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Nonthermal plasma (NTP) offers a unique synthesis environment capable of producing nanocrystals of high melting point
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materials at relatively low gas temperatures. Despite the rapidly growing material library accessible through NTP synthesis,

designing processes for new materials is predominantly empirically driven. Here, we report on the synthesis of both

amorphous alumina and y-Al,O; nanocrystals and present a simple particle heating model that is suitable for predicting the

plasma power necessary for crystallization. The heating model only requires the composition, temperature, and pressure of

the background gas along with the reactor geometry to calculate the temperature of particles suspended in the plasma as a

function of applied power. Complete crystallization of the nanoparticle population was observed when applied power was

greater than the threshold where the calculated particle temperature is equal to the crystallization temperature of

amorphous alumina.

Introduction

Nonthermal plasma (NTP) is a well-established means of
synthesizing high-purity size controlled nanocrystals.! The
unique nonequilibrium environment of NTP provides many
advantages when compared to liquid-phase nanocrystal
synthesis. For example, the unipolar negative charging of
particles in the plasma prevents agglomeration without the
need for surface ligation by long organic molecules.2 Over the
last two decades, the material library accessible by NTP has
increased significantly. There has been much work surrounding
the NTP synthesis of Group IV semiconductor nanocrystals3-2
and their alloys,®=** as well as transparent conductive oxides.??~
17 More recently, NTP synthesis has been extended to include
Group IlI-V semiconductor nanocrystals'®2° and ceramic
nanocrystals.?’2> However, despite the rapidly growing
material library accessible via NTP, there lacks a straightforward
approach to designing synthesis processes for unexplored
materials. For example, the ability to predict synthesis
conditions (i.e. reactor geometry, gas composition, pressure,
and power) that avoid amorphous material and instead yield
crystalline nanoparticles would aid greatly in designing new
synthesis techniques; and perhaps more crucially, would
drastically reduce the amount of trial and error necessary in
order to realize a new material via NTP.

One significant advantage of NTP compared to other gas-
phase synthesis methods (e.g. flames) is the ability to synthesize
crystalline materials at gas temperatures significantly lower
than the temperature required for crystallization.>2¢ It is known
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that nanoparticles suspended in the plasma are selectively
heated, often to several hundreds of Kelvin higher than the
surrounding gas. Several groups have investigated the particle
heating and cooling mechanisms in NTP both numerically?7.28
and experimentally.2°-32 The primary source of particle heating
in NTP has been shown to be ion-electron recombination on the
particle surface, while the primary cooling mechanism is
conduction to the surrounding gas.?® Additionally, particles
undergo large temperature spikes on the 100 microsecond
timescale due to the stochastic nature of recombination events;
however, the magnitude of these spikes decreases with
increasing particle diameter.?” Despite the size-dependence of
the transient fluctuations, it has been shown that particle
temperature reaches an average value that is higher than the
background gas and nominally independent of size.?”

Kramer et al. have demonstrated that for Si nanocrystals,
when the plasma conditions are such that the average particle
temperature exceeds the crystallization temperature, the
entire population of particles is crystalline.3° In order to design
a NTP synthesis reactor, it is therefore desirable to be able to
predict the synthesis conditions under which the particle
temperature will exceed this threshold and nanocrystals will be
formed. Previous studies suggest that power delivered to the
plasma and total pressure in the plasma are two key tuneable
process that significantly impact particle
temperature, with increasing power and decreasing pressure
leading to an increase in particle temperature.3933.34 These
trends can be understood in terms of the heating and cooling
mechanisms: an increase in plasma density with increased
power causes increased particle heating through larger rates of
surface reactions such as electron-ion

parameters

exothermic
recombination, and a decrease in conductive cooling rate with
decreasing pressure. While monitoring and controlling pressure
is straightforward in low pressure NTP systems, conventional
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means of measuring the plasma density (i.e. Langmuir probes)
are nontrivial in dusty plasmas.?®> From this perspective, the
capability to predict average particle temperature using only
external, tuneable process parameters would be useful for
designing synthesis approaches to further extend the material
library accessible via NTP.

