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Abstract

We demonstrate a turbulent mixing reactor capable of producing highly monodisperse,
o ~ 1.1, heterogeneous oxide-coated silicon nanoparticles from pyrolytic decomposition
of silane. Particle concentrations approach 10° cm ™2 as measured with a radial differen-
tial mobility analyzer and fA resolution electrometer. Turbulent mixing power, induced
by locally high-momentum jets that actually remain below turbulent Reynolds numbers,
induce mechanical mixing within a pathlength comparable to the diameter of the major
flow channel. Timescales for transport are enhanced orders of magnitude above laminar
processes, enabling nanoparticle evolutionary processes such as densification and crystal-
lization to complete in the absence of significant agglomeration. Use of multiple jets in
series may well enable the homogeneous introduction of additional reagents to facilitate
additional heterogenous particle development.

Particles formed in the Inconel reactor were further studied using both transmission
electron microscopy and photoluminescence measurements. Spherical particle morphology
with faceted and unfaceted crystalline cores were observed, and thermal oxides appeared
uniform. Particle purity and a high quality passivation of the particles were demonstrated by
photoluminescence, although particles occasionally required additional processing to com-
plete Oy passivation. Photoluminescence measurements are in good agreement with models

of quantum-confined exciton recombination, both in emitted wavelength and photolumines-
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cence decay. Particle contamination studies using Electron Energy Loss Spectroscopy and
Energy Dispersive X-Ray Spectroscopy found no evidence of metal contamination within
particles studied for both native oxide and thermal oxide-coated particles. A phenomeno-
logical comparison of size information from the radial differential mobility analyzer and
photoluminescence spectra demonstrated that thermally grown oxide shells and native oxide
shell have initially opposite trends in the variation of thickness with particle size, although
over time, native oxide shells thicken considerably.

A thermophoretic deposition chamber was designed for uniform deposition on wafers
ranging in size from 100 mm-300 mm and over a range of flowrates from 500 scem to
15000 scem. A power-law hyperbolic inlet nozzle was shown theoretically to minimize sepa-
ration. A uniform axial temperature gradient is developed using programmable temperature-
controlled heaters along with active cooling. Characterization by atomic force microscopy
studies on 150 mm wafers demonstrated uniform coverage both radially and in the azimuth,
in good agreement with model results. Deposition uniformity is predicted on larger wafers,
up to 300 mm.

Pyrolysis reactions in small diameter tubular reactors foul the reactors’ walls continu-
ously, with deposition morphology ranging from thin-films to dendritic, filter-like structures.
The particle number concentration decays linearly with time. Hybridization of the turbu-
lent mixing reactor with high energy seed reactors, such as a microplasma discharge, shows
promise that may significantly reduce fouling, maintain or increase particle number con-
centration, maintain or increase particle monodispersity, expand chemistries available, and
retain the ability to produce heterogeneous particles.

Laminar flow reactors are well suited to the production of monodisperse, og = 1.1,

aerosols. The rate of pyrolytic decomposition of silane precursor is kept relatively slow
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during a gentle thermal ramp wherein the low temperature favors vapor deposition growth
over additional nucleation. The resulting reduction in silane inhibits further nucleation as
the temperature is increased. Slow flowrates, wherein diffusional losses of precursor assists

the inhibition of additional nucleation, also contributed to maintaining lower nucleation

rates, but are not necessary to achieve monodispersity or higher yield.”
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Chapter 1

Introduction

This thesis is focused on using aerosol technology to create engineered nanoparticles suitable
for use within the microelectronic, biological, and academic communities. It is motivated,
in part, from a challenge to coat a 300 mm wafer with a monolayer of optically active silicon
nanoparticles within a few hours.

In Chapter 2, a new class of small volume aerosol reactor utilizing turbulent mixing
is presented. At flowrates less than the Reynolds number, flows may be well mixed in a
pathlength on the order of the reactor diameter using the mechanical power introduced
through high velocity jets.3® This reactor is capable of producing highly monodisperse,
og =~ 1.1, thermally oxide coated 10 nm silicon nanoparticles in particle concentrations
approaching 10° cm 2. This represents a two order of magnitude increase in particle number
production, Fig. 1.1(a), over the previously used laminar flow reactor. The cost of using a
small volume reactor, however, is that high mobility products formed during early particle
development may deposit on the tubewall, diminishing reactor performance with time.

Chapter 3 introduces an aerosol deposition tool capable of uniform deposition on wafers
from 100 mm-300 mm. A uniform axial temperature gradient combined with non-separable
radially symmetric outward flow provides a constant driving thermophoretic force that

enables uniform deposition. Atomic force microscopy confirms the predictions observed
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from computational fluid dynamic modeling that the flow profile is non-separated, the
temperature gradient uniform, and the deposition profile, Fig. 1.1(b), uniform. Modeling
was also used to identify a working range for the tool and criteria that would lead to non-
uniform deposition. Modeling of relatively slow flows indicate that, while deposition is no
longer completely uniform due to the expected depletion of the aerosol, significant coverage
extends beyond the range expected due to simple Brownian diffusion. Hence, the optimum
deposition profile needs to be governed by thermophoresis alone. This deposition tool may
be applied to studies that require nanoparticles to be located in a precise spatial position or
it may be applied to address questions of particle behavior on an unencapsulated surface.
While deposition studies were limited to 150 mm diameter, wafers, deposition uniformity
on a 300 mm wafer is inferred using the results from modeling.

Chapter 4 presents evidence of photoluminescence spectra from the nanoparticles grown
in the turbulent mixing reactor. Using particle size data from the radial differential mobility
analyzer and comparing it to photoluminescence spectral (size) data, a phenomenological
comparison, Fig. 1.1(c), illustrates that growth of the oxide for native oxide-coated parti-
cles shows an early trend of decreasing thickness with particle size. Over time, the oxide
thickens. The thermally grown oxide layer is initially characterized as increasing with par-
ticle size. Using a high temperature Inconel reactor to produce “clean” nanoparticles, i.e.,
contaminant-free and defect-free, is investigated in this chapter. Studies using Electron En-
ergy Loss Spectroscopy found no detectable contaminants in the particles, and the observa-
tion of photoluminescence spectra suggested that particles could be made with a minimum
of defects. Occasionally, post reactor annealing was needed to observe photoluminescence.

Chapter 5 summarizes the fouling seen in the different configurations of the reactors.

Since each reactor employed a Sinclair-LaMer type nucleation zone, the fouling mechanism
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and decay pattern, Fig. 1.1(d), is also similar. A laminar sheath flow around nucleating
particles shows some potential to reduce fouling, but using an alternate-source seed genera-
tor, such as a microplasma discharge reactor, appears to both maintain particle production
numbers and particle size. Seeding the turbulent mixing reactor provides a means to densify
particles and grow additional layers on nanoparticles within timescales where agglomera-
tion remains insignificant. This project was a collaborative effort, with the microplasma
technology coming from the collaborators.

In Chapter 6, we present experimental evidence that a monodisperse particle production
regime, og ~ 1.1, exists in Sinclair-LaMer type aerosol reactors for silane pyrolysis. The
size of the nanoparticle can be changed by changing the dimension of the reactor. Narrower
reactors are used for making smaller particles. Within this regime, vapor deposition on
particles is the dominant growth mechanism. Within limits, small perturbations in feed
concentration changes the number of particles that are characterized, not the size. Growth
of large particles occurs when either the nucleation rate exceeds the vapor deposition rate,
or, for large numbers of particles, when Brownian diffusion brings particles into frequent
contact, causing agglomeration. Successful particle characterization of this monodisperse
size production regime is hindered by the relatively slow diffusion-charging process in a
so-called neutralizer.

Chapters 7 contains initial modeling of a design idea for a compact-sized high efficiency
condensational growth-virtual impactor particle collector. Nanoparticles of ~ O(10 nm) are
smaller than can be efficiently collected in high concentrations in using bubblers in liquids.
Fouling also reduced the collection period. Relatively high flowrates evaporated volatile
liquids before collection results were discernable. The numbers of particles from the tur-

bulent mixing reactor are also too numerous to growth to micron sizes for collection with
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a simple impactor. However, growth of a sizeable percentage to this size using turbulent
mixing jets to supply condensable vapor and then remixing the large and small particle
streams together can harness the increased coagulation efficiency of the large particles to
collect the small particles. Particles might be collected into an inert environment by pass-
ing across a virtual impact plane. The modeling of a few nozzle geometries at flowrates up
0.3 Mach are presented, and one geometry incorporating a beveled entrance to the virtual
impactor is presented, representing a potential solution to the design problem. An efficient
particle-in-liquid collection device is needed for collaborative work involving aerosol grown
nanoparticles to biological projects. Additionally, other labscale devices, such as the elec-
trostatic precipitator and a thermophoretic depositor, were modeled to determine collection
efficiencies within parameters that governed experiments.

Chapter 8 is a summary of an observation of bipolar particle charging, detected by
the electrometer, in a proportion similar, but at fractions less than that experienced at
steady-state within a neutralizer.

Appendix A contains first order mathematical modeling used in reactor design, unpub-
lished modeling of the turbulent mixing reactor, (Chapter 2) some introductory material
from peer journals and texts on coagulation, and an explanation of the method used to
impart a charge distribution on nanoparticles while avoiding the relatively long residence
time in a neutralizer.

Appendix B contains CAD drawings of the thermophoretic deposition tool, software
written to extract data from RDMA discrete mode characterization, SQL Queries used to
port data from RDMA scanning mode characterization into databases, and the GUI code

of the scanning mode algorithm (Collins, et al.) used in Labview to collect RDMA data.
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Figure 1.1: Representative images from the first four chapters.



Chapter 2

Development of a Scalable
Turbulent Mixing Aerosol Reactor

Abstract

1 A new, turbulent flow aerosol reactor is described that enables synthesis of uniformly
sized aerosol nanoparticles during a residence time of a few milliseconds. The short resi-
dence time allows processing of high number concentration aerosols, in excess of 10%m =3,
to be processed with minimal coagulation, leading to an aerosol throughput approaching

3571, Turbulent mixing speeds thermal and chemical transport beyond

10 particles cm™
diffusional limits inherent in laminar flow reactors, providing the thermal energy to drive
chemical reactions, coalescence, densification, and crystallization of particles. With en-
hanced transport, residence time in the reactor can be reduced, thus limiting coagulate
particle growth while maintaining a high throughput of non-layered or multilayered aerosol
particles. The turbulence that enables rapid mixing is generated by dissipation of kinetic

energy supplied to the reactor by high velocity gas jets. The apparatus described here

increased the throughput by a factor of 100 above previous laminar flow reactors, and the

'Reproduced with permission from D. Holunga, R. Flagan, and H. Atwater. A Scalable Turbulent
Mixing Aerosol Reactor for Oxide-Coated Silicon Nanoparticles. Ind. Eng. Chem. Res., 2005. Copyright
2005 American Chemical Society.
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induced fast mixing enables scale-up to much higher throughput. Characterization of par-
ticles by Differential Mobility Analysis and Transmission Electron Microscopy confirmed

uniformity in size and composition.

2.1 Introduction

Aerosol synthesis of nanoparticles has been the subject of numerous investigations em-
ploying the evaporation/condensation method,?3385! externally heated laminar flow re-
actors, %! and laser heating,5? among other methods. 79133135149 Control of particle size,
crystallinity, and/or extent of agglomeration has been the focus of many of these investi-
gations. For many applications, however, more complex particles are needed. Ostraat 102
synthesized nonagglomerated nanoparticles comprised of 5-10 nm diameter single crystal
silicon cores encased in silica shells. These composite nanoparticles were synthesized under
clean conditions, deposited on 200 mm diameter silicon wafers, and processed through an
industrial semiconductor fabrication plant to produce novel nonvolatile memory devices in
which the nanoparticles served as a discontinuous floating-gate, rendering the charge re-
tention of the memory more robust than conventional devices with a continuous floating
gate. Although the performance of the devices synthesized by this route was very promis-
ing, a number of challenges remain to be overcome before aerosol technology is routinely
integrated into microelectronics processing. Foremost is reluctance to introduce particles
into the manufacturing process after decades of work aimed at removing particles from the
cleanroom and process tools. Skepticism about the use of aerosols in device fabrication will
only fade after additional demonstrations of the unique capabilities of aerosol synthesis and
further demonstrations that aerosol routes can be advantageously employed without risk to

the expensive tools and processes involved in microelectronics fabrication.



8

Other challenges must be addressed as well. In particular, the laminar flow reactors
that have been the focus of much of the work to date are not well suited to the produc-
tion environment. Due to the long residence times in most laminar flow reactors, particle
number concentrations must be kept low to prevent runaway agglomeration.3® The low flow
rates through laminar flow reactors, combined with the low number concentrations, lead
to long deposition times. Successful incorporation of aerosol nanoparticle deposition into
device fabrication will require that deposition times be competitive with conventional pro-
cess steps. Higher throughput processes that maintain control over nanoparticle properties
while minimizing contamination are, therefore, needed. Other nanoparticle technologies
may relax the constraints on particle composition, while greatly increasing the quantities of
material that must be synthesized to be technologically significant. Flagan and Lunden3®
showed that increases in aerosol nanoparticle production rates are best achieved by reducing
the residence time in the reactor when particles are grown by coagulation.

Laminar flow reactors in which particles grow primarily by vapor deposition produce
much narrower size distributions than do reactors in which coagulation is the primary
growth mechanism. Indeed, a classical method for production of “monodisperse” aerosols is
the so-called Sinclair-LaMer generator in which seed particles are grown by condensation,
usually a low vapor pressure organic.'?? Similar control has been demonstrated in single-
stage, laminar-flow aerosol reactors in which the seed particles are produced by homogeneous
nucleation in a cool region of the reactor, where the reaction rate is relatively slow, and
where the seeds are grown to size by gradually accelerating the reaction kinetics, usually
accomplished by increasing the reaction temperature along the length of the reactor. 9146 If
the rate of production of condensable product is kept low enough that the growing particles

adequately scavenge those products, homogeneous nucleation can be suppressed, and with
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product aerosols narrow particle size distribution can be synthesized. This requires precise
scheduling of the reaction rate as the gases flow through the reactor to prevent runaway
nucleation from producing large numbers of particles that would then grow by coagulation,
forming agglomerates and broadening the particle size distribution. 38145 Combined with the
low seed particle number concentrations required to suppress coagulation during growth of
the seeds, this has, to date, severely limited the throughput of laminar flow reactors.

Higher number concentrations could be tolerated if reaction control were achieved much
more rapidly, most likely by means other than controlling the wall temperature of a lami-
nar tube flow, thereby facilitating higher particle production rate per unit of active reactor
volume, here denoted as the volumetric production rate. Laser heating or photochemical
reaction initiation, thermal plasmas, and flames can all achieve eflicient precursor conver-
sion in the short residence times needed to increase the reactor throughput, but methods
that produce compound, precisely coated nanoparticles and other complex structures have
not been demonstrated. Moreover, most high throughput aerosol reactors involve growth
by coagulation, leading to a relatively broad particle size distribution known as the self-
preserving size distribution.8!

This paper describes an alternate approach to synthesis of narrow size distribution
nanoparticles that enables higher volumetric throughput while maintaining control over
particle properties, including the ability to synthesize compound nanoparticles for special
applications. A two-stage version of this reactor is demonstrated in the synthesis of core-
shell silicon nanoparticles with structures similar to those fabricated in Ostraat’s laminar

101 Tn the initial application of this new reactor, silicon nanoparticles are first

flow reactor.
synthesized by silane pyrolysis. An oxide shell is then produced by thermal oxidation of

the outer region of the particles. The rapid heating required to carry out these reactions
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in a residence time as little as 25 ms for nucleation/initial growth and 10 ms for further
development is achieved by turbulent mixing of a preheated carrier gas with cold precursors.
The new reactor not only increases throughput above that of laminar flow reactors producing
similar particles, it also enhances control over the particle size distribution. The present
reactor was optimized to enable deposition of a uniform layer of nanoparticles on a 300 mm

wafer, although the concept is broadly applicable to nanoparticle synthesis.

2.2 Reactor Design

In the discussion that follows, we consider the synthesis of nanoparticles by pyrolytic de-
composition of a gaseous precursor, specifically silicon nanoparticle production by silane
pyrolysis. This system has been extensively studied in previous experimental and theo-
retical investigations. In this system, the rate of reaction to form condensible products
Increases with increasing temperature. In the laminar flow reactor, the reactant gases are
heated by convection from the hot wall of the reactor tube. The highest temperatures, and
hence, highest reaction rates, occur at the tube wall while the core of the tube flow is slowly
heated by thermal diffusion. The characteristic time for thermal diffusion
Tig & dg (2.1)
where d; is the internal diameter of the tube, and « is the thermal diffusivity of the gas,
thus places a lower bound on the residence time required for efficient precursor conversion
to nanoparticles.
As the residence time in the reactor increases beyond the characteristic time for particle-

particle collisions at the prevailing particle number concentration, N, coagulation becomes
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the dominant growth mechanism. To first order, that time can be estimated as

(2.2)

These nanoparticles are much smaller than the mean-free-path of the gas molecules, so the

collision frequency function is that for free-molecular particles, which can be expressed as

1

2 1

K=4 <6kBT> dz (2.3)
Pp

for particles of equal diameter, dp, and kp and T are the Boltzmann constant and temper-
ature, respectively. In the size regime of these nanoparticles, K is only a weak function of
particle size and temperature, so the characteristic time for coagulation is determined by
the particle number concentration.

If coagulation contributes significantly to particle growth, undesirable agglomerate par-
ticles will form unless the particles coalesce completely between collision events.3® The time
required for complete coalescence, 7y, of the silicon nanoparticles synthesized in this study
is determined by surface diffusion, %147 for which

2kgTn

~ b 2.
i 64mosDeyy (2:4)

where kp is the Boltzmann constant, n is the number of silicon atoms comprising the
coalescing particle, o is the surface free energy of solid, bulk silicon, and D,y is related to
the solid state grain boundary diffusion coefficient, Dgp, and the thickness, §, of the grain
boundary region where

5
Dess = Dap (2.5)
P
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At the temperatures of interest, sintering times for two 8 nm particles to coalesce into
a dense 10 nm particle is ~ O(us), so dense particle growth can be anticipated for exit
number concentrations less than 10'4ecm=3. For 10 nm product particles, this corresponds
to a volumetric production rate of up to 10‘155‘535, provided residence times can be kept
short enough.

Efforts to increase the throughput of the laminar flow reactor have been stymied by
the increasing time required for gas heating with increasing reactor size, and the resulting
decrease in the tolerable number concentration. The regime in which laminar flow can be

maintained is constrained by the critical value of the Reynolds number,

_ pUdy
7

Re

< 2200 (2.6)

at which tube flow becomes turbulent. Here, p, u, and U are the gas density, viscosity,
and mean velocity, respectively. Beyond the turbulent transition, turbulent mixing will
enhance the rate of heat transfer, although the entrance length that is required to achieve
fully developed turbulent flow is long.

Due to the long entrance length and the slow decay of temperature and composition
fluctuations, turbulent pipe flow does not afford the degree of control over the synthesis
process that is needed in aerosol nanoparticle synthesis. However, turbulence that is suf-
ficiently intense to induce rapid mixing and, thereby, to allow the needed control can be
created by introduction of sufficient fluid kinetic energy into a confined volume to overcome
viscous dissipation.? In the discussion that follows, we present a turbulent flow reactor that
enables efficient conversion of a volatile precursor into aerosol nanoparticles to be achieved

within a small tubular reactor even when the tube flow Reynolds number is well below that
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required for turbulent pipe flow.

Multilayered particle production in laminar flow reactors has also been subject to sig-
nificant particle losses between stages. Typically, multiple furnace/tube assemblies are
employed separated by convectively cooled sections. Reagents added at each stage require
time to fully diffuse to the particles. Particle deposition by thermophoretic drift to the cold
wall downstream from the exits to each furnace can easily account for losses of the majority
of particles originally produced.

A compact design that incorporates multiple reactor stages into a single assembly can
reduce the residence time by employing turbulence to ensure that reactants mix on a time
scale that is short compared to the inherent kinetic times of the nanoparticle synthesis
process, i.e.; nucleation and growth (~ O(0.1 s)), densification/crystallization (~ O(us)/ ~
O(< ms)), or additional layer growth (~ O(us)). These processes must be completed in
a time that is short compared to 7., so increasing the number concentration to increase

throughput requires a corresponding decrease in the reactor space time,

TR = g; (2.7)

where V is the reactor volume and @; is the total volumetric flow rate through the ith stage
of the reactor. 7p; may not exceed 7.; for a single stage, nor the sum of 75, exceed 7.
for the entire reactor. The discussion that follows presents a simple multistage reactor that

meets this requirement.
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2.3 Impinging Jet Turbulent Flow Reactor

Flow from a narrow diameter jet into a large quiescent volume remains laminar only for
Re < 30.115132 The resulting turbulence can be used to force rapid mixing into a flow
that would otherwise be laminar. A jet impinging into a confined laminar flow introduces
kinetic energy that will fully mix with the axial flow within a path length on the order of
the mixing channel diameter.3® Thermal and concentration fluctuations within this mixing
volume reactor dissipate much more rapidly than they would without the added kinetic
energy. Corrsin®® showed that concentration fluctuations in mixing fluids can decay within
the same length scale as the dissipation of turbulence. For isotropic or nearly isotropic flow,

he described a characteristic time for mixing as,

1
LQ 3
Tm = 3.3 (MP ) (2.8)

where M is the mass of fluid in the dissipation region, P is the mechanical power introduced
into that volume, and L is the integral dimension.

The present reactor, which is illustrated in Fig. 2.1, consists of a tubular region in which
impinging jets introduce the kinetic energy required to induce rapid turbulent mixing, so
the characteristic length of the reactor is its diameter, i.e., L = d;, and the power, P, is

supplied by the kinetic energy of the incoming fluid jets,

P=3" pviQ; (2.9)

where (); and v; are the volumetric flowrate and velocity of the fluid entering through the

1th jet. Turbulent dissipation of that kinetic energy rapidly mixes the gas flows. A simi-
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lar geometry has recently been used to create a simple, fast-mixing condensation particle
counter in which a cold aerosol flow is mixed with a hot vapor-laden stream.”®!39 In that
device, the resulting supersaturation leads to condensational growth of small particles to
sufficiently large sizes that enable optical detection on a millisecond time scale. In spite of
the intense turbulence, losses of the small particles to the mixing region wall were small, en-
abling an instrument with high nanoparticle detection efficiency to be developed, suggesting

that the same approach may lead to an efficient nanoparticle synthesis reactor.

Preheated Diluent Preh/eated Reactant
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Figure 2.1: Schematic of laminar flow turbulent mixing reactor.

In the present aerosol reactor implementation, a dilute cold reactant stream containing
SiHy in Ny is preheated by convection from the inlet tube wall as the tubing passes through
the insulated wall of a box furnace. The rapid heating that results induces pyrolytic de-

composition of the silane, leading to particle formation by homogeneous nucleation of the



16

reactant products, and growth of the product particles by a combination of vapor deposition
and coagulation, although preheating of the silane in the precursor introduction tube may
initiate a reaction before the gases enter the turbulent mixing zone. Farther downstream,
preheated Ny is mixed with the developing particles, raising the temperature sufficiently
high to ensure that particles fully coalesce and anneal to produce dense, crystalline nanopar-
ticles. In order to produce multilayered particles, such as a particle consisting of a shell of
silica on a core of silicon, a second impinging jet reactor installed downstream of the first
jets mixes pure Oy with the particle stream. The resulting oxidation of silicon produces a
shell of silica on the particles.

In this reactor, a precursor flow of volumetric flowrate @, is mixed by a total jet flow
rate, ), that is injected equally through ¢ impinging jets of diameter d;. The characteristic

mixing time thus becomes,

=

1.24273
gmodi L

Q92

Tm:3.3 QS
a T

(2.10)

When most of the turbulent mixing power is supplied through the jets, e.g., Q; >> Q,, T,

e (2(3)'(3))

where 7g , is the average residence time of the fluids in the mixing region. When 7,,, << 74,

varies as,

turbulent mixing induced by the impinging jets quickly dissipates concentration and thermal
fluctuations.

