As shown iifrigure 2.38, the coated iron
oxide particles had a noticeable contrast difference between the core and shell
structure within the dark- and bright-field STEM images,Figure 2.38a and b
respectively. The elemental line scan indicates that the hder-contrast region
within the shell consisted primarily of silicon and oxygen. The higher contrast
within the core indicates the presence of iron. For positions near the back of the
particle, i.e. position greater than 12 nm, the iron, silicon and oxygemignals are
dominated by the signal from the carbon grid to which the particle was attached.
These results confirm that the particle coatings consist of silicon and oxygen, as was
the case for the study of the silica coating of silver discussed previousiy the

chapter.
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Figure 2.38: Silica ®ated iron oxide nanoparticle on lacey carbon grid STEM (a)
dark- and (b) bright-field images and (c) nhormalized EDX elemental line scan.
2.7 SUMMARY

This study has slown that the photo-CVD process effectively produces
coatings from a silicon oxide precursor on gaphase nanoparticles.The chemical
compound, TEOS, was shown to be an effective precursor for the production of silica
coatings and regimes were identified wlere homogeneous nucleation of the
precursor was not present. Sodium chloride and PSL particles were found not to be
suitable candidates for a coating study of the phot€VD process as sodium chloride
particles melted under a TEM electron beam and PSL paiiés were disintegrated
by the VUV lamp. YAP particles were successfully coated and characterized using the
photo-CVD process. Results indicated that YAP could be used to study fundamental
mechanisms of the coating process, but its use was abandoned as pineduction of
reproducible solutions for nebulization was problematic.

Studies have determined that silver particles are well suited for fundamental
coating studies because of the ease of production and characterization. Using silver
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particles we have déermined the relation between coating thickness and key
systemparameters such as precursor flow rate, bulk gas flow rate, particle size, and
VUV radiationintensity. From infrared spectrometry and elemental analysis it was
confirmed that the quality of the silica coatings depends on the coatinghamber
temperature and is improved by the presence of oxygen within the coating chamber.
Experimental studies indicate that both gas and surface reactions are important in
the coating process and that growth may béimited by reactions rather than by
diffusion of gasphase species to the particle surfaceThe photo-CVD coating
technique was shown to producesilica coatings that provide an effective barrier to
particle core agglomeration, and to provide uniform coatigs at particle
concentrations at least as high as T@&nmr3. Analytical analysis indicates that 1®cm-3
is an upper limit to the concentration of particles that can be individuallycoated in
the photo-CVD chamber due to the increased agglomeration rate$ aerosols with
higher initial concentrations. Methods such as unipolar charging could be employed
to suppress agglomeration at higher concentrations, but were not studied here.
Studies of the photeCVD coating of plasmaynthesized magnetic iron oxide
particles indicated that particles can be coated directly after plasma synthesis.
Challenges exist in the coupling of the phot€VD coating process with the plasma
chamber. Using an ejectqrparticles were sampled from the lowpressure plasma
chamber and inpcted into the photaCVD coating chamber where TDMA analysis
indicates that iron oxide particles are coated in a similar manner as silver particles.
Experiments have also shown that the phot€VD chamber can be operated at
pressures equivalent to the plasma synthesis chamber (300 Torr). While operating
the chamber at lower pressures limits the ability to monitor the growth by TDMA,
both TEM and EDX analysis have shown that iron oxide nanopatrticles can be coated
at low pressures and that the particles are stcessfully coated with silica even when
non-spherical geometries exist. Further work is needed to determine the effect of

the silica coating on the magnetization of the particles.
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Chapter 3 Chemical Kinetics Model of Phote&CVD
System

3.1 OVERVIEW

As discussed n Chapter 2, the synthesis of corshell nanoparticles has
received much interest in recent years as the production of such structures can
enhance properties such as thermal stability87], plasmon resonancg88], catalytic
activity [89] and surface functionalization[90] among others. There are currently a
wide variety of techniques available to produce composite particle structures
including gas [91], liquid- [92] and solid-phase[93] synthesis. While allapproaches
have inherent advantages, the production of composite nanoparticles by gpbase
methods allows for particles to be produced at high throughputs, in inert or non
reacting environments with little or no surface impurities. Photochemical vapor
deposition (photo-CVD) is a gagphase approach that allows for the production of a
variety of core-shell compositions including organic[26] and inorganic coatings
[94] of nanoparticles. While the approach has been shown to work experimentally, a
fundamental understanding of the chemical mechanisms involved in the coating
process does not yet exist.

