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ABSTRACT

PLASMA BASED METHODS FOR THE SYNTHESIS AND DEPOSITON OF
NANOPARTICLES

By
Alexander Ho

Nanoparticles exhibit tunable properties that offer the opportunity to improve existing
technologies. Nanoparticles also posses emergent properties that are not shared by their bulk scale
counterparts; this difference in properties allows for application of materials in devices and
processes that were traditionally unsuitable. For semiconducting nanoparticles, the emergent and
tunable properties hold promise for applications in solar cells, light emitting devices, sensors,
catalysis, and a variety of other spaces.

Explored first was the synthesis of InN, GaN, and InxGaixN at low pressure. These
materials posses properties suitable for high-power and high-frequency electronics applications.
The materials also posses bandgaps that span from the IR to the UV allowing for the use in a host
of optoelectronic applications. A low pressure RF plasma reactor was used to dissociate precursor
gases whose subsequent reactions formed the nanoaprticles. Nanoaprticles were then collected and
characterized with a host of techniques. Experiments were conducted that demonstrated the
synthesis of crystalline nanoparticles with narrow size distributions. It was shown that particle size
and crystallinty could be controlled through modulation of residence time and RF power
respectively. This method demonstrated the synthesis of luminescent IniGai.xXN nanoparticles
without any subsequent surface modification or post-synthesis treatment.\par

To eliminate the time and capital costs of vacuum equipment and processes an atmospheric
pressure microplasma operated with ambient surroundings was investigated. With this method
crystalline silicon nanoparticles were synthesized. OES and FTIR were used in conjunction to
ascertain if particles were synthesized in an oxygen contaminated environment. Results of the

experiments indicate particles were not exposed to oxygen in the reaction volume.\par



Lastly an integrated atmospheric pressure synthesis reactor and aerosol jet printing process
are described. Such a process would be useful for fabrication or prototyping of devices that require
nanoparticles. Combination of the reactor with a motorized stage and gantry allowed for deposition
of nanoparticles with linewidths down to 100 microns. Methods to improve impaction efficiency
were implemented and allowed for capture of sub-5 nm particles that exhibited luminescence at
680 nm. Also demonstrated was the control of synthesis parameters at the time of deposition to

deposit particles with spatially varied properties.
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CHAPTER 1

INTRODUCTION

1.1 Motivation for study of Nanoparticle Synthesis and Deposition

Energy consumption has risen by 53% since 1995° and as many nations continue to develop,
energy needs will likely increase for the foreseeable future. As such it will be necessary to develop
sustainable technologies that can support the demands of a developing planet. Many of the already
developed countries benefited from the commercial and industrial use of conventional energy
sources such as fossil fuels. While this energy source has provided enormous benefit to the human
populous there is the risk to serious environmental, and economic damage if long-term use of fossil
fuels continues to be the major source of energy globally, without the increase of energy production
from renewable sources.®

To reduce the demand of energy from fossil fuels, electrification of devices and processes
that currently rely on fossil fuels would provide benefit. Such devices or processes may include:
energy production, thermal industrial processes, transportation, heating, and cooling. Clear pushes
towards electrification have been made with the commercial and industrial use of windmills, solar
cells, electric cars, electric appliances, etc. Many of the devices that exist can be improved through
increases in efficiency, utilization, and tailoring of application space.

Many devices are limited by the materials that they are composed of because the properties
determine the operational limits of the device. There are many ways to change materials proper-
ties through electrical, mechanical, and chemical processing. In the space of nanomaterials the
properties of the material can be altered by controlling the size of the material. Such tunablity
allows for the production of light-emitting devices (LEDs) that can emit in the infrared, visible,
and ultraviolet range of the electromagnetic spectrum.” Similarly such materials can absorb in
these regions allowing for their integration into solar cells. The tunablity of properties can also be

10,11

extended to applications in biological materials,!%!! catalysis,'? and energy storage.!?



1.2 Primer on Semiconductor Nanoparticles

Evidence of nanoparticle use dates roughly 4000 years!* with evidence of chemical synthesis
occuring between 1400 and 1300 BC.!> Most early uses of particles were as additives for dyes and
pigments. The first scientific documentation of nanoparticle preparation is attributed to Micheal
Faraday in 1857 for a gold colloid with optical characteristics differing from its bulk counterpart.'®
With the development of quantum mechanics in the 1900’s a formal understanding of nanoparticle
behavior was made and today .

Nanomaterials are materials who have at least one dimension under 1000 nm, more often the
range spans from ones to a few hundred nm. Nanoparticles are zero-dimensional (0D) materials
where all spatial dimensions are confined to the nanoscale. This in contrast to one-dimensional
(1D) or two-dimensional (2D) which have either one or two spatial dimensions confined to the
nanoscale; common examples of such materials are carbon nanotubes and graphene respectively.
Nanoparticles are not limited to the conventional classifications of materials; metals, ceramics, and
polymer nanoparticles all exist. Nanoparticles are encountered quite often as byproducts of many
commercial, industrial, and consumer processes. Semiconductor nanoparticles are of particular
interest because the electronic structure of the materials and resulting properties are dependent on
the "size" of the particles. Size is used with some ambiguity to refer to the total states available to
electrons in the particle - often the diameter is used to characterize the size of particles. A crucial
property of semiconductors is the band gap of the material, which is defined as the difference
in energy between the valence and conduction band maximum and minimum, respectively. The
valence band describes the set of ground energy states that electrons occupy in a semiconducting
or insulating material whereas the conduction band describes the set of excited states an electron
can occupy in the material. The band gap is a region of energies that electrons cannot occupy when
in the material. While not readily obvious this property allows for the function of many modern
electronics, when the size of the band gap is compatible with either optical or electrical excitation

of electrons from the valence band states into the conduction band.
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Figure 1.1: Energy momentum diagrams that form band structure of common semiconductors.!

Quantum confinement of materials is said to occur when the diameter of the particle approaches
the Bohr-exciton radius of that material. The Bohr-exciton radius can be calculated with the
following relationship,

ap = €,—ay (1.1)

where aj, is the Bohr-exciton radius, ¢ is the materials dielectric constant, yu is the reduced mass,
and ag is the Bohr radius. Typical value range from one’s to tens of nanometers. Once materials

approach their Bohr-exciton radius size related shifts of their properties occur.

1.3 Nonthermal Plasma Synthesis

Nanoparticle synthesis can be broadly categorized into liquid or gas phase synthesis. Liquid
phase processes have been used to synthesize group II-VI and IV-VI semiconductors but these

processes are often limited by boiling points of the solvents making the use of such processes
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Figure 1.2: Image of a nonthermal plasma reactor.

difficult to synthesize other types of materials.!” Gas phase synthesis inherently does not require

solvents and can be used to synthesize crystalline nanoparticles of many kinds.!8-2!

Gas phase
synthesis may be further subdivided into thermal and nonthermal techniques. Common thermal
techniques include laser pyrolysis, thermal pyrolysis, and thermal plasmas. While these methods
are successful at producing nanoparticles they are prone to particle agglomeration due to lack of
charged species and the high temperatures typically involved.!” This agglomeration may result in
large size distributions which may lead to an undesired dispersion to the properties of synthesized
materials. A prominent nonthermal method for the synthesis of nanoparticles is nonthermal plasma
(also called low-temperature plasma) whose defining feature is that the plasma species are not in
thermal equilibrium with one another (i.e. plasma species have different temperatures). During

synthesis nanoparticles tend to take on a net negative charge suppressing particle agglomeration

leading to narrow size distributions which is desired for uniformity of properties within a sample.??
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1.4 Aerosol Jet Printing

Additive manufacturing promises to play an important role in the future of manufacturing processes.
The popularized fused deposition modeling for the additive manufacturing with polymers has
brought the use of such techniques to the common vernacular. Additive manufacturing is not
limited to polymers and well defined processes have been developed for not just polymers but metals,
ceramics, and biological materials. Additive manufacturing can be categorized into several groups,
of which one is direct-write processes. Direct-write processes are used to controllably deposit
features onto substrates in patterns defined with computer-aided design (CAD) and computer-aided
manufacturing (CAM) programs.??

Aerosol jet printing is a direct write process where an aerosol composed of a carrier gas and
a particulate phase is directed towards a substrate to form desired patterns. Often a solid phase is

dispersed into a liquid which is then atomized and carried to the substrate. The use of liquid is

done to achieve viscosities suitable for atomization as well as aiding in deposition of the material.



1.5 Outline of Work

This work examines the RF plasma synthesis of gallium ntiride, indium nitride, indium gallium
nitride, and silicon. The synthesis method is a continuous all gas phase approach wherein powders
of nanoparticles are collected. Explorations of synthesis and deposition schemes at low-pressure
and atmospheric pressure are explored.

Chapter 3 is divided into three sections to examine low-pressure synthesis of GaN, InN, and
InyGa;_xN. The relationship between synthesis parameters and the resulting particle crystallinty, size
distribution, emission and absorption properties, and defects is presented. While many demonstra-
tions of synthesis of such particles have been achieved plasma based synthesis reports are limited.
We demonstrate that with this method particles can be synthesized with sizes smaller than their
Bohr-exciton radius. Further demonstrated is the ability to control particle size and crystallinty by
adjusting synthesis parameters. Photon emission from InsGa;_xN nanoparticles was observed for
the first time with a gas phase method.

Chapter 4 describes the use of an atmospheric pressure reactor for the synthesis of silicon
nanoparticles with ambient air surroundings. Experiments were conducted to determine relation-
ship between synthesis parameters and the resulting particle size distribution and crystallinty. Study
of particle oxidation and gas species in the plasma were conducted to demosntrate that particles are
synthesized in a near oxygen free environment at the time of synthesis. Examination of the optical
proeties indicated that particles had a blue-shifted bandgap with emission at 605 nm.

Chapter 5 examines the integration of the atmospheric pressure reactor with a motorized system
to explore the use of plasma synthesis for aerosol jet printing of nanoparticles. With system it
is demonstrated that particle properties can be controlled at the time of deposition. Methods to

improve printing resolution and reduce overspray are examined.



CHAPTER 2

EXPERIMENTAL METHODS

Several instruments and techniques were used to characterize samples. The general procedure
used with each instrument is described in the following sections. If deviations from the following

procedures were used they will be noted and described as they appear in the text.

2.1 X-Ray Diffraction

X-ray Diffraction (XRD) is a powerful technique that relies upon the interaction of atoms and x-ray
radiation to produce data related to the structure and composition of solid (bulk, powder, or thin-
film) samples. XRD patterns manifest from the combination of constructive and deconstructive
interference. The periodic arrangement of atoms in a crystal lattice results in the diffraction of
incident x-rays, the diffracted rays then form an interference pattern. When conducting XRD there
is a source arm and detector arm. During a scan the intensity of diffracted x-rays is plotted against
the angle between the incident beam and the detector. Typical interference patterns display peaks
at particular locations where a periodic arrangement of atoms is present. Bragg’s Law relates the

interplanar spacing of atoms to the Bragg angle which can be used for material identification.
nAd = 2dsin(6) (2.1)

Further information can be obtained from the interference pattern by examination of the peak
width. The primary sources of peak width are Scherrer broadening, lattice strain, and instrumental
broadening. Scherrer broadening occurs when the crystalline size becomes sufficiently small such

that the typically delta-like reflections from a bulk crystal sample begin to broaden®* according to,
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Here 7 is the characteristic diameter of the diffracting domain (particle diameter), K is the shape

factor, A is the wavelength of the incident x-ray, (i is the size related width of the peak, and ¥ is



the Bragg angle. The shape factor is a constant with values from 0.6 to 2.04, 0.89 is commonly used
for spherical particles.>> The peak width needs to be treated with care considering that there are
multiple contributions to the peak width. Instrumental broadening must always be removed from
the peak width. Instrumental broadening is typically measured with a NIST traceable reference
sample such as lanthanum hexaboride, such samples are carefully produced and tested to ensure
that any peak broadening is a result of the instrument. To obtain the instrumental broadening profile
measurement of the reference sample with the same conditions used for measurement of typical
samples is conducted. The instrumental broadening is often related the sample broadening with
the following relationship.