In this work, we present a simple nanoparticle heating
model that can be used to predict the threshold plasma power
necessary for NTP synthesis of nanocrystals. The model requires
only four inputs: the pressure, temperature, and composition of
the background gas, and plasma volume to determine particle
temperature as a function of applied power. Given the unique
potential of NTP to yield nanocrystals of very high melting point
materials at low background temperature, Al,03 was chosen as
a target material. Al,O; has a reported crystallization
temperature between 1100-1300 K.2436:37 The crystallinity of
Al,03; nanoparticles was used as a probe for the particle
temperature while suspended in the plasma. In this approach,
the entire population of particles is expected to become
crystalline when the average particle temperature exceeds the
crystallization temperature (see Figure 1).

A0 Rlasma Low RF Power

[TF<T

C ry.\i)

" Electron-lon
Recombination

Ar’. (15.76 eV‘ AT -
iy e
g ~Conduction|
P, e .
‘ A /  High RF Power
e : (Tl

y lon/Electron p " cryst

KE Transfer

e TA,TLT P

y-ALO,
Figure 1. Conceptual schematic of energy transfer mechanisms in the plasma that lead
to particle heating which can exceed the crystallization temperature when a threshold
radiofrequency (RF) power is reached. Amorphous alumina (am-Al,0s).

Experimental Methods

Al,03 Nanocrystal Synthesis.

Al,03 nanocrystals were synthesized in a flow-through tubular
nonequilibrium plasma reactor similar to one recently
described by our group.3® A detailed schematic of the
experimental setup can be seen in Figure 2. In brief, the Al,O3
nanocrystals were synthesized in an Ar/O, plasma maintained
in a fused-quartz tube with inner and outer diameters of 20 and
25 mm, respectively. Trimethylaluminium (TMA, Strem,
Newburyport, MA) served as the aluminium precursor and was
introduced into the reactor via a gas bubbler maintained at 225
Torr and swept by 20 standard cubic centimetres per minute
(SCCM) Ar (Praxair, UHP 5.0). The resulting TMA feed rate was
calculated to be 1.1 SCCM. Just upstream of the plasma zone,
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an additional stream containing 120 SCCM Ar and 10 SCCM O,
(Praxair, UHP 5.0) was co-fed with the diluted TMA stream into
the plasma. All flow rates were regulated using mass flow
controllers (Type 1159, MKS Instruments, Andover, MA). The
plasma was maintained via capacitively coupled radiofrequency
power (RF, 13.56 MHz) applied to two stainless-steel ring
electrodes, with the upstream electrode being powered and the
downstream serving as the ground. The electrodes had inner
and outer diameter of 25.4 mm and 38.1 mm, respectively, with
a thickness of 15.9 mm and were separated by 30 mm. The input
power was maintained at the setpoint using a 13.56 MHz RF
power supply (AG0613, T&C Power Conversion, Rochester, NY)
and impedance matching network (AIT600, T&C Power
Conversion, Rochester, NY). All values for plasma power
reported are the setpoint power as indicated on the RF power
supply. The pressure during synthesis was measured
immediately downstream of the plasma zone by a capacitance
manometer (DMA Baratron, MKS Instruments, Andover, MA).
Background gas temperatures, 7;,[” , were estimated by thermal
imaging (SEEK Thermal Compact LW-AAA, Santa Barbara, CA) of
the plasma reactor during discharge (see Supplementary
Information for details) as previously reported.3* The
background gas temperature was taken as the value at the
midpoint between the two ring electrodes.

The as-synthesized aerosol stream was diverted from the
bypass line into a collection path where powder was collected
on removable stainless steel 400 mesh filters or lacey carbon
transmission electron microscopy (TEM) grids (part number
01824, Ted Pella, Redding CA). During powder collection on
stainless steel filters, a diaphragm valve immediately before the
rotary vane vacuum pump was adjusted to maintain the
pressure in the plasma zone at 7.1 Torr. Stainless steel filters
were weighed before and after powder collection to calculate
mass production rates, which were between 125-250 mg/hr.

Post treatment annealing of alumina nanoparticles was
carried out using a tube furnace (Linberg Blue M, ThermoFisher
Scientific, Waltham, MA) under 500 SCCM Ar flow. The crucible
(CoorsTek, Golden CO) was 1.5x1x7 cm in size and comprised
of grade AD-998 alumina (min. 99.8% pure). The furnace tube
was evacuated after sample loading and subsequently
backfilled with Ar, this process was repeated two times
followed by a 15 minute period of purging with Ar before the
furnace was turned on. The ramp rate during heating of the
tube furnace was approximately 2.5 K per minute. After
annealing, the samples cooled down to room temperature over
several hours while remaining under the inert atmosphere.