Figure 2.2 shows the effect on g—i for varying reactor/mixing flowratios %’; and number
of jets N;. Two trends are observed. First, as the ratio of %—i— decreases, as inevitably must
happen with subsequent downstream mixers in multilayer particle production, Z—Z must

decrease to provide sufficient mixing power. Second, if the number of jets, Nj, is increased,
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so also must d; decrease, but it is not linear with NV;.
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Figure 2.2: Effect of varying flow ratios and number of jets on relative jet diameter to
maintain jet powered mixing.
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2.4 Experimental Methods

Dilute SiHy in Ny, (~ O(ppm), is introduced via a 6.35 mm OD Inconel 600 tube. The
precursor is heated by the tubewall within the insulated wall of a box furnace internally
maintained at 1273 K. Thermal decomposition of the silane initiates silicon nucleation be-
fore the reactant enters the turbulent mixing zone. One of two growth mechanisms may
dominate further particle evolution. If nucleated particle concentration is sufficiently low,
then growth may proceed by vapor deposition leading to a narrow size distribution. If, how-
ever, nucleation produces too many particles, growth by agglomeration dominates leading
to a relatively broad self-preserving size distribution.

Downstream from the nucleation zone, the reacting gases and particles enter the first
turbulent mixing zone of the reactor where preheated Ng at 1273 K enters through two
opposing radial positions at high velocities via small diameter tubing. The resulting high
temperature, (~ 1273 K), ensures complete decomposition of the silane and provides the
thermal energy for coalescence and densification, while the sudden dilution quenches coag-
ulation within a length that is of the order of the diameter of the reactor.

To enable long term charge storage within the nanocrystal in the memory device appli-
cation, a silicon oxide layer is grown on the outer surface. A flow of pure oxygen that has
been preheated to 1273 K is introduced through a second pair of opposed mixing jets in a
second turbulent mixing zone. Oxygen diffuses to and through the surface, oxidizing the
silicon and shrinking the silicon core of the nanoparticle while creating the oxide shell. For
a low defect, well-passivated oxide, the resulting concentration of Os in the reactor is kept
above 15%. 192

The particle stream exits the furnace and is cooled by convection to room tempera-
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ture. Particle size distributions were measured using a radial differential mobility analyzer
(RDMA).?3 The RDMA classifies charged particles according to their electrophoretic mi-
gration velocities and measures the transmitted particles using a Faraday-cage filter system
with an electrometer with a detection limit of 1 fA (107154). The RDMA was operated in
scanning mode!4® and analyzed by the method of Collins, et al.2® Central to the RDMA
analysis is charging the particles in a known way. This is normally achieved by passing the
aerosol through a so-called neutralizer in which the particles are exposed to an electrically
neutral ambipolar ion cloud produced by an ionizing radiation source, e.g., a sealed cap-
sule of 83Kr.%0 12 Initial experiments revealed that the high particle concentrations in the
stream exiting the present reactor led to unacceptable coagulation within the large volume
of the neutralizer. Instead of passing the aerosol through the neutralizer, a portion of the
aerosol was mixed with particle-free Ny that had been processed through the neutralizer.
Experiments were performed at a range of ratios of the ion-rich Ny diluent to aerosol
to ensure that this new charging system results in an asymptotic charge distribution as
predicted by the Fuchs charging model, although detailed characterization of this approach
is beyond the scope of the present study. Figure 2.3 shows the total number concentrations
measured using the RDMA (Radial Differential Mobility Analyzer) and corrected for di-
lution as a function of the dilution ratio. The Fuchs steady-state charge distribution was
assumed in this evaluation, so the concentration estimates can be considered quantitative
only at dilution ratios greater than 3:1 (Ng from neutralizer to aerosol from reactor) where
the concentration approaches an asymptotic value. The observation that the inferred con-
centration does not change with increased dilution beyond this value strongly suggests that
the desired steady-state charge distribution has been achieved. All observations reported

below were made with a neutralizer dilution ratio of 7:1.
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Figure 2.3: Asymptotic particle distribution measured, assuming steady state charge dis-
tribution on particles, with various ratios of ion rich gas well mixed with particles.

Particles from the remaining aerosol were deposited, by electrostatic precipitation (ESP)
or thermophoretic deposition, on pieces of Si or Ge wafers, or on transmission electron
microscope (TEM) grids for subsequent analysis and study. A Philips 430 Transmission

Electron Microscope was used to probe particle structure and crystallinity.

2.5 Results

Particle concentrations as high as 10%m™2 were recorded with a mean size of 10-12 nm
and a geometric standard deviation, o¢, of 1.25. Greater monodispersity (oG of 1.1) is
seen at concentrations as high as 5x108cm™2. TEM analysis of particles grown with a
thermally oxidized shell shows that particles are spherical, have crystalline silicon cores
of 4-6 nm and have an amorphous oxide layer of thickness 2-3 nm. Particles imaged by

TEM demonstrate a diffraction pattern characteristic of silicon and show strong contrast
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under darkfield illumination. High resolution TEM (HRTEM) images of particles show

characteristic lattice fringes in the core region, further evidence for crystallinity and core
size.

TEM images of oxide-coated silicon particles are shown in Figs. 2.5-2.5. These parti-
cles are highly agglomerated during passage through an aerosol neutralizer (~ 10 s) and
collection time in the ESP (~ 10 min). In Fig. 2.4(a), particles collected by electrostatic
precipitation on a holey carbon TEM grid are shown. These corresponding brightfield and
darkfield images were taken at a magnification of 200 K. The intensity of the darkfield im-
age, resulting from diffraction of the electron beam off crystal planes, reveals that particles
are similar in their morphology. The narrow size distribution measured with the DMA is
qualitatively confirmed in these images. In Fig. 2.4(b), HRTEM images at 550 K magni-
fication shows several cold-agglomerated particles with a crystalline core of 4-6 nm and a
non-crystalline shell of 2-3 nm. The thickness of the shell is consistent with a thermally
grown oxide layer, rather than a native oxide, which typically yields a 1-2 nm thick layer,
dependent upon time of exposure to ambient air. With HRTEM, particles must be in a
correct orientation (e.g., near the [111] plane for silicon) for lattice fringes from crystals
to be seen, so only a small fraction of the randomly oriented particles show lattice fringes
but the diffraction intensity seen in the darkfield image, Fig. 2.4(a), reveals that most, if
not all, particles possess a crystalline core. Figure 2.4(c) shows a diffraction pattern of
these particles using a selected area diffraction (SAD) aperture of 20pum. The multiple spot
pattern seen in a ring attests that the few particles within the field of the aperture view are
both crystalline and randomly oriented on the grid surface. Figure 2.5 shows an HRTEM
image of particles collected at a much lower number density where the lattice fringes are

more clearly visible.
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Figure 2.6 shows particles that were not sent through a neutralizer before being collected
by electrostatic precipitation on a TEM grid. These particles, nearly 10 nm in size, are
highly monodisperse, spherical, crystalline, and generally deposited as single particles rather
than non-coalesced doublets, triplets, or fractal agglomerates. Avoiding the relatively long
residence time in a neutralizer prevents significant cold agglomeration. The particles also
appear to show a tendency to collect in a hexagonal monolayer array. An inset of the
diffraction pattern is included to illustrate particle crystallinity.

The size distributions measured using the RDMA are extremely narrow, as shown in
Fig. 2.7(a). Some agglomeration is apparent in the size distributions. Since the particles
have already been shown to be dense, it appears likely that the second (larger diameter) peak
results from coagulation of the smaller particles. For a constant inlet flowrate and silane
concentration (150 ppm), the number concentration in the second peak is larger, relative to
that of the smaller particles, for a quenching flow ratio of 5 : 1 than when larger quenching
flow ratios are employed, but little difference is seen between the results at 7 : 1 and 10 : 1
quenching flow ratios. Since the number concentration measured is affected by the total
flowrate, Fig. 2.7(b) shows the distributions normalized by the peak concentration to more
clearly illustrate the effect of increased agglomeration. Particle size tended to increase and
the distribution broadened when flow rates were decreased. Fitting the first peak, Fig. 2.8,
to a log-normal size distribution reveals a value of o of 1.1, much smaller than that of the
self-preserving distribution produced by free-molecular coagulation (og =~ 1.45).

Increasing the precursor concentration to the point that nucleation produced particle
concentrations beyond the agglomeration limits of the nucleation or sintering zones leads
to broader size distributions as is shown in Fig. 2.9. Large excesses of precursor yields a

self-preserving particle size distribution. At intermediate concentrations, the particle dis-
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tribution is bimodal, with a second peak arising due to doublet particle formation. This
second peak dominates as precursor concentration is increased. Non-densified doublet for-
mation likely occurs near the end of the densification zone where the introduction of oxygen
turns off surface diffusion or exit cooling slows surface diffusion. The resulting doublets have
lower electrophoretic mobilities, producing a discrete shift from the original distribution.
With the present small reactor, the number of particles produced declines over time, as
illustrated in Fig. 2.10. Both SiH4 and small Si clusters diffuse to the reactor walls and are
lost, especially in the nucleation region. As dendritic structures form and build the tubing
becomes choked and the particle-containing flow through the deposition area increases in
velocity. Nucleation is pushed farther into the reactor towards the quenching jet, reducing
particle numbers and decreasing particle size. Eventually, the reactor walls are completely
fouled and all flow is impeded. With a reactor constructed from Inconel, performance is
restored by mechanically cleaning the internal walls of the reactant feed tube using a drill

bit.
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(a) Brightfield and Darkfield TEM Images of 10-12 nm oxide-coated silicon nanoparticles.
Crystallinity of the majority of particles is confirmed by darkfield image.

(b) HRTEM Image of 10-12 nm oxide- (c) Selected Area Diffraction pattern of 10—
coated silicon particles similar to those 12 nm particles such as the ones seen in
from Fig. 2.4(a). These agglomer- Figs. 2.4(a)-2.4(b). Center spot and first
ated, fractal-like whiskers were subject diffraction ring, (111)-plane, are contrast-
to charging and charge induced move- adjusted darker and inset within contrast-
ment in the electron beam. Lattice adjusted lighter outer rings. A discontinuity
fringes are evident in the core of a cor- of contrast appears at the edge of the inset.

rectly oriented and focused particle.

Figure 2.4: TEM images from brightfield, darkfield, HRTEM, and SAD of silicon nanopar-
ticles from the mixing reactor.
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Figure 2.5: HRTEM image of 8-12 nm oxide-coated silicon particles collected at reduced
concentration.
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Figure 2.6: TEM Image of 10-12 nm particles collected by electrostatic precipitation on
holey carbon grid. Note uniformity of size and occasional grouping of particles in close-
packed structures. Inset SAD diffraction pattern from randomly oriented nanocrystalline
silicon.
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(b) Normalized particle distributions seen in 2.7(a)

Figure 2.7: Effect on measured particle distribution of varying quenching flow ratio on
particle distribution for 150 ppm SiHy in 270 sccm Nj. Normalized trace on right shows
relative effect of quenchrate/dilution on the particle distribution normalized by the peak
concentration. The 10:1 and 7:1 traces overlay each other.
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Figure 2.8: Curve fitted to left mode of a particle distribution with geometric standard
deviation of 1.1. Decreasing precursor concentration removes the right mode.
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Figure 2.9: Shift in size distributions of particles characterized by radial DMA as precursor
concentration is varied. The second mode in the 100 ppm trace is likely the rise of doublet
particles. At 150 ppm, agglomeration of particles is overwhelming the monodispersity of
the distribution.
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Decrease in size and numbers of silicon particles as reactor fouls.
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2.6 Discussion

The experiments described above demonstrate the potential of this new reactor to produce
nanoparticles with very narrow size distributions and carefully tailored structures, but much
remains to be done. The reactor demonstrated in this initial implementation suffers serious
losses that cause the product particle properties to vary over time and, ultimately, to foul
the reactor. This fouling is an artifact of the construction of this small prototype reactor;
active cooling of the feed gas could prevent reaction in the feed tube upstream of the larger
mixing zone of the reactor. Maintaining reactor walls above the mixed gas temperature
could further inhibit fouling by inducing thermophoretic diffusion radially inward, away
from the reactor wall.

While preheating the silane led to undesirable deposition and fouling in this present
experiment it also suggests a possible reason for the narrow size distribution observed with
this reactor. Turbulent mixing of unreacted silane, nuclei produced as a result of a reaction
in the feed tube, and preheated carrier gas rapidly produced a homogeneous gas containing
nuclei at a concentration that is low enough to inhibit coagulation, but large enough to
inhibit additional nucleation. These nuclei then served as seeds for particle growth by
vapor deposition, a mechanism that produces size distributions that are much narrower
than those resulting from growth by Brownian coagulation.

The kinetics of silane decomposition accelerate dramatically when the temperature ex-
ceeds about 1000 K, leading to homogeneous nucleation that produces number concen-
trations high enough for coagulation. Quenching nucleation before significant coagulation
occurs leaves seed particles subject to further growth by vapor deposition and may lead

to retained narrowing of the size distribution. This effect has previously been observed in
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laminar flow particle synthesis reactors.4® Here we show evidence that such narrowing is
possible in turbulently mixed reactors.

A second fouling mechanism occurs in the nucleation zone. In the small reactor de-
scribed here, thermal conduction from the primary reaction zone heats the precursor inlet
tube. Some of the precursor vapors react on the tube walls; more react in the gas phase, pro-
ducing particles by homogeneous nucleation in the laminar tube flow. Some of the resulting
particles can deposit on the walls of the small feed tube by Brownian diffusion. Moreover,
since the reactor wall is hotter than the core of the flow, the temperature gradient might be
expected to be favorable for thermophoretic diffusion of particles toward the reactor center.
Instead, latent heat release from silicon condensation as particles form and condense can
adversely affect the actual local gradient,'%® although the low concentrations used in the
present experiments are likely to minimize this effect. Preliminary experiments were per-
formed using a quartz reactor that enabled direct observation of the dendritic structures
that formed over time. As these structures form, they filter particles from the flow, en-
hancing deposition. The deposits could not be observed directly within the welded Inconel
reactor, but the degraded reactor performance after extended operation could be returned
to its initial state by mechanical cleaning.

In the present apparatus, the average residence time, 7g pyc, from onset of silane de-
composition at (~ 1000 K) to dilution at the first mixing jet is approximately ~ 25 ms.
First order estimates of particle coagulation suggest that the number concentration should
decrease to 5x10%m™2 in this time. The maximum number concentration measured, after

a total dilution of 12:1 by the two pairs of mixing jets, was 2x10%°cm 3

, consistent with this
estimated maximum.

Thus, the conduction-induced preheat zone appears to have served as a seed generation
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reactor that facilitated production of very monodisperse particles by enabling growth by
vapor deposition while suppressing coagulation. Obviously, the present reactor is far from
perfect. Design of a reactor that separates the seed nucleation zone from the turbulent-
mixing primary reaction zone and that suppresses reaction by cooling precursors prior to
injection into that mixing zone could facilitate greater control while suppressing fouling as
has previously been shown in laminar flow reactors designed to grow large particles.®
Hence, efforts to control particle size and/or increase particle concentration need to focus
on optimizing the efficiency of mass transfer through the nucleation zone. One scheme, the
addition of a radially inward flow though a micro-porous media would effectively reduce the
nucleation zone volume and might alleviate fouling losses, thus maintaining or increasing
particle numbers and decreasing particle size. Another scheme is to produce seed particles

113 and then inject them into

in a first, fast reaction stage, such as a microdischarge plasma,
the hot zone for annealing and further growth by vapor deposition.

Particle deposition at the outlet of the silane introduction tube limited the time that
the present reactor could be run continuously. As we have noted above, heat conduction
caused silane decomposition to begin within this tube. Resulting homogeneous nucleation
produced the seed particles that enabled the growth by vapor deposition within the jet-
mixed reaction zone that leads to the very narrow size distributions that we report here,
but also fouls the reactor. Thus, the generation of seed particles upstream of the reactor is
desirable, but the reactor design must be modified to where the primary precursor (silane)
flow is injected into the jet-mixed reaction zone unreacted. Active cooling of the feed tube
carrying the precursor can prevent early reaction initiation, although this will be easier

to accomplish in a large reactor than the small prototype reactor that we have presented

here. If inadvertent early reaction is eliminated, however, a separate source will be needed
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to provide the seed particles. Alam and Flagan” have previously demonstrated nucleation
suppression in seeded aerosol reactors. To synthesize nanoparticles in useful quantities, the
seed particles must be much smaller, and the seed concentrations must be much larger than
employed in that early work however. This requires fast reaction and short residence time
in the seed generation system. We could employ a very small version of the present reactor,
one that is designed to eliminate the precursor preheating, but several alternate methods
seem promising.

A recently demonstrated microplasma reactor has the potential to produce high number
concentrations of very small (1-5 nm) nanoparticles.!*® Laser ablation or laser-induced
reaction can also produce rapid reaction within a very small volume. Hybridization of a low-
loss seed generator with the jet-mixed reactor described here has the potential to increase
the numbers of particles produced and preserve the narrow size distributions demonstrated
with the present reactor.

The key feature of the present reactor is the control of the time scale for mixing through
the kinetic energy injected into the mixing zone of the reactor. The jet-mixed reactor
volume can be increased dramatically above that of the small prototype described here to
increase throughput while maintaining the reaction environment of the present system and,
at the same time, minimizing the potential for reactor fouling. Previous work with 17 mm
diameter quartz tube laminar flow reactors showed visible deposits on the reactor walls but
little effect on performance even after hundreds of hours of operation.

Considering the mixing time, 7,,, as the critical feature in scale-up for this reactor,
Fig. 2.11 shows potential particle production rates in g/hr for a reactor at current production
rate ~ 10%m™3 of 10 nm particles using the current 7, &~ 1.5 ms. Further constraints are

limiting d; and d¢ to a range from 1 mm-1 m and maximum flow velocity less than Mach



35

1 at 1000 K. With suitable engineering of the nucleation zone, appreciable quantities of

nanoparticles may be expected.
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Figure 2.11: Calculated particle production rates (g/hr) for reactor using current 7, ~
1.5ms.

2.7 Conclusions

An aerosol reactor incorporating turbulent mixing zones has been demonstrated that achieves
high number throughput, highly monodisperse crystalline silicon or oxide-coated silicon
nanoparticles. This reactor is capable, with suitable precursors and additional mixing zones,

of producing onion-skin multilayered particles in quantities approaching the needs of ultra
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large scale integration (ULSI) manufacturing. Turbulent mixers within the reactor enhance
transport without increasing agglomeration. The product particles are highly monodisperse
and consistent in morphology. Particle size is determined by a combination of nucleation
rate and residence time within a nucleation zone. Further work to reduce fouling of reactors
is needed as transport to the walls of developing nanoparticles is likely enhanced by local
thermal gradients. Further investigation into the stability of particle adhesion on surfaces
in the face of mechanical, electric, and other stresses is needed to ensure cleanliness of

manufacturing facilities.
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Chapter 3

A Tool for Uniform Coating of
300 mm Wafers with Nanoparticles

Abstract

We report a laminar flow thermophoretic aerosol deposition tool suitable for depositing
aerosol nanoparticles on a flat substrate such as silicon wafers up to 300 mm in diameter.
Recirculation is prevented using a power-law hyperbolic-type nozzle that maintains dynam-
ical pressure through the nozzle and remains robust with flowrate approaching 15 slpm.
Aerosol coagulation is largely prevented with non-separating flow and high flowrate. Par-
ticle deposition is nearly uniform in both radial and azimuthal directions, with less than
+5.5% variation on a 150 mm wafer. Modeling of the deposition onto a 300 mm wafer pre-

dicts similar coverage. Particle coverage is characterized using non-contact AFM imaging.

3.1 Introduction

Semiconductor nanoparticles have attracted interest for a wide range of applications that
take advantage of the special features that these materials acquire when fabricated into
nanoscale structures. At sizes from sub-nanometer to a few tens of nanometers, quantum

mechanical effects alter the optical and electronic properties of the semiconductor, produc-
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ing quantized energy levels that make them behave as “artificial atoms” 12

or quantum dots
whose properties can be tailored by tuning the nanocrystal size. Semiconductor nanocrys-
tals have been used as fluorescent probes in biological imaging and analysis.?%%371 Metal
and metal oxide nanoparticles have properties to exploit as catalysts45:46:47,48,62,66,93 514
photocatalysts. 1165129 Other proposed applications that take advantage of those special
properties of semiconductor nanocrystals include light emitting diodes,2"2942137 gptical
amplifiers®® and lasers, 3¢ optically addressed memory,'3® and single-electron transistors. 72
While applications of nanocrystals that take advantage of quantum size effects have
received considerable attention, device fabrication remains a significant challenge due to
difficulties of controlling nanocrystal size and placement, particularly with materials that
are compatible with today’s device fabrication infrastructure. Preventing process and tool
contamination remains a major challenge when exotic materials or colloidal synthesis is
considered, even though colloidal nanoparticles have been synthesized with precise control
of size and optical properties for a wide range of materials, including silicon.3459.104,120
Nevertheless, nanoparticle-based microelectronic devices have been fabricated without
adverse effects on processing tools, albeit for less exotic applications. Tiwari and cowork-
ers 139 proposed a silicon nanocrystal-based memory to overcome the charge leakage that
plagues conventional floating gate devices as they are scaled into the sub-100 nm size regime.
Both devices are metal oxide semiconductor field effect transistor (MOSFET) structures
that incorporate a floating gate to store charge. In the conventional device, the floating
gate is a continuous semiconductor layer that is separated from the silicon substrate by
a thin barrier tunnel oxide. To store or erase information, charge is induced to tunnel

through an oxide layer into the floating gate. Unfortunately, any leakage path between

the floating gate and the underlying channel will eventually dissipate all the stored charge.
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Tiwari’s floating gate of isolated nanocrystals reduces the probability of complete informa-
tion (charge) loss by separating the floating gate into a number of isolated storage elements
within each transistor. The devices were fabricated by spontaneous decomposition during
chemical vapor deposition. Feng?3 et al. have produced nanocrystals in the floating gate
by thermal annealing after ion implantation. Neither method affords direct control over
the particle size distribution. Moreover, at least in the case of ion implantation, in-situ
nucleation leads to a distribution of nanocrystals through the depth of the gate oxide.!®
The resulting variability in the nanocrystal-to-channel spacing leads to a distribution in
leakage current over the area of the transistor. Ion implantation leads to a distribution
of nanoparticle sizes at different depths,'® presenting a challenge in obtaining a uniform
tunneling distance between the gate and the nanocrystal.

Ostraat 1! demonstrated an alternate approach to creating a nanocrystal floating gate
MOSFET. Silicon nanoparticles were produced as an aerosol by gas-phase thermal decom-
position of silane. The silicon nanoparticles were then oxide passivated while still suspended
in the carrier gas. The oxide layer was created on the aerosol nanoparticles in two ways: (i)
by chemical vapor deposition of tetraethylorthosilicate (TEOS), or (i7) by high temperature
oxidation (HTO) of the surface of the aerosol silicon nanoparticles. After oxide passivation,
the core/shell nanoparticles were deposited by thermophoretic diffusion onto a previously
prepared tunnel-barrier oxide on 200 mm diameter silicon wafers. The HTO-passivated
nanoparticles met the stringent contaminant limits and were processed to produce high
performance devices through an industrial fabrication facility. 192

Although the devices produced by Ostraat et al. showed excellent performance char-
acteristics and demonstrated that aerosol-synthesized silicon nanocrystals can safely be

taken through conventional device lithography and etching processes, many aspects of the
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synthesis require further development before such processes see commercial applications.
Foremost is discomfort of tool owners with taking particle laden wafers into the fabrication
facilities, a problem that will require addressing a number of real and imagined hazards to
the process equipment. Questions about the entrainment of nanoparticles from wafer sur-

105,111,112,123,124 and, especially, about the existence of agglomerates that might more

faces
easily detach can only be addressed once suitable nanoparticle-coated wafer samples can
routinely be processed for testing.

The original nanoparticle synthesis employed a low-throughput, multistage laminar flow
aerosol reactor that enabled precise control of the size and structures of the product nanopar-
ticles, but that produced relatively low number concentrations, 1 x 10% — 3 x 108 cm™2, in
1500 sccm carrier gas flowrates. Nanoparticle coverage of a 200 mm wafer, dense at the
center and sparse near the edge, required from 4-12 hours for each wafer, far too long for
a production process. Extension to similar coverage of the 300 mm wafers would, at a
minimum, double this deposition time.

Numerous groups have demonstrated much higher nanoparticle synthesis rates than

95,106,125,133

that of Ostraat. Flame synthesis reactors produce hundreds of grams per hour

in the laboratory, and kilograms or more in industrial reactors, but are not suitable for the

17,25,26 75,109

materials of interest here. Laser-induced decomposition and plasma synthesis
can produce large quantities of silicon or other non-oxide nanoparticles, but the precise
control of the state of agglomeration achieved by Ostraat et al. remains a challenge. Re-
cently, Holunga® et al. demonstrated a higher throughput multistage reactor that employs
turbulent mixing and short residence times to improve on the particle properties achieved

in the laminar flow aerosol reactor. The short residence time allows number concentra-

tions as high as 10° cm™ to be processed with minimal agglomeration. The resulting



41

heterogeneous core/shell Si-SiOg aerosol nanoparticles provide an enabling technology for
accelerated nanoparticle device processing.