B = B + Biampre (2.3)
Here {3 is the width of the peak, [3; is the instrumental broadening width and Bs,mpie is broadening
from the sample. Strain can be accounted for with the methods described by Willliamson and
Hall?® or Warren and Averbach.?’ The computational method of Rietveld refinement is often
used to create a calculated diffraction pattern that matches the measured pattern. From the model
parameters such as size and strain can be extracted.?® Samples were prepared for XRD by depositing
samples onto glass slides. A Rigaku Smart Lab X-ray diffractometer was use to analyze samples.
The diffractometer was operated in parallel beam mode with a Cu-ka x-ray source. The source arm
angle (w) was held slightly below ( 0.1 deg) the critical angle of the material being analyzed. This
was done to increase the intensity from the samples. A 219 scan was then performed with a step
size of 0.0400 degrees with typical 2 range of 20 to 80 degrees over the course of 30 minutes to 1

hour.

2.2 Microscopy

2.2.1 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is a microscopy technique that utilizes an electron beam
for imaging at ultra-high resolution. TEM images can be be constructed from the bright-field or

the dark-field. These images correspond to measurement of different populations of electrons. The



bright-field images are constructed from electrons that transmit through the sample thus areas of
crystalline or high mass material will be dark. Dark-field images are constructed from scattered
electrons this results in areas with sample to be bright and other areas to be dark. Combination
of bright and dark field imaging is useful to examine the structure of nanoparticles. The bright
field imaging allows for observation of crystal structure through observation of lattice fringes. It
can also be used to identify if core-shell structures are present. Dark-field imaging provides an
additional means to verify if particles are crystalline. The crystalline lattice will strongly scatter
the electrons resulting in bright spots that readily allow for identification of crystalline material.
Lattice spacing measurements from TEM can be performed with the use of image processing
software. Herein Image] was used to process TEM images and perform analysis. To measure
lattice spacing the popular "dm3" file type was used which contains inforamtion related to scale of
image. This helps remove user bias by eliminating the need to set the scale manually. An FFT of
the image is then taken which effectively converts the image from real space to reciprocal space.
Spots in the FFT are then marked and the inverse FFT is taken to return image to real space. This
produces an image where only particles displaying crystalline features are present. A straight line
is then drawn in parallel with the lattice and the angle tool is used to draw a line orthogonal to it. A
profile plot of the gray scale value is then generated from which the number of peaks and distance

is used to estimate the lattice spacing. This method is not perfect and can have errors that exceed

10929732



Figure 2.1: (a) Bright-field TEM image with crystalline particle near center of image. (b) FFT of
image with spots marked with white circles. Inverse FFT of image with yellow line used to plot
grayscale profile for lattice spacing measuremnt.

Several corollary techniques are often incorporated into a TEM instrument. These include
selected-area electron diffraction (SAED) and electron dispersive spectroscopy (EDS). Copper
TEM grids with lacy carbon were used for the aforementioned analysis.

Samples were prepared by depositing particles directly onto TEM grids with downstream of the
plasma reactor by making a pass of the TEM grid under the reactor orifice with a pushrod. Samples
were also prepared by transferring particles to TEM grids by abrasion of the collected powder with

the TEM grid.

2.2.1.1 Selected Area Electron Diffraction

Selected Area Electron Diffraction (SAED) is a complementary technique often implemented
with TEM instruments. SAED relies upon the particle-wave behavior of electrons; the wave
behavior of electrons allows for a diffraction pattern to be observed as the electrons interact
with the material. SAED analysis provides information about the crystal phases present in the
imaging area during collection, and can be correlated with XRD patterns for cross-checking of
results regarding crystallinity and/or material composition. Monocrystalline samples present with
a periodic arrangement of bright spots in the pattern whereas polycrystalline samples produce rings

due to the many crystals and their variable orientation.
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2.2.1.2 Energy Dispersive X-Ray Spectroscopy

Energy dispersive X-Ray spectroscopy (EDS) is a technique that uses an electron beam to remove
inner shell electrons. When higher shell electrons fill in the lower shell states X-rays of particular

energy are emitted and can be used for elemental identification.

2.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) uses an electron beam that generates backscattered electrons,
secondary electrons, and X-rays. Backscattered and secondary electrons are both used to generate
SEM images. Samples for SEM were prepared by depositing particles onto flat substrates (wafers,
glass slides). The samples were often coated with a thin layer of platinum to reduce charging and

improve image quality. Samples were imaged on a Carl Zeiss Auriga Dual Column FIB SEM.

2.2.3 Optical Microscopy

Optical microscopy uses a combination of lenses and visible light to magnify images. A Keyence

digital microscope was used to image samples.

2.3 Spectroscopy

2.3.1 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) is a technique that can be used to probe the surfaces
of materials. FTIR is used to observe the vibrational modes of chemical bonds originating at the
interface between the surface of the sample and the environment (by contrast, Raman spectroscopy
probes the internal vibrational modes, aka phonons). Depending on the chemical configurations at
the surface of materials, infrared light will be absorbed as vibration modes are excited. For analysis
of samples an Alpha DRIFTS Bruker spectrometer operated in refelctance mode was used to gather
FTIR spectra. Samples were prepared by depositing samples directly from the reactor onto copper

or stainless steel substrates.
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2.3.2 Photoluminescence Spectroscopy

Photoluminescence (PL) is the phenomenon by which light is emitted from a material after the
absorption of photons. When photons of sufficient energy are incident upon a semiconductor,
electrons are promoted from the valence band to the conduction band of the material. The
promoted electrons leave behind a hole in the valence band, when an electron relaxes back down
to the valence band and then recombines with the hole, a photon is emitted. The emitted photons
can then be monitored by a spectrometer and PL response can be measured.

Samples for PL. were prepared with a number of methods. In the first samples were deposited
directly onto a substrate and then illuminated with either a 325, 365, or 405 nm LED. Samples
were also illuminated with a broadband deuterium lamp (200-1000 nm) with filters to select the
appropriate portion of the spectrum for excitation, or with a 261 nm laser. Samples were also
dispersed into hexane, ethanol, or toluene and the PL was then measured. PL. was measured with
either a Ocean Optics USB2000+ UV-VIS spectrometer or Ocean Optics USB2000+ VIS-NIR

spectrometer.

2.3.3 X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is used for elemental identification and chemical bonding

present in a material. XPS relies upon the photoelectric effect and is described with the equation,
Eb =Ep—(Ek+¢) (24)

E, is the binding energy, E, is the incident photon energy, E is the kinetic energy of the emitted
electron and ¢ is the corrected work function to take into consideration the contact potential of
the instrument. X-ray photons result in electrons with some kinetic energy to be emitted which
is measured by the instrument. With knowledge of the work function the binding energy can be
calculated. The binding energy is used as the signature for the chemical species present in the
material. The binding energy also responds to chemical shifts which allows for identification of

different bonding in the material. XPS is a surface sensitive technique with a typical probe depth of
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10 nm. Samples for XPS were prepared by depositing samples onto 1 cm by 1cm area of a copper

substrate.

2.3.4 Electron Paramagnetic Resonance

Electron paramagnetic resonance (EPR) is a technique that utilizes the Zeeman effect. The Zeeman
effect describes the splitting of degenerate spin energy levels of unpaired electrons. Electrons can
exist in either a spin "up" or spin "down" state. In the absence of a magnetic field the spin up and
down states have the same energy. When in the presence of a magnetic field these energy levels
split. Under typical magnetic field strengths used in EPR these energy levels are split by energies
on the order of microwaves. When unpaired electrons are present in a sample the absorption of the
microwave energy can be measured and be related to the environment that the spin system is in.
This information can be used to identify defects present in the material. The fundamental equation
of EPR spectroscopy is,

hy = gBB (2.5)

The left-hand side of equation is the energy of the incident microwaves where h is Planck’s constant
and v is the frequency of the radiation used. On the right hand side, g is the proportionality factor

used for the identification of the spin-system, 3 is the bohr-magneton constant.
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Figure 2.2: Energy diagram of electron spin states depicting energy level splitting with application
of magnetic field.?

A Bruker ELEXSYS EPR insturment was used to collect spectra. Samples for EPR were
prepared by transferring 3 to 4 mg of sample into a 4 mm EPR tube. Samples were then placed
into the EPR microwave cavity where cavity was critically coupled to ensure all microwaves were
absorbed in the cavity. Typical microwave frequency was 9.6 GHz and the magnetic had a maximum
strength of 1.1 T. Samples were either collected at room temperature or at 4K, using liquid helium

for the low-temperature experiments.

2.3.5 UV-VIS Absorption Spectroscopy

Absorption spectroscopy is used to measure the absorption of incident photons to a material.
For semiconductors absorption scans can be used to estimate the bandgap of the material. From
absorption data a Tauc plot can be generated to identify the bandgap. The Tauc relation is as
follows,

(ahv)" = B(hv — Ey) (2.6)
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Here « is the absorption coefficient, hy is the incident photon energy, and n is constant based
on the nature of the transitions (2 for direct transitions and 1/2 for indirect transitions). S is a
proportionality constant and E, is the material bandgap. « is the related to the absorption (A)
through the Beer-Lambert Law,

a= %ln(T) 2.7)

A =1logio(T) (2.8)

Manipulation of the two equations yields the final form,

23034
t

o (2.9)

where t is the thickness of the sample or the path length of the cuevette. Often absorption data is

collected at percent transmittance (%T) and is converted to absorbance with,

A =2-1logio(%T) (2.10)

A plot of (ahv)" vs energy can then be made and the bandgap can be estimated by fitting a line
to the linear portion of the plot and inspecting where the line intersects the abscissa. The method
also assumes scattering, refractive, and reflection effects to be negligible. If such phenomena are
present error will be introduced. Also note that the absorbance (A) is a log scale value and should

not be confused with the absorbtance also commonly defined as "A" and typically defined as,

A=1-T-R (2.11)

where T is the transmittance and R is the reflectance. Here A, T, and R represent the flux of each

quantity normalized to the incident flux of photons to the surface.
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Figure 2.3: (a) Simulated absorption spectrum. (b) Resulting Tauc plot after conversion of data to
absorption and then (ahv)"
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CHAPTER 3

LOW-PRESSURE SYNTHESIS OF GaN, InN, AND InxGa;.xN NANOPARTICLES

3.1 Introduction

Among the Ill-nitrides, Gallium Nitride (GaN) has been the focus of many researchers due to
its suitable properties for applications that require high thermal and mechanical stability, high
frequency, and wide direct bandgap of 3.4 eV. Notably the 2014 Nobel prize was awarded to I.
Akasaki, H. Amano and S. Nakamura for their work to produce efficient blue LEDs based with
GaN which has enabled production of white light LEDs.>3 GaN has also found use in UV lasers,
LEDs, photodetectors, and photocatalysis.>*¢ Indium nitride (InN) does not posses the same level

37.38 sensors,? and

of thermal and mechanical stability as GaN but it is still suitable for solar cells,
many biological applications* due to its low toxicity and small bandgap of 0.7 eV.*! The similar
crystal structures of GaN and InN allow for the binary alloy of Indium Gallium nitride (InyGa;_xN)
to be formed with a bandgap that spans from 0.7 eV to 3.4 eV, depending on the stoichiometry of
the alloy. This wide range of possible bandgaps opens the applications space of InyGa; N to span
from the infrared to the UV range making its use in optoelectronics attractive.

Many methods have been explored for the synthesis of these nitride materials. Well-known

techniques such as chemical vapor deposition (CVD),*?

atomic layer deposition (ALD), and metal
organic chemical vapor deposition (MOCVD)* have all been used to synthesize thin films of the
II-nitrides in the gas phase.** In the area of plasma synthesis there are few reports for synthesis
of InN, GaN, and InyGa; xN nanoparticles. Anthony et al® have shown the use of a nonthermal
plasma reactor with a metal organic precursor and ammonia the synthesis of GaN. Similarly, Uner et
al*%%7 have also demonstrated synthesis of GaN and InN using a solid metal source and molecular
nitrogen. Shimada et al*® demonstrated the use of a microwave plasma for the synthesis of GaN.