Electron Microscopy.

Allimages of the particles and selected-area electron diffraction
(SAED) patterns were collected using a thermal emission
transmission electron microscope (TEM) equipped with a LaBg
filament (JEOL JEM-2000 FX) operated at an accelerating
voltage of 200 kV. Particle size distributions were obtained
using the Image) software package by fitting an ellipsoid around
the particle and calculating the diameter of a circle with the
same area. A minimum of 150 particles were counted for every
size distribution and the subsequent histograms were fit with a

This journal is © The Royal Society of Chemistry 20xx
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lognormal distribution to calculate mean diameter and
geometric standard deviation.

X-Ray Diffraction.

After powder collection, a sample of the powder was taken
from the stainless-steel filter and characterized by x-ray
diffraction (XRD) to determine the crystal structure of the
powder. Approximately 5 mg of dry powder was packed on a
miscut Si wafer (MTI Corporation, Richmond, CA) with low-
background signal and spectra were acquired using a d8
Advance diffractometer (Bruker, Billerica, MA) equipped with a
Cu radiation source (Cu Ka, A = 1.541 A). All XRD patterns were
collected for 2¢ values in the range 20-80 degrees, with a step
size of 0.02 degrees and a dwell time of 0.5 seconds per step.

Solid State NMR.

For 2’Al  solid-state NMR (SSNMR) measurements,
approximately 75 mg of dry powder of each sample was
collected for analysis. The powder was packed into zirconia
rotors (with low-aluminum background). NMR experiments
were executed on a 14 Tesla instrument,?’Al Larmor frequency
of 156.00 MHz, at magic-angle spinning (MAS) rotational
frequencies of 35 kHz. A Bloch decay sequence with a short tip
angle pulse (/18)3° was used with typical pulse lengths of 0.2
us, collecting 8k transients, and using a recycle delay of 0.1 s.
Samples were referenced to y-Al,05 as a secondary reference.
Spectra were deconvoluted using the Dmfit program,*°
employing both the Czjzek model as well as an analysis of
spinning sidebands (from quadrupolar satellites) that underlie
the central transition resonances.

Results and Discussion

Nanoparticle temperature while suspended in NTP can be
calculated by performing an energy balance on the particle
using the heating and cooling mechanisms in the plasma.
Specifically, the ion-electron recombination rate and the

conduction to the background gas are the two dominant
mechanisms for nanoparticles in which melting is not occurring.
The particle energy balance as described by Mangolini and
Kortshagen can be written as?’

4, T,
Ezz'rppC P =G-L (1)

where p is the material density, Cis the specific heat, r is the
particle radius, and T,is the particle temperature. The terms G
and L are the heat generation and heat sink terms, respectively.
The heat generation term, G, is considered as the energy
deposited to the particle at the surface through ion-electron
recombination events. We are here neglecting additional
energy release through surface chemical reactions, as these are
poorly known. We can rationalize this choice by assuming that
most of the chemical precursors have already been consumed
by the formation of the particles. The rate of energy deposition
through electron-ion recombination can be calculated as
G=J,AH, , where J_ is the ion flux to the particle surface
and AH,  is the ionization energy of Ar, which is 15.76 eV. The
ion flux is calculated by assuming the particles collect ions with
the orbital motion limited (OML) current.*! The resulting heat
generation term is thus,

. : ed
G — AHzan S ni SkBT: 1_ P (2)
4 "N\ zm, kT,

where S is the particle surface area and n,, 7;, and m, are
positive ion density, temperature, and mass, respectively. The
particle surface potential is denoted D, and can be found by
equating the positive ion and electron currents at the particle
surface. The particle potential was found to be @, =-4.5k,T, / e
, Which is a reasonable value for a nonequilibrium argon plasma.
The ions were considered to have the same temperature as the
background gas, T, and only singly charged positive ions were

as 7

considered. The heat sink term due to conduction, L, can be
calculated in the same way previously reported?’ as,
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L = _ﬂKﬂngu.\'Sp — X EkB (Tp - Tgﬂ.s') (3)

where p  is the total background gas density, m,,, s the
atomic mass of the background gas, and 7, is the Knudsen
accommodation coefficient which is expected to have a value
between 0.1-1.42