While the deposition chamber used in early aerosol nanoparticle device synthesis demon-
strated the potential of the approach, the areal density of deposited nanoparticles varied
significantly over the surface of the wafers. While this proved useful in initial studies of
device properties by enabling a range of devices to be produced in a single experiment,
production tools will have to produce deposits that are uniform over the entire surface of
larger (300 mm) production wafers.

The present paper focuses on the latter challenge. The discussion that follows reports on
the design and characterization of a nanoparticle deposition tool for coating of 300 mm sili-
con wafers with aerosol-synthesized core/shell nanoparticles produced using the multistage

turbulent mixing aerosol reactor.

3.2 Design

The deposition chamber, illustrated schematically in Fig. 3.1, consists of two radially
mounted parallel plate heating and cooling surfaces. The aerosol is introduced and re-
moved orthogonally through %” OD SS tubing at the center of the wafer. Three concentric
heat sources provide a nearly uniform heat flux to the top plate. The bottom plate is cooled
using a heat transfer fluid.

For radially outward, isothermal flow of a Newtonian fluid between flat plates, and in

the creeping flow limit, the velocity profile as a function of z (height) and r (radius) is, *?

vp(r, 2) = 4i§Z (1 - (%>2> (3.1)
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where () is the volumetric flowrate, z is the normal distance from the midplane between
the plates, and Z is half the distance between the plates. This profile remains only approx-
imately valid if a small temperature gradient exists between surfaces; however, for a small
AT at relatively large absolute T, the important characteristic remains that the velocity in
the radial direction decreases as %
The thermophoretic velocity for ultrafine particles, v, can be described as, 38
vp = ~Th;/’Lf%—Z— (3.2)
where p is the density, u is the viscosity of the effluent gas, T is the absolute tempera-
ture, and z is the coordinate of directional movement. The dimensionless number, 7T'h, has
been experimentally determined to be about 0.5.39 If the absolute temperature is relatively
high enough and the temperature gradient remains similar between the plates at all ra-
dial positions, then the z-axis thermophoretic velocity is nearly constant throughout the
chamber.
The surface area being covered increases as the flow expands radially outward from the
center of the wafer.
0A

B = 2nr = C(r) (3.3)

Since the deposition rate needed is proportional to both vg,e(r) and C(r), while the velocity
of the feed particles is decreasing with %, any r dependency in deposition can be eliminated
using radial geometry. Ignoring Brownian diffusion, a constant deposition velocity from
the Z direction should yield a homogeneous deposition flux at all locations on the wafer.
With a robust design allowing flexibility in adjusting flowrates and temperature gradient,

a suitable operating condition can be reached that would yield uniform deposition.
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The critical feature for this deposition chamber is ensuring non-separating laminar flow
through the nozzle and preventing recirculating flow. Aerosol in recirculation zones may
agglomerate and either deposit on the chamber walls or re-enter the deposition flow and be
driven to the collection surface in a non-desired size and configuration.

The nozzle shape was determined using a potential flow argument, in rectilinear coordi-
nates, for stagnation flow around a corner. This approximation is locally valid as the nozzle
begins to bend since the boundary layer is developing through the radius of the bend and
also outward from the stagnation point above the wafer, approximating open channel non-
viscous flow. In physical terms, the combination of a larger diameter inlet tubing, a small
power-law hyperbolic nozzle (small change in r) and a narrow gap allowed the flowfield to
be approximated in rectilinear coordinates. The classical fluid flow field for an open channel
incompressible laminar flow field around an L-shaped corner can be described by the vector
equation,

U= Azl — Ayj (3.4)

where x and z are the coordinates and A is an arbitrary constant dependent on the volumet-
ric flowrate within the dimensions of the structure. The flow field solution is a hyperbolic
family of streamlines, 1) = zy, wherein the channel width w (from the y-axis) is identical
to channel height A from the x-axis. By symmetry, a point on a curve at 1 (a, b) is also on
the same streamline at ¢(b,a). Each streamline acts as a "pressure” wall to the fluid on
either side of the streamline. A physical wall could be inserted without altering the stream-
function. The streamfunction for nonequal channels, w # h, is such that a fluid element

entering at (wz,, hyo) might be constrained to find the point (wy,, hz,) on the way out. If
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so, the vector flowfield above is transformed,

0 = Awzi— Ahyj. (3.5)

Using the streamfunction approach with,

o
e = W= —Awy (3.6)
7
8—15 =v, = —Ahz (3.7)
vields the separable differential equation,
oy wy
g 22 3.
or hz (3.8)
and a solution of the form,
my_% = Constant (3.9)

which describes a family of power law hyperbolic-type streamlines. A properly chosen
streamline can be used to form the equation for the nozzle curve, with the nozzle shape

described as,

h

Y =1ho = (z — o) (y — Yo) v (3.10)

provided that dynamical pressure inequalities do not lead to flow separation. This stipula-
tion simply requires that the maximum flow velocity be essentially unchanged through the
bend as the fluid leaves the nozzle and begins to traverse the deposition surface.

In 2D axisymmetric flow, i.e., cylindrical coordinates, the streamfunction solution to

stagnation flow3® from a jet is Constant = r2z. In the chamber, the actual ratio of ¥ is
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2.65. Applying the offset, (z,,¥o) to the rectilinear solution, effectively chose a streamline
very close to the axes (small r) in which the error in the exponent became negligible.

This curve chosen should also smoothly join with the inlet tubing wall and the top
plate of the chamber and be symmetric in the azimuthal. When the maximum flow velocity
through the nozzle is similar to the maximum flow velocity of the gas in the inlet tubing, the
dynamical pressure varies little, and streamlines remain intact. Acceleration or deceleration
of gas through this region would give rise to pressure boundaries beyond which recirculation
zones could appear. Particles trapped in recirculation pockets will agglomerate and even-
tually settle out, preventing homogenous coverage of a surface with particles of equivalent
size.

The heater/chamber was modeled in Fluent™

using a laminar flow 2-D axisymmetric
solver. The dimensions of an actual MDC flange were used in creating the model chamber.
Incoming aerosol flow, 1500 sccm, was provided an entrance length sufficient to develop a
parabolic velocity profile. The top flange was heated with ring-heaters that were assumed
to be able to provide a constant heat flux, Fig. 3.1, or constant temperature, and the water
coolant (which would have turbulent flow) was assumed to have heat removal capacity such
that the metal in contact with the coolant was only 5-10 K above the incoming water
temperature. A 3D k — € turbulent model for the cooling water limits was also modeled,
Fig. 3.2, wherein 30 lpm of water at 300 K is diverted into two opposing tangentially outward
jets to cool 1800 W of energy transferred to the outer surface. The heat transfer coefficient
for the top surface included conduction through a zone corresponding to the stainless steel
MDC flanges as well as convection into a laminar flow gas. The modeled temperature rise

of the coolant is less than 10 K.

With a working nozzle geometry determined, the Fluent™ model was run using a
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Figure 3.1: Isotherms of deposition chamber modeled in Fluent™. Components of chamber:
1. Inner ring heater. 2. Outer ring heater. 3. Band heater and mount. 4. Top MDC SS
Flange. 5. Bottom MDC SS Flange. 6. Water cooling chamber. 7. Aerosol inlet. 8.
Gas outlet. 9. Viton Gasket. Modeled average current supplied to the heaters (with listed
power capacity) as follows: 1. Inner ring heater, 0.4 A/1000 W, middle ring heater, 2.
0.6 A/1500 W, 3. Outer band heater 7.5 A/1500 W.
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Figure 3.2: Modeled temperature rise for a constant 1800 W heater on the outer band and
top of a water-cooled chamber with 30 lpm flowrate.

constant flux (power) source for the heaters rather than a constant temperature boundary
condition. The necessary conditions of nearly uniform temperature gradient and adequate
heat removal were also met in this scenario.

At a concentration of 10° cm—3

monodisperse 10 nm aerosol nanoparticles have a char-
acteristic agglomeration time constant of 7, ~ 1 s. The chamber operation must be robust
enough to allow for higher flowrates of diluted nanoparticles should agglomeration need to
be suppressed during the deposition process. Figures 3.3-3.4 shows modeled velocity pro-
files of 1500 sccm, 15000 scem, 30000 scem, and 60000 sccm. The modeling indicates that
flowrates up to 15000 scem are possible when employing a 2 mm gap between the wafer and
heated top plate.

Wafer curvature is commonly seen in large wafers exposed to thermal gradients such

as those found in plasma etch processes. The potential of having wafer curvature arising
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Figure 3.3: Velocity contour plots for flowrates without separation as modeled in Fluent™,
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Figure 3.4: Velocity contour plots for flowrates with separation as modeled in Fluent™,
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from the axial variation in thermal expansion was briefly investigated. Assuming isotropic
expansion, a constant thermal expansion coefficient of ~ 4x1076K~1, an axial temperature
change of 1 K (about 5x larger than modeled predictions) through a 50 wm wafer, the
predicted radius of curvature of in a 300 mm wafer is ~ 125 m. The predicted variation
in height from center to edge is less than 0.1 mm. Although the curvature is minimal in
this apparatus, the variation in height scales linearly with the temperature drop. Thus,
wafer curvature may have a significant effect on deposition patterns at larger temperature
gradients. Greater deposition nearer the edges would be expected as the flow slows at a

rate greater than %—
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3.3 Experimental Apparatus & Methods

Oxide-coated silicon nanocrystals are produced in a turbulent mixing aerosol reactor de-
scribed previously.3%50 A fraction of the stream is monitored continuously by a radial dif-
ferential mobility analyzer 2228,3%:150.151 (RDMA) and a fA-resolution electrometer. The re-
mainder of the 8-12 nm particle stream, with a concentration of ~ 10® cm™2 and o¢ ~ 1.1,
is sent via i” SS tubing to the deposition chamber inlet.

The deposition chamber consists of two modified MDC 18” SS vacuum flanges that serve
as radially-mounted parallel plate heating and cooling surfaces. The aerosol is introduced
orthogonally through %” OD SS tubing above the top plate at the wafer center and removed
orthogonally at the wafer center from below through the bottom plate. Two concentric ring
heaters and a third side-mounted band heater with a concentric ring-connected mount
provide a nearly uniform heat flux to the top plate. A hollowed annulus in the bottom
plate allows for heat transfer through the flange to a cooling fluid. Recirculated cooled
water at 293 K at a flowrate of 30 Ipm cools the bottom flange. The coolant is sealed using
a SS covering plate with a Viton o-ring gasket. A small bi-directional nozzle is employed
to provide equal coolant fluid flow around either perimeter of the water jacket. A single
drain is located radially opposite the coolant source. A flat viton gasket separates the two
flanges, serving as a thermal resistor to provide a more uniform temperature profile between
the flanges.

The top plate is supported by three SS legs. The bottom plate rests on a SS jack that
is manually raised and lowered during loading/unloading operations. All SS surfaces are
electropolished.

To maintain a uniform top plate temperature, each heating element is powered through
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a Burotherm 7100A thyristor monitored with thermocouples and PID controllers. The
temperature profile and streamlines from a 2D axisymmetric solver in Fluent™ are shown
in Figs. 3.56-3.6. A flowrate of 1500 sccm was used. The temperature drop from top plate
to the wafer remains relatively uniform across the entire deposition region from the center,
Fig. 3.5(a), to the edge of the wafer, Fig. 3.5(b). However, to avoid a region of sparse
deposition from a reverse temperature gradient, observed in the modeling, when the aerosol
is introduced relatively cold, a heating tape, thermocouple, and PID assembly are used to
preheat the inlet aerosol.

Figure 3.6 shows the corresponding streamlines for 1500 sccm flow to the modeled
temperature profiles shown previously. Streamlines are parallel through the nozzle bend,
Fig. 3.6(a), and over the wafer surface. Beyond the edge of the wafer, from the geometry
imposed using this particular size of MDC flanges, Fig. 3.6(b), a recirculation pocket exists.
However, this should have no effect on particle deposition over the wafer substrate.

Wafers are loaded using quartz-sleeved SS forks and rest upon three quartz or Teflon pegs
in the chamber, providing a uniform wafer to plate distance and preventing contact with
metal surfaces. The wafer is physically situated 2 mm below the heated top plate. With
the absolute temperature relatively high, and the temperature gradient relatively large
and uniform, small radial variations in temperature have little effect on thermophoretic
transport. The quartz/Teflon pegs sit in machined depressions and the pegs are removable
and replaceable. The adjustable height of the wafer adds another degree of freedom in
determining thermophoretic velocity.

AFM samples were drawn from a center strip of a 150 mm [100] Si wafer that was tiled
into 14 squares sized 1 cm x 1 cm using a wafer saw or cut into similar sized pieces using

a diamond-tipped scribe. Before deposition, the tiled pieces were cleaned by sonication
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(b) Modeled temperature profile at the edge of wafer region.

Figure 3.5: Temperature contour plots modeled in Fluent™.
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Figure 3.6: Streamfunction plots modeled in Fluent™ for flowrates of 1500 sccm.
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in methanol, rinsed in deionized water, and dried using a jet flow of nitrogen. The tiled
wafer was reconstructed on an intact wafer in the chamber, with the two “halfmoon” pieces
secured using SS clips.

All SS surfaces were electropolished and cleaned with methanol prior to use within the
cleanroom environment.

Non-contact AFM images were acquired over 512 x 512 resolution from a 5 um X 5 um
grid. The AFM tip was estimated to be ~ 30 nm in diameter. Particle counts over the
entire grid to determine coverage are reported in Fig. 3.12(b) and represent ~ 2000 particles

per image.

3.4 Results

Additional modeling of particle transport was conducted using Femlab™ . The results are
shown in Figs. 3.7-3.10. The model used was a laminar flow, 2D axisymmetric represen-
tation of the deposition chamber. Temperature boundary conditions were imposed based
on the results obtained earlier using Fluent™, creating a temperature drop of ~ 30 K
between the heated chamber top and the wafer. For simplicity, the particles are treated as
a continuum species with uniform inlet concentration and temperature. The particles are
subject to convection and thermophoresis as they travel through the chamber. Brownian
diffusion is imposed for a single mode particle size, 10 nm, but particle loss to walls other
than the wafer surface is neglected.

Figure 3.7 shows the particle distribution in the chamber with uniform top and bottom
temperature, AT = 165 K, and the incoming aerosol-laden Ng 15 K cooler than the cham-
ber top. Figures 3.8-3.10 show results for increasing flow ratios. A flowrate of 1600 sccm

leads to insufficient deposition on the outer edge of a 300 mm wafer, but would be suffi-
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Figure 3.7: Particle deposition and concentration at 1600 sccm modeled in Femlab™™.
Arrows indicate particle fluxrate at the wafer surface.

cient for a 150 mm wafer. The arrows in the figures indicate thermophoretic flux, vy,c, and
that uniform deposition is predicted over the central portion of the wafer. Increasing the
flowrate to 3600 sccm results in uniform deposition on a 300 mm wafer, Fig. 3.10, but is only
achieved when some particles bypass deposition. At intermediate flowrates, uniform depo-
sition coverage extends outward with increasing flowrate, while deposition rate decreases
for similar aerosol inlet concentration. Figure 3.11 summarizes these model observations.
Near r = 1 mm, each trace predicts some inconsistency in the deposition uniformity. This
perturbation could be reduced in the model, similar to that observed in the 3600 sccm trace,
by adjusting the inlet temperature a few degrees lower, depending on the flowrate.

To examine the deposition uniformity attained by the deposition tool, silicon nanoparti-

cles were deposited on a 150 mm wafer for 80 min with an aerosol flowrate of 1600 sccm and
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Figure 3.8: Particle deposition and concentration at 2400 sccm modeled in Femlab™,
Arrows indicate particle fluxrate at the wafer surface.

an aerosol concentration of 2 x 108 em™3. As seen in the images in Fig. 3.13, the coverage
was kept well below the monolayer than would be sought in device fabrication to facilitate
quantitative areal density measurements. The particle size distribution of this test aerosol
is shown in Fig. 3.12(a). The major mode in the distribution was 8.5 nm. The minor second
mode at ~ 11 nm reveals that limited (~ 10%) aggregation occurred between the outlet of
the synthesis reactor and the RDMA. The areal density of the deposited particles, shown
in Fig. 3.12(b), is quite uniform, varying less than £5.5% over the radial and azimuthal by
distributed samples probed.

t™ indicated that the particle stream needed to be preheated to a

Modeling in Fluen
temperature within ~ 20 K of the hot plate temperature to achieve deposition uniformity

at the wafer center. A temperature too high produced a correspondingly larger thermal
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Figure 3.9: Particle deposition and concentration at 3000 sccm modeled in Femlab™.,
Arrows indicate particle fluxrate at the wafer surface.

gradient near the center and the modeled deposition rate exceeded that of the outer surface.
If too cool, Fig. 3.14, then the model predicts insufficient or no deposition at the center.
Heat transfer within the silicon wafer is faster than through the aerosol-containing Ny,
raising the temperature of the wafer center above that of the heated inlet stream, and
driving particles away from the wafer.

The reversed temperature gradient was also predicted with modeling in Femlab™ as
seen in Figs. 3.15-3.16. The magnitude of the thermophoretic flux away from the wafer is
several times that of the flux toward the surface, indicating that the reversed temperature

gradient is much greater.
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Figure 3.10: Particle deposition and concentration at 3600 sccm modeled in Femlab™.
Arrows indicate particle fluxrate at the wafer surface.
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flowrates.
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Figure 3.15: Model predicts the lack of deposition at the wafer center if the aerosol is not
preheated. The arrows are proportional to the magnitude of thermophoretic particle flux.
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3.5 Conclusions

A 300 mm capable laminar flow thermophoretic deposition device demonstrates near uni-
form coverage of nanoparticles on a 150 mm wafer. Modeling suggests device operation
is robust over a wide range of flowrates. A sparse array of particles randomly oriented
over the surface was stably attached and remained adhered over a two-month period in
which characterization by AFM was performed. Longer deposition times are expected to
maintain deposition uniformity and yield coverages approaching monolayer. Deposition of
nearly monodisperse nanoparticles may also self-assemble into close-packed structures, pro-
vided that agglomeration in the aerosol phase is avoided. Device fabrication with aerosol
nanoparticles deposited using thermophoresis remains a potential new process for meeting
narrower bandwidth requirements or producing new devices in which the nanoparticles’

spatial positioning must meet tight tolerances.
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Chapter 4

Photoluminescence From
Oxide-Coated Silicon Aerosol
Nanocrystals

Abstract

Silicon nanocrystals and oxide-coated silicon nanocrystals fabricated by pyrolytic decompo-
sition of silane and passivated by thermal oxidation or with low temperature native oxide
layers in a multistage high temperature, atmospheric pressure aerosol reactor may photolu-
minesce without further processing. The observed photoluminescence decay is characteristic
of exciton recombination in silicon nanoparticles, and the PL intensity is similar to that of
silicon nanocrystals grown by ion implantation. The impinging jet, turbulent mixing flow
reactor®® used in this study produced nanoparticles with very narrow size distributions as
measured using a radial differential mobility analyzer. Spherical heterogeneous core-shell
nanoparticle morphology and size is confirmed by transmission electron microscope analysis.
Particle contamination studies were conducted using Electron Energy Loss Spectrometry.
Photoluminescence spectral measurements were used to determine the sizes of the photo-
luminescent core while mobility data determined the physical size. The difference between

these two sizes provides an estimated oxide shell thickness. The variation of the oxide thick-



68

ness with the size of thermally oxidized nanoparticles differed from that observed in native
oxide-coated nanoparticles. Native oxidation appears to consume small particles quickly
with the oxide thickness decreasing as particle size increases. Over time, the native oxide
thickened considerably, producing a blue shift in the photoluminescence spectrum. Further
oxidation proceeds slowly for larger particles. By contrast, thermal oxidation provides a
more uniform oxide layer wherein oxide thickness increases with particle size and remains

stable over time. Core sizes below 4 nm were not observed in quantity.

4.1 Introduction

The observation of photoluminescent silicon nanocrystals?® has spurred much interest in de-
veloping silicon-based products including nanocrystal memory, 3¢ LEDs, optical amplifiers,
lasers, etc. Recent consideration is being lent to applications outside of microelectronics
such as tracers in biological systems.®%10 Considerable effort has been focused on the pro-
duction of high purity, monodisperse particles that may be positioned with precise spatial
positioning in a device. While many in situ fabrication methods are showing maturity with
respect to purity and particle size control, spatial positioning is still a challenge remaining
to be met. In some methods, the thermal budget also remains large for successful nucle-
ation, size control, or annealing of particles. Moreover, high energy growth methods, such
as ion implantation, can leave damage in the surrounding matrix that can affect device
performance. 136

Production of nanoparticles via an aerosol route allows for real-time particle size and
number characterization and subsequent non-damaging deposition control. Newer reactors
are addressing the issues of low aerosol particle yield, "®'% producing narrow size distri-

6

butions,®® with proven device quality cleanness.0192 Newer fabrication methods, such
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as the microplasma discharge reactor, access broader chemistries in novel particle produc-
tion, 113,114

Comprehension of the complete mechanism describing photoluminescence (PL) from
silicon nanocrystals is maturing,® and it is well understood that radiative exciton recombi-
nation%7 may be channeled to a non-radiative pathway in the presence of defect states?%134
in the nanocrystal arising from poorly passivated oxides or coatings, or impurities. Spec-
troscopic measurements demonstrate that the amount of oxygen at the particle’s surface
increases as non-luminescent nanocrystals become luminescent®® and that the presence of
O, while not necessary for observation of PL, has an effect on the luminescent wavelength. 16
Relationships between particle size, oxide thickness, the variation of the oxide thickness over
time, and their effects on PL are difficult to determine and are often inferred from limited
subsets of particles viewed using transmission electron microscopy (TEM). In contrast, size
characterization of particles fabricated by the aerosol route, which provides size data on a
much larger ensemble of particles, offers an opportunity to compare a much larger dataset
to PL spectral measurements, and thus offers insight into the growth of the oxide.

This present chapter examines the relationship between the PL spectral emission from
oxide-coated silicon nanocrystals and the particle size distributions determined using on-
line aerosol instrumentation for both Si nanoparticles in which a native oxide is allowed to
develop or that are passivated with a thermal oxide. The variation of the thickness of the
oxide shell with particles size and the stability of those shells over time are also examined.
Dramatic differences will be shown for the two types of oxide coatings. We determine
that native oxide layer growth is initially catastrophic for small particles, ~ 5 nm, and the

layer thickness thins as particle size increases. Over time, the oxide layer thickens relative

to particle size and approaches the trends observed for thermally oxidized particles. We
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infer that photoluminescence quenching results from energy interaction between small and

bulk-sized particles and/or through poor passivation by the oxide layer.

4.2 Experimental Apparatus & Methods

Nanoparticles for this study are produced in an Inconel turbulent mixing reactor reported
earlier.%0 Dilute ~ O(ppm) silane in nitrogen is introduced axially at atmospheric pressure
into a small diameter Inconel reactor within a furnace maintained at ~ 1000°C. The
silane is heated as it enters the furnace and decomposes, nucleating to form small silicon
clusters that grow, when silane concentration is relatively low, by vapor deposition into
larger nanoparticles. Preheated nitrogen is introduced radially from two small diameter jets
to dilute the reactants and quench nucleation. The hot dilution gas raises the temperature,
driving reaction to completion, and quenching nucleation. Intense mixing produced by
the high kinetic energy impinging jets rapidly homogenizes the gas, so particle evolution
proceeds in a hot, homogeneous environment3® wherein particles coalesce, densify, and
crystallize. In a second reaction stage located downstream of the primary reaction zone,
pure oxygen may be added through a second pair of jets to facilitate the growth of a high
temperature oxide (HTO) layer. Two variants of the reactor were used, one that was
optimized to produce 10-12 nm particles and one to produce 7-9 nm particles.

Particles leaving the reactor were collected by either electrostatic (ESP) or thermophoretic
deposition. For the present experiments, particles were collected on holey carbon TEM grids
by both deposition methods, on silicon wafer fragments by ESP, and on Germanium wafer
fragments by thermophoresis. The particle concentration and size distribution were mea-
sured on-line by imparting a known charge distribution using a 5Kr “neutralizer” 4%6! and

were then size classified using a radial differential mobility analyzer?® (RDMA) and de-
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tected with a fA (1071° A) resolution electrometer. In two experiments, the larger particles
were deposited and annealed in a mixture of 5% Ny /Hg for 1 hr at 450° C and/or house Ny
(~ 100 ppm Og or Hy0) at 450° C.