Siica coatings are particularly important at both the macre and nanoscale
AAAAOOA 1 £ OEI E A9%]j igh EdetAdcaliredistivityja2AahdEsurtace U
that is easily functiomalized through ligand attachment{96]. Several research groups
have examined chemical mechanisms involved in the thermal decomposition of
tetraethyl orthosilicate (TEOS) onto macroscopic surfaces for purposes of producing
films relevant to the semiconductor industry [82, 97-99]. Coltrin et al. specifically
examined the decomposition of TEOS to produce silica flms on a series of wafers
placed perpendicular to a reacting flow stream. While the approach gilighted the
production of silica for a specific geometry, it provided a general mechanism that
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relied on experimental [98] and theoretical [100] studies of the TEOSilica system.
The Coltrin et al. mechanism included four gagphase reactions and eight surface
reactions, none of which included oxygen (monatomic, diatomic or ozone) as a
separate reactant in any form. The primary gaphase reaction involval in the
production process was reported as the betdnydride elimination of ethylene, which
is the least endothermic gagphase reaction (~10 kcal/mol) for TEOS[101]. The
primary surface reactions responsible for film growth were found to be the
adsorption of the TEOSadical, triethoxysilanol [S(OH)(OGHs)3], onto the surface
and then subsequent removal of the remaining ethyl groups. Modeled growth rates
from Coltrin et al. provide adequate agreement with molecular beam experiments
and CVD experiments performed by Kalidindi and Dedqd02]. Their study concludes
that at lower temperatures the gasphase TEOS reaction is the ratimiting reaction
while at higher temperatures the ethyl removal at the surface is rate limitingg82] .
Work by Romet et al. focused on the production of silica from TEOS by
examining ozone related reactions[97]. Their mechanism contained many
reactions, including the gagphase reactions of TEOS with monatomic oxygen as well
as ozone. In all they developed a mechanism with 33 gpbase reactions, which
included TEOS decomposition reactionas well as oligomer formation. The reaction
of TEOS with monatomic oxygen, an important reaction in this study, was estimated
from experimental work by Sanogo and Zachariaf®8]. Like Coltrinet al. they found
that the gasphase decomposition of TEOS to form triethoxysilanol was the
dominant reaction when ozone was used as a precursor. Additionally, they showed
that under certain conditions it was possible to form oligomers, which can grow
large enough to be detected as particles, which has been observed within our
experimental setup under certain conditions. The surface reactions of Romet al.
included a simplified mechanism whereby the remaining ethyl groups on adsorbed
triethoxysilanol were removed in a single step to form another receptor site for

further growth. This assumption caused the total mechanism to be ggshase
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reaction limited in all cases. The Romeet al. mechanism accurately predicts the
growth of films at low temperatures, butbegins to deviate at high temperatures. The
mechanism predicts growth rates accurately at pressures up to 500 Torr but begins
to deviate at higher pressures due to the formation of oligomerf®7].

While previously developed mechanisms accurately describe the production
of thin films from thermal decomposition or reaction with monatomic oxygen, they
do not include photochemical reactions. The purpose of this study is to develop a
chemical mechanism that includes photochemical reactions to model the growth of
silica films on nanoparticle surfaces as described in Chapter 2. The previolEOS
i AAEAT EOI O OAOOA AO A OOAOOEI ¢ PIETO &£ 0 O
our knowledge no group has examined the chemical mechanisms involved with
photo-CVD, others have experimentally investigated the production of thin films
with TEOS onmacroscopic substrates by photeCVD[56, 83]. These analyses did not
explicity examine the reaction kinetics but the research identifies important
reaction parameters by experimentally investigating the chemicalteucture of films
produced by modifying different system parameters such as precursor and purge
gas flow rates, as well as additional reacting gases such as oxygen. In addition to
adding the photoinduced reactions to the chemical mechanism, the presentusty

introduces nanoparticles as the surface sites for CVD growth.

3.2MODELING

3.2.1 MODELTHEORY
In this study a chemical kinetics model was developed within the framework

of a commercially available kinetics software package, CHEMKMRO (Reaction
Design, San Diego, CA) to numerically solve the series of differential equations that
represent the chemical mechanism within the photeCVD system. The existing
software platform allowed for the direct implementation of gasphase, gassurface

and surface reactons. To model reactions that occur on nanoparticle surfaces and
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by nanoparticle and gaseous precursor collisions, an additional software package,
Particle Tracking Module, is used to model the behavior of these interactions. The
Particle Tracking Module ugs the method of moments to describe the properties of
a size distribution of particles in terms of their average characteristic$103]. The
method of moments increases the calculating efficiency of particle models when
compared to other methods of solving the aerosol general dynamics equation.
Variations of this method are used by many in numerical simulations and are
accurate, so long as the aerosol has a wetlehaved monomodal distribution [80,
104, 105]. The Particle Tracking Module is based on the work ofrénklach and
Harris which approximates the general dynamics equation to account for particle
nucleation, coagulation, and particle growth [106]. The method makes no
assumption about the particle size distribution or the collision coefficient, but
instead gains numerical efficiency by approximating the infinite sum that arises in
the moments of particle distributions with one that is more readily solved. A
detailed derivation of the model can be seen in Frenklach and Harris and the
CHEMKIN theory manual shows how it is implemented within the cod&2, 106].

The theory for the entire CHEMKINPRO modeling platform is contained
within the CHEMKIN Theory Manual[103]. The following discussion highlights
those aspects of the model thapertain directly to modeling the photo-CVD coating
of nanopatrticles.

Gasphase reactions are modeled using Arrhenius parameters for each
specific reaction within mechanism. The production rate for thekt" species is
determined by the following relation,

7 B 0o Q pBhH (3.2
where U is the stoichiometric coefficient for theith reaction. The rate of progressg,
is given by the law of mass action from the difference in the forward and reverse

reaction rates according to,
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where [X] is the molar concentration andvaand Lzeaee the stoichiometric
coefficients for the reactants and products respectively. For each reaction, eth
Arrhenius coefficients for the forward reaction constant are calculated according to

the equation,
T 60YAoBD- (3.3)

where T is the temperature andRis the universal gas constant. fie pre-exponential
factor A, thetemperature exponent! and the activation energyE were provided as
inputs into the model. The reverse reaction constantk,, was calculated from the
forward reaction constant and the equilibrium constant, K., according to the

relation,

~
g

0 — (3.4)

where the equilibrium constant is more easily described in terms of non
dimensional pressure units by