By equating the heat generation and sink terms, a steady
state temperature can be calculated. This temperature can be
thought of as the average temperature a particle experiences
while suspended in the plasma. The fluctuations from this
average particle temperature are relatively small for particles
larger than 10 nm in diameter, which is the case in the present
work.?”28 The average particle temperature can thus be
calculated for an argon plasma as

2T a\'n XAHI'GL‘
T, =T, +—=
3’7KrzP

B e(Dp
kT

gas

“)

where 7, is the ion density and P is the total pressure. We call
the second term on the right-hand side, the “excess particle
temperature”, defined as the difference between the particle
and the background gas temperature. Thus, particle
temperature in NTP depends on four key parameters: ion
density, electron temperature, background gas temperature,
and pressure. Both pressure and background gas temperature
can be measured in straightforward ways, but the ion density
and electron temperature typically require complex plasma
diagnostic techniques. However, typical methods of measuring
the plasma density such as Langmuir probes and optical
emission spectroscopy are often not suitable for dusty plasmas
or when complex gas mixtures often used in synthesis processes
are employed.3®

To avoid the need for complex plasma diagnostics entirely,
the ion density is estimated by considering the collision
frequency of electrons in the discharge to determine the
average power absorbed per electron. First, the electron energy
distribution function (EEDF) must be obtained. A Boltzmann
solver®3#* was used to determine the electric field where
ionization balances electron losses by ambipolar diffusion for
the background gas composition and pressure used in this work.
Given the EEDF (Supplementary Figure S1), the associated
energy loss due to collisions can be calculated as the product of
the collision frequency and the threshold energy of each
inelastic collision. The average electron is thus found to absorb
0#=1.17x10° eV/s. The electron density can then be calculated
as,

I)abs _ 77pwrPset

¢ eV ebV ®)

where P, isthe power absorbed by the discharge and V' is the
plasma volume. The absorbed power is defined as the product
of the setpoint power and the efficiency of the power delivery,
1,.- Previous characterization of the power delivery in a similar
reactor using the same power supply and matching network

4| J. Name., 2012, 00, 1-3

revealed the power delivery to be approximately 65%
efficient.3* Using the glow visible to the naked eye during
synthesis, the plasma volume was determined to be
approximately 60 cm3. The synthesis apparatus is illustrated in
Figure 2, and the details can be found in the experimental
methods section. The result is an expression that can be used to
calculate the electron density as a function of power, which is
assumed equal to the positive ion density. If Eq. 5 is substituted
into Eq. 4 for n,, then the excess temperature has a factor
N ! M, - These efficiencies are system specific. In our system,
the ratio is assumed to be unity and experimental agreement
was found with particle temperatures calculated using the
setpoint power (vide infra). The assumption of positive ion
density equal to electron density is justified by the feed gas
being greater than 90% argon. In addition to the ion density, the
EEDF can be used to determine the electron temperature, 7,
which is taken as 2/3 of the mean electron energy.3* Finally, the
background gas temperature was estimated by infrared imaging
of the reactor walls during operation. A previous study by our
group in a similar reactor compared the wall temperature
measured by infrared imaging to the centreline temperature
measured by a fibre optic fluorescence decay probe.34 In Figure
3, the wall temperature measured by infrared imaging is taken
as the lower bound of T, , while the upper bound is calculated
by adding the fractional error reported in our previous work as
a function of wall temperature. The average particle
temperature of 10 nm diameter Al,O3; nanoparticles, which is
the experimentally measured size in this work (vide infra), is
presented as a function of absorbed power in Figure 3.
Nanoparticle synthesis at conditions at which the calculated
particle temperature is above the crystallization temperature
are expected to result in the synthesis of an entirely crystalline

1600 T " T " T . T : T
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800 - [} Tgas

Tex
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Temperautre / K
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Figure 3. Particle temperature for 10 nm Al,O; nanoparticles as a function of applied
power (red). The particle temperature is the sum of the excess particle temperature
(blue) and the linear fit (black dashed line) to the background gas temperature
measurements (black squares). The shaded bands for background gas temperature and
particle temperature account for the error associated with the use of the wall
temperature to estimate the background gas temperature. The area bounded by gray
dashed lines represents the reported values for crystallization temperatures of 10 nm
Al,03 nanostructures.
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Figure 4. Transmission electron microscopy images and SAED patterns (a)-(d) of alumina
nanoparticles synthesized at various powers. Size distributions (e) for alumina
nanoparticles shown in (a)-(d), average particle diameter and geometric standard
deviation of the lognormal fit is presented.

population of Al,03; nanoparticles.