Conventional and High Resolution Transmission Electron Microscopy (CTEM and HRTEM)
were performed on a Philips 430 TEM using a Lab VI filament operated at 300 keV. Samples
were collected by ESP on holey-carbon TEM grids.

With the aerosol produced in an atmospheric pressure Inconel reactor, the question
arose whether metal contamination of particles might ensue at the operating temperature of
1273 K. Particle contamination studies were performed using an FEI Technai F20ST 200 keV
Scanning/Transmission Electron Microscope, equipped with Electron Energy Loss Spec-
troscopy (EELS) and Energy Dispersive X-Ray Spectroscopy (EDS) capabilities.

The X-ray photoelectron spectroscopy (XPS) measurements were performed in an VG
Instruments M-probe surface spectrometer using monochromatic Al K-« excitation X-rays
(1486.6 eV) incident at 35 degrees from horizontal. Emitted electrons were collected by
a hemispherical analyzer at a takeoff angle of 35 degrees from the plane of the horizontal
sample surface.

PL spectra were collected using an electro-optically modulated 457.9 nm Ar laser pump
focused to ~ 1 mm spot size, a liquid nitrogen cooled silicon CCD array, and a grating
spectrometer. A liquid-nitrogen cooled Germanium detector with the spectrometer was
employed to measure infrared (IR) emission. PL decay traces (lifetime) were collected
using a thermoelectrically cooled photomultiplier tube (PMT) and grating spectrometer. PL
decay data for all samples were collected within 50 nm of the peak PL intensity wavelength.

The thermophoretic sampler consisted of heated (200°C) laminar flow through a 3 mm

diameter nozzle normally impacting on a liquid-nitrogen cooled wafer substrate located
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1 mm below the nozzle exit. Although the velocity of the aerosol gas jet leaving the nozzle
is too great for complete deposition, a representative sample of particles moving through
the developing boundary layer above the wafer fragment is deposited.4%127:141 Modeling in

b™ indicates ~ 4% of the particles deposit.

Femla

The ESP sampling was performed using the same physical device used for thermophoretic
collection, and with the cold finger replaced with an electrode and Teflon wafer fragment
holder. The electric field applied between nozzle and wafer electrode is ~ 5 ]c“—?%

The radial differential mobility analyzer, RDMA, provides a convenient high resolution
tool for measuring the particle size distributions of aerosol particles.%%151 This data is not
easily obtainable when particles are grown in a solid matrix and often is inferred from a
limited dataset. The RDMA, as used in this configuration, sizes particles after leaving the
reactor, before any exposure to the ambient air. Thus, particle size distributions reported
herein are sampled before native oxide growth or after thermal oxide growth. Comparison
to PL spectra (core size) is used to determine the oxide thickness of particles after exposure
to oxygen, either in the relatively cool ambient air or within the reactor.

From RDMA data, the number distribution, n (logio(dp)), of particles is characterized,

dN,
—t = n(logrod 4.1
dlogl()(dp) ( g10 p) ( )

where n(logio(dp)) is the number of particles in the size interval from logio(dp) to (logio(dp) + dlogio(dy))
and N, is the total number of particles.
Absorption by these particles, which are much smaller than the excitation wavelength

and therefore in the Rayleigh regime, is proportional to their volume. The absorption is
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weighted by the volume, i.e.,

dp
dp,ref

3
a(logio(dp)) o« n(logia(dy)) < ) = 1 (log10(dy)) (4.2)

where dp ref is the mode-size diameter. The n,(dp)distribution is normalized,

ny(logio(dp)) )
max <nv (lOgl()(dp)) (djfef ) 3)

fiy(logio(dp)) = (4.3)

The absorption by particles in the size interval from d, to (d, + dd,) is, therefore,

proportional to the volume distribution, n,(dp), i.e.,

a(dy) o< dpdddy, = ny(dp)ddy. (4.4)

Assuming that the maximum PL intensity originates from the particle at 7i,,(log10(dp) ) max
provides a benchmark for estimating the core size of this particle and its corresponding oxide

shell thickness. The core size of the luminescing particle is determined using the Ledoux-

modeled® pressure corrected Delerue correlation, 335
3.73  0.881
Epp = Ey+ —55 + —— —0.245 (4.5)
dp™ dyp

where FE, = 1.12 eV and d,, is the luminescing particle diameter in nanometers.
The normalized PL intensity spectrum is fitted to a polynomial function for intensities

greater than 0.51,4,

= ) (4.6)

where I is the intensity and A the wavelength.
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The emission rate is assumed proportional to absorption, with emission efficiency treated
as invariant with changes in particle size. The efficiency and rate assumptions have been

43,82 and are used here to illuminate

shown to be valid in a narrow region of particle sizes,
trends in growth of the oxide. Emission rates drop considerably as particles approach sizes
wherein quantum confinement is no longer observed, but the magnitude of the decrease
as a function of particle size is still under debate in the literature, although using the

phenomenological model from Kapoor®”

may be of interest here.
The peak particle size, 7y, (dp)maz is assumed to have a luminescent core size that matches
the wavelength of peak PL intensity. This provides an estimate of the oxide thickness. For

HTO-coated particles, the shell thickness, thgepey, is simply half the difference between

RDMA-size, dyp rpm 4, and the luminescent core size, dy pr,

1
Pshelr = ) (dp,rRDMA — dp PL) (4.7)

but for native oxide-coated particles, this value is estimated using a mass balance from
RDMA-size (pure Si), the corresponding core size from PL, with the difference suggesting

an oxide thickness,

%ﬂ (clp,RDMA)3 o 4_17T (dp,PL Th )3 B (dp,PL>3 psi Mg _%W <dp,pL
3 “_‘—2 PSq 3 D) shell _2 SZOZ_MMSi+M02 3 D)

where Mg; and Mo, are the molecular weights for Si and SiOg respectively. Using bulk
density parameters and assuming a stoichiometric oxide, the resulting mass balance is cubic

in dp pr, and the relevant root is determined using Newton’s interpolation method where
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f(z) =dppr,

F(@)nt1 = f@)n + i%z_)ﬂ_ (4.9)

The oxide is considered to contain stoichiometric quantities of Si and Os. No data were
collected to analytically determine the ratios. As silicon aerosol nanoparticles have shown
tendencies to not photoluminesce for some developmental period of the native oxide, 33117
this assumption has some justification.

Between 0.5fmax, the distribution of particle data is fitted to the normalized PL intensity
spectrum, wherein [ & i, (dp), using a sum of least squares method. The particles are fitted

with the trend,

-1 hshennG=N\ ¢4
hshell(j) = hshell(j — 0)€< 0910<hshell(ﬂ=0))(J)) (410)

where j is an index of the number of data points between the half-maximum intensity and
J is the largest index.

The RDMA data are captured with a similar exponential ramp in dp rppra. For oxide
thicknesses that increase with particle size, such as the HTO-coated particles, the two
exponential ramps grow with an equal ratio, and a linear increase in oxide thickness with
particle size is observed. For oxide thicknesses that decrease with particle size, such as
newly formed native oxide on the particles, the two exponential ramps are additive and the

trend observed fits the discretized equation
d . SN2
1 p, RDMA,j=J \ (4
hsheit(7) = hsheu(j = O)e< ng(dp’RDMAFO >(J) ) (4.11)

For the graphs that follow, this function was then extrapolated t0 0.2],,45 of the particle

mode frequency to provide a range of diameter size to oxide thicknesses over the luminescent
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range.

For these calculations, the native oxide thickness may be overestimated, as sub-stoichiometric
ratios, 33 particularly near the Si-SiO, interface, are often observed in luminescent nanocrys-
tals. For larger particles, as the equal-rate assumption is no longer valid, oxide thickness
is also overestimated. Our calculations, therefore, provide a lower bound of oxide thickness

within the validity of the equal emission rate assumption.

4.3 Results and Discussion

Figure 4.1 shows particles imaged using high resolution transmission electron microscopy
(HRTEM) and their associated particle size distributions characterized with the RDMA and
electrometer for silicon nanoparticles without, Figs. 4.1(a)-4.1(b), and with, Figs. 4.1(c)-
4.1(d), thermal oxide coatings. Particle size distributions are typically reported in the
change of number of particles, N, with logarithmic changes in diameter, dy, hence, ng@'
vs. dp, to illustrate the polydispersity of the particles. The particle size distributions of the
former do not include the effects of native oxide formation; the thermal oxide particles were
sized after oxidation. Due to the residence time in the plumbing between the reactor outlet
and the RDMA,, non-coalescent coagulation increases the particle size and the breadth of the
size distribution. This observation is confirmed by the lack of particles in HRTEM images
that corresponds to the lower mobility, 15-20 nm particles, detected by the RDMA. For
the particles with a native oxide, the distribution shows the majority of particles between
7.5-10.5 nm, and a mode size of 8.5 nm. The HTO-coated particles have a mode size
at 10 nm, with a narrower range of sizes. The narrower range results from reducing the
precursor concentration in the reactor. From the HRTEM images, Fig. 4.1(d), the HTO

oxide is typically thicker, ~ 2 nm, and more uniform than the native oxide. The image
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of small, ~ 6 nm native oxide-coated silicon nanoparticles, Fig 4.1(b), with lattice fringes
is rarely seen in HRTEM images and may be attributable to inhibition of oxidation from
contact with adjacent particles.

The HRTEM image of HTO-coated particles in Fig. 4.1(d) shows qualitative agreement
of size between RDMA and TEM. Lattice fringes are seen in some particle cores revealing a
crystalline core that is 4-6 nm in diameter with a surrounding oxide thickness of 1.5-2 nm.

Similarly-sized native oxide-coated nanoparticles were collected on a Germanium surface
by thermophoretic deposition. Figure 4.2 shows a spectral PL trace, its corresponding
decay trace at A=900 nm, and the averaged particle size distribution recorded throughout

deposition onto the Germanium. The PL decay fits a stretched exponential, %

I = Ie () (4.12)
where 7 = 91us and f = 0.69, in good agreement for exciton recombination in well-
passivated oxide-coated silicon in a dense ensemble.'® This parameter is considered a mea~
sure of interparticle interaction with 8 = 1 indicating non-interacting particles or sparse
ensembles of particles. The variation of PL decay with changes in nanoparticle size also
stretches this function.®® The spectral breadth of the PL signal has been attributed to
the spread in core size,%® to inhomogeneous strain®® of the lattice from variations in the
lattice parameter, and from pressure induced by the oxide layer growth and homogeneous
separation of the valence and conduction bands. 34
HTO-coated particles, collected on silicon by ESP, Fig. 4.3(c), of a broad distribution of

particles up to ~ 20 nm did not luminesce within the detection limits of the CCD. They were

further processed in ~ 50-100 ppm oxidant (Og and H50O) in house Ny for time intervals



78

dN/dlog(dp) ( cm™)

T TR AT | T

2
1 10 100
dp(nm)

(a) Particle size distribution for native oxide- (b) HRTEM Image of 5-7 nm native oxide-
coated nanoparticles seen in 4.1(b) coated silicon particles.
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(c) Particle size distribution for HTO oxide- (d) HRTEM Image of 810 nm HTO oxide-
coated nanoparticles seen in 4.1(d) coated silicon particles.

Figure 4.1: HRTEM images and corresponding particle size distributions from RDMA of
silicon nanoparticles from the mixing reactor.
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coated silicon nanoparticles used in PL study.

Figure 4.2: PL, PL decay, and particle size distribution from native oxide-coated silicon
nanocrystals.
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ranging from 10-70 min at 673 K and subsequently annealed in a 5% Hy/Ng mixture for
1 hr at 723 K. Particles in the oxidizing environment for more than 40 min showed PL,
Fig. 4.3(a), with PL decay times, Fig. 4.3(b), consistent with exciton recombination in Si.'%7
PL decay is prolonged at longer wavelengths, consistent with the increase in particle size.
The oxide growth rate predicted by the Massoud model3287 at 673 K is negligible, so further
growth of the oxide shell is not expected. However, kinetic theory predicts many collisions
of oxidants with the nanoparticles’ surface. Dangling bonds may be passivated at this
relatively low temperature. The peak of the PL spectrum varied little whether the particles
were processed for 40 min or 70 min, but the intensity increased, suggesting that dangling
bonds were being nullified, but little additional oxidation (i.e., particle core shrinking) was
occuring. The f values are typical of a dense ensemble of interacting particles. 1°

Figure 4.4 compares the PL spectral emissions from originally similarly sized nanoparti-
cles, one group with an HTO grown shell and the other a native oxide shell. The measured
particle size distributions are nearly identical, Fig. 4.4(b), but the PL spectral emission for
the HTO-coated particles is blueshifted ~ 100 nm with respect to the native oxide parti-
cles, indicating a smaller crystalline core size and thicker oxide.3%% Moreover, PL decay
time is reduced for the HTO-coated particles, also consistent with a smaller core size. 43103
PL decay was recorded at 750 nm for HT'O-coated particles and 850 nm for the native
oxide-coated particles. The [ value of 0.63, lower than typically reported values near 0.7,
calculated for the PL decay is suggestive of greater interaction between these particles.

Figure 4.5 shows particle size distributions of collected particles and estimated oxide
thicknesses for particles with a native oxide. While the shell thickness varies amongst

the samples, the trend of increasing shell thickness toward smaller sizes is similar. Previous

studies suggest that the shell thickens with continual exposure to the air.®? Seto observed 17
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Figure 4.3: PL, PL decay, and particle size distribution from HTO-coated silicon nanocrys-
tals.
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from HRTEM that lattice fringes could only be seen in particles larger than 4-5 nm diame-
ter and suggested that the amorphous character of the particles arose from the relative high
surface energy of these particles.?! The trend seen here is consistent with Seto’s observa-
tions and implies that the native oxide growth is both quick and catastrophic for smaller
particles.

The two PL spectra, corresponding to NO-2 and NO-3 in Fig. 4.5(c), were collected
within 48 hours of PL study and were luminescent. However, the NO-1 sample did not
luminesce when first collected. After thermal treatment for 60 min at 673 K in house No,
luminescence was observed, without further annealing in forming gas. The small size of the
particles seen in the original NO-1 particle size distribution suggests that lack of PL may
have been a function of a poorly passivated silicon surface rather than particle size.

The PL trace from NO-4 in Fig. 4.5(c) was observed seven days after particle collection.
Its calculated shell thickness lies between that of the young native oxide and a thermal
oxide, consistent with observations of increased oxide growth over time by Ledoux.8% The
calculated thickness seen in the trace is likely skewed larger for larger particle sizes as
the equal-efficiency/rate assumptions become invalid. Ledoux and others report a strong
drop-off in PL efficiency for larger sizes of silicon nanocrystals.

TEM images, Fig. 4.6, obtained within 48 hours of particle exposure to the ambient air
also suggest this initial trend of shell growth. The large particles have relatively thin shells
of 0.5-1.5 nm. Greater oxidation is observed in the images orthogonal to the [111] lattice
fringe lines, consistent with silicon planes oxidizing at different rates.®”

With HTO-coated particles, the calculated oxide thickness increases with particle size,
as seen in Fig. 4.7, as it does in the HRTEM images. (Fig. 4.8) Calculated oxide thickness

in samples HTO-2, HTO-3, and HT'O-5 group well. Both the particle size distribution and
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(a) 12 nm native oxide-coated (b) 10 nm native oxide- (¢c) 85 nm native oxide-
particle. coated particle. coated particle.

Figure 4.6: HRTEM images of native oxide-coated particles.

oxide thickness are larger in trend for sample HTO-1 and both significantly smaller for
HTO-4. Both may result from the equal efficiency/rate assumption not being valid at the
larger sizes of particles, since the growth parameters were little varied at the reactor.

The sample HTO-6-60min contained larger particles that did not luminesce initially. Af-
ter annealing for 1 hr in house Ng, luminescence was observed. The corresponding particle
size distribution indicates that, assuming a well-passivated oxide surface, there were suffi-
cient numbers of small particle cores to observe luminescence, but the lack of a blue-shift
in luminescence may indicate a poorly passivated surface from incomplete mixing in the
reactor or that exciton energy from small particles may be transferred to larger particles
over a finite distance.

HRTEM images, seen in Fig. 4.8, show silicon nanoparticles with an HTO-grown oxide
coating. These nanoparticles exhibit a more uniform and thicker oxide at the sizes shown,
in agreement with the calculated thickness. The large shell thicknesses, ~ 3—4 nm derived
from the data matching were neither confirmed nor denied by HRTEM images. The size is

likely influenced also by the equal rate/equal efficiency assumption.
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(¢) 5.5 nm HTO-coated particle. (d) 4 nm HTO-coated particle.

Figure 4.8: HRTEM images of HTO-coated particles showing greater uniformity of shell
thickness than observed on native-oxide coated particles.
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Trace Median | Median Median Core Di- | Oxide TDecay | B TDecay
Diam- | Wave- Diam- ameter Thick- (us) wave-
eter length eter (nm) ness length
(nm) (nm) Absorp- (nm) (nm)

tion
Cor-
rected
(nn)

NO-1 7.7 839 8.3 6.7 14

NO-2 8.4 885 9.1 7.8 1.2 91.0 0.69| 900

NO-3 8.5 865 8.8 7.4 1.3

NO-4 9.9 912 11.2 8.3 2.5 72.5 0.70| 850

HTO-1 | 11.4 775 12.9 5.9 3.5

HTO-2 | 11.0 804 11.3 6.4 2.4

HTO-3 | 10.3 770 10.3 5.8 2.2 34.0 0.63| 750

HTO-4 | 8.6 762 9.1 5.7 1.7

HTO-5 | 10.1 775 10.4 5.9 2.2

HTO-6 | 10.6 685 11.6 4.8 3.5 58.9 0.65| 675

HTO-6 | 10.6 685 11.6 4.8 3.5 88.0 0.73| 875

Table 4.1: Summary of particle size and calculated core diameter/shell thicknesses for

median particles and applicable photoluminesce data.

In Fig. 4.9(a), a darkfield image of a pair of 8 nm doublet particles suggests that some
particles may crack during oxidation, leaving a wedge within the particle for further oxida-
tion to develop. With sufficient time in the furnace, these particles are more likely to be
completely consumed than intact particles of the same size.

The particle cores shown in Fig. 4.9(c) range from faceted to nearly spherical. The
faceted particle in the upper right corner suggests that intense oxidation may break some
particles into small crystallites. If the formation of crystallites leaves grain boundaries at this
silicon-oxide interface, this may also provide sites for nonradiative exciton recombination.
The brightfield image included in Fig. 4.9(b) pairs with the image of Fig. 4.9(c), showing
that the collected particles were well agglomerated on the TEM grid. Some intensity drift
is seen in the darkfield image from the long exposure time.

Particles were collected and analyzed to determine whether metal was evaporating from



(a) Oxidation appears to (b) Brightfield image of par- (c) Aerosol nanoparticles ap-
wedge some particles and ticles seen in (c). pear with both faceted and
crack them open to further spherical morphology.
oxidation.

Figure 4.9: TEM images of various morphologies of HT'O-oxide coated nanoparticles.

the Inconel reactor and condensing onto the nanocrystals. A search for contaminants found
no detectable contamination within the threshold of methods applied. HTO shell particles
were studied using XPS and only peaks for silicon, oxygen, and carbon were observed. The
carbon peak is likely a result of chamber contamination. However, the sensitivity of XPS is
limited to ~ 5%, several orders of magnitude greater than the 1 metal ion per nanoparticle
(~ 10000 Si atoms) needed for PL quenching. Thus XPS confirmed only that there was no
bulk contamination coming from the reactor.

Particles were also studied under a FEI Technai F20ST 200 keV Scanning/Transmission
Electron Microscope, equipped with EELS and EDS capabilities. Electron Energy Loss
Spectroscopy (EELS) and Z-contrast analysis of a single particle may be interpreted as
evidence of contamination.®89 The particle size distributions for the three samples are
seen in Fig. 4.10.

Particles with a native oxide, Sample A5 seen in 4.11, showed strong evidence of bulk sil-

icon with EELS, Fig. 4.11(a), high contrast under High Angle Annular Darkfield (HDAAF)
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Figure 4.10: Particle size distributions of particles used in EELS study.
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Imaging, Fig. 4.11(b), and lattice fringes under HRTEM, Fig. 4.11(c).

HTO-coated particles, Sample A4 seen in Fig. 4.11, loaded into the scope in a cryogeni-
cally cooled stage also showed evidence of Si0, and Si under EELS and strong Z-contrast of
the particles. Sample loading onto the cold stage condensed a water vapor film that quickly
dissipated under the electron beam, but may have allowed surface tension to draw particles
into clumps, Fig. 4.11(b), and thickened the oxide shells leaving Si cores, Fig. 4.12(c), as
little as 2-3 nm.

HTO-coated particles, Sample A3 seen in Fig. 4.13, were loaded into a non-cooled sam-
ple holder. No condensation occured on the particles and the particles remained intact
on the grid (Fig. 4.13(b)). EELS spectra indicates both silicon and its oxide (Fig. 4.13).
Quantification of the EELS spectra up to an energy loss of 1000 eV estimated an Fe con-
centration of up to 3%, but there was no visible discernable Fe L edge in the spectrum
(first and second derivatives to the spectrum did not indicate a feature presence of Fe L).
This apparent Fe concentration is thought to be an artifact, leaving only evidence for the

presence of silicon, oxygen, and carbon.
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Figure 4.11: EELS, HRTEM, and HAADF from contamination studies on particles made
in Inconel reactor.
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Figure 4.12: EELS, Z-Contrast, and HAADF from contamination studies on particles made
in Inconel reactor.



94

400

et L e e I aEa e e
{
|
|
/

———

350

300

.

3

250
S
s

0ss {eV)
Sa¥y

¥,

S
L

Energy

150

|

|

|
100

410°

310"
210"
-110°

o
200
(a) EELS spectra on particles seen in Fig. 4.13(b). The top two traces in Fig. 4.11(a) are reference traces

for Si and SiOs3.

(Rreniqy) Aysualu)

ticles

ion studies on par

inat

| TEM images from contami

ona.

(b) Conventional TEM image of particles with

HTO oxide.

EELS and convent

made in Inconel reactor.

Figure 4.13



95

4.4 Conclusions

Using an RDMA for online particle size characterization of photoluminescent oxide-coated
silicon nanocrystals demonstrates differing trends in oxidation. Particles with an HTO-
coated oxide have more uniform oxide shells at all sizes and the oxide thickness increases
with particle size. Native oxide-coated particles initially exhibit thicker oxides for small
particles, with particles less than 5 nm becoming consumed by the oxidation process, and
the oxide layer decreasing in thickness as particle size increases. Over time, the oxide layer
thickness for these particles increases, approaching similar thicknesses calculated for the
HTO-coated particles. Larger, bulk-size, silicon nanoparticles require additional passiva-
tion before photoluminescence from quantum-confined exciton emission is observed. While
photoluminescence quenching for the largest particles studied is likely due to size, for mid-
size particles it may indicate an incomplete or inhomogeneous oxide shell with non-radiative
recombination sites. For smaller particles an energy transfer mechanism may quench pho-
toluminescence until larger particles are well passivated. Studies by EELS, EDS, and XPS
found no evidence of metal contamination from the Inconel reactor. Evidence from PL
spectra and PL decay time are consistent with exciton recombination in silicon nanocrys-
tals, but 5 parameters tend to lower values, suggesting greater energy interaction amongst
the dense ensembles of particles. TEM imaging and EELS analysis demonstrate that parti-
cles contain crystalline cores with oxide shells of varying thickness depending upon growth
conditions. Particles from the reactor show semiconductor quality, insofar as the existence

of a PL trace is evidence of particle purity.
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Chapter 5

Reactor Fouling And Seeding

Abstract

Fouling of narrow diameter laminar flow nucleating aerosol pyrolysis reactors rapidly reduces
both particle numbers and particle sizes when the shape of the particle size distribution re-
mains similar, the particle number concentration is observed to decay linearly with time. A
reactant-free laminar flow sheath shows some promise of inhibiting fouling in one configura-
tion. While fouling might be eliminated through better reactor design, a different strategy
for driving nucleation may be a superior alternative. A microplasma discharge reactor that
seeds a turbulent mixing reactor demonstrated stable particle number and size production
over tens of hours of continuous operation. We present some early results of hybridization

of a turbulent mixing reactor with a microplasma-discharge seed reactor.