InN and InyGa;_«xN nanoparticle synthesis in the gas-phase has been far less studied in comparison

to GaN many of the reports focus on liquid based methods but early success was limited by the
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Figure 3.1: Comparison of GaN, InyGa;.«xN, and InN nanoparticles.

developing nature of the synthesis methods.*’ In the liquid phase, successful demonstrations of
InyGa;<N nanoparticle synthesis®® have been made but to the best of my knowledge there exists
no reports of nanoparticle synthesis of InyGa; N in the gas phase. In this chapter an all-gas-
phase approach for the synthesis of GaN, InN, and InyGa; 4N is presented. A description of the
reactor used for synthesis for each material is provided followed by a discussion of the nanoparticle

characteristics and properties.

3.2 Experimental Methods

3.2.1 Low-Pressure Plasma Reactor

Gallium nitride nanoparticles were synthesized with a nonthermal plasma reactor. The reactor is
composed of two basic elements: a quartz tube and cylindrical electrodes placed around the tube.
Multiple configurations of electrodes and tube sizes were used to modulate synthesis parameters.
The relevant geometry and arrangements are noted when specific experiments are addressed. In
general the inner diameter of the tube varied from 3.5 to 10.5 mm, and a two or three electrode

configuration was used to vary plasma length from 63 to 145 mm. Between the electrodes a plasma
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was ignited through the use of a handheld Tesla coil, 13.56 MHz RF power generator, and an
impedance matching network. The power generator served as the power source for the plasma
and since there exists an impedance mismatch between the generator and the plasma, a matching
network was used to match the impedance of the generator to the plasma. This impedance matching
reduces unwanted dissipation of power between the power source and load (plasma reactor). A
Tesla coil was used when the plasma was not readily ignited by the RF generator alone; when this
occurred the coil would be turned on and held in close proximity to the reactor to increase the
strength of the electric field between the electrodes and ignite the plasma.

Flown to the reactor was a mixture of precursor and background gases. The precursor gases were
trimethylgallium (TMG), trimethylindium (TMI) and ammonia (NHj3) serving as the sources for
gallium, indium, and nitrogen respectively. Argon was flown to the reactor as an inert background
gas to aid in both sustaining the plasma and to provide an additional parameter to affect synthesis
conditions. At ambient conditions TMI is a solid and does not exhibit the necessary vapor pressure
to provide reliable flow unless heated. Thus when synthesizing particles with indium content
electrical heaters were used to keep the TMI source and process lines surface at a temperature of
80 degrees Celsius to ensure sufficient flow of vapor and avoid condensation of the precursor. To
control flow of the TMI a heated MKS 1152C mass flow controller (MFC) was used. All other
gases were left at room temperature and each flow was regulated with typical MFCs from MKS.

The reactor was operated at pressures in the range of 3 to 10 Torr as measured by a MKS 626
Baratron gauge just upstream of the reactor. Operation at low pressure was selected based upon
previous reports of nanoparticle synthesis at low pressure and benefits such as reduced breakdown
voltage for plasma discharge, greater nanoparticle charge accumulation aiding in agglomeration
suppression, reduced ion densities for particle crystallization, etc.’! Prior to synthesis the reactor
was purged with argon to reduce concentration of any gas species not desired during synthesis; a
typical purge cycle was performed three times before introducing process gases.

To collect samples during deposition two methods were employed. Both methods rely upon

inertial impaction of the nanoparticles onto substrates. Downstream of the reactor an orifice is
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Figure 3.2: Rendering of experimental setup used to synthesize nitride materials. Not shown here
are two heaters used to heat TMI lines to reduce risk of condensation of TMI in the process
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Figure 3.3: Typical reactor configuration used for synthesis of nitride materials. Background
and precursor gases enter from the top of the reactor, enter the reaction zone where particles are
synthesized, particles are then carried by the gas flow and collected on substrates beneath the
orifice.

placed that results in choked flow. As the jet expands after the orifice particles and the flow
are accelerated to supersonic speeds until the mach disk is reached at which point he flow field
experiences a near instantaneous decrease in velocity while particles maintain a high velocity this
results in highly efficient impaction of particles onto the substrate.”> Substrates were either mounted
on a push-rod or in-line to an o-ring downstream of the orifice. Following synthesis the substrates

were removed and the samples were then analyzed.
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Figure 3.4: Diffraction pattern obtained for particles synthesized with residence time of 51 ms. Long
tick marks denote the central locations of peaks obtained from Rietveld refinement of diffraction
pattern.

3.3 Results and Discussion

3.3.1 Gallium Nitride Nanoparticle Synthesis

3.3.1.1 Size and Crystallinty Analysis

GaN may crystallize in either a wurtzite (hexagonal), zinc-blende (cubic), or rock salt phase. The
wurtzite structure is the stable phase at ambient conditions, the zinc-blende phase is metastable at
ambient conditions and often requires a cubic substrate to initiate growth,>>>* and the rock-salt phase
forms only under conditions of extreme pressure and temperature. To identify the crystal phase
present in the synthesized GaN nanoparticles, XRD and TEM were used. For the XRD analysis
Rietveld refinement was used to recreate the measured diffraction pattern. It is often assumed that
the gas temperature is in equilibrium with the gas rotational temperature but often the conditions

for this assumption to hold are not met in nonthermal plasmas.’® This is further evidenced by
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zinc-blende phases forming in nonthermal plasmas despite the phase being less thermodynamically
likely at ambient conditions.>” For this reason iterations of the Rietveld refinement were performed
for both the wurtzite and zinc-blende phases. The refinement yielded the closest agreement to the
experimental data when the hexagonal phase was used. The refinement also yielded an ellipsoidal
particle shape with characteristic radii of 1.7, 1.7 and 2.9 nm. TEM was used to support the findings
of the XRD by measurement of lattice spacing using image processing software (ImageJ)from the
TEM images. The measurements provided a spacing of 2.38+0.5 angstroms, corresponding with
the <1010> family of planes.

XRD and TEM were also used to establish the threshold for the production of crystalline
particles. It has been shown that the heating of nanoparticles and their resulting temperature is
dependent upon the power supplied to the plasma.>! Consistent with the previous report there is a
power threshold at which particle crystallization is observed. At the low power condition of 130
W there was no clear presence of lattice fringes in the TEM nor was there signal present in the
diffraction patterns. When power was increased to 150 W presence of lattice fringes in the TEM
was present and peaks in the diffraction pattern were observed both of which are indicative of
crystalline material. At higher power of 175 W there is a return to the amorphous structure which
may be explained by competing growth and breakdown of particles at high power densities.

It has been established that nanoparticle size is dependent upon the particle residence time. The
residence time is defined as the amount of time that a particle is present in the plasma volume. The

equation for residence time is derived from the ideal gas law and takes the following form,

r=t2fi¥ G.1)
P10

Here t is the residence time, P is pressure, T is temperature, V is plasma volume in cubic cm,
and Q is the flow rate in sccm. The subscript 1 refers to the standard or reference conditions
for which the MFC was calibrated, and the subscript 2 refers to the process conditions when the
particles were synthesized. For the data presented here the residence time was shifted by changing
the argon flow rate. To estimate the particle diameter TEM images were inspected and particles

were identified. Traces of the particle boundaries were made and then the area was calculated
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Figure 3.5: Representative TEM images of GaN nanoparticles synthesized at different powers. (a)
Particles synthesized at 130 W. (b) Particles synthesized at 150 W. (c¢) Particles synthesized at 175
W.

numerically, a effective diameter was then calculated by making the simplification that the particles
were spherical. The analysis shows that the size is normally distributed and that the particle size
deceases with deceasing residence time. This analysis method introduces error through user bias
and assumption of particle shape which means that the calculated value of the particle diameter
should no be taken to represent the actual diameter but rather should be used as an indicator that
the particle size trends in the appropriate direction.

Considering the overall size of the particles which are fairly small, the size distribution is narrow
with an average coefficient of variation (division of standard deviation by the mean) equal to 0.23.
The width of the size distribution is comparable to other synthesis methods of particles near this
size.*6:38.39 The XRD analysis presented earlier was for samples synthesized at a residence time of
51 ms. Comparison of the characteristic radii found from Rietveld refinement to the characteristic
diameter calculated from the TEM analysis yields values of 4.2 and 3.2 nm respectively. Considering
the ambiguity introduced from the overlap of the component peaks that compose the diffraction
pattern and the error in the TEM image analysis, these values are within reasonable proximity to

each other.
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Figure 3.6: Nanoparticle size distributions synthesized at different residence times. Black curves

are normal distribution overlays. Number at the top of each bin denotes the number of particles
counted in each bin

3.3.1.2 Composition and Surface Analysis

To gain insight to the chemistry of the particles XPS was used to identify the bonding present in
the nanoparticles as well as the relative ratios of constituent atoms. The XPS spectra indicated
the presence of gallium, nitrogen, carbon, oxygen, and hydrogen. In the Ga 2p3/2 peak there is a
large contribution from Ga-N bonding as well as smaller contributions from metallic Ga-Ga and
Ga-0. The Ga-O bonding likely occurred due to air exposure between synthesis and measurement
with dangling bonds at the particle surface or through possible back-bonding. In the Cls peak
the presence of C-C bonding may be attributed the adventitious carbon layer that forms on most

materials following air exposure, it is also possible that short carbon chain molecules bonded to the
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Figure 3.7: XPS spectra of the (a) Ga 2p3/2, (b) C 1s, (¢) N 1s, and (d) O 1s peaks. Each peak is
an average of three samples with the standard deviation denoted by the shaded region
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Figure 3.8: FTIR spectra of GaN nanoparticles that displays change in particle surface with time.

particle surface during synthesis, there also exists the potential for contamination from aerosolized
pump oil reaching the reactor.®’ The air exposure can be extended to explain the C-O bonding since
oxidation of the carbon species could concomitantly occurred with the formation of the carbon layer.
The N1s peak has contributions from Ga-N, N-H,, Ga Auger, and potential nitrogen defects.®! The
Ols peak shows the presence of various gallium oxide species which again likely formed due to
air exposure. Overall elemental analysis yielded a 1:3 ratio of gallium to nitrogen. This ratio is
contraindicated by the presence of Ga-Ga bonding but it is possible that there is larger presence of
nitrogen at the surface of the particles than in the core of the particle. XPS is a surface sensitive
technique with a probe depth of roughly 5 to 10 nm further the intensity decays exponentially with
depth thus the surface plays the most significant role in the signal intensity.%?

FITR was used to probe the surface chemistry of the nanoparticles. Scans were taken imme-
diately after synthesis and multiple days following synthesis. Approximately 10 minutes of air
exposure occurred between synthesis and the collection of the initial spectrum as this was the time

required to transfer the sample from the reactor to the FTIR instrument.
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In the wavenumber range from 400-850 cm’! exists a multitude of vibrations that may be
attributed to different vibration modes of either Ga-N and Ga-0.5*%* Direct assignment of vibration
modes without ambiguity is complicated by the convolution of the peaks. The representative fitting
of the FTIR spectrum shows that the experimental data agrees well with the expected peak positions
of Ga-N and Ga-O. From 800-1600 cm™! there exists many possibilities for the vibrational modes
present as bonding between gallium carbon, nitrogen, oxygen, and hydrogen all produce signatures
in this range.®> % Likely groups to form at the particle surface are N-H, N-H,, C-H, C-H,, and due
to the air exposure, oxygen containing variations of theses groups could form.