In Figure 3, complete crystallization is expected to occur
when the power supplied to the plasma exceeds approximately
325 W. To test that prediction, experiments were conducted in
which the RF power supplied to the plasma was adjusted from
100 W to 400 W. At all powers, spheroidal particles between 8-
10 nm were synthesized as seen in Figure 4. The SAED patterns
of nanoparticles synthesized at low power (Fig. 4a) revealed the
particles to be amorphous while those synthesized at high
power (Fig. 4d) exhibited an SAED pattern consistent with
crystalline y-Al,Os. The particle size did not significantly increase
at higher synthesis powers (Fig. 4e). Thus, the higher particle

This journal is © The Royal Society of Chemistry 20xx
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temperature experienced during synthesis at elevated power
did not lead to significant sintering, which is consistent with the
expectation of suppressed aggregation in the plasma due to
unipolar negative charging.%4!

To determine the crystallization temperature of the Al,O3
nanoparticles, post-synthesis annealing experiments were
carried out. Samples containing amorphous alumina
nanoparticles synthesized at 100 W were examined by XRD as
seen in Figure 5. The as-deposited powder did not exhibit clear
peaks in the XRD spectrum, consistent with the SAED pattern
and thus confirming the powder was predominantly
amorphous. As the annealing temperature was increased from
900 K to 1200 K, peaks consistent with the y-Al,O3 crystal
structure emerged. Based on the clear presence of the y-Al,O;
peaks in the samples annealed above 1100 K, that temperature
can be taken as the crystallization temperature of the Al,O;
nanoparticles synthesized in this study. A crystallization
temperature of 1100 K is within the range of values reported for
similar nanostructured Al,O; in the literature.?43637

As a result of the particle heating in the nonthermal plasma,
an increase in plasma synthesis power should eventually result
in the crystallization of nanoparticles synthesized in the plasma.
Alumina nanoparticles were synthesized at increasing powers
between 100 W and 400 W at 50 W increments. The XRD
patterns of these as-deposited powders can be seen in Figure 6.
For samples synthesized at 150 W or higher, peaks
corresponding to y-Al,O3 can be seen. Additionally, the peaks
become more intense with increasing power between 150 W
and 300 W, indicating that the crystalline fraction of the powder
sample is increasing. At synthesis powers above 300 W, the XRD
patterns remain unchanged, indicating that complete
crystallization of the nanoparticles occurred at 300 W. The
calculated particle temperature at 300 W is 1050 K, which is in
good agreement with the crystallization temperature
determined by the thermal annealing experiments in Figure 5.
Interestingly, for the nanoparticles synthesized at powers
between 150 W and 300 W, the samples clearly show the
presence of diffraction peaks, indicating that a portion of the
population is crystalline, which is unexpected given the
calculated average particle temperatures and the results from
the thermal annealing experiment. This discrepancy can be
explained in one of two ways. First, the nanoparticle heating
model described here is an obvious simplification of all the
heating and cooling mechanisms occurring during nanoparticle
synthesis in a low-temperature plasma. Specifically, it has been
shown that surface reactions can have a significant impact on
the heating of relatively large particles (i.e. particles greater
than 5 nm in diameter) in the Si/H system.3° However, a recent
report on Al,03 atomic layer deposition on Y,0s-stabilized ZrO,
nanoparticles found that temperature excursions due to the
formation of Al,O3 on the surface are only on the order of 10s
of Kelvin for nanoparticles of a similar diameter, suggesting the
contribution from surface reactions may be less significant in
the Al/O system.*> Second, the particles in this process are
growing while being heated and the growth mechanism is not
completely understood.

J. Name., 2013, 00, 1-3 | 5



Pleasedo kT

ARTICLE
2000 T T T T T T T T T T T T T T T
1200 K
1500 100 K
g
w©
2 1000 - 4
1)
c
Q
E
As Deposited
500 - &
y—AlL,O, (PDF 10-0425)
0 1 n t I* L TT " 1 n # i 1 L 1

10 20 30 40 50 60 70 80
Two Theta / Degrees
Figure 5. XRD spectra of Al,03 nanoparticles synthesized at 100 W both as-deposited and

after annealing at the indicated temperature for 3 hours. Pattern for y-Al,0; (PDF 10-
0425) shown for reference.