5.1 Introduction

Numerous studies have examined aerosol synthesis of semiconductor nanoparticles by the

evaporation/condensation method,?? externally heated laminar flow reactors,# laser ab-

106,133

lation,®"14% flame pyrolysis, and other methods. Most of the studies have focused

on control of particle size, crystallinity, and/or the extent of agglomeration. Ostraat %2
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employed a multistage laminar flow reactor to synthesize nonagglomerated nanoparticles
comprised of 5-10 nm diameter single crystal silicon cores that were encased in a silica
shell. These composite nanoparticles were synthesized under clean conditions, deposited
immediately onto 200 mm diameter silicon wafers, and processed through an industrial
semiconductor fabrication plant to produce novel nonvolatile memory devices. In these
memories the nanoparticles served as a discontinuous floating gate, rendering the charge
retention of the memory more robust than conventional devices with a continuous floating
gate. Although the performance of the devices synthesized by this route and the properties
of the materials synthesized in other reactors are very promising, a number of challenges
remain to be overcome before aerosol technology is routinely integrated in microelectronics
processing. 3 Foremost is reluctance to introduce particles into the manufacturing process
after decades of work aimed at removing particles from the cleanroom and processing tools.
Skepticism about the use of aerosols in device fabrication will only fade after additional
demonstrations of the unique capabilities of aerosol synthesis, and further demonstrations
that aerosol routes can be advantageously employed without risk to the expensive tools and
processes involved in microelectronics fabrication.

The study of nanoparticle aerosols need not be limited to applications in solid state
devices or environmental impact. An emerging application for silicon nanoparticles is that
of luminescent biological tracers.”! These particles are typically formulated in colloidal
suspensions. Liquid phase synthesis facilitates greater mass production due to the greater
density of the fluid phase and to tight size control through manipulation of interparticle
forces, but possibly at the expense of flexibility in composition and heterogeneous structure.
Solid phase synthesis is also a well-established method for fabricating homogeneous particles

embedded in matrices, but harvesting these particles for use in other applications is a costly
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process.

In contrast, aerosol synthesis may offer a solution to producing a wide range of har-
vestable, size-selected nanoparticles. Continuous production in a flow environment offers
flexibility in both composition control and methods of deposition. But these advantages
typically are achieved at the expense of mass production. Flagan and Lunden®® showed
that increases in aerosol nanoparticle production rates are best achieved by reducing the
residence time in the reactor. In recent years, mass quantities of condensable products have

13 or flame-induction decomposition

been realized using laser,®” spark, arc, microplasma,
methods, but these methods often induce intense nucleation and thus coagulation aerosols.

Laminar flow reactors that have been the focus of much work to date are not well suited
to the production environment. Due to the long residence times in most laminar flow reac-
tors, particle number concentrations must be kept low to prevent runaway agglomeration.
The low flow rates, combined with the low number concentrations, lead to low production
rates. Successful incorporation of aerosol nanoparticle deposition into a process such as
device fabrication will require that deposition times be competitive with conventional pro-
cess steps. Higher throughput processes that maintain control over nanoparticle properties
while minimizing contamination are therefore needed.

A recent demonstration of a turbulent mixing reactor®® showed particle production in

excess of 102 cm—3.

However, particle deposition on the walls degraded its performance
over time. Similar degradation has been observed in each of the relatively narrow tube
laminar flow reactors studied earlier. Examination of the larger quartz tube reactors used
earlier also showed that there was particle deposition in the nucleation and exit regions, but

reactor performance was not noticeably degraded since the larger available volume limited

the effect of deposition during labscale operations.
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Fouling of narrow diameter laminar flow aerosol reactors rapidly reduces both particle
numbers and particle size, limiting the effective operation of these reactors to tens of hours
before flow chokes and the reactor fails. Although some reactors, notably metal reactors,
may be mechanically cleaned to restore the original performance, the need for consistent
output over longer periods of time remains. Fouling is most apparent in the early reaction
region where precursors decompose, nucleate, and form small clusters. In decomposition
reactors, heat transfer from the walls provides the energy to initiate the reaction. This
close proximity to the reactor wall combined with slow convection and the relatively large
diffusivity of the small clusters ensure rapid transport to the reactor walls, scrubbing and
filtering up to 99% of the reactant.

What is clearly needed is a reactor that can combine the features of high nucleation
rate reactors with the robustness of the laminar flow reactor, while preventing runaway
particle agglomeration. A promising alternative is to generate seed particles with an intense
reaction such that the nuclei rapidly grow into slower moving clusters before significant loss
occurs. However, this high rate reactor would be sufficient for developing only the smallest
nanoparticles due to inherent limits to the rate of particle growth. Nucleation must be
quenched quickly, usually by dilution, to prevent the accumulation of such large numbers
of particles that coagulation becomes the primary growth mechanism. Hybridization of the
microsplasma reactor, while limiting nucleation, with a turbulent mixing reactor may allow
efficient generation of controlled numbers of particles, and a means to add additional mass
while ensuring densification and/or crystallization.

This chapter will present evidence of fouling for several configurations of reactors and
initial data of a hybridized microplasma/turbulent mixing reactor. Effects of fouling with

time on the particle number production will be shown. A reactor employing a laminar
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sheath flow around the nucleating particles shows some promise in reducing fouling. Char-
acterizing particle distributions from the microplasma-seed turbulent reactor with a radial
differential mobility analyzer, we show evidence of thermally induced particle densification.
We introduce additional cold reagent, observe evidence of vapor deposition growth, and

avoid simultaneous homogeneous nucleation. %8

5.2 Experimental Methods & Design

5.2.1 Reverse Flow Shell & Tube Assembly

These experiments used a 7.525/9.525 mm annular nucleation region followed by flow re-
versal and exit through a 6.35/4.35 mm or 3/5 mm exit tube. The silane containing feed
is introduced in the annular region where it is heated both internally from the exiting gas
and externally by convection and conduction from the furnace insulation. The exit tube
is positioned within the annular space so the tube opening is physically located just inside
the furnace hotzone. As the flow enters the hotzone of the reactor, it is heated and the
reaction begins. The flow then quickly reverses direction and exits the reactor through the
inner tubing. At the point of flow reversal, an opposing flow is also drawn into the inner
flow tube, as illustrated in Fig. 5.1, that is preheated by passage through a 15 ¢cm hotzone

maintained between 1273 K and 1523 K.
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5.2.2 Shell & Tube Nucleation/Growth with Subsequent Mixing Jet

This configuration featured a shell-in-tube laminar nucleation and quenching zones followed
by a pair of mixing jets to introduce additional reagents for heterogeneous particle devel-
opment. Although a fused quartz reactor was first tried (to ensure cleanness), it was too
fragile for extended use. Experiments were, therefore, performed using a reactor made from
Inconel-625. A 4.35/6.35 mm tube inserted into a 12.7 mm OD cavity. This cavity tapered
by 45° to a 4.35 mm ID tubing. A 39.1 mm growth chamber followed with this diameter.
At the end of the growth chamber a pair of radially opposing 1 mm mixing jets allowed the
introduction of preheated Oy into the aerosol stream. Both the annular flow Ny and mixing
jet Og were preheated to ~ 1273 K.

A laminar nucleation zone and mixer were employed to inhibit fouling seen in earlier
narrow diameter reactors. Preheated Nj is introduced in an annular space around the
nucleation zone, heating the tubing and inducing silane decomposition as near its outlet
as possible. With laminar mixing following nucleation, the aerosol is limited by diffusional

processes for both thermal and mass transfer.

5.2.3 Laminar Flow Nucleation, Turbulent Mixing Jets Reactor

This configuration is comprised of narrow, 3.9 mm, inlet tubing wherein SiH, decomposition
and nucleation occurs. Two pairs of 1 mm radially opposed mixing jets, separated by
39.1 mm, are preheated to 1273 K before introduction into the aerosol flow. The first jet
supplies No diluent, the second jet O as an additional reagent. This reactor has been

described in more detail previously.5?
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9.2.4 Microplasma-Seeded Turbulent Mixing Jets Reactor

The microplasma reactor is described in more detail elsewhere. 113114 SiH, is decomposed in
a hollow cathode plasma jet, Fig. 5.2 struck in Ar. A sheath of Ny gas is introduced around
the discharge, mixing with the aerosol stream downstream of the hollow anode. Additional
reagent may be added with the sheath Ny flow, or downstream via a Tee-assembly at the
furnace entrance. The furnace is maintained at a constant temperature between 973 K-
1273 K. This reagent/aerosol mixture is heated by conduction from the hotwall during
laminar flow, inducing reaction and increasing the primary particle size by vapor deposition
growth. The concentration of the reagent must be kept sufficiently low to avoid homogeneous
nucleation. %8 In the furnace, preheated Ny in a ratio exceeding 5:1 with the aerosol stream is
introduced through a pair of mixing jets to raise the temperature of the aerosol to sufficiently

high temperature, thermal energy for densification.

(a) Microplasma discharge assembly above (b)  Microplasma (c) Discharge
Turbulent Mixing furnace. assembly. struck in argon.

Figure 5.2: Microplasma Discharge Assembly Above Turbulent Mixing furnace.
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5.3 Results

5.3.1 Fouling in Reverse Flow Shell & Tube Assembly

In this work with the reversing flow reactor, the outlet tubing was as small as 3 mm inside
diameter. Conductive heating in the narrow annulus between the inner and outer tubes
induces silane pyrolysis and particle nucleation. The discoloration in the wall of the quartz
tube, Figure 5.4, shows thin film at the cold region upstream of the reactor hotzone. This
deposition pattern most likely results from vapor deposition at temperatures too low to nu-
cleate and grow particles. Farther downstream, the film develops a texture, presumably due
to deposition of small, high diffusivity particles. This begins the fouling process. Coales-
cence of particles is limited at the relatively low reactor temperatures. Farther downstream,
the texturing of the surface becomes the dominant deposition profile, and the build-up be-
gins to extend into the flow from the surface. This fouling, now macroscopic in nature,
may lead to a filtering effect on the aerosol, as suggested by the gradual decrease in both
the number and size of particles observed in on-line particle size distribution measurements
with the RDMA. The continuous transport of reactant gas and ultrafine particles to the
tube walls eventually produces dendritic structures on the wall that may filter particles, as

seen in Fig. 5.5.

Figure 5.3: From right to left: far right: Thermophoretic deposition of cooling nanoparticles
leaves light brown coating on inside of exit tubing; middle: Silicon film deposits, likely from
CVD; far left: fouling on the outer side of the inner tubing. Tube outer diameter is 6.35 mm.
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Figure 5.4: Effect of fouling on particle distribution over time.

A log-log plot of the particle size distribution reveals that, for this reactor, the trend
is seen as a consistent linear decrease in the number concentration. Fouling constricts the
reactor tubing, increasing the flowrate of the aerosol stream. As the velocity of reactant
increases and the deposited silicon inhibits conductive heat transfer from the hotwall, the
rate of silane decomposition is reduced. Particle numbers are decreased. With this addi-
tional loss of reactant, and the filtering effect that discriminates towards removing larger
particles, the size measured at the RDMA concurrently is also decreased. The effectiveness
of filtering increases as the buildup creates a more tortuous path for the aerosol, in spite
of the increased velocity. Figure 5.4 shows the performance degradation over 11 hours of
continuous operation with constant inputs of 200 sccm of 50 ppm SiH, in Ny mixed with
300 sccm Ny at 1273 K. In the last two hours, the degradation becomes catastrophic.

Figure 5.5 is an image of the reactor side internal tubing in the shell-in-tube assembly.
The original inside tube diameter was 4.35 mm. Figure 5.5(b) is an image the same tube

that shows the extent of the macroscopic buildup which has filtered particles and begun



106

choking gas flow. In another series of experiments, the final tube diameter, when removed

from the reactor, was ~ 1 mm.

5.3.2 Fouling in Shell & Tube Nucleation/Growth With Subsequent Mix-

ing Jet

With this configuration, at higher flowrates, fouling of the reactor was temporarily reduced.
Fig. 5.6(a) shows the time evolution of reactor product from RDMA characterized traces.
These PSDs are of an agglomerate aerosol, but there is little change observed over the
seven hour period of operation. The increase in particle numbers over time, Fig. 5.6(Db),
and coincides with a small decrease in the mass output, indicating that fouling is occuring,
albeit at a slower rate. The reduction effect is more dramatic than the graphs suggest since
the concentration of SiHy used in this experiment was ~ 433 ppm, 5-10 times more than
used in later studies. This reactor was not studied in much detail. Although narrower
size distributions of smaller particles could be made by adjusting feed concentration and
flowrate, particles numbers dropped considerably at sizes less than 18 nm. At lower flowrates
and lower concentration of SiHy, fouling proceeded much more rapidly as nucleation and

early particle growth occurred entirely within the narrow diameter inlet tubing.

5.3.3 Fouling in Laminar Flow Nucleation, Turbulent Mixing Jets Reac-

tor

Although this configuration is subject to fouling, it also had the greatest throughput of
~ 10 nm nanoparticles. This reactor has the advantage that mechanical cleaning restores
performance and has been subjected to numerous fouling and cleaning iterations. Fouling

occurs a few centimeters before the first pair of mixing jets, constricting the diameter of
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(a) Fouling on outer wall (b) Visible structures seen in close up of
of 6.35/4.35 mm tub- 6.35/4.35 mm tubing fouling.

ing. A gradual transi-

tion from film deposition

to particulate fouling is

seen.

Figure 5.5: Images from reverse flow, shell-in-tube reactor of fouling deposits that lead to
tube constriction, performance degradation, and reactor failure.
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the tubing. With flowrate remaining constant, the velocity of the flow increases through
the constriction, while decreases are seen in particle size and number. Figs. 5.7-5.8 show
the trends in PSD evolution over time as well as the decreasing rate of particle production.
T'his rate is also a linear decrease, similar to that observed in Fig. 5.4. The particle num-
ber production could be temporarily increased by decreasing the flowrate of the reactant
stream. This flowrate change corresponded to an increase in precursor concentration that
fueled additional nucleation. However, the increased particle number production was only
temporary. Fig. 5.7(b) contains a series of points around 10* s wherein particle numbers
are temporarily suppressed, but follow a similar trend of decreasing. The abruptness of the
change in number of particles characterized, and the similarly abrupt return to the original
trendline, suggest that an electronic malfunction temporarily affected data collection. It is
unlikely that this signature results from a change in the furnace temperature or a change
in the reactant concentration.

Efforts to model the nucleation zone in Femlab using a simplified reaction (Simplified
Reaction (SR) Model) with no kinetic barrier to nucleation or coagulation) were not suc-
cessful, but some trends emerged. First, reactant loss to the walls of a low molecular weight
species with a large diffusivity, such as SiHy, is significant. Second, if the sticking parameter
of SiHy, or any of the decomposition products, to a cluster is not unity,?! the loss of these
species to the walls also significantly enhances fouling. As clusters grow, thermophoretic
effects begin to drive clusters towards the cooler center of the tubing, and fouling is quickly

curtailed.
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5.3.4 Microplasma-Seeded Turbulent Mixing Reactor

Increasing throughput in the mixing reactor is limited by the onset of agglomeration within
the laminar flow nucleation zone. Even though the comparatively slow thermal transport
inhibits nucleation, it also favors wall fouling and agglomeration. Hence, further increases
in particle number and size will likely be achieved by seeding a series of mixing zones with
particles nucleated via an accelerated energy transport mechanism wherein the residence
time may also be engineered to be orders of magnitude faster. Such an energy transfer is
possible via pathways such as plasma, arc, laser, or flame induction. Sankaran demonstrated
extremely fine nanoparticles, less than 3 nm, generated from an atmospheric pressure dis-
charge struck in Argon.!'3 Particle size was typically below the detection limit of a RDMA,
~ 3 nm, unless a coagulation aerosol was allowed to form and evolve to a measurable size.
Images of the microplasma/turbulent mixer setup are shown in Fig. 5.2.

Experiments performed with a microplasma discharge to seed a turbulent mixing anneal-
ing/growth furnace further demonstrate that particles may be both densified with increased
thermal energy and/or grown to larger sizes by vapor deposition.®” Figure 5.9 shows PSDs
of silicon particles nucleated in a microplasma discharge struck in Argon that pass into a
turbulent mixing reactor wherein mixing Ny is introduced at a ratio of 4 : 1 at various
temperatures. As the temperature of the mixing reactor is increased, the mobility of the
particles characterized decreases to an asymptotic limit, indicating that sintering has oc-
curred. 2679116 Tt does not, however, indicate complete densification®”!47 since the time
scale for the various densification mechanisms are affected by the initial particle morphol-
ogy. Note, however, that fouling losses are not evident when seeding the turbulent mixing
reactor, a very promising result for increasing reactor output.

In Fig. 5.10, seed particles generated in the microplasma combine with additional silane



112

2..
-;.h_n.l LR
_—_l-':'. f.. !l ....l
1 08 I_- -_:-. L] -; : .-

B o " m 25C
— 6: -: - "= .. '- [ SOOC
' E 4_ -:l. .l. -_ .. ] 6OOC
8 _ ::- - L : .. | 7OOC
—~~ mun® g '. : L 8OOC
T 2 . 1 ue 900C
S a e
kS, 7_ . "
prd 10 4 "n Ll
= 8: I.- ™ mE .. i

6: .l.l I..-. -

4 X

2 || 1 1 1 ] LI L] I -l ..-.T T 1 | LI B | I L

2 3 456 2 3 456 2

10 100
dp(nm)

Figure 5.9: Densification of silicon particles from a microplasma discharge in Argon seeding
a turbulent mixing reactor.
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in a laminar flow tube before introduction into a heated turbulent mixing reactor. For
precursor concentrations low enough to inhibit homogeneous nucleation, a shift to larger
particle size with little corresponding effect on number is demonstrated. This experiment
warrants further study with a DMA, currently being characterized, that is capable of sizing
seed particles of ~ 1 nm, since the initial number distribution of seed particles is unclear

with the current characterization equipment.
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Figure 5.10: Densification of coagulated silicon nanoparticles from a microplasma discharge
in Argon seeding a turbulent mixing reactor.

Another interesting feature of the microplasma discharge reactor is the potential to

produce condensible vapors from a wide range of materials, including organics. ''* Successful
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incorporation of the two schemes may allow narrow, size tunable distributions of a vast array
of homogeneous and heterogeneous nanoparticles.

The use of quick transport mechanisms to deliver additional reagents or energy opens
the door to study the engineering of nanoparticle aerosol reactors. For nearly monodisperse
aerosol with involved mixing processes on a timescale short compared to coagulation, there

is no ambiguity in deciphering the past history of the aerosol or predicting its future growth.
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5.4 Conclusions

Small volume/low residence time reactors are necessary for the production of small nanopar-
ticles. However, catastrophic fouling in the nucleation regions of laminar flow reactors sug-
gests that improvements are necessary. The quick mixing achieved from narrow diameter
jets that preserves the small sizes of particles in small volume reactors may also facilitate ad-
ditional growth of seed particles. Combining the technologies of the microplasma discharge
reactor and the quick mixing small volume thermal reactor may be a means to increase

particle numbers while decreasing particle size without the cost of quickly fouled reactors.
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Chapter 6

Experimental Evidence of an
Inherent Monodisperse Particle
Production Regime of
Sinclair-LaMer Aerosol Reactors

Abstract

Although most aerosol reactors produce particles with the relatively broad particle size
distribution, og = 1.45, typical of growth by coagulation, a number of studies produced
narrower distributions, o ~ 1.1, by operating under conditions where growth is domi-
nated by vapor deposition. The particle size distributions produced by several laminar flow
nanoparticle synthesis reactors have been examined to probe the factors that lead to these
differences in performance. In some cases, coagulation downstream from the particle syn-
thesis region determines the form of the particle size distribution. By reducing the residence
times between the reactor and the measurement point or by quenching coagulation through
rapid dilution at the reactor outlet, the inherent capabilities of aerosol synthesis reactors
are revealed. For a wide range of operation of laminar flow nanoparticle synthesis reactors,
vapor losses to the tube wall suppress homogeneous nucleation and enable production of

uniform nanoparticles. For atmospheric pressure decomposition of silane, the size of sili-
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con nanoparticles produced under such conditions increases with increasing tube diameter,

consistent with the decreasing precursor flux to the wall.

6.1 Introduction

To fabricate small, 20 nm or less, particles without compromising particle numbers from
Sinclair-LaMer 122 reactors in which the primary mechanism of particle growth is vapor
deposition, the residence time must be kept short to avoid agglomeration.3® Increases in
precursor concentration yields larger particle size and particle concentration. However,
even small increases in the precursor concentration can dramatically increase the number
of nuclei formed.” As the particle number concentration in the reactor increases, agglom-
eration becomes increasingly difficult to avoid,3:1%% both within the reactor and in the
downstream plumbing and characterization equipment. Alam” et al. observed narrowed
size distributions when the precursor’s temperature was slowly raised along the length of a
laminar flow reactor, limiting the increase in the decomposition and nucleation rates while
favoring growth of the nuclei and small particles via vapor deposition.® In this growth
mode, the depletion of precursor® limits additional nucleation as the temperature contin-
ues to increase, preserving a narrowed distribution of particle sizes. Monodisperse particle
size distributions, og ~ 1.2, were reported. o¢ is the geometric standard deviation of a
log-normal distribution. Such narrow size distributions are attractive where particle size is
important, and even narrower distributions are needed in many applications.

A recent implementation of a turbulent mixing reactor demonstrated nearly monodis-
perse 8-12 nm heterogeneous aerosol nanoparticles, og =~ 1.1, with a crystalline silicon core
and oxide shell, fabricated at concentrations approaching 10° particles/cm®. This reactor

employed a laminar nucleation zone wherein a gentle thermal ramp facilitated vapor de-
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position onto nuclei, followed by a fast quench diluent supplied through turbulent mixing
jets.30 The monodispersity observed with those particle distributions is not limited to this
class of reactors, but is observed in other so-called Sinclair-LaMer laminar flow reactors.
In fact, laminar flow reactors seem well suited to the production of monodisperse aerosols;
these result when nucleation rates are hindered sufficiently that chemical vapor deposition
becomes the dominant growth mechanism.

On-line measurements of particle size distributions in the nanometer size regime are typ-
ically made by differential mobility analysis. 23 This technique requires that a known charge

distribution 40142

exist on the particles. This charge is generally imparted by exposing the
aerosol to an ambipolar ion-cloud produced by ionizing radiation in a so-called neutralizer.
The volume of the typical neutralizer may be larger than the volume of the reactor in which
the aerosol forms, contributing to unacceptable coagulation of particles. The resulting “ap-
parent” particle size distribution measured with the DMA bears little resemblance to that
leaving the reactor. If, however, such biases could be eliminated (or minimized), differ-
ential mobility analysis provides a fast and convenient method for characterizing aerosol
nanoparticles as they are produced.

To first order, the characteristic time for particle-particle collisions, Teoags at the pre-

vailing particle number concentration, N,, can be estimated as

2

Tecoag = m (61)

As nanoparticles are much smaller than the mean-free-path of the gas molecules, the collision
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frequency function, K, is that for free-molecular particles, which can be expressed as,4°
T 2,2 | =21

where d, is the diameter and ¢, is the mean velocity of the z** particle. The mean molecular

speed is given by,

1
oy = Skl (6.3)

where kp and 7' are the Boltzmann constant and temperature, respectively, and m,, is the

mass of the z'® particle. For particles of equal diameter, dp, this expression reduces to

1

2 1

K=4 (6kBT> dz. (6.4)
Pp

In this free-molecular size regime, K is only a weak function of particle size and tem-
perature, so the characteristic time for coagulation is determined by the particle number
concentration. For monodisperse 20 nm particles, K =~ 10_9%.

However, K increases dramatically for particles of unequal size, since both the higher
mobility of the small particle and the larger cross-sectional area of the larger particle increase
the collisional frequency. Thus, this estimation method places an upper bound on Teoag- At
low flowrates, or for large Ny, particle characterization may be skewed to larger apparent
sizes by coagulation of smaller particles. The presence of a small number of larger particles
can dramatically reduce the number concentration of the smaller ones at the reactor outlet.

The present paper employs experiments performed with a number of different reactor
configurations to examine the conditions that enable production of uniformly sized nanopar-

ticles. All of the reactors studied are laminar flow tubular reactors in which silane undergoes
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Reactor | Diameter (mm) Hotzone | Reactor Material | Temp. (K)
RD1-1 17 mm 15 cm Quartz 1273-1523
RD1-2 | 7.53 mm 15 cm Quartz 1273-1523
RD1-3 | 1.75 mm 15 cm Stainless Steel 1273
RD2-1 | 6.35 mm — 7.53 mm Quartz 1273-1523
RD2-2 | 5 mm — 7.53 mm Quartz 1273-1523
RD3 4.35 mm 3.9 cm Inconel 1273
RD4 3.9 mm 3.9 cm Inconel 1273

Table 6.1: Configurations of laminar flow nucleation reactors used.

thermal decomposition in a nitrogen carrier gas at atmospheric pressure. Operation of each
reactor can range from production of uniformly sized nanoparticles to formation of more
broadly distributed coagulation aerosols. The discussion that follows examines the factors

that enable the former, more desirable, mode of operation.