B
R p— (3.5)

in which Pam is the atmospheric pressure (or comparableeference pressure of data

set). The equilibrium constant based on pressure units can then be determined from

fundamental thermodynamic data of each species according to the relation

2z

b Agp- — (3.6)
where 33" and 3«( * refer to the change in entropy and enthalpy, respectively that
occurs from entirely passing from reactants to products at standard pressurfd03].
For each reversible reaction within the model the everse reaction rate constants
calculated from the forward rate constant and the equilibriumconstant based on
user-input thermodynamic data for each species contained within the mechanism.
All thermodynamic data came from the NASA Glenn Research Center with a

reference state of 298.15 K and 1 bdd07].
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Surface reactions are modeled in a similar manner as the gaphase
reactions, whereby the surface production rate [molem? sec?] for the ki species,
regardless of phasels determined by the following relation,

i B 0R Q pB (3.7)
where q is the net reaction rate of the reactions involving surface species. Similar
relations to Egns.3.2-3.6 are usedin determining the net surface production for a
given species on a macroscopic substrate. Surfaces within the model are tracked
according to surface site density in which a site location can be occupied by different
surface species compatible with that site. ie number of surface sites occupied by
an individual species is tracked according to its site fractionZ«. The molar
concentration on the surface is then determined by

@ @ 3%y (3.8
where 3 is the density of sites [moles cnd] andyis the number of surface sites
occupied by speciek (Y =1 for all species in this study).

In order to simulate reactions between gagphase precursors and the particle
surface, the model uses the surface reaction solver for macroscopic surfaces to
determine reactions that occur on the particle. The resulting change in particle size,
surface area, mass, etc. are tracked with the Particle Tracking Module by
incorporating the changes into the appropriate moments. For gaparticle reactions
the model determines the reaction rates between gaghase species and particles by
assuming that all interactions are in the freanolecule regime. The frequency

function of reacting collisionsis given by the relation,

F o — Y Q Q B g , (3.9

where r is the sticking coefficientll is the Boltzmann constantm is the reduced
mass,d is the collision cross sectin, and ..and | are the gas species and particle size

class respectively. The dimensionless term@, is the site fraction of surface
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species...i , and0 s the stoichiometric coefficient of the surface reactants. The

typical CHEMKINO 2/ 1 T AAT OAOA 1T &£ BPOT COAOGO O11 6AO
both TEOS and slTEOS species by using the STICK subroutine within CHEMKIN

PRO. Using the STICK routine, stick parameters are input for each -gasticle

reaction in order to calculate the sticking coefficient according to the following

relation,
I ©YAoB- (3.10)

where a, band c are the input parameters. Because the sticking coefficient is a
probability, its value lies between 0 and land thus any values greater than hre
replaced with unity. The rate constant for an adsorption reactiory, is given by,

0 - 9— = (3.12)

Therefore the rate of deposition] , in terms of [mole cm? s1] for an adsorbing
species,...i ,is

i EQ ...B .. 8 (3.12)
Gasphase coagulation is omitted as experimental studiediscussed in Chapter 2
have shown no indication of significah particle agglomerationwhen concentrations
are less than 18 cm3. Nucleation of the gagphase reactants is modeled by including
oligomerization reactions which give an indication whether particles are likely to
homogenously nucleate from TEOS.

The simulation uses a plugflow reactor routine as the basis for modeling the
photo-CVD reaction chamber whereby the gaghase composition is assumed to be
kinetically limited. As a result, the transport of speciesis assumed to be infinitely
fast at each axial dcation of the gas. Allgas and aerosoproperties are assumed to
be well-mixed on the crossflow plane, that is, no mass or energy transfem the
transverse direction. Additionally, the gas velocityis assumed to be largeenough so

that diffusion fluxes in the flow direction are insignificant and therefore axial
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diffusion is neglected [103]. Therefore, the transport equation governing the gas
phase species balance for a pldiipw system is given by

66— wB wy B ipw w B {ij5&5 1 O (3.13)
where @ is the mass fraction of speciek,] is its molar rate of production by
homogeneous gas regtions,” is density,6 is the axial velocity of the gas) is the
number of species is the molecular weight andi j is the molar production rate
of speciesk by all surface reactionsThe transport equation in the plugflow reactor

for species on particle surfaces,.. , is given by,
6 —g — —— — B g n 9 — (3.14)

where g is the site fraction of surface species. As stated previously, nucleating

reactions are neglected and therefore the transport equation for bulk species can be

simplified to be
6O — g - — (3.15)

Finally the change inthe moment of the size distribution,M;, as a result of diffusion
is given by the following relation

6 — 0 — Y, (3.16)
where "Y is the production term for the r-th particle size moment produced by
surface reations.

As of this writing no other known studies have modeled gaphoton and
particle-photon reactions within the CHEMKIN environment. To determine how
photochemical reactions are best modeled within CHEMKIN, the study first
investigated the photodecomposition of &.. The basics of a photochemical reaction,
as dsaussedby Wayne[108], for a simplel decomposition reactionis described
by the following relation,

0 QO ¢o (3.17)
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where "(F denotes the flux of photons, which in this study have 7.2 eV per photon
(corresponds to 172 nm wavelength). The reaction rate between the photons and
the O, depends on the absorption of the photons by oxygen as they pass through the
volume. Using the Beetambert law to describe the decay of light as it passes
through a medium, the rate of photon absorption can be found for the assumption
that all light not transmitted is absorbed,i.e.that no light is scattered. As a result, the
number of photons absorbed across a given volume with widtk [cm] is described
by

M Qp Q (3.18)
where Q and™Q are the absorbed and incident photons, respectively with units of
[photons cm2 s1]. The exponential factors, and0 are the gasabsorption cross
section [cr?] and gas numbe density [cm3], whereby 0 U 0 .Forcasesin
which x is small relative to the overall length of the system, higher order terms can
be omitted in the power series expansion of2 . The resulting equation for
absorbed photons is then given by the linear relation,