The sharp feature near 2100 cm! is short lived and diminishes greatly 1 day after synthesis.
We have assigned this to feature to be a combination of molecular nitrogen complexed with gallium
and gallium azide both of which have been shown to form on GaN films when a metal organic
precursor and ammonia is used.%>-7

In the wavenumber range from 2800-3600 cm™! there exists overlap between the O-H and N-H
stretching vibrations. Also in this region are C-H bending modes corresponding to the alkane,
alkene, or alkyne species at the surface.®® The FTIR spectra differ modestly as time progresses.
The most notable changes are the decrease in absorbance at 2100 cm™ and the growth of the
N-H and O-H in the 2800 to 3600 cm™ range. This implies that the majority of oxidation
occurred rapidly following deposition. Increases in absorption from O-H would result in increased
absorbance in both the 2800-3600 cm™' and 1000-1500 cm™ range. This increase may result from
the combined effects of oxidation and water adsorption.68 Figures 3.9,3.10, and 3.11 show sections
of a representative FTIR spectrum from as-produced GaN nanoparticles in selected spectral ranges,

together with bonding assignments based on deconvolution of the spectrum.
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Figure 3.9: Reduced range of FTIR spectrum from 400-850 cm~! where deconvolution of the
spectrum has yielded component peaks corresponding to a variety of vibrational modes at the
particle surface.
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Figure 3.10: Reduced range of FTIR spectrum from 2000-2200 cm™!where deconvolution of the
spectrum has yielded component peaks corresponding to a variety of vibrational modes at the
particle surface.
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Figure 3.11: Reduced range of FTIR spectrum from 2400-3750 cm™'where deconvolution of
spectrum has yielded component peaks corresponding to a variety of vibrational modes at the
particle surface.
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3.3.1.3 Optical Properties and Defect Characterization

UV-VIS spectroscopy was used to gain insight into the optical properties of the GaN nanoparticles
synthesized with a residence time of 51 ms. Onset of absorption began near 500 nm and increased as
the wavelength decreased. Estimation of the bandgap was made from conversion of the absorption
data to the Tauc plot. The bandgap was then be evaluated by fitting a tangent line to the linear
portion of the plot and inspecting where the tangent intersects the abscissa. This analysis yielded
a band gap of 5.4 eV which represents a blue shift of 2 eV from the bulk bandgap of GaN. A shift
of the bandgap to higher energy is expected if the material is quantum confined, with a material-
specific dependence of bandgap widening on nanoparticle dimension. Within in the literature there
is disagreement on the Bohr-exciton radius which is the dimension used to describe the onset of
quantum confinement. Values of the Bohr-exciton radius range from 3 to 10 nm.>* 6% Particles
synthesized at a residence time of 51 ms have an average diameter of 3.2 nm. Based upon reports

by other groups it is not unreasonable to see a shift to higher energies at this particle size.>* 707!
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Figure 3.12: (a)Tauc plot of bulk GaN.? (b)Tauc plot with fitted line to linear portion of the plot.
Intersection of dashed red line with the absiccca corresponds to the estimated bandgap.
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Many attempts were made to synthesize luminescent GaN with limited success. A single case of
luminescent material was made after dispersion of particles into oleylamine. The PL was centered
near 365 nm which is representative of band-edge emission in non-quantum confined particles. The
single case of luminescence at 365 nm and the general lack of luminescence otherwise indicates that
non-radiative recombination is the predominant relaxation mechanism. Because of the large surface
area to volume ratio the particle surface plays an integral role in the luminescence of nanoparticles.
There can exist a large number of defects at the particle surface that may quench luminescence.”?
Within the GaN crystal there also exists an internal electric field which results in prolonged lifetime
of charge carriers providing greater opportunity for these carriers to interact with a defect present
in the particle leading to decreased luminescence. From the XPS analysis there exists a non-
stoichiometric ratio of gallium to nitrogen which would indicate the possibility for vacancy sites
in the lattice, nitrogen vacancies have been shown to act as non-radiative recombination centers
GaN.”? To further probe the defect states room temperature EPR of GaN samples were performed.
A single feature was identified in the EPR spectra at a g-value of 2.008 this value is slightly
shifted from the free electron g-value of 2.0023 and is commonly associated with both nitrogen and

gallium vacancies. This result supports the claim that there is a non-stoichiometric ratio of gallium

to nitrogen present which may be a contributing factor to the lack of luminescence.
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Figure 3.13: Representative EPR spectrum of GaN nanoparticles.

3.3.2 Indium Nitride Nanoparticle Synthesis

3.3.2.1 Size and Crystallinty Analysis

Similar to GaN, InN may crystallize in a wurtzite, zinc-blende, or rock salt structure. The wurtzite
structure is the stable phase at ambient conditions. A combination of XRD, SAED, and TEM were
used to examine the structure of particles synthesized at 50 W. Deconvolution of the XRD pattern
and fitting to a hexagonal structure yielded the highest agreement between the measured diffraction
pattern and calculated diffraction pattern. Similar to the XRD pattern the SAED pattern shows
wide rings at two locations. The SAED image was mapped into the 20 space by measuring the
radial intensity of the rings and making the appropriate conversion from reciprocal space to 20
space. This analysis yielded a pattern that closely agrees with that of the XRD pattern. TEM was
used to further verify the presence of the wurtzite structure. Measurement of lattice spacing in
TEM images yielded a spacing of 2.7 angstroms consistent with the spacing of the (101) direction

in the wurtzite crystal. TEM was also used to estimate the particle size using the method described
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Figure 3.14: TEM images of InN nanoparticles at different magnifications.

previously in the GaN section. This analysis yield an average diameter of 6.7+1.7 nm for particles

synthesized with a residence time of 51 ms.

Figure 3.15: SAED pattern of InN nanoparticles. With equivalent 20 values denoted at the extrema
of the rings.
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Figure 3.16: XRD pattern fitted to hexagonal InN. Diffraction pattern is a convolution of the
component peaks.
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3.3.2.2 Composition and Surface Analysis

FTIR was used to examine the vibrational modes that were present at the particle’s surface.
Measurements were taken immediately after synthesis and at 24 hour intervals following synthesis.
Approximately 10 minutes of air exposure occurred between synthesis and initial measurement.
The FTIR spectra of InN nanoparticles revealed a surface with predominantly features related to
complexes of In with N, O, H, and combinations of the three, similar to the GaN nanoparticles.
In the wavenumber range from 400-650 cm™! there exists a multitude of vibrations that may be
attributed to either In-N and In-O. Possible vibrations include the In-N stretching mode at 510 cm™!
and the InN phonon mode at 486 cm™.7>74 Further In-O has a vibration that presents at 565 cm™!
with phonon modes at 429 and 600 cm™.7

In the wavenumber range from 750-1150 cm! there exists many vibrations that can be attributed
to InN. These include In-N stretch at 824, 902, 972, 1112, and 1164cm™.7¢"® A In=N vibration
at 968 cm! is also possible.”® Shifts from these positions could also occur if there exist various
InNxOy species. In the wavenumber range from 1250-1750 cm’! possible attributions include
In-NOj5 at 1380 cm’!, broad bending modes of In-OH occur in the vicinity of 1400 and 1600 cm’!,
and In-CO3 has a vibration at 1451 cm™.7°%2 As seen with GaN there was a absorption near 2100
cm-1 which may arise from indium azide and nitrogen complexes. In the wavenumber range from
2800-3600 cm™! there exists overlap between the O-H and N-H vibrations. Also in this region are
C-H bending modes corresponding that arise from alkane, alkene, or alkyne species.

With increasing duration of air exposure following synthesis, the ranges from 2800-3600 cm™!
and from 1250-1750 cm™! exhibit a growth in absorbance. This may result from water adsorption
and continued oxidation of the particle surface. In the low wavenumber range from 400-650 cm™!
there is a decrease in absorbance which may result from the growing thickness of an oxide layer
at the surface. This layer would make the detection of vibration modes closer to the core of the
particle less sensitive and since this region is composed of In-N bonding a decrease in absorbance

may manifest as a result.
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Figure 3.17: Representative FTIR spectrum of InN nanoaprticles.

3.3.2.3 Optical Properties

Absorption spectroscopy was used to measure the optical response of the InN nanoparticles.
Multiple detectors were used to measure the absorption spectra of the InN nanoparticles. The
absorption spectrum displays a feature at 1660 nm but this is an artifact that manifests from the NIR
detector. The absorption data was transformed to form the Tauc penot which shows that the onset
of absorption occurs near 775 nm. The extrapolation of the linear portion of the plot provided an
estimate for the bandgap of 3.0 eV. This represents nearly a 2.3 €V shift of the bandgap from its
bulk scale value - considering the small size of the particles as compared to the Bohr-exciton radius

of InN (13.8 nm) such a shift is not unreasonable.®3 PL was not observed from the InN samples.
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Figure 3.18: Tauc plot obtained from UV-VIS-NIR absorption spectrum of InN nanoparticles.
3.3.3 Indiumy Gallium;.x Nirtide Synthesis

3.3.3.1 Size and Crystallinty Analysis

Synthesis of InyGa; N presented many challenges, first of which was determining the set of con-
ditions necessary to reliably produce particles. In order to determine the set of conditions that
produced particles, weight measurements were conducted and correlated with several synthesis
parameters to determine the appropriate range of conditions for synthesizing material. Parameters
that were tracked include: residence time, power density, relative flow rates, and pressure. A wide
range of residence times were used ranging from 3 ms to 66 ms with no clear relationship to the
quantity of collected material. Similarly for power density which ranged over three orders of mag-
nitude no relationship existed to the amount of collected particles (see appendix for methodology
and calculation of power density). The same outcome existed for pressures between 3.8 and 9.0

Torr. The important parameters for consistently collecting deposition were the relative flow rates of
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Figure 3.19: (a) Plot displaying the various residence times used to synthesize InyGa;_xN nanopar-
ticles and the rate of deposition.(b) Plot comparing the power density as measured using a voltage
proxy (v) method or subtractive method (s) against the rate of deposition.

gases. To bring the deposition rate near 1 mg/min the ammonia flow rate composed 50% or more

of the total flow and the TMG flow rate was in the range of 0.8 to 3.8 times the TMI flow rate.
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Figure 3.20: Bar charts that depict the relationship between the deposition rate and the relative
flowrates (Q denotes the sum of all flows). The charts display the same data differing only by the
scale of the "Percentage of Flow" axis.

XRD diffraction patterns showed the clear presence of peaks in the appropriate locations to
suggest the formation of crystalline InyGa; xN nanoparticles. Small shifts in the maximum peak
intensity occurred as compared to either InN nanoparticles or GaN nanoparticles. From the SAED
and XRD patterns there is clearly the presence of crystalline nanoparticles. Assignment of the
crystal structure is complicated due to size related peak broadening and the mixed composition of
the particles. The component peak positions in the diffraction pattern will be dependent upon the
concentration of indium and gallium in the lattice and the crystal phase. Often Vegard’s law is used
to estimate composition based off of this data.3*8 However due to the breadth of the peaks it is not
possible to ascertain those individual components with certainty. Qualitatively the XRD spectra of
InyGa;«N is positioned between that of InN and GaN which would be consistent with Vegards’s
law and thus the formation of an alloy consisting of indium and gallium is expected.