| 400 W
4000 - (T, = 1300 K) i

350 W
00T (1= 1175 K)

3000 B

; 2500 - 1
= 250 W
5 b (T, =925K)
% 2000 - .
£ 200 W
r (T, = 800K)
1500 - A
150 W
L (T, =675K
1000 H _
100 W
(T, =550 K)
500 - B

| v=Al,05 (PDF 10-0425)
0 1 % I4 Tf T 1 |+ T 1 1
10 20 30 40 50 60 70 80
Two Theta / Degrees

Figure 6. XRD spectra for alumina nanoparticles synthesized at various RF powers. The
particle temperature calculated by Eq. 4 corresponding to each synthesis power is in
parentheses.

6 | J. Name., 2012, 00, 1-3

Journal Name

As a result, it is possible that the particles experience large
excursions from the average particle temperature as they are
growing and could become partially crystallized before growing
to a point at which the average particle temperature is less than
the crystallization temperature. Regardless, the power required
to fully crystallize the population agrees well with the predicted
particle temperature; and lesser applied powers appear to
result in some amorphous fraction in the powder.

To characterize the amorphous fraction of the alumina
nanoparticles as a function of the synthesis power, 2?’Al SSNMR
experiments were carried out (under MAS) to determine the
local coordination environment of the aluminium cations in the
nanoparticles. The SSNMR spectra (showing just the central
transitions) of samples prepared between 100 W and 400 W can
be seen in Figure 7. In the case of alumina nanoparticles
synthesized at 100 W, three peaks are present, appearing at
approximately 2, 30, and 60 ppm corresponding to VIAI, VIA|,
and VAl species, respectively. Fitting of these peaks yielded the
expected isotropic chemical shifts for the respective aluminium
coordination numbers (supporting information). The presence
of MAI is an indication the sample has an amorphous
structure.*648 At 200 W, the WNIAI peak diminishes almost
entirely consistent with crystalline phases of Al,O3, with a small
presence of an amorphous fraction, in agreement with the XRD
analysis. At powers of 300 W and 400 W, the SSNMR patterns
are similar and contain only 4- and 6-coordinate aluminium
cations, consistent with the crystal structure of y-Al,05.434° The
SSNMR peaks were fit using the Czjzek model,>°->2 in a similar
method to previous studies on amorphous and y-Al,0; (see
Supporting Information).*® The ratio of tetrahedral to
octahedral aluminium sites is found to be similar for all samples.
The disappearance of the 5-coordinate [VIAl resonance at 300 W
and 400 W further supports the conclusion that the particles
become crystallized in the y phase at powers 300 W or greater.

Mia|
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T
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27Al Chemical Shift /ppm

Figure 7. Z7Al MAS solid-state NMR spectra at 14 T of the central transitions of as-

synthesized alumina nanoparticles synthesized at various applied RF power. The MAS

rotational frequency (vg) is 35 kHz. The data have been normalized to the highest
intensity peak.
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Taken together with the XRD patterns in Figure 6, the results
indicate the absence of other crystallographic phases of
alumina such as: 8-, 8- and a-Al,O3 in these samples.

Conclusions

In this work, we developed an approach to predict NTP
synthesis conditions that yield crystalline nanoparticles. We
propose a simple particle heating model that yields an average
particle temperature experienced in the NTP as a function of
applied power. The model is unique in that it requires no
complex plasma diagnostics for the inputs, but only depends on
the reactor geometry, background gas temperature, pressure,
and gas composition. The synthesis of Al,03 nanoparticles was
carried out to study the applicability of the model to a high
crystallization temperature material. Specifically, the concept
was demonstrated that there is a threshold power at which the
particle temperature is equal to the crystallization temperature,
above which the entire population of particles becomes
crystalline. Solid-state NMR of 27Al helped establish the
aluminium cation coordination environments, in non-crystalline
samples (prepared at lower RF power), when XRD was unable
to lend structural insights. The Al,O3; nanoparticles were found
to become increasingly crystalline with increases in power up to
300 W, at which point further increases in power did not have a
significant effect on the crystalline fraction of the ensemble.
This result is consistent with the idea of a threshold power for
crystallization and was in good agreement with the predicted
value of approximately 325 W from the particle heating model.
This work provides a framework for designing NTP synthesis
processes for high crystallization temperature materials by
predicting conditions necessary to reach particle temperatures
sufficient for nanocrystal formation.
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