N 0,0 « (3.19

The rate of0 molecular destruction can be related to the number of absorbed

photons by the relation,

0 (3.20)

where 0 is the destruction rate and%c¢the probability that an absorbed photon will
cause a dissociating reaction. By solving for the derivative in Eql.20 when

combined with Eqn.3.19, the resulting destruction rate is given by

0 %o 0,0 0 , @ ,0 ®. (3.21

Note that a unit analysis, using units compatible with the model, indicates that
has units of [mole cnm®s1], which corresponds to the right hand side of Eqr3.21,

where %ds the reactions per absorbed photon (a number from 0 to 1} has
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units of [molecules molel],,, has units of [cn? s1] and(0 has units of [molecules

cm3]. The representation of the gradients o6 and™Q with respect to x, denoted

by the terms and , are explored in the model and are discussed further in

the results sections of ths chapter.

3.2.2 MODELSTRUCTURE
As stated previously, CHEMKINPRO does not contain the ability to address

photo-chemical reactions within its existing framework. As a result, a subroutine is
called for each photechemical reaction in order to determinethe correct reaction
rate and track the flux of photons at each point down the perfectly stirred reactor.
As shown in the flowchart depicted inFigure 3.1, the model has information input
about the overall reactionmechanism, consisting of Arrhenius reaction parameters
for reactions that do not involve photons. All gas, surface and photochemical
reactions are specified within the input files, but the photochemical reactions are
provided by a user defined rate of reetion by specifying the term USRPROG after
the reaction definition (for further details about the user defined rates of progress
command USRPROG, see the CHEMIRIRIO Applications Programming Interface
Manual [109]). By specifying the USRPROG command, the model takes in sjget
rates of reactions from the CKUPROG routine which is modified to calculate the
correct rates of progress for photochemical reactions under different modeling
conditions. For each position step, the series of coupled differential equations that
represent the chemical mechanism is solved using the CHEMKMRO numerical
solver. As the photon flux varig as a function of position, the current position of the
solver is needed to determine the correct rate of progress for the photochemical
reactions. The paition for each iteration step is recorded using the PLGEOM routine
[109], which is activated by declaring a usedefined geometry for the tube cross
section within the graphical interface of the CHEMKINPRO modeling environment.

The PLGEOM routine is modified to maintainhie geometry of the plugflow reactor,
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but also record the axial location of each iteration to a separate file. TREKUPROG
routine then reads in the axial location at each calculation step and determines the
rate of progress for each photochemical reactianExamples of the PLGEOM and

CKUPROG routines are given in Appendix A.

Figure 3.1: Flow chart of model information for purposes of simulating photeCVD
reactions.

3.2.3 MODELINPUTS

The kinetics model simulates the photo-CVD coating of partias with silica
using TEOS as a precursor for conditions that match the experimental study
discussed in Chapter 2. The experimental schematic shown Figure 3.2a depicts
the conditions that the model simulates, where a presynthesized aerosol enters
with TEOS and purge flow near an ultraviolet lamp and then flows down a
cylindrical chamber, away from the lamp, as particle growth occurs due to CVD
reactions. While a variety of &perimental configurations were investigated, this
model simulates the conditions that were used experimentally when producing
Figure 2.20. Therefore the chamber is modeled as a tube with an inner diameter of

3.4 cm and a length ©122 cm. The lamp emits VUV photons with a power of 50 mW
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cm2 across a 7.07 crharea which corresponds to a photon flux of 3.4x10 photons

s1 cm2. Flow rates of nitrogen purge gas, TEOS and oxygen are varied to match
experimental conditions. The reaobr is maintained at 400°C and atmospheric
pressure within the model and the energy equations are not solved to increase
calculation efficiency. The photeCVD reactor is modeled within the CHEMKHRRO
environment by a series of components, as shown iRigure 3.2b. The components
within the model are (from left to right) the fully mixed inlet, where the bulk flow
rate of the system and mole fractions of the flow are defined along with the aerosol
parameters (referred to as condenseegphase media) such as the initial
concentration and particle diameter; the perfectlystirred reactor (PFR), where
conditions such as system temperature and chamber geometry are specified; and
reactor products, which serves as an outlet forhe entire system. Unless otherwise
noted, the core particles included in the inlet into the system are defined as silica

particles with a concentration of 10 cnr3 and an initial particle size of 30 nm.

a) Purge Flow Aerosol & TEOS Flow
\L# > » » @ o
e o + ®
® *i * Lot o ®
- ( ) @ = "'.,'\ o © .\L
—
Purge Flow Bulk Elow Analysis
b) C1l.PFR

E—C 1-Infet 13- 3 —R1_Reactor Product)‘[

Figure 3.2: (a) Experimental schematic of nanoparticle silica coating by phot€VD
with TEOS as a precursor. (b) Schematic of CHEMKIN representation of phGtgD
system.
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Inputs to the plugflow reactor model are presented as a series of ggdhase,
surface, ad thermochemical data in accordance with CHEMKHRRO input
requirements [110], examples of which can be found in Appendix A. The complete
chemical mechanisms for both gaphase and surface reactions are given by Table 1
and Table 2, respectively. The dominant reaction mechanism is shown schematically
in Figure 3.3a. As shown inFigure 3.3b, the same notation is employed for surface
species as proposed by Coltriret al. [82] where G refers to glass bonds (SD-Si)
with the particle surface and E refers to a surface ethoxy group. The model also
includes a nucleation reaction which is not shown in Table 1 (shown in Appendix A).
The nucleation reaction is required for the PHdicle Tracking Module to run
effectively, but the reaction rate is set to zero so that no nucleation occurs. Both the
gasphase and surface mechanisms include TEOS reactions from Colteinal. [82],
TEOS and oxygen reaction from Romett al. [97] and phaochemical reactions
distinct to this study. The photochemical reactions only include species that had
mass within the mechanism input files and therefore the photons are not included
within the reaction but rather within the Arrhenius coefficients. The reaction
dynamics of the photochemical reactions are fit to Arrhenius coefficients for a
hypothetical scenario in which the photon flux remains constant for all axial
locations (note that this rate is overridden when the USRPROG is included). As an
example, when the photon flux is held constant for the oxygen decomposition
reaction as shown in EqQn3.17 and the change in oxygen concentration is assumed
to be negligible over each differential element, then the rate of progress for the