6.2 Experimental Methods & Design

FEach of the four reactor configurations employs a laminar flow zone for particle nucleation,
with different downstream configurations for reaction quenching, particle growth/densification,
or particle annealing. Cold, dilute silane in nitrogen is introduced through insulated tubing
into a furnace hotzone that is maintained at a fixed temperature between 1173 K-1523 K.
Between the cold entrance and the furnace hotzone, thermal conduction from the hotzone
heats the tube wall and the reactant mixture, initiating silane decomposition well upstream
of the entrance into the furnace hotzone. We sought to study the effect on the measured
particle size distribution of manipulating both the thermal ramp, through adjusting flowrate
and temperature, and the onset of agglomeration, through a variety of approaches to cooling
and/or diluting the product aerosol. Table 6.1 summarizes the differences in configurations

and supplies a nomenclature for the following discussion.
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6.2.1 Reactor Configurations

Reactors RD1, Fig. 6.1(a), are single tube reactors with a 15 cm hotzone between 8-12 cm
lengths of entrance/exit insulation. Tube diameters ranged from 1.75 mm-17 mm. Par-
ticle nucleation and growth begin in the conduction-heated tube upstream of the furnace
hotzone; particle densification and crystallization continue within the hotzone. This con-
figuration has been widely studied and reported in the literature, both experimentally and

theoretically. 4479,97,128,144
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Figure 6.1: Two configurations of quartz laminar flow reactors. (a) RD1: Single tube
reactors. (b) RD2: Reversed flow shell and tube reactor.

Reactors RD2, Fig. 6.1(b), employ a counterflow shell and tube configuration. The
silane containing feed is introduced in the annular region where it is heated both internally
from the exiting gas and externally by convection and conduction from the furnace. The
exit tube is positioned within the annular space so the tube opening is physically located
just inside the furnace hotzone. A counter flow of No diluent (1273-1523 K) mixes with
the reaction stream; the diluted reactants, reaction products, and aerosol exit the reactor

through the inner tube. Particles are quickly removed through the exit tubing by reversing
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the flow. In some experiments, relatively large amounts of reversing flow were used to
quench the reaction and dilute the particle concentration. The exit tubing size ranged from
3-4.35 mm ID with 5-6.35 mm OD. The outer annulus ID was 7.53 mm.

Reactor RD3, Fig. 6.2(a), is a co-flow shell & tube assembly consisting of a 4.35 mm ID
inner tube within a 12.7 mm ID annulus. Although a fused quartz reactor was first tried (to
ensure cleanness) it proved to be too fragile for extended use. Experiments were, therefore,
performed using a reactor made from a high temperature alloy of Inconel. Preheated No
diluent, 1273 K, is introduced coaxially and contacts the inner tube along a 19.1 mm length,
heating the fluid within the inner tubing, wherein the aerosol forms in a manner as already
described. At the confluence, the outer tube is tapered 45° from 12.7 mm to 4.35 mm,
thus accelerating the flow and reducing the overall residence time as the two streams join
in a laminar flow. A short length downstream, 39.1 mm, additional diluent is supplied
through opposed impinging jets to quench coagulation. This configuration was designed to
corbine the laminar nucleation and laminar quenching zones of the previous configuration
and provide a second stage of rapid dilution in the present experiments, although it has
been used in other studies as a two stage reactor in which oxygen was introduced in the
mixing jets to grow a thermal oxide coating on the silicon nanocrystal cores. Both the
annular flow Ny and mixing jet gases were preheated to ~ 1273 K.

Reactor RD4, Fig. 6.2(b), consists of a narrow (from 3.9 mm or 1.75 mm) diameter
inlet tube followed by successive pairs of radially opposed mixing jets wherein the gas
flow is preheated before introduction into the aerosol flow. It is similar to RD3 except
that instead of performing the first dilution in a laminar mixing zone, a pair of small
diameter opposed jets produce intense turbulence to both supply and rapidly mix preheated

nitrogen with the aerosol. While nucleation still occurs within a laminar flow, the diluent
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Figure 6.2: Two configurations of laminar flow nucleation reactors made from Inconel.

now rapidly quenches agglomeration, and ensures a homogeneous environment for further
particle development. A second pair of jets is located 39.1 mm downstream through which
additional reagents may be introduced. Application of this reactor to the synthesis of

core/shell nanoparticles has been described in more detail previously. 3050

6.2.2 Nanoparticle Characterization

Particles were brought to a known steady-state charge distribution using a TSI 3077 model
8Kr neutralizer with an internal volume of ~ 100 ml. Particle size distributions were
then measured by using a radial differential mobility analyzer?® (RDMA) coupled to a
Faraday-cage filter system with a fA-resolution (1071 A) electrometer for detection of the
transmitted particles. A diluent gas was mixed with the aerosol before classification with
the RDMA, delaying the onset of agglomeration,*® and preserving the characteristics of

the particles that exited the reactor. The RDMA was operated in scanning mode**® and
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data inversion was performed by the method of Collins.?®

6.3 Results

6.3.1 Measurement Validation

Particle size distribution measurements were made in early experiments by first passing
the aerosol en-masse through a 8°Kr neutralizer before sending it to the RDMA. Particle
size distributions measured downstream of a large diameter reactor, RD1-1, are shown in
Fig. 6.3. Figure 6.3(a) shows that the particle size decreases slightly as the reactor residence
time decreases. The size distributions are broad, as expected for an aerosol that has grown
primarily by coagulation. The shapes of the size distributions at different residence times
are similar, suggesting that the aerosol has approached the asymptotic, “self-preserving
particle size distribution.®5145147 Figure 6.3(b) shows a much more dramatic variation
when reducing the precursor concentration, along with some apparent changes in the shape
of the size distribution.

Figure 6.4(a) shows particle size distributions measured using a smaller diameter reactor,
RD1-2, at 1423 K. Trends with particle size with residence time or reactant concentration
are similar to those observed with the larger reactor. There is some narrowing of the size
distribution with this smaller reactor, but not to the degree of monodispersity reported in
recent studies.

Figure 6.4(b) shows particle size distributions from RD1-3, a reactor made from 1.75 mm
ID stainless steel (SS) tubing. Although they are polydisperse, an interesting feature is seen
at 20 ppm, where the size distribution appears to have a mode wherein a sharp increase

in the number of small particles is followed by gradually decreasing numbers of larger
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Figure 6.3: Typical particle size distributions from RD1 with 17 mm diameter.

particles. It is suggestive that larger particles were agglomerates of the left-mode sub-
10 nm particles. Unfortunately, rapid fouling of the small diameter tubing prevented more
detailed explorations of this hypothesis.

The broad size distributions produced by all three implementations of these single tube
reactors, even with a short residence time in the SS tubing reactor, ~ O(10 ms), strongly
suggested that aerosol coagulation have been occurred outside the reactor, in transit to the
RDMA.

To explore this possibility, the aerosol produced by RD1-2 operated at a total flowrate
of 600 sccm was further diluted before neutralization. Because the residence time in the
passage from the reactor through the neutralizer to the RDMA was ~ 20 s, the aerosol
was diluted to reduce the number concentration below N, = 5x107cm~3, corresponding to
a coagulation time of 20 s for 20 nm diameter particles. Size distributions (not shown)

indicate that the extent of agglomeration decreases as the diluent flow increases.
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Figure 6.4: particle size distributions from RD1 type reactors.

These experiments revealed that the high particle concentrations in the stream exiting
the reactors led to unacceptable coagulation within the plumbing and, in particular, the
large volume of the neutralizer; this coagulation resulted in size distributions at the RDMA
that were quite similar in shape and size, irrespective of the nature of the aerosol leaving
the reactor.

To avoid the long residence time within the neutralizer volume, an alternate aerosol
neutralization method was introduced; rather than passing the aerosol through the neu-
tralizer, it was mixed with particle-free, ion-rich Ny that had been processed through the
neutralizer as illustrated in Fig. 6.5. The steady-state ion concentration of the gas that is
produced in the neutralizer persists for a small but finite time after the fluid leaves the ion-
izing environment. 90% decay of charged species removed from a ionized radiation source
are reported in NRD, Inc., literature occuring within ~ O(1 s). Particle characterization

appeared to greatly reduce this coagulation bias when this ion-rich neutralizer diluent was
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mixed in ratios of at least 2:1. As the flow ratio from the neutralizer is increased from 2x
through 16x, Fig. 6.5(a), the particle diameter and height of the particle size distribution
mode is unaltered although a small reduction in the number of larger particles is seen,
consistent with reduced agglomeration from shorter residence time in the neutralizer. In
Figs. 6.5(b) - 6.5(c), a narrower range of dilution ratios is explored while characterizing
a polydisperse aerosol. Little apparent change in the particle size distribution is observed

between 2x and 3x dilution. To conserve gas in experiments with reactor RD2, the following

particle size distributions are recorded at 2x dilution.
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Figure 6.5: Dilution of aerosol with ion-rich gas in ratios greater than 2:1 significantly
reduce the agglomeration bias seen in particle size distributions. Traces are corrected for

dilution.

Experiments with reactors RD3 and RD4 were neutralized in a more efficient manner.
An aerosol-containing flow of 135 sccm was rapidly mixed with 405 scem of ion-rich gas

that was delivered through an impinging jet. Particle size distributions were observed to
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reach an asymptotic particle size distribution at similar dilution ratios as seen in Fig. 6.5.

6.3.2 Product Particle Characterization

Having identified an aerosol charging approach that minimizes coagulation within the neu-

tralizer, the nature of the particles produced by the different reactors was explored.

6.3.2.1 RD1: Laminar Flow Single Tube Reactors And Particle Characteriza-

tion

At relatively low flow rates in RD1-2, the gas heats quickly, leading to rapid nucleation.
The relatively long residence time allows coagulation to grow large, polydisperse particles
with the size distributions shown in Fig. 6.6(a). At higher flow rates, the heating rate is
reduced, as is the number of particles emerging. Nucleation is prolonged by the resulting
slow reaction, yielding a broad, polydisperse aerosol with smaller size particles, as shown
in Fig. 6.6(b). At intermediate flow rates, Fig. 6.6(c), a bimodal peak is observed. The
600 sccm traces, seen in Fig. 6.6(c), are very narrow, indicating that conditions existed
wherein growth by vapor deposition has occurred, simultaneously suppressing nucleation
and allowing particle growth without significant agglomeration. The resulting distribution
shows a monodispersity similar to that observed in the turbulent mixing reactor.%? A data
fit, Fig. 6.6(c), of the narrow mode, indicates o = 1.1. The second mode in this trace were
doublet particles. Increasing the precursor concentration from 25 ppm to 50 ppm increases
the breadth of the coagulation mode, an early approach toward the self-preserving size

distribution aerosol.
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Figure 6.6: Particle size distributions from 15 ¢cm hotzone at 1023 K single 7.525 mm 1.D.
fused quartz tube laminar flow aerosol pyrolysis reactor with 50 ppm reactant silane.
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6.3.2.2 RD2: Reverse Flow Shell & Tube Assembly

This configuration produced higher particle numbers than did the single tube, RD1, re-
actors while also narrowing the size distribution. The modeled temperature profile seen
in Fig. 6.1(b) suggests that the temperature rise produces nucleation both near the inner
tubing and the outer tubing, creating large numbers of particles. However, this reactor was
prone to fouling and to unstable recirculating flow zones near the exit tubing evidenced by
large particles modes (not shown) in the particle size distributions. Within recirculation
zones, particles collect and coagulate into much larger mobility diameter particles.

Operation at low flowrates is shown in Fig. 6.7(a). A low silane concentration limits
nucleation, and the small precursor-containing flow ensures a single nucleation event. The
broad size distribution reveals a coagulation aerosol as expected given the long residence
time in the reactor, but as the silane concentration increases and the nucleating flowrate
decreases, the size distribution shifts to smaller sizes and lower number concentrations. The
geometric standard deviation, o, for the three traces are 180 scem/27 ppm, og ~ 1.32,
130 sccm/38 ppm, og ~ 1.29, and 115 scem /43 ppm og =~ 1.26. At low flowrates, reactants
and small nuclei can diffuse to the reactor walls, thereby reducing the number of particles
available for coagulation in spite of the higher precursor concentrations.

Figure 6.7(b) shows the size distribution obtained when a 235 sccm flow of 100 ppm
SiHjy is reacted and quenched by a high 3800 sccm Ny flow. A narrow mode is evident on
the left side, corresponding to ~ 8-12 nm particles, with o ~ 1.17.

This mode is repeated and better isolated in the size distribution seen in Fig. 6.8. The
narrowness of the particle size distribution is attributed to conditions wherein nucleation
occurs slowly enough that numbers of nucleated particles remain small enough such that

growth by vapor deposition is the dominant growth mechanism. However, the appearance
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Figure 6.7: Particle distributions observed from RD2 for variations silane concentration at
1273 K for low nucleation flowrate.

of two distinct modes may result from heating the precursor within the annulus from both
the internal tubing and external hotwall. Heat transfer from the large combined exit flow
preheats the inlet precursor flow earlier, inducing earlier nucleation, thus increasing the par-
ticle’s residence time. The precursor flow is simultaneously heated from the outer hotwall,
but this heating occurs deeper into the reactor, Fig. 6.1(b), where the SiH, concentration
is reduced, but not yet depleted. Nucleation may also occur here, near the outer wall,
leading to two particle modes that experience different growth conditions; the late devel-
oping mode producing fewer particles, with less coagulation, and therefore remaining more
monodisperse.

These results suggest that, when relatively slow forward convection prevents the fluid
temperature from rising too quickly, particles competitively intercept reactant diffusing to-

ward the wall, growing independently by a vapor deposition process. This reaction condition
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Figure 6.8: Particle distributions observed in RD2 for variations in silane concentration at
1273 K for large comparative difference in bottom to top flow.

suggests that the Damkohler II number is sufficiently greater than unity. This Damkohler

IT parameter is defined,

k
Dol = 21 (6.5)

U

where k is the reaction rate, 7 is half of the hydraulic diameter,

e % (‘;‘iﬂ) (6.6)

where A; is the cross-sectional area, P, is the wetted perimeter, and @ is the average
flowrate. Moreover, the relatively slow flow with fast moving molecular species ensures the
mass Peclet number,

ur

Pey, = ?’l (6.7)

where D is the diffusivity of silane in nitrogen, remains near unity. The combination of these
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two conditions favors independent particle growth from a continuous source of reactant that
is diffusing radially from the cooler reactor regions. For a low enough particle concentration,
quenching the reaction at the precise time, before the onset of runaway agglomeration, 145
may yield much larger numbers of small, monodisperse particles than observed in coagula-
tion aerosols. However, the quenching (mixing) timescale must be short compared with the
overall residence time to ensure a homogeneous, dilute mixture that can be removed before
significant agglomeration begins. Designing a reactor with a precisely engineered quench
that freezes the particle distribution development before agglomeration dominates without

introducing unstable flow was the goal of the development of the mixing reactor.

6.3.2.3 RD3: Shell and Tube Nucleation/Growth With Laminar Quench

Figure 6.9 shows size distributions for various precursor concentrations and flowrates with
a Ny dilution of 1800 sccm and a mixing jet dilution of 400 scem. In Fig. 6.9(a), the
precursor flowrate is varied between 200 sccm and 400 sccm while the silane concentration
in that flow is fixed at 100 ppm. A narrow, small particle mode is evident throughout; it
narrows and becomes more pronounced as flowrate is increased. As the precursor flowrate
increases, cooler precursor penetrates deeper into the reactor, the nucleation rate is reduced,
as is the agglomeration rate. The large particle mode, ~ 80 nm, is thought to result from
particles that agglomerated in a recirculation zone within the tapered cavity at the end of
the nucleation zone tubing.

For a fixed precursor flow of 200 sccm, Fig. 6.9(b), varying the silane concentration dra-
matically affects the product size distribution. With the increased nucleation rates at higher
feed concentrations, agglomeration dominates, and the aerosol shifts from the monodisperse

aerosol produced at lower concentration to a polydisperse, coagulation aerosol.



134

9
107 3
10° E
o_ 100 scem o |
5 8 150 scecm £ l
2 i 3 200 scem = 3 : 188ppm
= ] 250 scem = ] PRM
el ] &, .
B . g ]
=2 7 ==
2 10 2 %
=z ? pd 12 i it
o ] = ] g
6 6 | L

10 _ l\ 10° 3 =i

T T T T T T T T T -
1 10 100 1000 1 10 100 1000
dp(nm) dp(nm)
(a) Variation of nucleation flowrate with (b) Variation of nucleation concentration,
100 ppm silane. 200 sccm flowrate and 1273 K.

Figure 6.9: Particle distributions observed for nucleation in RD3, an inconel shell & tube
with turbulent mixer reactor.

The laminar quenching zone and turbulent mixing jets employed in this configuration
allow larger numbers of particles than was observed with the reactors examined above.
Moreover, the localized vapor deposition particle growth at relatively low flowrates and low

silane concentration lead to narrow size distributions similar to those observed with RD2.

6.3.2.4 RD4: Laminar Flow Nucleation, Turbulent Mixing Quench

RD4 provides a well-defined, abrupt quench of particle coagulation. The resulting size
distributions, shown in Fig. 6.10, can be extremely narrow. The lowest precursor concen-
tration examined, 50 ppm, produces a very narrow peak with all particles between 7 and
10 nm as synthesized. It is important to note that no particle classification was needed
to produce this monodisperse aerosol. Increasing the precursor concentration to 100 ppm
enhanced nucleation; the resulting particle concentrations were too high to avoid significant

agglomeration, even with quenching by dilution. The size distribution is broader than at
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the lower precursor concentration, initially the mode is narrow and of low enough mobility
to indicate the presence of doublet particles. Large excesses of precursor, i.e., the 150 ppm

trace, yields a broader size distribution, indicative of significant coagulation.
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Figure 6.10: Initial monodisperse peak observed from RD4 for a variety of inlet concentra-
tions.

Another trend revealed by Fig. 6.10(a) is the change of particle size with changes in
the feed concentration. The smallest particles recorded, with a peak of 7 nm, were grown
with a feed concentration of 50 ppm. Increasing the silane concentration generated higher
concentrations (up to 10x more) of slightly larger particles but did not appear to signifi-
cantly affect the monodispersity of this mode. Increasing the concentration further actually
decreased the size of the first mode. These trends suggest that in the monodisperse regime,
particles develop independently from each other. Increasing the precursor, within limits,
increases the particle size and number as long as particles continue to develop indepen-
dently. Excessive precursor drives enhanced nucleation, accelerating depletion of precursor.

Vapor deposition onto larger numbers of nuclei limits growth, so smaller particles result.
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The increased number of particles assures that agglomeration will broaden the particle size
distribution.

Fitting the fine mode of the 100 ppm trace to a log-normal size distribution suggests
that the initial aerosol had a og as little as 1.1, much smaller than that of the so called
self-preserving distribution (o & 1.45) produced by free-molecular coagulation.

These particles have previously been examined using both conventional and high res-
olution (TEM and HRTEM) transmission electron microscopy. They were observed to be
dense, single crystalline particles of uniform size; thus it appears likely that the second
(larger diameter) peak results from coagulation of the smaller particles into doublets during
passage through the cooler post-reactor, plumbing.

Narrowing the diameter of the inlet tubing decreased the size of particles. Size distri-
butions observed when the 3.9 mm nucleation zone tubing was replaced with a 1.75 mm SS
tube show a large particle mode, Fig. 6.11(a), suggestive of agglomeration of particles near
the tube end. Attaching a 7° conical nozzle to the end of the tubing to remove the recir-
culation associated with the step increase in diameter eliminated this large particle mode,
as shown in Fig. 6.11(b). The decrease in the size of particle formed in the narrower inlet
tubing suggested that final particle size may be adjusted by changing the reactor diameter.

Figure 6.12 compares normalized size distributions from the different reactors discussed
earlier in this paper. The trend is fairly consistent, i.e., small diameter reactors produce
small particles when the reactors are operated in the monodisperse mode. In Fig. 6.12(a),
the trace names are the inner diameters of the tubing wherein nucleation occurs. Trace
‘1.75 mm-1" corresponds to the trace in Fig. 6.11, but with the 80 nm particle mode re-
moved. Trace ‘1.75 mm-2’ is the ‘20 ppm’ trace from Fig. 6.4(b). Trace ‘3.93 mm’ is the

‘100 ppm’ trace from Fig. 6.10(a). Trace ‘4.35 mm’ is the ‘100 ppm’ trace from Fig. 6.9(a).
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Figure 6.11: Particle size distributions recorded from RD4 from nucleating silicon nanopar-
ticles in a 1.75 mm ID SS tube.

Trace ‘6 mm-7.525 mm’ is the trace from Fig. 6.8(a). This particle size distribution trace is
from RD2-2, the name indicates both the inner and outer dimension of the shell and tube
assembly. Trace 7.525 mm is from an experiment similar, i.e., reduced precursor concen-
tration, to those observed in the ‘2x’ trace of Fig. 6.5(b). A systematic increase in particle
size with tube diameter is apparent.

Figure 6.12(b) shows a plot of the mode diameter in the monodisperse regime vs the
reactors’ hydraulic diameter. (Eq. 6.6) A trend of increasing particle-mode size proportional
with increasing reactor cross-sectional area is evident, but the results are affected by several
factors: reactors were operated at different temperatures, and the optimum size/number
distribution was not sought in each case. Reaction kinetics for all configurations are similar,

with nucleation occuring in a laminar flow environment, gently heated from a non-isothermal
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wall, at similar (atmospheric) pressure.
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6.4 Modeling

A simplified reaction model, without coagulation, (SR Model)®” in Femlab™, was con-
structed. The reactor was modeled, using RD4 parameters, as a 3.9 mm inlet tube with
50 ppm silane in nitrogen introduced at 150 sccm and heated by a hotwall. The hotwall
contained a linear temperature gradient varying from room temperature at the inlet to
1273 K at the reactor. SiHy decomposition is modeled as governed by a first-order reaction

where,

dc_

where ¢ is the SiHy concentration and the reaction rate coefficient, k, is estimated as®”,

k=10"2% %7 [s71], (6.9)
Observation of silicon deposits on the reactor walls, after many hours of aerosol produc-
tion, suggested that, at low temperature, there was little or no loss of precursor, but as the
temperature increased, the wall served as a sink of increasing strength. Vapor deposition of
thin film silicon appeared at temperatures well below that of significant silane decomposi-
tion. Deeper into the reactor, the character of the deposits became increasingly granulated.
To simplify the boundary condition without imposing non-isothermal adsorption/reaction
expressions, an empirical fit to wall deposition profiles observed in the lab was modeled

using the decomposition rate and an arbitrary timescale,

Cwall =-C — kcAt. (6.10)
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Using At = 1 s, the model shows vapor deposition beginning on the tubewall at tempera-
tures ~ 100 K below particle deposition at the tubewall, similar to the pattern observed in

the laboratory. Vapor deposition growth of particles is accounted for by,

Ve (—DVe3) =R—ueVcs (6.11)

where R includes the flux of SiHy to the surface of co N4 particles, with radius 7, for SiHy

and 7, for the particle. V4 is Avagadro’s constant. R is determined,

R =7 (rp+7m)? EycocaNa (6.12)

with the mean velocity of SiHy as,

(6.13)

A sticking parameter of unity, o = 1, was assumed, and v contains both the convective
transport in the fluid and the thermophoretic terms, vy,

v = —Th;%VT (6.14)

where 4 is the gas viscosity, p is the gas density and Th = 0.5 is an experimentally deter-
mined dimensionless parameter. 3
Tabulation of silane concentration, ¢, monomer/particle concentration, cg, and silicon

gained by vapor deposition, c3, is tracked in each cell of the model. Particle size is deter-

mined from the number of silicon units per particle, £. This arbitrarily limits each cell to
p = y
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contain a single particle size, which is then used to calculate diffusivity, D, for transport as
well as the surface area for additional vapor deposition. To account for concurrent transport
of cg and c3, equal diffusivities are applied within each cell.

As the flux of unreacted SiHy to monomer units (or clusters) is initially two orders
of magnitude greater than the decomposition predicted by Equation 6.8, the model typ-
ically failed to converge. Vapor depositional growth is affected by the reactive sticking
parameter,o, but use of the bulk silicon parameter,?! failed to predict any particle produc-
tion. It appears that all decomposed silane and all monomer units diffused to the wall and
were lost. This extreme is not observed and the bulk silicon reactive sticking parameter is
too small to address the physics of the nuclei and small particles.