TEM and SAED were performed together to provide more structural information about the
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Sample TMG (sccm) TMI (sccm) 7 (ms) Diameter (nm) Standard Deviation (nm)

1 1.30 0.20 22.9 39 1.4
2 1.00 0.20 20.4 5.3 1.5
3 0.75 0.20 20.5 4.7 1.4
4 0.50 0.20 20.3 4.8 1.7

Table 3.1: Table listing average diameter of particle synthesized at different TMG flowrates.

particles. Inspection of the TEM images showed that lattice fringes are present. Concordantly
the SAED pattern contained two broad rings. The SAED image was mapped into the 2 space by
measuring the radial intensity of the rings and making the appropriate conversion from reciprocal
space to 20 space and revealed a similar shape to the pattern obtained using XRD. The peak
intensity occurs at 32.6 degrees instead of 33.2 degrees but considering the error introduced in
the conversion these values are in reasonable agreement. TEM was further used to obtain the size
distribution of particles synthesized at several TMG flowrates (Table 3.1). Residence times were
different for each sample but varied by maximum of 2.6 ms. Similar sized particles were found for

each sample with a maximum difference in size of 1.4 nm was found.
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Figure 3.21: Comparison of XRD patterns for InN, InsGa;_xN, and GaN nanoparticles. The tick
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Figure 3.22: (a) TEM image of InyGa;_«N nanoparticles. (b) SAED pattern of InyGa; «N nanopar-
ticles. (c) Conversion of SAED pattern to XRD using radial intensity of SAED and conversion
from reciprocal space to 20 space.
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3.3.3.2 Composition and Surface Analysis

In the case of a ternary compound gaining insight into the relative amounts of the constituent
species is useful. As stated earlier the use of Vegard’s law for accurate compositional analysis is
made difficult by the convolution of the diffraction pattern. A qualitative approach can still be used
to interpret Vegard’s law as it provides an expected direction for the shift in data. From Vegard’s
law it would be expected as the amount of gallium in the lattice increases that the diffraction pattern
would approach that of pure GaN. To observe this XRD was conducted on several InyGa; xN
samples. The XRD data compared a baseline case where equal amounts of TMG and TMI were
used during synthesis. The amount of TMG or TMI was then increased and samples were collected
and measured to observe shifts in the diffraction patterns. GaN diffraction peaks occur at higher 2
values than that of InN. In general the data presents modest shifts towards higher 20 as the TMG
flowrate was increased. There was not clear movement towards lower 29 values of the diffraction
with increasing TMI flowrate. A more clear progression may occur at higher TMI flowrates, but
experiments were limited to a maximum flowrate of 0.4 sccm of TMI. At higher flowrate setpoints
it was not possible to maintain the flow long enough to collect sufficient deposition for analysis. To
further explore the composition of the InyGa;_xN nanoparticles EDS was used. EDS was performed
alongside TEM imaging of the particles. Atomic percentages were taken from the EDS spectra and
used to determine the ratio of indium to gallium present in each sample. Samples 2, 3, and 4 from
Table 3.2 have approximately the same ratio of In to Ga as the ratio of TMI to TMG. Sample 5 has
a 1.25 to 1 ratio of TMI to TMG and a similar In to Ga ratio of 2:1. The outlier is sample 1 whose
TMI to TMG ratio is 1 to 2.5 but In to Ga ratio is 1 to 17. Differences in ratio between metallic
precursors and ratio between the metallic components in the alloy may arise from miscibility gaps
in the In,Ga;_«N alloy,® incomplete utilization of the precursor, formation of metallic bonding in
the particles, or to film growth on reactor walls. Further it should be noted that although EDS
provides quantitative analysis it is prone to large errors especially when a standardless procedure.’’
For that reason the exact proportions of indium and gallium reported here by EDS should be treated

with some skepticism and taken to be nominal values only.
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Figure 3.23: (a) XRD pattern of InyGa;_« N nanoparticles synthesized with increasing TMG flowrate
and constant TMI flowrate. (b) XRD pattern of InyGa;_xN nanoparticles synthesized with increasing
TMI flowrate and constant TMG flowrate.

Sample TMG (sccm) TMI (sccm) In:Ga

1 0.50 0.20 1:17
2 0.75 0.20 1:3
3 1.00 0.20 1:5
4 1.30 0.20 1:10
5 0.20 0.25 2:1

Table 3.2: Table listing flowrates of metallic precursor gases and the resulting ratio of observed
metallic species as measured by EDS.

FTIR was used to investigate the surface of the nanoparticles and provide corollary evidence for
the formation of InyGa;«N. If particles contained both metallic species, peaks would be expected
that relate to both GaN and InN. In the wavenumber range from 400 to 800 cm’! the InyGa; (N
spectrum has peaks at477 cm'!, 524 cm™!, 577 cm™, and 727 cm™'. These peaks respectively are Ga-
O, In-N, Ga-N, and Ga-N. The band at this wavenumber range is also broad and weaker absorptions
may have occurred from other gallium and indium vibrations. As disccussed in previous sections
from 800 to 1600 cm™ a wide variety of absorptions may occur from groups that contain carbon,

hydrogen, and nitrogen. As discussed from the InN section, in this range there exist vibration
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Figure 3.24: FTIR spectra of GaN, InyGa; <N, and InN nanoparticles.

modes for In-N, In=N, In-OH, In-NOs3. Unlike in the GaN and InN there is no feature present near
2100 cm™!. The small dip at 2300 cm™ is from differences in the CO? between the background
and measurement scan. In the 2800-3600 cm™! range there is again the presence of N-H, O-H, and

C-H, with an additional O-H band at 3580cm™.

3.3.3.3 Optical Properties

InyGa; <N has the capability to emit from the infrared to the UV depending on the relative con-
centration of indium and gallium present in the material. Further modification of PL can arise
from quantum confinement of the particles. To examine the emissive properties of the InyGa; xN

particles PL spectra were collected immediately following synthesis and for days after synthesis
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TMG (sccm) TMI (sccm) PLg Days (nm) PL,; Day (nm) PL3 Days (nm) PL¢ Days (nm)

0.20 0.25 603 - - -
0.20 0.20 614 - - -
0.25 0.20 613 - - -
0.50 0.20 676 - 566 563
0.75 0.20 - 555 529 -
1.00 0.20 - 552 524 -
1.30 0.20 - 551 531 -

Table 3.3: Table listing TMG and TMI flowrates and peak PL emission for InyGa; «N samples.

using a 405 nm wavelength excitation source. In table 3.2 the results of the PL experiments are
compiled. For TMG to TMI ratios of 0.8 to 1.25 the initial peak PL emission was between 603 and
613 nm. An increase of the ratio up to 2.5 corresponded with an increase in the initial peak emssion
to 676 nm. The PL was measured again at 3 and 6 days post synthesis with PL shifts to 566 and
563 nm respectivley. This trend is in the opposite direction of the expected shift in PL. At higher
TMG to TMI ratios between 3.75 and 6.5 the peak PL emission was recorded at 1 and 3 days post
synthesis. At the 1 day mark peak emission was between 551 and 555 nm. At 3 days the PL shifted
to between 524 and 531 nm. From this data it is clear PL shifts to higher energy with time with
the majority of shifting occuring within the first few days after synthesis which is consistent with
previous reports of PL from nanoparticles.®33° There does not appear to be a trend of PL emission
with precursor flowrate. This may result because changes in the precursor concentrations do not
scale directly with changes in concentration of indium and gallium in the particles, or because shifts
in composition come with commensurate shifts in bandgap widening due to quantum confinement
- meaning that the correlation between composition, size, and optical bandgap is a complicated and

yet-to-be elucidated map.
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Figure 3.25: (a) Image of PL from InsGa; «N sample with 405 nm LED. (b) PL spectra of InyGa; xN
nanoaprticles excited with 405 nm LED
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Figure 3.26: (a) PL emitted from InyGa; xN sample immediatley ater synthesis, 3 days, and 6 days
post synthesis.(b) PL emitted from InyGa; «N samples at 1 and 3 days post synthesis.
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Absorption spectra were collected for InyGaj.xN samples. Samples were dispersed in toluene

and the absorption spectra were then measured.

3.4 Conclusions

In this chapter a plasma based method to synthesize GaN, InN, and InGa; «N nanoparticles was
presented. Demonstrated was the ability to tune particle size through control of the residence time.
Control over crystallinty was shown by meeting the power threshold necessary to heat particles
to their crystallization temperature. The IR spectra showed the presence of fairly stable surfaces
that contain bonding consistent with the chemical environment during and following synthesis.
Emission from GaN and InN nanoparticles is an area of future research that will require detailed
analysis of defects and composition of the nanoparticles. PL from InsGa; «N nanoparticles was
readily observed without any surface functionalization and the emission was found to shift to higher

energies with increasing time after deposition.
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CHAPTER 4

ATMOSPHERIC PRESSURE SYNTHESIS OF SILICON NANOPARTICLES

4.1 Introduction

Atmospheric pressure synthesis of nanoparticles is motivated by a number of factors. The first is
the reduction of cost through the elimination of the vacuum equipment required for operation at low
pressure. Operation at atmospheric pressure eliminates the need for a pump, enclosures, vacuum
gauges, etc. Several groups have demonstrated synthesis of nanoparticles at atmospheric pressure
using plasma methods.”®°! These include Askari et al.”> who used a silane plasma to generate
luminescent silicon nanoparticles. Ivanov et al.”®> used a spark discharge generator to synthesize
silver nanoaprticles.To fully realize the promise of atmospheric pressure synthesis and eliminate the
need for vacuum equipment it is necessary to be able to synthesize nanoparticles with a ambient air
environment. In this chapter a method for the synthesis of crystalline silicon nanoparticles without

the need for an inert environment is presented.

4.2 Experimental Setup

4.2.1 Atmospheric Pressure Reactor

Synthesis at atmospheric pressure requires higher power densities than those at lower-pressures

in order to satisfy discharge conditions.”*

The power density requirement can be satisfied by
miniaturization of the reactor, and several other groups have explored DC microplasma synthesis
of silicon nanoparticles.’®%>% Here, a miniaturized RF plasma is used instead. Similar to the
other reactor setups described earlier a glass tube and cylindrical electrodes were used to form the
reactor. For this reactor the tube’s inner diameter was between 1 and 0.9 mm and a two electrode

configuration was used. The typical plasma length was between 10 and 20 mm. A Tesla coil, 13.56

MHz RF power generator, and impedance matching network were used to ignite and sustain the

49



plasma. Flown to the reactor was a precursor gas of silane and background gas of argon. The silane
cylinder contained a gas mixture of 1% silane and 99% argon, when disscussed later silane flowrate
refers to this specific gas mixture. Gas flowrates were controlled with Alicat mass flow controllers.
Prior to initial introduction of silane a purge cycle was implemented to remove air from the gas
lines. Prior to each synthesis experiment an argon plasma was ignited before introduction of silane
to reduce the risk of reaction of silane with the air.

Unlike the experiments described previously samples were synthesized at or near atmospheric
pressure and samples were collected directly downstream of reactor onto various substrates with
the reactor outlet left open to the atmosphere. Substrates were placed 1 mm downstream from
the reactor outlet. To investigate the difference between an inert and an air atmosphere a stainless
steel vacuum chamber (IdealVac) was used to purge the air from the enclosure and replace the
air with argon. Pressures near atmospheric pressure were measured with a a standard pressure
gauge just upstream of the reactor. Low pressures were measured with a MKS 626 Baratron gauge
or Granville-Phillips convectron gauge mounted to the vacuum enclosure. The higher pressure
environment for these experiments always required the use of a Tesla coil to ignite the plasma.
The design of the stainless steel enclosure was such that the electric field could not pass into the
enclosure. To strike the plasma a glass tube with a central wire conductor was capped at one end
with a stainless steel ultra-Torr fitting. The tube was then mounted to a linear motion feedthrough
so that the tip of the wire could be placed in close proximity to the reactor. The assembly was then

coupled to the Tesla coil and used to ignite the plasma.
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Figure 4.1: Rendering of components used to synthesize silicon nanoparticles at atmospheric
pressure. Not depicted here is stainless steel enclosure used to create air-free environment for
synthesis. Enclosure contained the reactor, stage, and associated components used to move the
stage and reactor.

4.3 Results and Discussion

4.3.1 Process and Structural Characterization

XRD and TEM were used in conjunction to examine the crystallinty of the silicon nanoparticles.
Samples were synthesized with a power of 90 W, argon flowrate of 250 sccm, and silane flowrate of 5
sccm. The diffraction pattern contained the characteristic peaks of crystalline nanoparticles at 28.8,
47.4, and 56.4 degrees which represent the (111), (220), and (311) directions of the silicon lattice.
TEM bright-field imaging revealed that the particles contain a crystalline core with an amorphous
edge suggesting the formation of a core shell structure. Similarly the dark-field images present
numerous bright spots throughout the sample, indicative of crystalline nanoparticles. Exposure of
the nanoparticles to air allows for the formation of an amorphous oxide layer at the surface (see

section on surface oxidation for further discussion). TEM image analysis of the core yielded a
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Figure 4.2: (a) XRD of silicon nanoparticles synthesized at 90W with diffraction peaks in positions
typical of silicon nanoparticles. (b) TEM image of silicon nanoparticles synthesized at 90 W with
lattice fringes present.

lattice spacing of 3.0 angstroms which is within 3% of the 3.1 angstroms spacing that corresponds
with the (111) crystallographic direction.