reaction is given by therelation
N %QA—. (3.22
By comparison of Eqn.3.22 with Egn. 3.3, the resulting Arrhenius parameters are

found, A=%Q A ,1 =0 and E =0. For all photochemical reactions considered within

this study %&1 because of the high energy aesiated with radiation at 172 nm
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wavelength [108]. The radiation absorption cross section of diatomic oxygen is
, =6x1019 cm? [111]. The absorption cross sections for other speciesre not well

known and were used as variable parameters within the model.
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Figure 3.3: (a) Schematic representation of dominant reaction mechanism and (b)
depiction of bulk and surface species.

The model differential equation solver parameters are held constant for all
runs. Thegeometric step size is determined by an optimization method within the
code but is not allowed to exceed 1 cm to ensure that the differential elements are
small. Additionally, the maximum number of iterations per axial position is
increased from the default of 4 to 100the absolute tolerance is set to 10 and the
OUOOAT EO OAG AGAOGOROBA lalbdiddr Ismall me§akivA E

numbers that arise due to numerical rounding error to be set to zero.
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Table 3.1: Gasphase reactions included in the photeCVD chemical mechanist{82,
97]. (Dominant reactions are in bold.)

A b Er Ref.
(mol, cm & s) (callmol)

Gl |0,+ hi => 20 2.04E-02 O 0 -
G2 |Si(OC,Hg), + hi => S ,HQHEMHPC 2.04E-02 O 0 -
G3 |S(OH)(OGHs); + hi = >(OGHs), ©CLH, 2.04E-02 0 0 -
G4 |Si(OC,Hs), => Si(OH)(OC ,Hs)s + C,H, 4.90E+13 0 61460  Cotrin et al.
G5 |S(OGH:), + H,0 = S{OH)(OC,Hs); + C,HsOH 1.00E+11 0 25000  Cottrin et al.
G6 |[S(OH)(OGHs)3 + S(OC,Hs), = O(SI(OC,Hs)3), + C,H:OH 1.00E+11 0 30000  Colftrin et al.
G7 |Si(OC,Hs), + 0 =Si(OH)(OC ,Hs); + CH3CHO 2.04E+13 0 10800  Romet et al.
G8 |S(OGHs), + O 3= S(OH)(OC,Hs); + CH,CHO + O, 8.64E+08 0 29100 Rometetal.
G9 |[S(OH)(OGHs)3 + O = SI(OH) ,(OC,Hs), + CHsCHO 2.04E+13 0 10800  Romet et al.
G10 |S(OH)(OGHs)3 + O3 = S(OH) ,(OCHs), + CH,CHO + O, 8.64E+08 0 29100 Romet et al.
G11 |CHCHO + O = CH,CO + OH 110E+13 O 9610  Romet et al.
G12 |CH,CHO + OH = CH,CO + H,0 1.00E+13 O 0  Rometetal
G13 |CH,CO + O = CH; + CO, 9.60E+12 O 0  Rometetal
G14 |CHCO + OH = CH; + CO + OH 3.00E+13 0 0 Rometetal
G15 [CH,+O=CH,O + H 8.00E+13 O 0  Rometetal
G16 |CH;+ OH=CH O +H 5.74E+12 -0.2 58300  Romet et al.
G17 |CHO + O = HCO + OH 1.82E+13 0 12900  Romet et al.
G18 |CH0O + OH = HCO + H,0 3.43E+09 1.2 1880  Romet et all
G19 |HCO + HCO = CHO + CO 1.82E+13 O 0  Rometetal
G20 |CH,O + O =CH,0 + OH 6.00E+12 O 0  Rometetal
G21 |CHO + OH = CH,0 + H,0 1.80E+13 0O 0  Rometetal
G22 HCO + O =CO + OH 3.00E+13 0 0 Romet et al.
G23 |HCO + OH =CO + H,0 3.00E+13 O 0 Rometetal
G24 |HCO+0=CO,+H 1.00E+13 0O 0  Rometetal
G25 |03+ CO=C0O,+0, 6.02E+02 O 0 Rometetal
G26 |2Si(OH)(OGH;s); = Oligomer + H ,0 1.00E+10 O 0 Rometetal
G27 |Oligomer + O = Oligo(OH) + CH ;CHO 1.00E+10 O 0  Rometetal
G28 |Oligomer + O = Oligo(OH) + CH ;CHO + O, 8.64E+08 0 29100 Rometetal.
G29 |Oligo(OH) + Si(OH)(OC,Hs); = Oligomer + H ,0 1.00E+10 O 0 Rometetal
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Table3.1 Continued

A b E, Ref.
(mol, cm & s) (callmol)