To assist model convergence, ¢ = 1 was assumed and the rate of vapor deposition
onto monomers or particles was set to zero below 795 K, which is a few degrees below
the temperature at which silane decomposition leading to nucleation would dominate. The
model then converged, producing the results seen in Figs. 6.13-6.15. Predicted particle
sizes were smaller than observed, Fig. 6.13, but the number concentration, Fig. 6.14, is
of the correct order of magnitude. The mixing cup average particle concentration at the
reactor outlet, Fig. 6.15, is ~ O(10%° cm?®), comparable to concentration upstream of the
10:1 dilution by turbulent mixing jets in reactor RD4.

This model, while arbitrary in some parameters, suggests several trends: (i) Silane
decomposition and monomer production begins near the wall, with loss of both species
that consuming nearly all the reactant (99%%). Non-uniform flow patterns, i.e., plumes,
from intense wall heating are not needed (but aren’t discounted) to explain the magnitude
of silane loss.®! (i7) Thermophoresis assists particle preservation by driving larger clusters

towards the center of the reactor as illustrated by the depletion region seen near the wall,
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Figure 6.13: Predicted size of nanoparticles from modeling in Femlab™,

Fig. 6.14, at a rate exceeding the Brownian diffusion rate to the reactor wall. (i7i) Particles
grow by vapor deposition from silane that is diffusing radially outward towards the sink at
the hotwall, suggesting that larger monodisperse particles can be made in larger diameter
reactors. (iv) The use of turbulent mixing jets at the exit of reactor in the model would both
dilute the particle concentration and disperses the particles spatially, preventing immediate
agglomeration.

Besides the arbitrary reactive temperature for vapor deposition and the lack of a suitable

reactive sticking coefficient for all particle sizes at all temperatures, the model predicts parti-
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Figure 6.14: Particle concentrations from modeling. The effect of thermophoretic transport
is clearly seen in the image.

cles size less than observed. While reducing the activation temperature for vapor deposition
would have the effect of reducing losses to the hotwall and increasing the modeled particle
size at the outlet, the model failed to converge with implementation of lower activation
temperatures.

Wu and Flagan 145 found that implementation of a pyrolytic generated condensable vapor
in a thermal ramp reduced nucleation and allowed growth by vapor deposition to compete
and suppress additional nucleation, thus maintaining a narrower size distribution. Nguyen

and Flagan®” proposed a model for aerosol growth that incorporated both chemical vapor
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Figure 6.15: Particle flux at reactor exit in [cm™3].

deposition on developing particle surfaces and coagulate growth. The narrow distributions
seen in the turbulent mixing reactor, and the low particle density laminar flow reactor,
suggest that nucleation has been inhibited sufficiently that particle-particle interactions are
minimal, and each particle exists in an environment essentially isolated from other parti-
cles, allowing individual particle growth to occur by either vapor deposition or contact with
other near-monomer units. This environment exists only as a number of factors coincide.
These factors include a gentle thermal ramp, produced by a combination of the tempera-
ture ramp of the inlet tubing entering the hotzone of the furnace and a reduced flowrate
of reactants, wherein nucleation rate is constrained to produce few enough particles that
agglomeration may be temporarily suppressed. The other factor is a supersaturation that
is not overzealous, a condition that is assisted by diffusional loss of reactant to the heated
walls in a laminar flow reactor.

At a temperature less than that needed for thermal decomposition, a silane sink exists

at the inlet walls of the reactor tubing. Hence a concentration gradient of silane exists that
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facilitates further silane loss in the region where decomposition begins. Silane decomposition
species are a relatively mobile species that, in the absence of sufficient reactant may also be
lost to the walls. However, if sufficient precursor remains, these nuclei may grow and become
subject to a thermophoretic force that inhibits further loss while particles lose diffusional
mobility. Thermophoretic velocities are ~ O(0.1 ™) and are not fast enough to overcome

Brownian diffusion for the highly mobile species of small nuclei and precursor decomposition

products.
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6.5 Conclusions

A regime of operation for production of monodisperse, o =~ 1.1, nanoparticles exists in
Sinclair-LaMer type silane pyrolysis aerosol reactors. Particle growth by vapor deposition
is favored over agglomeration when thermal transport to the reactant stream is hindered,
thus reducing the formation of nuclei and clusters. High diffusivity products, both decom-
position species and small nucleated clusters, form near the hotwall wherein the majority of
products may be lost to the reactor walls. Small nuclei that migrate inwardly towards the
cooler center of the reactor, grow larger from precursor that is diffusing radially outward.
Monodisperse particle growth is favored when the Da’! remains large while nucleation is
limited when Pe,, is ~ O(1). Thermophoretic transport assists the preservation of the de-
veloping particles by driving them away from the hotwall to the cooler reactor center. The
mode-sized particle of the particle size distribution is typically larger for larger diameter
reactors. Particle size of the narrow production mode is tunable only within a small range
of sizes, but the number produced may be varied by well over an order of magnitude. The
turbulent mixing jet reactor preserved this mode by both diluting the aerosol concentra-
tion and dispersing concentrated particles into a homogeneous mixture, delaying the onset
of significant agglomeration. Using multiple jets in series, the narrowness of nanoparticle
distributions may be preserved while additional growth layers are added. With suitable pre-
cursors, nanoparticles of materials other than silicon are expected to exhibit similar growth

behavior.
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Chapter 7

Particle Collection

Abstract

Modeling of nanoparticle collectors, an electrostatic precipitator (ESP), and a thermophoretic
precipitator (TD), predicts nearly 100% efficiency for charged sub-20 nm particles with the
ESP and 4% efficiency by the TD. Collection efficiency decreases as particle size increases
in the ESP, affecting the interpretation of particle size or numbers based on transmission
electron microscope (TEM) images. A proposed turbulent mixing aerosol virtual impactor

aerosol collector is suggested although modeling of the design is incomplete.

7.1 Introduction

Collection tools in the lab for particles fabricated in aerosol reactors include an electrostatic
precipitator, a thermophoretic precipitator, and bubblers using a “degassed” liquid. These
methods are inefficient, usually collecting less than 5% of the particles that pass through
the device. Although these small numbers of particles may be sufficient for some studies
or even fabrication of small devices, they are not suitable for projects requiring greater
particle density or for fabricating larger devices. A 300 mm thermophoretic chamber was

designed, in part, to efficiently collect the majority of particles made within the constraint
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of a 12-hour collection period. Interpretation of photoluminescence studies on oxide-coated
nanoparticles is hindered without an estimate of particle density. When collected particles
did not luminesce, questions arose as to whether enough particles were collected. When
particles luminesced, it was difficult to determine a luminescence efficiency without an
accurate estimation of collection density.

However, supplying nanoparticles in a liquid medium for collaborative efforts with other
projects was severely hindered by the lack of an efficient collector. Ostraat? observed
that liquids must be degassed, removing virtually all oxidants, before silicon nanoparticles
remain stable in size within the solution. Failure to properly degas the collection liquid led
to changes in particle size, i.e., the particles restructured in the liquid into a size different
than that observed in the feed aerosol. Moreover, it is preferable to use a small volume of
liquid ~ O(ml) to keep the collection density high, and separately degas a liquid prior to
contact with the nanoparticles.

This section discusses modeling of the devices already in use and presents some initial

design ideas for an efficient liquid collector of nanoparticles.

7.2 Design

7.2.1 Turbulent Mixing Virtual Impaction Aerosol Collector

With particle production typically above 108 cm™ and occasionally as high as 10° cm™3,
particle collection on TEM grids was routine. But collection in a liquid medium for use in
biological studies proved challenging.

The device proposed contains little new design, rather a combination of a pair of designs,

a condensational nucleus growth region followed by an impactor. A typical condensation
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nucleus counter 490,126

supplies a condensible vapor onto “seed” particles wherein heteroge-
neous nucleation occurs and growth continues by condensational vapor deposition.*® Once
the particles reach sizes that incident light scatters onto an optical detector, the number
of particles can be determined. With the addition of an impaction, or virtual impaction,
region after growth region, the aerosol particles may be collected taking advantage of their
now increased aerodynamic drag. Since it is desired to collect all the particles, the volume
of the growth region needs to be large enough to ensure growth to ~ O(um) sizes. Growth
may be accomplished relatively quickly as Wang '8 demonstrated with a fast mixing con-
densational nucleus counter.

However, the particles from the turbulent mixing reactor are too small for efficient
aerodynamic sizing, and too numerous to simultaneously grow all in a single stage to the
desired size. For example, growth of 108 cm =2 to 1 um would require a volumetric fraction of
7% vapor. Collection across a virtual impaction plane is preferable to electrostatic collection
(inefficient). Thermophoretic deposition is also ruled out: to create the thermophoretic
driving force necessary for quick collection would likely require temperatures too high to
maintain a liquid coating on the particles.

This proposed scrubber design incorporates aspects of condensational growth, aerody-
namic sizing, and fast mixing concepts. A fraction of the aerosol stream, ~ 10%, is di-
verted, using pressure-balanced flow into a concentric tube within a shell-in-tube assembly.
Turbulent mixing jets supply vapor-laden diluent, wherein condensational growth enlarges
particles to aerodynamically selectable size. The remainder of the “dry” aerosol passes
through an annular region outside the condensational growth chamber.

At the exit of the growth chamber, where the “dry” particles and the coated aerosol

particles rejoin, quick mixing jets deliver additional vapor-laden diluent into the heteroge-
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nous mixture. Rapid mixing, with sufficient vapor pressure to avoid evaporation from the
particles, would initiate a coagulation event that would quickly scavenge the small parti-
cles into the larger, heterogeneous aerosol while preserving the size for separation across a
virtual impaction plane.

If the condensational growth method proves to require too much time or forced cooling,
then the scavenging droplets may be formed using an atomizer and grown to the appropriate
size. The advantage of using either of these methods is that a condensible vapor may be
degassed externally from the aerosol production system.

Once the two particle streams are reintroduced and mixed, the characteristic time for
coagulation, and thus a minimum time of passage for collection of the particles can be
estimated considering the distribution as a bimodal group of particles at a primary size of
~ 10 nm and a collection size of ~ 1 ym. This bimodal distribution seeks to take advantage

3 “wet” particles

of the increased coagulation “power” of the large particles. For 107 cm
and 108 cm~3 “dry” particles, the coagulation/collection time is ~ O(s), slower than the
mixing times, but much quicker than thermophoresis.

A first-order estimate of the time required for coagulation for a concentration of N

particles may be obtained from the rate equation,

dN 1
o —iK(Dpi, Dp;) N2 (7.1)

For an initial number of particles, IN,, the solution to this equation is,

N(t) = (7.2)
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where the characteristic time for coagulation is obtained,

The Brownian coagulation coefficient may be estimated as follows,

K (Dpi, Dyj) = 2m(D; + Dy) (

where,

9i =

2
K(Dpi> Dpj)Nol

Te =

39,40

i
2

g = (97 +9})

1 3
3D ((Dpi+ 1:)° — (Dp; +li2)2> — Dpi
pibi
- 8D;
¢ wC;
- kTC,
v 3’/Tqui

) <8kT)%
G = .
T,

Dyi +Dyj  8(Di+Dy)
Dpi + Dpj + 2gij Cij (Dpi + Dpj)

(7.3)

(7.4)

(7.6)

(7.7)

(7.8)

(7.9)

To collect particles without employing a real impactor that might require a drip system,

subject to clogging, a virtual impaction plane is suggested, wherein the fluid changes di-

rection faster than the aerodynamic response of the micron-sized particles. Particles cross

fluid streamlines and pass through the plane into a relative quiescent zone wherein they

may precipitate into a collection vessel. Fluid flowrates through a small diameter nozzle,

up to incompressible limits, would improve particle collection efficiency.

Previous studies of impactors

14,15

suggest that the nozzle diameter to impaction plane

have a ratio between 1.4 and 1.9 and the impaction radius to nozzle radius should be from



152

1-1.9. 36,55,84,85,131

Initial modeling demonstrated that a virtual impaction plane orthogonal to the fluid
flow in a radial geometry could not restrain the fluid from entering the collection chamber
as the momentum of the fluid was sufficient to overcome any pressure boundary from the
collection vessel. Thus, for the near sonic flow velocities one might wish to employ, this
geometry would prove limiting. Borrowing a concept from the turbulent mixer and chemical
engineering rule of thumb, i.e., a disturbance in an isotropic fluid tends to be resolved within
a pathlength of the order of the critical dimension of the fluid, one could conceive of a virtual
impaction plane at the narrow end of a convergent nozzle geometry in which the fluid enters
orthogonally to the virtual impaction plane, but is allowed to bend and exit in the divergent
nozzle. In this configuration, it was found that a 45° nozzle was sufficient to constrain fluid
flow from entering the collection chamber at velocities approaching the speed of sound.
These results are consistent with an analytical solution from a potential flow model for fluid
by Ravenhall and Forney. !0

However, modeling of this virtual impactor proved to be challenging. Modeling was
performed in Femlab™ using standard x—e turbulent flow model. When the model failed
to converge, it often indicated unstable flow within the modeled geometry and could be
interpreted as a poor design. Models for a few geometries succeeded in converging; however,
modeling of particle transport using the 3D PDE mode was not completed successfully.

For labscale collection flowrate, ~ 5000 sccm or less, constrained to a maximum of
near sonic or supersonic flow, nozzle diameter, and keeping the device within personally
machineable dimensions, the nozzle diameter was constrained to 1 mm.

Several nozzles were modeled, including a straight jet nozzle, a nozzle pinched to 1 mm

diameter and then expanded with a constant angle taper or a curved geometry. Modeling
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results indicate that the exit flow is not properly constrained unless the gap distance below
the exit jet surface is a fraction of the jet diameter, typically }1 or less. See Figs. 7.1-7.2.

In Fig. 7.1(a), a 3 mm diameter nozzle is projected over a virtual impaction plane that
is 1.4x wider than the diameter. The gap is 2 mm. Even for a flowrate of 2000 sccm, the
exiting flow shows instability when the exit annulus is too large. Figure 7.1(b) shows a
3 mm jet diameter that is allowed to diverge at 15° until its diameter is 1.5x the minimum.
A flowrate of only 1000 sccm is modeled. The virtual impaction plane is the same diameter
as the constriction in the jet. Although the expansion in the jet limits recirculation in the
exit flow, the narrowness of the virtual impactor diameter may limit efficiency.

Figure 7.2 illustrates flow through two nozzles of 0.5 mm diameter. In Fig. 7.2(a), the
nozzle is straight and the exit gap is 1 mm. The flow is modeled without a virtual impactor
opening, i.e., as an actual impaction surface. Although the flowrate is 1000 sccm, sufficient
momentum in the flow exiting the jet delays flow divergence and leads to unstable flow
downstream, making model convergence difficult to achieve. Figure 7.2(b) uses a discretized
hyperbolic exit from the nozzle with a 0.2 mm gap and 5000 sccm flowrate. Here the exiting
flow remains stable until it is far enough downstream that its effect on impactor performance
would be minimal. The velocity arrows in these plots are reproduced with the same length
to indicate direction of fluid motion.

Modeling a downstream venturi, Fig. 7.3, to alleviate the pressure fluctuations that lead
to unsteady flow in the earlier models did not appear to produce a workable solution. Fluid
still penetrated into the collection chamber and induced enough slowly recirculating flow
that many particles would likely remain entrained and exit through the venturi.

Introducing an additional diverging space void for turning the fluid above the impaction

plane using a 45° tapered wall offered the greatest promise for a working design. This
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Time=1 Surface Velocity field Amow Velcoty field Max 6 °

(a) 3 mm nozzle diameter, 2000 sccm flow, 1 mm exit gap. Exit
flow is not constrained downstream.

Tene=2 Surface Velocty fieid  Arrow Velooty fheld
apd

—H,
-

(b) 3 mm nozzle diameter, 1000 sccm flow, 2 mm exit gap. Exit
flow is largely constrained.

Figure 7.1: Exit gap adjustments for 3 mm diameter nozzle.
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angle fits the rule of thumb for the disturbance in the flow exactly, wherein the channel
diameter and turning depth exactly match in size. However, the incoming jet still needed
modification. If the jet nozzle was kept straight, sufficient momentum existed in the flow
to penetrate the collection chamber, Fig. 7.4, preventing the model from converging, and it
real terms, likely indicating unstable flow.

The introduction of a region for fluid to change direction was robust enough that the
model was capable of converging with alternate nozzle geometries, including a smooth-

curved, Fig. 7.5(a), exit and a discretized hyperbolic nozzle, Fig. 7.5(b), exit.
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Surface Velocity fiekd  Arrow. Veiocty fieid

05

a
o
o
l
N
"
@
w
w
ey
=

45

o

Ao

Exit flow is not

Max 135

20

0
Min O

(b) 1 mm nozzle diameter, 5000 sccm flow, 0.2 mm exit gap. Exit

flow is largely constrained.

Figure 7.2: Exit gap adjustments for 1 mm diameter nozzle.
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Slce. Velocty field  Arrow Vielocity field

Figure 7.3: 15° tapered nozzle with a venturi downstream in 1 mm exit gap. Impaction
flow still penetrates the collection chamber.
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Figure 7.4: Velocity profile using a straight jet modeled in Femlab.
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(a) Curved nozzle with 0.2 mm exit gap and 45° turning zone.
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(b) Discretized hyperbolic nozzle with 0.2 mm exit gap and 45°
turning zone.

Figure 7.5: Exit gap adjustments for 3 mm diameter nozzle.
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7.2.2 Electrostatic Precipitator

Collection of charged aerosol particles by electrostatic precipitation offers a degree of effi-
ciency, speed, and precision that is superior to thermophoresis. Particles from the turbulent
mixing aerosol reactor are well-formed single, spherical particles wherein the aerodynamics
are well understood. While charged particles drift in an electric field at velocities wherein
Brownian diffusion is relatively unimportant, lack of a charging tool with efficient through-
put hinders this technology from being implemented as the method of choice. When charging
using an ambipolar ion source such as an 8°Kr neutralizer, the nanoparticles used in these
studies are typically singly charged particles, but with efficiencies less than 5%,2%40:142,143
severely limiting the collection efficiency.

For labscale collection on TEM grids and wafer fragments, we have employed a device
with a 2 mm diameter nozzle in an electrostatic precipitator typically operated with a 2000 V
bias across a ~ 1 mm gap. However, not being involved in the design of the device, there
was uncertainty as to the efficiency of collection, especially as the flowrate of the reactor
used in these studies was typically 2x-5x greater than used with the previous reactors.

Charged particles moving in a fluid subject to an electric field may be described as

follows:

dv _ 3muD,

™S T C (w—17)+qk. (7.10)

At steady state, or as in the RDMA where the particles are moving orthogonally to the

fluid, the drag force and electrical force are balanced,

STDys g (7.11)

C

where . is the electrical migration velocity. The electrical mobility, B, may then be defined



160

as

9Ce
B, = .
¢ 3Dy

(7.12)

Modeling in Femlab™ was performed to predict collection characteristics for a wide
variety of conditions. Electric potential across the 1 mm gap was varied from 1000 V to
3000 V. Particle sizes ranged from 2.5 nm to 20 nm. Flowrates were adjusted between
1000 sccm and 3000 scem. A 3 mm diameter collection stage modeled the TEM grid
used in actual collection. Results are shown in Figs. 7.6-7.8. At all flowrates and applied
potentials, the smaller nanoparticles are seen to be completely deposited on the collection
surface. However, the larger particles, 20 nm and presumably greater, do not deposit with
similar efficiency. Hence, interpreting particle size distributions of polydisperse aerosol using

TEM counts is skewed towards overreporting smaller-sized particles.
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Figure 7.6: Deposition modeling on 3 mm TEM Grid with a 2000 V electric field across a
I mm gap and 2000 sccm flow through nozzle.
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Figure 7.7: Deposition modeling of 5 nm particles on 3 mm TEM Grid with a 2000 V
electric field across a 1 mm gap with varied flowrates.
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(a) 1000 V. (b) 3000 V.

Figure 7.8: Modeling of deposition of 5 nm particles onto a 3 mm TEM Grid with various
electric field strengths across a 1 mm gap and using 5000 sccm flowrate.

7.2.3 Thermophoretic Depositor in ESP Housing

Photoluminescence studies of particles collected by ESP were hindered, in part, by the scat-
tering of incident laser light during analysis, especially with relatively a large laser output
of 100 mW. Aerosol particles were deposited in heaps ~ 2 mm in diameter that were visible
to the naked eye. Around the particle deposits were dark, scorch-like markings, possibly
from arcing during deposition. Electrical breakdown could occur during the deposition of
large numbers of charged particles at high concentrations, or if the gap between the elec-
trodes is too narrow. The effect of arcing on the particle morphology or behavior was not
investigated, but eliminating the unwanted experimental parameter motivated building an
alternate collector.

For low to moderate flowrates and for the size distributions produced in the lab, ther-

14

mophoretic diffusion'4! is efficient and non-discriminatory in effecting particle movement.

While the flowrates were too large through the 2 mm diameter nozzle to efficiently collect
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49,127 pear the stagnation

most of the particles, particles that diffuse into the boundary layer
point of the impacting jet would likely diffuse to the surface and deposit.

To collect samples, a wafer-fragment stage, Fig. 7.9(a), was attached to a cold-finger
stage that could be inserted through the bottom of the ESP tool and dipped into liquid
nitrogen to provide the cold sink for thermophoresis. Teflon was machined to fit between
the cold-finger stage and the aluminum ESP housing (borrowed from a cascade impactor)
to limit thermal conductivity into the cold finger. The top housing was replaced with a
brass inlet heater tape housing that could be connected using Swagelok™ fittings. Viton
o-rings sealed the top and bottom chambers, limiting the heater to temperatures less than

473 K during operation. Styrofoam was used to insulate the top of a 500 ml dewer filled

with liquid Ng from the ESP/TD housing into which the cold finger was placed.
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(a) Thermal profile and thermophoretic flux arrows of ther-
mophoretic collector.
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Figure 7.9: Modeling of thermophoretic flux of particles. In (a), the numbers correspond to:
1. Aerosol inlet. 2. Brass heater tape housing. 3. Aerosol outlet. 4. Styrofoam insulator.
5. Brass cold finger dipped into liquid No. 6. Aluminum housing. 7. Teflon insulator. 8.
Wafer fragment housing/deposition area.
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The liquid nitrogen evaporated fully over
a period of 45-60 min, limiting deposition to
this timeframe. A 20 min period of thermal
equilibration with the room was necessary
before exposing the sample to the humidity
in the room air, otherwise a frost layer would
immediately form on the chilled sample and

cold finger, damaging the nanocrystals. A

darkfield TEM image, Fig. 7.10, of a frosted

Figure 7.10: Darkfield image of silicon core
particle and oxide shell after exposure to
frost.

sample contained a 25 nm particle with a 7—
8 nm crystalline core and an 8-9 nm thick
shell.

Integration of particle flux in Femlab™ over the inlet and a 5 mm radial deposition area
indicated that about 4% of incoming particles deposit. The thermophoretic flux arrows,
Fig. 7.9(b), indicate that deposition is neither non-uniform nor widely varying over the

deposition area.

7.2.4 Thermophoretic Liquid Trap

The need to efficiently collect aerosol particles in a liquid medium motivated some modeling
work to determine an efficient method of collecting particles in a small volume of liquid. Typ-
ically, aerosol particles were collected using a gas-liquid exchange by bubbling the aerosol
containing gas streams through columns of degassed liquid using flowrates, ~ 2000 sccm,
that required liquid volumes of ~ 100 ml or more. Fine porous frits created small bubbles

to enhance transfer efficiency, but with this comparatively large volume of liquid needed to
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enhance transfer time and avoid aerosolizing the collection medium itself, collection periods
needed were greater than the time the reactor took to foul. The evaporation of relatively
higher vapor pressure liquids (at room temperature) such as water or methanol also was a
factor contributing to the inefficiency of this method, as collection time decreased with the
decreasing liquid column height.

Preferably the liquid volume should be kept to a minimum to avoid a long collection
time while collecting a suitable concentration. The device needs to be sealed with an inert
environment during particle collection and subsequent transport and evaporation needs to
be suppressed. It is reasonable that this collection method may be accomplished with a
device analogous to the wafer deposition chamber. A long, thin, liquid well with a gas
channel above may be cooled from below and heated above the gas providing the necessary
thermophoretic driving force. The liquid well volume can be kept small by using channels,
if needed, within the liquid well. Channels also would reduce the possibility of the liquid
being pushed out of the well by the moving gas above. Modeling of thermophoretically
driven particles into a liquid channel is shown in Figs. 7.11-7.16.