TEM and XRD were further used to estimate the particle size and distribution. For the conditions
above Scherrer analysis of the XRD pattern yielded a value of 7.1 nm. TEM image analysis yielded
an average particle size of 7.5£0.6 nm. Close agreement between the TEM and Scherrer analysis

was found.
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Figure 4.3: (a) Indexed SAED pattern of silicon nanoparticles. (b) Dark-Field TEM image of
silicon nanoparticles.

TEM analysis was used again on samples synthesized at different flowrates. The silane flowrate
and argon flowrate were adjusted such that similar silane concentrations and residence times could
be compared; details of parameters are listed in table 4.1. The general trend is as residence time
decreases the average nanoparticle diameter decreases. Consider the sample pairs of 1-3 and 2-4.
The sample pairs allow for the effect of concentration to be ignored and demonstrate that the res-
idence time alone decreases the particle size. Comparison of samples 3 and 4 shows that despite
sample 4 having a smaller residence time than sample 3, the increased silane concentration is suffi-
cient to push the nanoparticles to a higher average diameter. The behavior between concentration
and residence time has been observed in low pressure plasma synthesis and is replicated here at
atmospheric pressure.'® The particle diameter coefficient of variation varied from 0.04 to 0.10,

which is similar to other reports of nanoparticle synthesis at atmospheric pressure.’’
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Sample Ar (sccm) SiHy (scem)  SiHy (PPM)  tus

1 250 5 196 144
2 300 5 164 120
3 400 5 123 90
4 500 10 196 72
5 600 10 164 60
6 700 10 141 52

Table 4.1: Table listing parameters for silicon nanoparticles and the resulting silane concentration
and residence time.

+# Silane Flow Rate (5 sccm)

8 | m Silane Flow Rate (10 sccm)
€75
£
g 7
[]
S 6.5 +
(=]
@ 6|
2
t
: ’
o
§ 51
4

45 +
4 .

200 300 400 500 600 700
Total Gas Flowrate (sccm)

Figure 4.4: Change in nanoparticle diameter at various combinations of argon and silane flowrates.

The absolute throughput of the reactor is important to consider. Mass measurements were made
to identify the amount of material synthesized. The mass deposited onto both the substrate and
reactor walls was measured to compare the amount of useful deposition to waste deposition. The
amount of deposition was measured for 30 and 60 min time intervals. For these measurements a
argon flowrate of 250 sccm and silane flowrate of 5 sccm was used. This was done to examine if
the film growth on the reactor walls would significantly inhibit the deposition rate. In the box and
whisker plots the "x" marks the average rate of deposition, the horizontal lines of the "box" denote
the fist and third quartiles, and the horizontal lines at the end of the "whiskers" denote the range of

the data. The measurements demonstrate that on average 20% of deposition occurs on the substrate
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Figure 4.5: Depositon rate of silicon nanoparticles onto the reactor walls and substrate.

while the reaming is lost to the reactor walls or is not collected. Deposition rates onto the reactor
walls and substrate at 30 and 60 minutes had relative differences of 8% and 15% respectively.

To estimate yield of the reaction a calculation was performed to estimate the maximum amount
of material that could be obtained assuming all of the silane was dissociated and reacted to form
silicon. This was then compared against the total mass collected on both the substrate and walls to
estimate the yield. This analysis found a yield of approximately 50%. At low pressure it has been
estimated that nearly 100% of silane is utilized.'®°® This value indicates either a significant amount
of silane does not react to form solid material or a large fraction of particles were not collected. A
potential mechanism for particle loss is related to the impaction efficiency of the particles. Since
the particle momentum is small in comparison to the drag force, the tendency is for particles to be

carried away by the flow instead of impacting. This is discussed in detail in the following chapter.

4.3.2 Surface Oxidation

The matter of oxidation of the particles is important to consider in this application as particle
synthesis occurred with an ambient air environment. To study this a combination of OES, FTIR,

and TEM were used. OES was used to examine if air was diffusing into the reactor and producing
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Figure 4.6: (a)Comparison of OES spectra collected with a surrounding argon atmosphere and
an air atmosphere.(b) OES spectra collected at various distances from the reactor outlet with a
surrounding air atmosphere

reactive air species in the plasma volume. In the first OES experiment, the optical fiber was aligned
at 2 mm from the outlet of the reactor and the spectrum was collected. The optical fiber was then
progressively translated up the reactor to several positions and spectra were collected to identify if
air was present in the reactor. Analysis of these spectra shows no presence of peaks corresponding to
either nitrogen or oxygen. Many of the peaks present in the spectra were attributed to the strong lines
of Argon. In the second OES experiment spectra were collected with either a surrounding ambient
air atmosphere or an argon atmosphere. The argon atmosphere was established by placing the
reactor into the stainless steel vacuum enclosure and performing a purging procedure to minimize
the concentration of air species and fill the volume with argon. The resulting OES spectra showed
no difference in peak locations and the lines in the spectrum were all attributed to argon.

FTIR was used to further examine the effects of oxidation. To do so FTIR spectra were
collected from samples at multiple times following synthesis. Initial FTIR spectrum was collected

20 minutes after deposition began. Delay between deposition and spectrum collection was needed
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Figure 4.7: FTIR spectra of silicon nanoparticles taken at time several intervals post synthesis.

for the deposition of particles and transfer of substrate to the FTIR instrument. Silicon nanoparticle
oxidation can be observed with FTIR in the ranges of 400-1400 cm™! and 2000-2300 cm™!. From
1000 to 1250 cm™! are the characteristic Si-O-Si vibrations.”® At the time of the initial scan there
is a small amount of absorption present from this mode. As time increases from deposition the
Si-O-Si region peak absorbance increases by nearly an order of magnitude.

In the region from 2000-2300 cm™! exists a mixture of vibration for SiHy and SiOyHy. The SiHy
vibrations occur at wavenumbers below 2150 cm™ whereas the SiOyHy modes are at wavenumbers
greater than 2150 cm™'.1% From the inital FTIR spectrum the peak centered at 2120 cm™!, the peak
is composed of Si-H, Si-H», Si-H3 at 2086, 2112, and 2136 cm’! respectively.101 Also present at the
initial scan are weak contributions from oxidized forms of the silicon hydrides .As time progresses
and oxidation proceeds the vibrations shift to higher wavenumbers with peaks corresponding to
2155, 2206, and 2255 cm™! which are related to oxidized hydride species.

In the high wavenumber range of 3300-3900 cm™! are where characteristic O-H and N-H
vibrations tend to present. At the initial scan there is little to no absorption in this region. As time
progresses small peaks through the range being to develop likely from water adsorption and O-H

species. If large amounts of N-H and O-H were present at the surface a broad and pronounced
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Figure 4.8: FTIR spectra of silicon nanoparticles taken at time several intervals post synthesis.

absorption band would be expected in this range as evidenced by the FTIR of the III-nitrides and
studies of silicon nitride.'%? In the range from 750-1000 cm! there are a number of features in
the initial spectrum that could be assigned to Si-H, or Si-N. However the characteristic Si-N mode
typically presents as a broad feature near 850 cm™',193-19 in this spectra a sharp feature at 856 cm™!
is present. Furthermore the features at 856 and 899 cm™ are a doublet often associated with the
bending and wagging mode of silicon hydride species.'?!:1% In addition the change in spectra with
increasing time is consistent with previous reports of silicon nanoparticle oxidation. '’

The lack of silicon nitride related adsorptions and the growth of oxide absorptions in the IR and
lack of oxygen or nitrogen peaks in the OES indicate that little to no air is present during synthesis.
The presence of lattice fringes in the TEM and the corresponding XRD data provide additional

evidence for oxide free particles at the time of synthesis. The combination of these measurements

supports the claim for a plasma environment with minimal air contamination.
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4.3.3 Optical Properties

Absorption spectroscopy and PL were utilized to investigate the optical properties of the silicon
nanoparticles. Samples were synthesized with an argon flowrate of 250 sccm, silane flowrate of 5
sccm, and a power of 80 W. From Scherrer analysis particles have a diameter of 3.5 nm. Debate
exist about the nature of the transitions that result in PL from silicon nanoparticles. Silicon has
an indirect bandgap and in its bulk form does not exhibit PL. This is because indirect transitions
(combination of momentum and energy, as opposed to energy alone for direct transitions) occur
when electrons relax back to the valence band. However nanocrystalline silicon can exhibit
PL. It is argued that when the particle size is made sufficiently small that the interplay between
Heisenberg’s uncertainty principle and the excited-state electron’s momentum becomes important.
The uncertainty in electron momentum from the confinement of the electron results in direct-like
transitions to occur! %! For this reason two Tauc plots were constructed with a 1/2 and 2 exponent
for the indirect and direct transitions respectively. The Tauc plot with indirect transitions yielded
a value of 1.0 eV which would indicate a decrease in bandgap energy. A decrease in bandgap
energy would not be expected for particles with a diameter smaller then the Bohr-exciton radius
of 5 nm. Transformation of absorption data for direct transitions to a Tauc plot indicates an onset
of absorption at 1.4 eV and an bandgap estimate of 2.8 eV. This estimate represents a shift of 1.7
eV from the bulk bandgap of silicon. PL was not typically observed from silicon nanoparticle
samples produced using the atmospheric pressure reactor described here. PL was observed when
the method for particle collection was modified. Typical samples were collected with the placement
of a substrate underneath the reactor outlet. In the scheme where PL was detected a 6kV bias was
applied to the substrate. PL. was then observed around the edges of the deposition at 680 nm with
the use 405 nm excitation source. Nanoparticles tend to accumulate charge while in the plasma.
The interaction between the charged particle and the substrate may result in increased impaction
efficiency of the nanoparticles allowing for PL to be observed. As noted earlier a more detailed

description of the impaction efficiency will be presented in the following chapter.

59



25 1.4
—Si (Direct)
——Si (Indirect) A 1.2
2 t —
8
& 1 ¢
£ 5
=15} 08Y 2
d 3 @
< | 063 &
= v
> = [=
L > -
S 04 =
05 | S
0.2
- S ' ' ' y
0.8 1.3 1.8 2.3 2.8 3.3 3.8 560 640 720 800 880 960
Energy (eV) Wavelength (nm)

Figure 4.9: (a) Tauc plot of silicon nanoparticles. (b) PL spectrum of nanoparticles. Inset is
deposition of particles onto a copper substrate, the central portion did not exhibit PL while the
outer edge had visible PL.

4.4 Conclusion

This work demonstrated the ability to synthesize crystalline silicon nanoparticles at atmospheric
pressure. This method eliminated the need for a vacuum system, while still allowing the production
of high quality nanoparticles. Nanoparticles exhibit desirable characteristics such as narrow size
distribution, particle sizes below 5 nm, and crystalline structure. Particles are also synthesized with
minimal oxide content despite the surrounding air atmosphere. The typical low pressure methods
for size control through variation of residence time and precursor concentration were shown to
be suitable at atmospheric pressure. PL was also demonstrated to occur but with limited success
leaving opportunity to further explore synthesis conditions to obtain nanoparticles with functional

qualities.
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CHAPTER 5

DRY AEROSOL JET PRINTING OF SILICON NANOPARTICLES

5.1 Introduction

Dry aerosol jet printing is similar to typical aerosol jet printing - the difference being that no liquid
solvent is used in the process. Motivation for removal of solvent is to reduce contamination and
processing issues associated with the use of a solvent. While the removal of the solvent provides
benefit there are number or problems that need to be addressed. The solvent provides benefit for
the efficient deposition of particles through the increased inertia of the droplet. When particles are
dispersed into liquid droplets, line widths of 20 microns have been achieved.?®> The Stokes number
(Stk) is used to quantify the ratio between particle momentum and the fluid drag force acting upon
that particle.!!?