G30 [20lgo(OH) = Olgomer + H ;0 1.00E+10 0 0  Rometetal
G31 |Oligo(OH) + O = Oligo(OH) , + CH;CHO 2.04E+13 0 10800  Romet et al.
G32 |Oligo(OH) + O3 = Oligo(OH) , + CH,CHO + O, 8.64E+08 0 29100 Romet et al
G33 |S(OH)(OGHs); + Oligo(OH) , = Oligo(OH) + H ,0 1.00E+10 O 0  Rometetal
G34 |Oligo(OH) + Oligo(OH), = Oligo(OH) + H ,0 1.00E+10 0 0  Rometetal.
G35 |S(OH)(OGHs)5 + Si(OH),(OCHs), = Oligo(OH) + H ,0 1.00E+10 O 0 Rometetal
G36 |SI(OH)(OCHs), + Oligo(OH) , = Oligo(OH) + H ,0 1.00E+10 O 0  Rometetal
G37 |2Si(OH),(OCHs), = Oligo(OH) , + H,0 1.00E+10 O 0 Rometetal
G38 |Si(OH),(OCHs), + Oligo(OH), = Oligo(OH) , + H,0 100E+10 O 0  Rometetal
G39 |Oligo(OH), + Oligo(OH) ; = Oligo(OH) , + H,0 1.00E+10 O 0 Rometetal

Table 3.2: Surface reactions inalded in the photoCVD chemical mechanisr82,

97]. (Dominant reactions are in bold.)
A b E, Ref.
(mol, cm & s) (callmol)
S1 [SIGGE + hl =xOHp+ QG H, 1.74E+01 0 0 -
S2 |SIGIOH)E + hi1 =3> ,ESiC@ OH) 1.74E+01 0 0 -
S3 |SiGE + hi => ,$iC@lf OH) E 1.74E+01 0 0 -
S4 |SIG(OH)E +  h 1 z(OHp+ CSH@H 1.74E+01 0 0 -
S5 [SIGOH)E + h 1 E=+C,HRHG 1.74E+01 0 0 -
S6 |SIG(OH)E + hilE+0 Si G 1.74E+01 0 0 -
ST |S(OGHs)4 + SiG3(OH) => SiO ,(D) + SIGE; + C,H:OH 8.75E+03 0 43830 Coltrin et al.
S8 |SIGE => SiG5(OH) + C,H, 1.70E+12 0 47000 Coltrin et al.
S9 |[SiIG(OH)E => SiG(OH) ;E + C,H, 3.40E+12 0 47000 Colrin et al.
S10 |SIGE => SiG(OH)E, + C,H, 5.10E+12 0 47000 Colrin et al.
S11 |SIG(OH)E => SiG3(OH) + C,HsOH 2.00E+12 0 44000 Coltrin et al.
S12 |SiIG(OH)B => SiG ;E + C,H;OH 2.00E+12 0 44000 Colrin et al.
S13 |SIG(OH)E => SiG;E+H,0 2.00E+12 0 44000 Colrin et al.
S14|Si(OH)(OC ,Hs) 3 + SiG 3(OH) => Si0 ,(D) + SIGE 3 + H20 2.00E+01 0 12000 Coltrin et al.
S15 [SiG(OGHs) 3 + 180 3 => SIO (D) + 6CO, + 8H,0 + 180, 1.00E+12 0 0 Romet et al.
S16 |S(OH),(OCHs), + 120 3 => SiO ,(D) + 4CO, + 6H,0 + 120, 1.00E+12 0 0 Romet et al.
S17 |SIGE + 180 => SiG 3(OH) + 6CO, + 7H,0 1.00E+17 O 0 Romet et al.
S18 |SIG(OH)E + 120 => SiG 3(OH) + 4CO, + 5H,0 1.00E+17 O 0 Romet et al.

& Coefficients are sticking parameters rather than Arrhenius parameters
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3.3 RESULTS AND DISCUSSIO

The chemical mechanism detailed abovewas used to determine the
dominant reactions within the systam, the concentrations of gasand surfacephase
species, and rate of particle growth for different system parameters. As the model
was developed, several different configurations were tested to determine how
numerical outputs compared to experimental findngs. The results of these studies

are discussed below.

3.3.1VERIFICATION OPHOTOCHEMICAREACTIONKINETICS
In order to verify that the CHEMKINPRO photochemical reaction kinetics

produced accurate results, a simplified mechanism corresponding to EqB.17 was
tested so that the modeled results could be compared to analytical and other
numerical models. The first analysis compared analytical results from the use of the
simplified version of the BeerLambert law (Eqn.3.19) with the full expression (Eqgn.
3.18) for a plug-flow reactor in a hypothetical analysis in which the level of oxygen
did not vary, i.e.the oxygenwas not dissociated. The oxygen molecular densityas
held at 1.4x1015> molecules cm3, which correspond to a 1 sccm flow rate of oxygen
with a nitrogen flow rate of 7.7 sIm, flow rates typical of the phot€€VD system. The
initial photon flux was 3.4x10% photons cm?2s1, also typical of the experimental
system. A shown in Figure 3.4, the modified Beer-Lambert law slightly
overestimates the number of absorbed photons across the entire reactor with a
maximum percent error of 5%. In the CHEMKINPRO analysis, the differential
element sizeis set to be a maximum of 1 cm which corresponds to an error adds

than 0.05% (Figure 3.4b) andis thus a good simplifying assumption.
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Figure 3.4: (a) The absorbed photon flux, normalized by the initial photon flux,
versus axid location for a nonreacting oxygen gas using the Bedrambert law and

an absorption approximation. (b) The percent error of the approximate Beer
Lambert law relative to actual law.