Using Femlab™, a 2D model of a liquid channel 10 cm long (5 cm into the page) is cooled
from the bottom by contact with either a liquid No (200 K) or water-containing (300 K)
heat exchanger. A 1 cm deep gas channel above the liquid is resistively heated from the top.
Sealing the collection chamber using o-ring type seals made of PTFE or Viton would limit
the top temperature to less than 500 K, thus this is the top temperature modeled. PTFE
and Viton are typically used to avoid contamination. Gas flow is laminar, and the entrance
region may be heated or cooled as needed. At the gas liquid interface, a slip boundary
condition is employed, but liquid recirculation is not modeled as implementation of this

movement prevented model convergence. In Fig. 7.11(a) and Fig. 7.11(b), with respective
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flowrates of 1000 sccm and 1500 sccm, no preheating of the inlet aerosol and using a water
exchanger (300 K) at the bottom predicted that thermophoretic collection is less than 50%
of the entering aerosol.

In Fig. 7.12(a) and Fig. 7.12(b), the flowrate is increased to 2000 sccm while the aerosol
is preheated to 500 K. Fig. 7.12(a) is modeled with water cooling while Fig. 7.12(b) is
modeled with liquid Ny cooling. With the increased flowrate and a similar temperature
drop, thermophoretic transport is predictably reduced. In contrast, the thermophoretic flux
arrows indicate relatively greater transport near the inlet than seen in Figs. 7.11(a)-7.11(b).
This is attributable to the increased temperature gradient above the cooled liquid near the
entrance formed by preheating the gas. However, only a little improvement in collection is
predicted with the enhanced cooling from liquid No compared to room temperature water
cooling.

Reducing the flowrate, Fig. 7.13, while preheating to 500 K and using water cooling also
did not achieve enough collection. Although there is slightly greater transport at 1000 scem,
in each case less than 50% of the particle concentration is driven into the liquid well. The
similarity of each of the models suggested that using a longer chamber may have a greater
effect than reducing flowrate.

The modeled device was reconfigured for a chamber 20 cm long (3 c¢m into the page) to
keep the residence time similar. The gap depth remained unchanged at 1 cm. The model
flowrate was set at 2000 sccm, cooling was by liquid Ny cooling, and the introduction of
the aerosol was at room temperature. In Fig. 7.14, the model predicts that just over half
the entering particle concentration is driven to the liquid well. The longer length model
also demonstrated that reducing the gap height, thus strongly increasing the temperature

gradient, would likely have the greatest effect on increasing collection. This is not surprising,
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(a) 1500 scem, 300 K inlet, H2O cooled.
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(b) 2000 sccm, 300 K inlet, H2O cooled.

Figure 7.11: Collection efficiencies less than 50% are predicted for a chamber 10 cm x 5 cm
x 1 cm.
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(b) 2000 sccm, 500 K inlet, Ny cooled.

Figure 7.12: Collection efficiency improves using a liquid nitrogen cooled surface, but re-
mains unsuitably low.
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Figure 7.13: Low flowrates with a water-cooled system, still yields low collection efficiency.
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but utilization could lead to flowrates strong enough to blow the liquid out of the well.
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Figure 7.14: Longer collection length yields greater collection of particles.

With the gap height set at 12.7 ¢cm, model results are seen in Figs. 7.15-7.16. The
faster flowrates of 2000 sccm were modeled. Very little difference is seen whether the cold
side is at room temperature or liquid Ny cooled, although virtually all of the particles are
expected to be collected when using liquid No. An advantage to using liquid Ny for cooling is
the reduction of vapor pressure for more volatile liquids, increasing viscosity and reducing
the possibility for the liquid to be blown out of the well. However, it requires constant

replenishment of the liquid Ny throughout the collection period.

Min: -0.2
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An alternate scenario using water cooling that is nearly as efficient as using liquid Ny
involves preheating the aerosol to 400 K as seen in Fig. 7.16. This configuration has the
advantage of requiring less maintenance, i.e., not replacing liquid Ny, during operation. The
thermophoretic flux arrows indicate that this configuration may produce the most uniform

deposition over the entire liquid well, which may be advantageous if collecting into viscous

fluids.



174

Surface: Concentration, ¢ Arfow: [0, vth_y*c*(x>0)"(x<D0 2)]

008

0.04

0.02

002

-0.04

-0.06

008

(a) 2000 sccm, 300 K inlet, HoO cooled.

Surface: Concentration. € Arrow: [0, vth_y*e*(x>0)"(x<0 2)]

008

004

002

-0.02

004

008

008

(b) 2000 scem, 300 K inlet, liquid Ny cooled.

Figure 7.15: Comparison of HyO and liquid Ny cooled 20 ¢cm x 3 em x 0.5 cm collectors.
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Figure 7.16: Thermophoretic flux arrows are most uniform for this design in this configu-
ration with 2000 sccm, 400 K inlet, HyO cooled.
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Chapter 8

Appearance of Bipolarly Charged
Particles

Abstract

Aerosol particles fabricated at 1273 K in a turbulent mixing reactor constructed from Inconel
were detected to have a bipolar distribution of electrical charge. The charge distribution is
less than that obtained at steady-state within a so-called neutralizer, although negatively
charged particles outnumbered positively charged particles in ratios of ~ 1.25: 1 or greater.
Radioactive contamination of the metal as a charging source was briefly investigated, but

no detectable radioactivity was found. The source of the charge has not yet been identified.

8.1 Introduction

Aerosol charging is attracting renewed interest as a means of achieving precise deposition
control of nanoparticles using electrostatic precipitators. Electrostatic precipitation is fast
and can eliminate the smearing effect caused by Browning diffusion during aerosol trans-
port. A distribution of nanoparticles might be deposited with such precise size selectivity
that, for very small nanoparticles, characterization of size-related properties may become

discernable. For broader applications, an efficient unipolar charger that preserves the ma-
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jority of sub-10 nm nanoparticles has not been made, although recent progress approaches
50% efficiency. 3:64:80,94,118,119

Some charging may occur during the formation of an aerosol in a high temperature
reactor, particularly for sub-10 nm particles. This charging is limited and unipolar,4!
and has been attributed to a thermal charging mechanism.% The origin of the charging
mechanism for the bipolar charge observed was not determined.

Enhanced agglomeration® or ion-induced nucleation has not been observed for bipolarly-

charged particle distributions within the observed size range.

8.2 Design

Particles were fabricated in the turbulent mixing aerosol reactor described within this thesis.
Aerosol streams were sent directly from the reactor to the RDMA and a fA-resolution
electrometer without passage through, or mixing of ion-rich gas from, a neutralizer. The
polarity of the potential applied to the RDMA was reversed to measure quantities of particles

of either charge.

8.3 Results

A fraction of the sub-20 nm particles leaving the turbulent mixing reactor are charged.
While others have reported unipolar-charged nanoparticles exiting reactors and attributed
the mechanism to thermal charging, these particles were observed to have a bipolar distri-
bution, with a greater proportion of particles carrying a negative charge. Figure 8.1 shows
that this proportion is ~ 25%, similar to the steady-state charge distribution predicted by

Fuchs, %143 such as obtained in an aerosol neutralizer.
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Figure 8.1: Current in fA measured with an electrometer from charged particles immediately
exiting Inconel Reactor.
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The particles were mixed in a 0.125” Swagelok™ Tee with various ratios of Ny leaving
a neutralizer, similar to that explained in Chapter 2, but without a turbulent jet to accom-
plish quick mixing, no asymptotic current limit was measured for either species of charged
particle. See Figure 8.2. The number of charged particles per unit volume of aerosol in-
creases with increased ion-rich N9 but the increase is less than linear, Fig. 8.3, with the
dilution ratio. Thus the bipolar charge distribution is less than the steady-state that would
be obtained in an aerosol neutralizer.

However, it is highly unlikely that thermionic emission of nitrogen at 1273 K could create
this charge distribution. Charging sources within the apparatus were briefly investigated,
both with a pico-roentgen sensitive Geiger counter and by physically removing the aerosol
neutralizer from the reactor proximity. The metals in the furnace and reactor assembly
tested negatively for radioactive contaminants. The charge distribution was unaltered when
the neutralizer was removed from the vicinity. Thus it is unlikely that the origin of the

bipolar distribution is from a leaking neutralizer.
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(b) Positively Charged Particles.

Figure 8.2: Current measured at electrometer from charged particles exiting reactor with
various ratios of ion-rich Ny from 85Kr neutralizer.
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Figure 8.3: Current measured at electrometer from charged particles exiting reactor with
various ratios of ion-rich Ny from 8°Kr neutralizer.
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Kousaka" reported that aerosols could acquire charge during formation. Whether
charging was unipolar or bipolar was dependent on the formation method and the material
being aerosolized. For example, CaCOs3 particles appeared to be charged mechanically dur-
ing passage through a glass venturi. No mechanism was proposed for charge transfer from
the venturi surface to the aerosol. Similarly, the turbulent mixing of the reactor jets is a

mechanical mixing process.

8.4 Conclusions

Further investigation into the charging mechanism is warranted, even if only to demonstrate
that the first test for radioactive contamination in the reactor metals was a false negative.
If radioactivity testing remains negative, then the charging mechanism becomes more in-
teresting. If a charging mechanism can be shown to be reliably repeatable, characterization
of high particle density ultrafine aerosols may be accomplished with less particle loss to the

plumbing and reduced agglomeration during the charging-time process.
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Chapter 9

Conclusions

We have demonstrated that particle number production can be significantly improved with-
out sacrificing monodispersity or particle purity. Although fouling limits the present appli-
cation of the turbulent mixing reactor to a few hours of operation, scaling the reactor to
larger diameter tubing may increase the mass throughput to ~ ’%‘% and reduce the immediate
impact of fouling. Long-term improvements will require re-design of the nucleation region.
Preventing nucleation near a sink and allowing particles to grow reduces their mobility and
the potential for particle loss. One potential alternative, apart from re-design, is to seed the
reactor using a microplasma discharge reactor. The turbulent mixing reactor can function
as a growth, densification, and annealing reactor to produce well-formed, heterogeneous
core-shell structures with a minimum of agglomerates.

Photoluminescence spectra collected from the oxide-coated nanoparticles is consistent
with models of quantum-confined, exciton recombination in silicon. Observation of spectra
is evidence of contaminant-free particles. However, to make aerosol-made nanoparticles
available to different applications, an efficient collection tool is needed in which particles
may be dispersed and stored in liquids and made available to collaborators. The use of

photoluminescent silicon nanoparticles as biological markers has drawn recent interest, as

do questions over the toxicity of nanoparticles.
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We have shown uniform coverage of nanoparticles by thermophoretic deposition on
150 mm wafers and, by modeling, expect similar coverage on 300 mm wafers. The chamber
design permits deposition on smaller surfaces. This tool can be used for the fabrication
of nanoparticle-containing devices, for studies of particle stability, or to collect catalysts
that facilitate growth of materials such as carbon nanotubes. Particle adhesion studies of
ensembles of small nanoparticles on surfaces are needed to address industry concerns over
contaminating cleanrooms from dislodging aerosol-made nanoparticles. As microelectronics
device dimensions shrink, defect-free growth of device components becomes more difficult.
Aerosol made nanoparticles of key device components can be “perfected” in an ex-situ pro-
cess and deposited uniformly without damage to device components already present. This
advantage may make aerosol-engineered nanoparticles an important component of micro-

electronic fabrication.
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Appendix A

Additional Information

A.1 Reactor Design—First Order Analysis

For particles developing independently of each other, the growth rate for a surface reaction
limited by availability of reactant can be estimated by the flux of reactant to a particle’s
surface. If one further assumes a sticking parameter, o, of unity at the particle’s surface,
then the growth rate is estimated using a vapor-particle mass balance where a,, is the particle
radius; ¢ is time; m;, C;, M;, and p; are the mass, concentration, molecular weight, and
density of the " species; n, is the number concentration of particles per unit volume; ¢,
is the Boltzmann average velocity of the vapor phase reactant; T' is temperature; and kp is
the Boltzmann constant. The subscripts z, and z, refer to the particle and vapor phase,

respectively, elsewhere,

Amy,  Amy
At At

(A.1)
In the free molecular regime,

4  Oal 9Ny C
—?;pr@tg = 47T(LpL4€mv (A.2)
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where the mean free path of reactant is given by

G = 1/8kBT. (A.3)
TN,

For growth of particles from vapor condensation of silane.

My = py = Csim, Msin, - (A.4)

Thus,
9ay _ coMsin,Csiny (A.5)
ot 4pp
However, Cg;p, is depleting, requiring a mass/mole balance on the SiHy,
dne: _
—E% = condensation rate = %Cgim dmay,® (A.6)

where ng;p, represents molecules of SiHy. At isobaric conditions, ngig, = Csim,V. Ac-

counting for reactions with IV, particles,

dCSiH4 . Np Cy 9
T 447rap. (A.T)

Substituting NN, for the number per unit volume, %’-, yields,

dCsim,
dt

= NPEUTFGPQ‘ (AS)
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Eliminating the time parameter, t, from (A.2) and (A.8) yields the parametric ODE,

AN, ma,?
dCsin, = —/\Z;lgi—i—@dap. (A.9)
4

Solving for a,(Cs;p,) from a small cluster size, ap,0, and initial silane concentration, Cs;m, o,

AN, mp
Csin, (t) — Csir, , = —gM—p&f (a5(t) —apo)- (A.10)
4

Inserting (A.10) into (A.2) and solving where

K= c”];]“ (A.11)
and
3Msin,Csiny,

R3 = —_—__4%:7m; L2+ ad, (A.12)

yields

1 R?+ Ray, + a2 1 %, + R\ | e
! £ (—”———) = Kt Al

6R2 Og( (R—a)’ +R2\/§arctan R3 o . (A.13)

This first-order analysis does not take into account precursor loss to other sinks such as
radial diffusion and deposition at the reactor wall. It also assumes a sticking factor of unity
for all molecular contact with the developing particle.

Similarly, for a first-order growth analysis of a thermal oxide modeled as limited by

transport of Oy to the surface,

MyNy = py = Coy,Mo,. (A.14)
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Thus

% . CUM02C02
ot 4pp,

(A.15)

For SiOy growth into Si, the density varies only mildly, and a straightforward solution to

this ODE assuming 15% O in the reactor, estimates the initial growth rate as

t = 3.238 x 10%Aay,. (A.16)

For 15% Os in the reactor, this predicts a time-scale for a surface monolayer of an oxide

layer formation of tens to hundreds of nanoseconds.
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A.2 Inconel Turbulent Mixing Reactor Fluent Modeling

The turbulent mixing reactor was modeled with the 3D x — ¢ turbulent flow solver in
Fluent™. The images from the modeling, however, were not published with the paper
describing this reactor. These images are included here.

A short residence time reactor not operating entirely in a laminar flow regime requires
a non-analytical study of the heat transfer and fluid flow profiles. Within the guidelines
imposed by the various residence time limitations, CFD modeling identified a range of
successful operation parameters wherein fabricated particles could nucleate, grow, and be
expected to be crystalline. It also identified operating profiles that should be avoided,
where recirculation within the reactor would lead to large agglomerate particles, or low
temperatures would prevent densification or inhibit nucleation. The effectiveness of the
mixing jets also could be qualitatively studied under multiple flowrates.

To examine the heat transfer and flow characteristics of the reactor, a 3D representation
was modeled using Fluent™ . The solver was the standard x — ¢ model that accounted for
the turbulent mixing regions. The reactor was modeled as a 3D cylinder as illustrated,
Fig. A.1, that was comprised of entrance/exit tubing with convection to the atmosphere,
insulated preheating/cooling zones, and the reactor with two concentric pairs of normal
mixing jets. The reactor surface was assumed to be at a steady-state temperature of 1000°C,
with impinging jet flow also entering at 1000°C. The insulated sections’ radial surfaces
were assumed to be adiabatic while axial thermal transport was coupled within the solver.
Convection to the incoming and outgoing tubing was described using a convection coeflicient
of 15 Wm™2 K™ with T, at 300 K. Incoming reactant entered at room temperature

(300 K) and the exit pressure from the reactor was atmospheric.
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CFD Modeling Assumptions i
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Figure A.1: Meshed grid from Gambit for CFD modeling in Fluent™.

Figures A.2-A.3 shows representative temperature, pressure, and velocity contours for
operation with 2400 sccm total flow (180 sccm nucleation flow, 1800 scem quenching flow,
and 400 sccm oxidizing flow) at a 10:1 dilution flowrate. Fig. A.2(a) indicates thermal
equilibrium in the mixing jet zone. With the ratio of thermal diffusivity to molecular
diffusivity, % is of ~ O(1), the modeled decay of thermal fluctuations from mixing is
similar to the decay of concentration fluctuations. The pressure contour plot is included,
Fig. A.2(b), to show model convergence.

Similar features remain in the temperature profile when modeled flowrates are increased
by 5x, provided the ratio of nucleation flow to first mixing jet flow, ~ 10x, is also maintained
(see Fig. A.4). For reactors scaled to larger sizes to produce a higher throughput or those

hybridized with an alternate nucleation source, this robustness can further decrease pro-

cessing time for nanoparticles and allow greater mass throughput. However, these flowrates
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Figure A.2: Temperature and pressure contour plots of reactor with flowrates of 180 sccm
Nucleation zone, 1800 scem first jets, 400 sccm second jets.
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Figure A.3: Velocity contour plots of reactor with flowrates of 180 sccm Nucleation zone,
1800 scem first jets, 400 scem second jets.



193

were not used in experiments with this reactor since it was observed that flowrates even
3x greater than those seen in Figs. A.2-A.3 led to broader size distributions, even with the
same flow ratios. The broader size distribution likely rises from increased nucleation at the
local level as, with less time for diffusional losses, concentrations remained locally higher
during the passage through the reactor.
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Figure A.4: Temperature contour when increasing nucleation and first mixing jet flow rates
by 5x over those shown in Figs. A.2-A.3.

In contrast, Figs. A.5(a)—-A.5(b), for a fast nucleation flow, 1800 sccm, and slow mixing
flow, 180 sccm, modeling results predict a lack of suitable temperature for silane decompo-

sition.
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Figure A.5: Contour plots of reactor with 1800 sccm nucleation and 180 sccm first mixing
jet flowrates.
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A.3 Particle Charging From Neutralizer

Central to RDMA analysis is charging the particles in a known way. This is normally
achieved by passing the aerosol through a so-called neutralizer in which the particles are
exposed to an electrically neutral ambipolar ion cloud produced by an ionizing radiation
source, e.g., a sealed capsule of #Kr.40:142 Tnitial experiments revealed that the high parti-
cle concentrations in the stream exiting the present reactor led to unacceptable coagulation
within the large, ~ O(10%) ml, volume of the neutralizer. The characterized particle dis-
tribution was now broadened and size shifted to larger diameter particles. To prevent post
reactor agglomeration during passage of the aerosol through the neutralizer, a portion of
the aerosol was mixed with particle-free Ny that had been processed through the neutral-
izer. The ion-cloud found within an aerosol neutralizer will decay over some finite period
after the carrier gas leaves the neutralizer. In principle, if an aerosol can be mixed into the
decaying ion cloud much faster than it decays, the aerosol may asymptotically approach the
steady-state charge distribution gained within a neutralizer.

Experiments were performed at a range of ratios of the ion-rich Ny diluent to aerosol
to ensure that this new charging system resulted in the asymptotic charge distribution
as predicted by the Boltzmann charging model. Figure A.6 shows the dilution-correction
particle concentrations measured using the RDMA (Radial Differential Mobility Analyzer)
as the dilution rate is increased. The steady-state charge distribution was assumed in this
evaluation, so the concentration estimates can be considered quantitative only at dilution
ratios great than 3:1 (No from neutralizer to aerosol from reactor) where the concentration
approaches an asymptotic value. The observation that the inferred concentration does

not change with increased dilution beyond this value strongly suggests that the desired
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Figure A.6: Asymptotic particle distribution measured, assuming steady state charge dis-
tribution on particles, with various ratios of ion rich gas well mixed with particles.

steady-state charge distribution has been achieved. All observations from the turbulently
mixed reactors, unless noted otherwise, are reported as having been made with a neutralizer

dilution ratio of 7:1.
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A.4 Coagulation & Densification

Flagan and Lunden3® describe initial coalescence where a mechanism of surface diffusion
initiates fusing of silicon nanoparticles. The characteristic time for neck growth, (7), using

the classical sintering model is,

Om Qm E

eRrT. (A.17)

B(T) ~ ATV

Further densification can be characterized by grain-boundary diffusion using a surface area

based linear rate law.” This time constant, Tf, is,

day 1

where a, is the surface area of an initially necked biparticle and aspn the surface area of the
final coalesced single particle. Estimating 74 from an isothermal process overestimates the

time of actual exothermic coalescence, 96:147

3kpT,N

= _BTh Al
o 64mosDeyy (A-19)

where kp is the Boltzmann constant, T, is the temperature of the system, N is the number
of silicon atoms comprising the coalescing sphere, o, is the bulk silicon solid-state surface

tension, and Dgp is the solid-state grain boundary diffusion coefficient,

Dejs = DGB(%> (A.20)



198

with 0 is the grain-boundary width, d, is the small particle diameter, and the diffusion

coefficient has an Arrhenius behavior,
_B
Do = Ae ™. (A.21)

The time required for two 8 nm particles to coalesce into one 10 nm particle is of ~ O(us).
In order to ensure that the coalesced particle forms a single crystal, an ~ O(ms) residence

time is provided to allow annealing within the reactor.
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A.5 Particle Distributions

This material was originally included with Chapter 6, but was superfluous or redundant
to the theme discussed. It is included here as additional information on reactor behavior

during conditions of changing flowrates or feed concentration.

A.5.0.1 RD2: Reverse Flow Shell & Tube Assembly

Figure A.7 are PSDs observed while increasing the precursor concentration for similarly
slow reactant flow and large quench flow. Coagulation aerosols are evident, Fig. A.7(a),
but the number of particles characterized at the peak, even with the quench dilution, shows

nearly a 10x improvement over the single tube laminar flow reactor.
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(a) 135 sccm bottom and 2865 sccm top flow. (b) 210 sccm bottom and 3790 sccm top flow.

Figure A.7: Particle distributions observed for variations in silane concentration at 1273 K
for large comparative difference in bottom to top flow.
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A.5.0.2 RD3: Shell and Tube Nucleation/Growth with Subsequent Mixing Jet

In Fig. A.8 PSDs are seen for various nucleation flowrates and concentrations with a Ny
dilution of 1800 sccm and a mixing jet dilution of 400 sccm. In Figs. A.8(a)-A.8(b), the
nucleation flowrate is varied between 100 scem and 400 scem while the silane concentration
is fixed at 100 ppm. The experiments were conducted on different days, wherein changing
conditions in the recirculation zones affected the measured particle numbers. But, the trends
seen in the PSDs are consistent. A narrow, small particle mode is evident throughout and
is increasingly dominant as flowrate is increased. As the nucleation flowrate increases, the
heat transfer rate decreases, the nucleation rate is reduced as is the agglomeration rate.

For fixed nucleation flowrates of 200 sccm, Fig. A.8(c), and 250 scem, Fig. A.8(d), vari-
ation of the silane concentration demonstrates a similar effect on the highly monodisperse
mode. With the increased nucleation rates at higher feed concentrations, agglomeration
dominates and the monodisperse mode is no longer observed.

A final pair of experiments, Fig. A.9, compare the results from early operation of the
reactor at low feed concentration to operation after the recirculation problem had self-
rectified, presumably by agglomerate particle deposition. In Fig. A.9(a), a combination
of lower silane concentration, 45 ppm, at a high nucleation flowrate, 600 sccm, shows a
small primary particle size of ~ 12 nm, but the slow laminar mixing time contributes to
growth in particle sizes up to 40 nm—either from agglomeration or the lack of complete
densification. In Fig. A.9(b), with a slower nucleation flow of 175 sccm and additional
silane precursor, the particle distribution is narrower, indicating increased densification,
and the distribution appears to have arisen from a nearly monodisperse collection of 8-
12 nm particles. The peak height of these left-most shoulders is fairly consistent over many

experiments, and appear to correlate to a local event of particle growth by vapor deposition
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at a short timescale, and then agglomeration over a larger timescale as determined before

dilution inhibits coagulation.

A.5.0.3 RD4: Laminar Flow Nucleation With Subsequent Mixing Jet

A second configuration, Fig. A.10, was made with an additional pair of mixing jets in
between the quench and thermal oxide jets. This additional inlet provided some flexibility

in introducing additional quenching flow or additional reagent.
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Figure A.8: Particle distributions observed for nucleation in RD3, an inconel shell and tube
with turbulent mixer reactor.
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Figure A.9: Particle size distributions from RD3 at relatively lower concentration of SiHy.
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