Outcomes such as resolution, reduction of overspray, and particle collection are influenced by
the impaction efficiency. Many factors modulate the impaction efficiency including many particle
surface phenomena such as particle bounce, particle loading, particle blow off, and selection of
substrate.!13-115 From a particle-flow perspective the impaction efficiency is best described by the
Stokes number.The Stk is defined as,
~ ppdsCU

Stk
OurD

(5.1)

Here p, is the material density of the particulate phase, d, is the particle diameter, C. is the
Cunningham slip correction factor, yy is the viscosity of the fluid, D is the diameter or characteristic
length of the flow outlet. This number compares the particle’s momentum to the drag force acting
upon the particle. Thus when the StK is small the drag force dominates and particle trajectories
closely trace the flow streamlines. Whereas when the Stk is large the particles momentum dominates
and detachment from the flow occurs resulting in impaction. Ideally at some Stk there would be a

step function response where all particles of a given size and larger are collected. However typical
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collection curves have an S-shape where a small fraction of particles smaller than a given size are
collected and small fraction of particles large than the given size are lost. For this reason a Stks is

defined to denote when 50% collection efficiency occurs for a particular sized particle.!!3-116

5.2 Experimental Setup

Figure 5.1: Rendering of components used to deposit silicon nanoparticles with inkless aerosol jet
printing approach.

The experimental setup for the printing of particles consisted of two systems. The first is the
reactor described in section 4.2.1 and the second was a motorized stage and gantry. The reactor and
motorized components were used in tandem to synthesize and deposit particles in pre-determined

geometries. The structural elements were constructed from extruded T-slot aluminum. Three
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stepper motors (Pololu NEMA 17) were used to either drive the stage, gantry, and reactor along
independent axes. Attached to each stepper motor was a 8 mm leadscrew, around each leadscrew
was an anti-backlash travel nut to prevent step losses during printing. Mounted to the travel nut
were linear bearings that translated on the T-slot aluminum. The reactor and z-axis motor were
mounted to the gantry and the stage translated along a single axis underneath the gantry. On each
axis were mounted mechanical endstops (Pololu) to provide reference positions to the controller
(Deut Wifi3D). To create toolpaths CAD software was used to generate desired geometries. The
CAD file was then used in slicing software to generate toolpaths that were then executed by the

controller.

Figure 5.2: From left to right: CAD model, software generated tool path, and sample.

Several sets of experiments used drawn capillary tubes to create nozzles or constrictions. A
Sutter P30 capillary tube puller was used to create these geometries. When the capillary tube
puller was used for nozzle formation the tubes would be pulled until separation. Because the puller
uses a heated filament to melt the tube during the pulling process, the ends become sealed after
separating. Following separation the end were mechanically opened and outlet diameters were
measured with a digital microscope. Aerodynamic lenses with a converging-diverging sections

were also constructed by pulling on sections of the tube to a diameter of 0.3 mm.
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Figure 5.3: Rendering and Image of tubes used for aerodynamic lenses.

A high voltage power supply capable of supplying up to 15 kV was used in experiments to
bias conductive substrates. The substrates were biased by attaching the electrodes to two plates

separated by a dielectric material of quartz.

5.3 Results and Discussion

5.3.1 Printing Resolution

The printing resolution that the system is capable of printing is important to characterize as it
relates to the types of structures and application spaces that this process can be used for. The
resolution was evaluated by measuring the linewidth of deposited nanoparticles. Samples were
deposited onto glass or copper substrates with an argon flowrate of 250 sccm and a silane flowrate
of 5 sccm. Samples were deposited in straight lines with a print head speed of 1 mm/s. Reactor
tubes were pulled to form nozzle whose outlet diameters are specified in table 5.1. Samples were
then imaged and measured with a digital optical microscope. A minimum linewidth of 100 um
was achieved. Inspection of images demonstrated a significant area of overspray as is common in

aerosol jet printing techniques.!'”"'° A rough estimation of the overspray was made by plotting

64



Figure 5.4: Optical image of silicon nanoparticles deposited in a line.

the gray value vs distance and comparing the FWHM to the width at which the gray value returned
to baseline. This estimated the overspray to be 2.3 times the width of the line, for a line to be
considered of good quality the width of the overspray should be less than the FWHM of the line.!!”

To evaluate layer thickness a combination of SEM and FIB were used to expose the cross section
of the deposition and allow for measurements of the layer thickness. Samples were deposited onto
a silicon wafer, the reactor was passed over the wafer twice, the FIB was then used to mill away a
section of the material, and SEM was used to image the exposed section. The reactor tube was not
pulled and had an outlet diameter of 0.9 mm. An argon flowrate of 250 sccm, silane flowrate of 5
sccm, and print head speed of 1 mm/s were used. Several sections were milled from the sample

which yielded an average layer thickness of 1.4 ym.
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Sample Outlet Diameter Linewidth (um)

1 569 1087
2 292 504
3 208 327
4 151 134
5 85 100

Table 5.1: Table linewidths of deposits from different nozzle diameters.

Figure 5.5: SEM image of nanoparticles deposited onto silicon wafer. Exposed section was milled
with FIB.

5.3.2 Impaction Efficiency

Calculations of Stk were performed for several flowrates, pressures, and nozzle diameters to gain
insight into the likelihood of particle deposition of sub 10 nm particles. From the plots of StK vs

particle diameter it is clear in all cases as pressure decreases the Stk increases. This occurs because

66



of the increased velocity slip between the nanoparticles and the flow as the pressure decreases.
Also clear from the analysis is that at atmospheric pressure for any of the examined flowrates the

likelihood of particle impaction for particles is quite small as the Stk is in the range of 10~ to 1072
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Figure 5.6: Plot displaying the interplay between nozzle diameter, flow velocity, pressure, and
nanoparticle diameter on the Stokes number.

Qualitative verification of the Stk analysis was conducted through comparison of deposition
at chamber pressures of 4 Torr and 760 Torr. The particle synthesis occurred at atmospheric
pressure with argon flowrate of 250 sccm and silane flowrate of 5 sccm. Samples were collected
on copper substrates with the reactor left stationary. Inspection of the image at 4 Torr shows that
the impaction is sufficient to form tower-like structure with minimal spreading of deposition to
other areas of the substrate. Increase of pressure to 760 Torr results in a flat spot with deposition
scattered widely about the substrate indicating impaction does not occur as efficiently at higher
pressure. The previous treatment of the Stk does not account for the pressure ratio between the
upstream and downstream condtions, in the analysis the pressure reflects the change in the C; as
the mean free path changes. The pressure ratio is important because above a certain threshold ratio
compressiblity effects become important to describe the drag force. The typical formulation of the
Stokes number assumes that the Reynold’s number is sufficiently small such that the drag force is
Stokesian. When fluid speeds approach Mach (Ma) numbers of unity or greater, departure from

the Stokes description of drag force occurs due to fluid compressibility. In general the typical form
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Figure 5.7: Difference in deposition of particles synthesized at the same conditions but deposited
at chamber pressures of 4 Torr and 760 Torr.

of stokes drag underestimates the drag force as Ma increases. This indicates that for any given
particle size the Stk of a particle will be decreased for a greater Ma. However there is a competing
mechanism that can enhance impaction at Ma>1. When the flow is accelerated to the sonic limit
within (Ma=1) the nozzle, the flow will expand upon exiting the nozzle this expansion results in
further acceleration of the flow to Ma>1, downstream of the nozzle a Mach disk forms where the
fluid velocity experiences a near instantaneous decrease in velocity to Ma<1. This phenomenon
results in particles with speeds exceeding that of the fluid allowing for efficient impaction of small
particles to occur due to the increased ratio of inertia to drag force.!20-122

Improvements to impaction efficiency were also explored through the use of aerodynamic lenses.
Such lenses have been described for use in low pressure systems for the collimation of the particulate
phase in aerosol.!?*124 Many geometries exist for lenses including single and multi stage thin plate
orifices and converging-diverging nozzles. In either case the apparatus relies upon the Stk of the
particles near the orifice or nozzle. When the flow is constricted and then allowed to expand it will

do so more rapidly than the particles in the flow. This results in particles whose radial position is

closer to the flow centerline after passing the constriction. In addition he Saffman force is important
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Figure 5.8: (a) Deposition of particles from straight ended tube with no intervention.(b) Deposition
from straight ended tube with two aerodynamic lenses.(c) Deposition from straight ended tube with
substrate biased by high voltage power supply.

to consider for flows constrained to sub-millimeter dimensions, this force results in migration of
particles towards the centerline of the flow.>>12>-126 To examine such effects FLUENT was used to
model the aerodynamic lenses described in the experimental section of this chapter. The simulation
tracked particle positions as a function of radius from the centerline. Simplifications to the model
were made by assuming flow was symmetric about the centerline of the tube. From the simulation
it can be seen that particles final radial position is less than the initial position. Indicating that

lensing effect is sufficient to aid in beam collimation.
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Figure 5.9: (a) Radial position of particles released at different initial radial positions as a function
of the tube length.(b) Relative change between the initial and final radial position for each particle.

To corroborate the model samples were collected that recreated the model conditions. Samples
were deposited with 250 sccm of argon, 5 sccm of silane with lenses created by pulling sections of
a capillary tube. Samples were then collected onto copper substrates and imaged optically and with
SEM. From the images it was observed that the deposition appeared less diffuse and the diameter
of deposition decreased as the number of lenses increased. From inspection of SEM images there
appeared to be little to no overspray with the lens approach.

The impaction of nanoparticles may also be modified by considering charge effects. Nanopar-
ticles were deposited with a straight tube onto a biased copper substrate. Samples were deposited
with 250 sccm of argon and 5 sccm of silane. The substrate voltage was varied from 6kV to 15
kV. Spots were deposited onto the substrate and then imaged and measured with SEM. A decreas-

ing trend in spot diameter was observed from 1.33 to 1.24 mm as the voltage was increased. In

Sample Lenses Spot Diameter (mm)

1 0 1.37
2 1 1.35
3 2 1.28

Table 5.2: Table listing the number of aerodynamic lenses and associated diameter of spot deposi-
tion.
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Sample Voltage (kV) Spot Diameter (mm) Es

1 6 1.33 6.1
2 7 1.32 7.1
3 8 1.31 8.1
4 9 1.31 9.2
5 10 1.30 10.2
6 11 1.29 11.2
7 12 1.28 12.2
8 13 1.27 13.2
9 14 1.24 14.3

Table 5.3: Table listing the magnitude of the applied voltage and associated diameter of spot
deposition.

comparison to the aerodynamic lens approach the region of overspray appeared much larger. From
these samples the overspray region exhibited PL. For silicon nanoparticles to exhibit effecient PL.
it is necessary for quantum confinement to occur which requires the particle size to be below 5 nm.
This suggests that the high voltage aided in capture of small nanoparticles. The use of an electric
field on the substrate to capture particles is predicated upon the charge accumulation experienced
by nanoparticles while in the plasma.'?’” The accumulation of charge allows for electrical force to
be exhibited onto the particles this increases the effective inertia of the particles by introducing a
competing forcing to the fluid drag. Similar to the Stk number an electrostatic number!?® (Es) is
defined as,
ppdiC.U

Es=—— 5.2
s %u,D (5.2)

which compares the electric force acting on the particle to the drag force. This number was

calculated for the applied voltages and is listed in table 5.2.
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Figure 5.10: (a) SEM image of nanoparticles deposited with two aerodynamic lenses.(b) SEM
image of nanoparticles deposited with substrate biased by high voltage power supply.(c) Cross
sectional SEM image of nanoparticles deposited with substrate biased by high voltage power

supply.
5.3.3 Spatially Varied Particle Printing

To examine the ability to control nanoparticle properties at the time of deposition a spatial study
of particle crystallnity was performed. Synthesis conditions were 250 sccm of argon, 5 sccm of
silane, and power was incremented by 20 W from 20 W to 80W. Particles were deposited onto a
glass substrate in a 10 mm by 60 mm area. Every 15 mm the power was incremented by 20 W
to create 4 sections with a unique synthesis power. The section were then analyzed with TEM,
SAED, and XRD. Examination of the bright-field TEM images indicated an incresinga presence of
crystalline particles. This was supported by dark-field images which showed an increasing number
of bright spots as power was increased.