In order to determine the effect of the variation in oxygen concentratin on
the number of absorbed photons, an analytical solutiowas solved for the plugflow
system depicted inFigure 3.5. The concentration of @was modeled as either fixed
regardless of absorbed photons or the carentrations of @ was assumed to
decrease for each @photon reaction. The solution to the differential equation
where oxygen is being dissociated (and no longer absorbing) upon absorption of a

photon is as follows,
6 o —. (3.23)

The bulk velocity, u,, was set to a typical value for the experimental system, 32 cm
sl. As shown inFigure 3.6a, the results of the two analysedndicate that the
assumption of nonreacting gas slightly overestimates the number of absorbed
photons. The reason fewer photons are absorbed for the reacting oxygen model as
compared to the nonreacting case is that as the oxygen concentration decreases,
the absorbed photons dissociate diatomic oxygen leaving less absorbing species.

The percent error is still small over the entire plugflow tube, as shown inFigure
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3.6b, and is less than 0.1% for the first 1 cm wbh is the maximum step size within
the CHEMKINPRO model.
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Figure 3.5: Schematic and analytical analysis of the photodecomposition of oxygen
in a plugflow reactor.
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Figure 3.6: (a) The absorbed photon flux normalized by the initial photon flux
versus axial location for a reacting and nomeacting oxygen gas using the simplified
Beer-Lambert law. (b) The percent error of the nomreacting gas relative to a
reacting one.

In order to compare the results involving photochemical reactions from the
CHEMKINPRO simulation to results that could be obtained analytically, a simplified

mechanism corresponding to Eqn3.17 was modeled analytically and numerically in
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a discretized model as well as within CHEMKINPRO. The analytical and numerical
discretized modelswere calculated in Mathematica, a mathematical and modeling
environment developed by Wolfram Research, Inc.. The analytical resultgere
compared to the CHEMHKY-PRO solution of the oxygen decomposition mechanism
discussed above. The solutiowas determined for conditions that correspond to a 1
sccm flow rate of oxygen with a nitrogen flow rate of 7.7 slm and constant photon
flux corresponding to 3.4x106 photons cm2s1(350 mW across a 3.4 cm diameter
chamber with 7.2 eV photort). The changing mole fractions of diatomic and
monatomic oxygen as a result of photochemical reactions modeled in CHEMKIN
PRO and Mathematica are shown ifrigure 3.7. The results indicate that there is
good agreement between the analytical and modelutputs with a maximum error of
less than 0.05%. As expected, the decrease in diatomic oxygeadeto an increase
in the mole fraction of monatomic oxygen. These results show that the
photochemical mechanism employed within the CHEMKHRRO model accurately

represents oxygen photodecomposition.
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Figure 3.7: (a) Analytical and (b) CHEMKINPRO modeled rale fraction of diatomic
and monatomic oxygen resulting from photochemical reactions and (c) the percent
error between the analytically and numerically modeled solutions.

3.3.2PHOTOCHEMICADECOMPOSITION @IXYGEN WITEHBUBSEQUENTEOS

REACTIONS
The silica photo-CVD coating process wamodeled for conditions that match

those typical of the experimental study discussed in Chapter 2. To determine
whether the dissociation of oxygen is the dominant photochemical reaction, the
chemical mechanismincludes only the photodecomposition of Q@ denoted by G1 in
Table 1 (reactions G2, G3 and 36 are not included), as well as all aoltrin et al.
and Rometet ald O -p@ias@and surface reactions. The inlet conditions for the
system consist of 1 sccm of £7.7 slm ofN2, 1 sccm of TEOS and an inlet particle
concentration of 10 cm3 with an initial particle volume fraction of 1.4x1010 cm3

cm3, which corresponds to 30nm diameter particles. The model isa steady-state
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flow simulation with a constant photon flux of 3.41016 photons cm?2s1. The model
outputsthe chemical species present in the gas phase and on the particle surfaces as
a function of axial distance. As shown ifigure 3.8a, the photodecomposition of @
results in a decrease in the ® mole fraction as axial distance increases. The
decomposition of Q forms O, but the mole fraction of O remains low as the highly
reactive O quickly combines with TEOS, Si(@id)4, through reaction G7, resulting in
triethoxysilanol, S{OH)(OGHs)s. The production of oligomers (G26539) is
monitored throughout the run and none are formed, indicating that the production
of homogenously nucleated TEOS radicals at these conditions is unlikely. The
surface-site concentration of species on tb nanoparticles, shown inFigure 3.8b,
indicates that as axial distance increases, the S{@H groups decrease as the fraction
of SiGR increases primarily through reaction S14. By comparing the average
particle diameter (i.e.number-mean diameter) as shown inFigure 3.8c with Figure
3.8Db, it is apparent that the surface reactions lead to an increase in particle diameter
of 0.4 nm. Havever as the particle surface saturates with ethoxy groups there are no
sites available for attachment of subsequent Si(OH)(GQKs)s, thus halting the
surface growth. The growth of films by thermal CVD on macroscopic surfaces has
been experimentally shown t depend on the relative concentration of OH on the
surface [99]. However from the experimental studies discussed in Chapter 2, it is
apparent that the growth of silicais not limited by ethoxy groups to the extent this

i AAEAT EOI DPOAAEAOO AT A OEAO ET OOAAA OEA 11
in terms of the ethoxy conversion to glass bonds (reactions S8l3). The
contributions of oxygen reactions S17 and S18 ahe surface are minimal as the

majority of O reacts in the gagphase leaving little react at the surface.
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Figure 3.8: (a) Gasphase mole fraction, (b) surfacesite fraction and (c) average
particle diameter as a function of axial distance in a plufjow reactor where only
oxygen reacts photochemically and the flux of photons is constant.

In order to determine whether a modification of Coltrinet ald O OAAAOQEIT 1

coefficients for the conversion of ethoxy grops to glass bonds may increase the

particle growth rate, the pre-exponential factor, A, of reactions S&13 was

increased from 102 s1to 1015 s1. This is a similar method that was employed by

Rometet al.to ensure that the surface reactions were not th limiting reactions [97].

All other inputs were held consistent to those used to oduce Figure 3.8. While this

increase in the preexponential factor was primarily done as a test of the model, a

possible physical justification for this increase is that nanacale effects may

enhance the conver®n process as bonds on the surface of high curvature

structures such as nanoparticles are not as stable as those on macroscopic
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substrates. As shown irFigure 3.9a, the increase in the surface reaction rates does
not affect the molecular concentration of the gaphase species. However as shown
in Figure 3.9b, the increase in the conversion of ethoxy groups to glass bonds results
in a markedly different surfacesite concentration profile. While the concentration of
available SiG(OH) sites decrease with distance, there remains a significant
concentration of the active sites at all axial locations. As a result, the average particle
diameter, shown in Figure 3.9c, increases along the entire distance, resulting in a
linear increase with distance. While the increase in surface reactions leads to an
increase in particle diameter, the 1nm change in diameter is less than the
experimental results where under similar conditions the total change in diameters
~8 nm. However given the uncertainty in the rate parameters and absorption cross
sections, the difference of less than an order of magnitude between the

experimental and model results repesents good agreement.
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Figure 3.9: (a) Gasphase mole fraction, (b) surfacesite fraction and (c) average
particle diameter as a function of axial distance in a plufiow reactor where only
oxygen reactsphotochemically with a constant photon flux and particles have an
enhanced ethoxy removal surface mechanism.

3.3.30XYGEN ANO EOSPHOTOCHEMICAREACTIONS WITIONSTANTRADIATION

In order to determine the modeled effect of photochemical reactions with
TEOS and the nanoparticle surface, a chemical mechanisvas included that has the
surface reactions SiS6 and gasphase reactions GAG3 with the same conditions
modeled in Figure 3.8 and Figure 3.9. The resulting gagphase mole fraction, shown
in Figure 3.10c, indicates that reactions G2 and G3 lead to an increase in the
concentration of Si(OH)(O@Hs)s, and Si(OH)(OGHs)2. The producton of TEOS
radicals increases the concentration of gaphase species that are available for
particle adsorption. As noted previously, the value of the radiative absorption cross

section for TEOS is not known and therefore the value for oxygen is used as a
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initial estimate, ,, " @ p 1 Al , which represents a lower bound.
The particle surface site fractions,Figure 3.10b, indicates that the inclusion of
photochemical reactions onthe particle surface increases the conversion of ethoxy
groups to glass bonds with a hydroxyl termination. The abundance of gahase
activated TEOS species and available surface sites leads to an increase in the growth
rate of the particles, as the averag particle diameter, shown in Figure 3.10,
increases by more than 4 nm over the entire distance. The ndimear behavior in

the growth of the average particle diameter indicates that the growth rate increases

with axial distance, as the number of activated TEOS species increases.
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Figure 3.10: (a) Gasphase mole fraction, (b) surfacesite fraction and (c) average
particle diameter as a function of axial distancén a plug-flow reactor with a kinetic
mechanism that includes photochemical reactions of TEOS, oxygen and particle
surface species with a constant photon flux.
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In order to determine how the modeled particle growth varies with different
inlet flow conditions, simulations were conducted for various TEOS, oxygen and
nitrogen flow rates that correspond to experimental studies discussed in Chapter 2.
As shown inFigure 3.11, the resulting particle coating thickness athe end of the
coating chamber is shown versus TEOS and nitrogen flow rates for modeled and
experimental results. The coating thickness increases for both the experimental and
modeled results as the TEOS flow rate increases and nitrogen flow rate decreases.
While oxygen was not deliberately added in the experimental study, the experiment
was performed at atmospheric pressure without evacuation of the chamber prior to
operation and it is likely that oxygen was present (~100 ppm). The modeled growth
in coating thickness without oxygen present,Figure 3.11b, appears to grow in
proportion to increasing TEOS flow, but overall the modeled coatings are thinner
than in the experimental study. By increasing the oxygen flow ratinto the model to
1 sccm and 2 scenfrigure 3.11c andFigure 3.11d respectively, there is an increase
in the overall thickness, which plateaus above 0.6 sccm of TEOS. Th&ccm and 2
sccm oxygen flow rates result in an oxygen concentration of ~100 and 200 ppm,
respectively within the model, comparable to the amount of residual oxygen
estimated to be in the experimental system. These results indicate that while TEOS
photo-dissociates at these conditions, the photodecomposition of oxygen still plays
an important role in the process. There is agreement in the trends of increased
coating thickness with precursor flow rate and decreased nitrogen flow rate, despite
unknowns for various input parameters, such as the absorption cross section of
TEOS.
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Figure 3.11: (a) Experimental coating thickness and modeled coating thicknessvith

(b) 0 sccm (c) 1 sccmand (d) 2 sccm oxygen flowrate as a function of TEOS and
nitrogen flow rates. The modeled kinetic mechanism included photochemical
reactions of TEOS, oxygen and particle surface species with a constant photon flux.

The effect of radiation absorption cross section on coating thiciess was
studied by increasing the TEOS and triethoxysilanol absorption by an order of
magnitude (, ., @ p1m Al). While no published valuesare
available for the radiation absorption cross section of TEOS, values of similar gases
are available for similar VUV wavelengths, such as trimethyl silane [SiH(G},

A EYpp om? at 172 nm wavelength], allyltrichlorosilane [SiICACH.CHCH,
A E ¢ plpam? at 191 nm wavelength] and silane [Sikh A Bep2@tn60 nm
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