At 20 W of power SAED patterns indicated a small presence of crystalline material as evidenced
by the presence of weak rings in the pattern. As power was increased the formation of more intense
rings occurred in the SAED suggesting more crystalline particles were synthesized. The XRD
pattern demonstrated the same trend as the SAED with power. At 20 W of power no diffraction
peaks were present, as power was increased the intensity of the diffraction peaks increased indicating

the presence of crystalline particles.
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Figure 5.11: (Row 1) Bright-field TEM images of silicon nanoparticles synthesized at different
powers.(Row 2) Dark-field TEM images of silicon nanoparticles synthesized at different pow-
ers.(Row 3) SAED patterns of silicon nanoparticles synthesized at different powers.(Row 4) XRD
patterns of silicon nanoparticles synthesized at different powers.
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5.4 Conclusions

The integrated process of atmospheric pressure plasma synthesis and aerosol jet printing without
the use of solvent was demonstrated to be capable of depositing nanoparticles. The properties of the
particles can be controlled in real time with corresponding spatial control of deposition. Resolution
is on the order of 100 um and overspray can be reduced with the use of aerodynamic lenses. Because
of the high pressure, impaction efficiency of small particles is reduced. Impaction efficiency may
be improved through further modification of the aerodynamics or by exploring electrical trapping

of the particles.
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CHAPTER 6

CONCLUSIONS AND FUTURE WORK

In this thesis methods for plasma based synthesis of nanoparticles were explored. Demonstrations
of synthesis at both low pressure and atmospheric pressure were made. In both pressure regimes
it was shown that nanoparticle size and crystallinity were modified through variation of synthesis
parameters. While synthesis of GaN, InN, InyGa; «N, and Si were directly explored the methods
are not limited to these materials. Provided a vapor form of the appropriate precursor species can be
utilized the methods can be extended to most materials. Integrated atmospheric pressure synthesis
and dry aerosol jet printing of nanoparticles was also presented. This method allowed for real time

control over nanoparticle properties and subsequent spatial control over the deposition properties.

6.1 Nitrides Synthesis

In this work successful demonstrations GaN, InN, and InyGa;xN have been made. Because
these materials span from the UV to IR range of the spectrum they have potential to be used in
optoelectronics. However there are number of issues that need to be addressed for the application
space. First is the lack of PL from both GaN and InN. The absence of emission from the particle
suggests that there are defects in the particles leading to non-radiative recombination. Since
particles exhibit a crystalline core and they have a direct bandgap, defects at or near the particle
surface may play a key role for PL. As described earlier EPR can be used for defect identification.
EPR can be further used to quantify the relative change in defect concentration by comparison of
the twice integrated EPR signal. From XPS data it was shown there exists an imbalance in the
ratio of gallium to nitrogen and EPR indicated signal associated with nitrogen or gallium vacancies.
Process conditions of precursor concentration or flowrate could be modified then with XPS and EPR
could be used in conjunction to identify if changing stoichiometry effects the defect signal. Defects
could arise from insufficient surface passivization, the use of hydrogen or ligands to passivate

nanoparticle surfaces is a well established technique and could be attempted with a simple ligand
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exchange procedure. Another hypothesis for the suppressed PL is related to the crystal structure.
The hexagonal crystal structure results in an internal electric field that increases the life time of
charge carriers in the material, increasing the potential for interaction with defects. Synthesis
of the cubic lattice would eliminate this internal electric field and may reduce the interaction of
charge carriers with any defects. This would require detailed study of the relationship between
the synthesis parameters, reaction environment, and resulting crystal structure. The study would
also provide valuable information for general understating for selection of phase formation in RF
plasmas.

Unlike InN and GaN, In,Ga;«N exhibits PL - however identification of the relative amounts
of gallium and indium in the lattice has been difficult to ascertain. This issue is complicated
by the methods of detection. To allow identification of composition with Vegard’s law and XRD;
experiments where particle size is made sufficiently large to reduce size broadening of the diffraction
peaks would allow for the law to be applied with far less ambiguity. To increase particle size longer
residences times or pulsed power could be used. Composition can also be estimated with Vegard’s

law by measuring the bandgap.

6.2 Atmospheric Pressure Synthesis

Atmospheric pressure synthesis was used to successfully synthesize silicon nanoparticles with
ambient air surroundings. The particles developed an oxide shell while maintaining a crystalline
silicon core. The current process has a throughput on the order of micrograms per minute whereas
low pressure synthesis is capable of throughput at milligrams per minute.To increase throughput
it would be beneficial to determine methods to mitigate film formation on the reactor walls. Such
methods may include the introduction of a sheath flow. Throughput could be increased through

parallel operation of reactors or scaling to larger reactors.
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6.3 Nanoparticle Printing

Nanoaprticle printing was achieved by combining atmospheric pressure plasma synthesis and
aerosol jet printing into a single process. The technique while functional requires further im-
provement. The primary objective that should be met is raising the impaction efficiency of small
nanoparticles. A simple method would be to decrease the pressure around the reactor outlet and
substrate however this reintroduces the need for pumps and associated vacuum equipment. Further
Brownian motion of small nanoparticles at low pressure limits the resolution of the printing process.
Alternatively performing synthesis at pressures 2 to 3 times atmospheric pressure would enable
sonic flow at the nozzle throat leading to supersonic flow speeds upon flow expansion. Such flows
possess the ability to deposit nanoparticles and because of the high pressure diffusion is greatly

suppressed.
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APPENDIX A

POWER DENSITY MEASUREMENT AND CALCULATION

Measurement of the power absorbed by the plasma discharge is not a trivial task. Because the circuit
used to power an RF plasma has a complex impedance large amounts of power can be reflected
in the circuit and not reach the load (plasma). For a typical RF plasma configuration the circuit
is composed of a power supply, impedance matching network, the plasma, transmission lines, and
associated connectors and adaptors. Contact losses between transmission lines (typically coaxial
cable) and circuit elements are unavoidable but the number of connections should be minimized to
avoid unnecessary power losses. Transmission lines should be kept as short as possible less than
1/4 of the power signal’s wavelength to avoid the impedance of the line acting in a deleterious
manner and to reduce resistive losses. The impedance matching network is a critical element of
the circuit that "matches" the impedance impedance of the source to the load through capacitors
and inductors. Often matching networks are termed lossless because they use circuit elements that
store energy (capacitors and inductors) but not elements that dissipate energy (resistors) in reality
all elements in the circuit will dissipate some energy. Many matching networks for capacitively
coupled plasmas (CCP) inlcude an inductor coil. This coil is often cited as the element that causes
the most power dissipation in the matcher. To minimize losses from the inductor the smallest
amount of inductance necessary should be used. The output of the matching network is often
followed by another section of transmission line connected to electrodes for the plasma discharge.
Power measurements are divided into forward power and reflected power. Forward power is the
amount of power delivered to the load whereas reflected power is the power reflected back to the
supply. Power measurements are often taken at the power supply this however can lead to errors in
the actual power delivered to the plasma in particular when the current and voltage are out of phase
with each other. For a capacitive discharge the power absorbed by the plasma may be evaluated

with the following subtractive method.
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1. Measure voltage across the discharge electrodes (Vgrp) with a plasma present and measure

the source power (Pgy).

2. Extinguish the plasma and adjust the source power (Pyg)until the voltage Vrr measured in

step 1 is reached.

3. The power absorbed by the plasma (Ppjasma) is in the difference in between the power mea-

surements of step 1 and 2.

Pplasma =Py — Poff (A.1)

For further description please refer to the work of Godyak.!?% 139

Often when operating plasmas for nanoparticle synthesis accurate estimation of the power
density is often not needed rather maximal power transfer is desired to avoid extinguishing of
plasma during or heating of reactor tube. In this case a voltage proxy measurement may be used to
provide directional information related to power transfer. Consider the simple case of two charged
parallel plates the electric field strength is proportional to the voltage between the electrodes.
Recall that the nonthermal plasma is driven by the strength of the electric field. Thus maximizing
the voltage across the electrodes will aid in ignition and sustained operation of the plasma. The
voltage proxy method can be used by comparing the source voltage to the voltage across the plasma
electrodes. While the proxy method overestimates the power transfer it has the same directional

relationship of power transfer as the subtractive method.
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APPENDIX B

FLOW ANALYSIS

Nanoparticle transport and impaction is influenced by many parameters here basic equations and
relevant non-dimensional numbers are described. For an introduction to the fundamentals of
nanoaprticle transport refer to the work of Madler and Friedander.!3! As disscused in the main
body of the text the Stk is an important number for describing the likelihood of particle impaction.
Recall that the Stk is defined as the ratio of the particle inertia to the drag force acting upon the
particle.

Fi  ppdyCelUn

Stk = — = ——— B.1
FD 9,ufD ( )

F; Particle Inertia

Fp Drag Force

ep Mass density of particle

d,, Particle diameter

C. Cunningham slip correction factor

U Mean speed of flow

* uf Dynamic viscosity of fluid

D Characteristic length (Nozzle diameter)

C. is defined by the following equation,
24 —Asd
Co=1+ (A +Age 1] (B.2)
P

The equation can be simplified fromd efeintion of the particle Knudsen number,

22
Kn, =" (B.3)

Tp
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Where r, is the particle radius. This results in the following expression for Ce,

—2A

C.=1+Kn(A| +Aze ) (B.4)

The coefficients A, A,, and A3 are empirically.'3? ) is the gas mean free path which is given by

the following relationship.
Uy mRT
A= (50"

7S (B.5)

ur Gas dynamic viscosity

e P Pressure

R Universal gas constant

T Gas temperature

M Molecular weight

Nanoparticle transport may also be influenced by diffusion. The Peclet number (Pe) is used to
describe the ratio of advection to diffusion. When the Pe is large effects of diffusion are limited
whereas when the Pe is small diffusion should be considered. For background again refer to Madler

and Friednder.!3!

Pe=— (B.6)

* L Characteristic length

* u Local flow velocity

¢ D Mass diffusion coefficient

The mass diffusion is obtained from the following,

D=— (B.7)
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Figure B.1: Plots of Pe for different gas flow velocities and pressures. Pe is plotted for both
calculations of the friction coefficient.

¢ k Boltzmann constant
* T Temperature
e { Friction coeflicient

The friction coefficient for large particles can be found from the following relationship.

_ 3mugd,

C. (B.8)

{1

The friction coefficient for small particles (Kn»1) can be found from the following relationship.

(1+— (B.9)
* o Accommodation coefficient

* or Gas density

* m¢ Mass of gas molecule

The accommodation coefficient is experimentally determined but is often near 0.9.13!

Discussion of transport would be incomplete without considering effects of compressible flow,

such effects include changes to calculation of drag force and changes in the flow field. The previous
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analysis considers the flow to be incompressible however deviation from this assumption can easily
be encountered. Incompressible flow relies upon the assumption that the density of the fluid remains
constant. This assumption breaks down for Mach numbers (Ma) on the order of or greater than
unity (often Ma greater than 0.3 is considered the onset of compressible flow). The Ma expresses

the ratio of the fluid speed (U) to the speed of sound of the fluid (Uy).

Ma =U/Uj (B.10)

An important compressiblity effect is choked flow. Choked flow describes the limiting of flow
velocity when passing through an orifice plate or throat of a nozzle. The flow is limited to a Ma of
1 at the location of the flow constriction. There exists a minimum pressure ratio at which choked
flow will occur, increases of the pressure ratio result in change of mass flow rate but not a change

in flow velocity. This pressure ratio is calculated with the following equation.

(B.11)

¢ P4 Pressure downstream of constriction
* P, Pressure upstream of constriction
* v Heat capacity ratio of fluid

When the pressure ratio is sufficiently high the flow will expand after passing the flow constriction
and a resulting acceleration of the flow will occur as the density of the fluid changes. The expansion
of the jet results in a flow field that may allows for efficient impaction of nanoparticles.'>3 At the
nozzle throat the velocity of the flow will be limited to a Ma of 1, after the flow passes the nozzle
throat the jet expands and there will exist a Mach disk downstream of the nozzle where the gas
velocity experiences a near step function decrease in flow velocity. The decrease in velocity is
accompanied by a decease of the drag force on the particles. Particles may experience far less
deceleration than the gas when passing through the Mach disk because of the small time interval.

The location of the Mach disk may shift if flow impinges upon a surface downstream of the nozzle.
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Figure B.2: Schlieren images of jets impinging upon substrates.*

This requires careful consideration of substrate location to make use of this effect for nanoparticle

deposition.
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