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Nanoparticles and nanoparticle-based devices are of interest in numerous industrial
applications due to their unique and often advantageous properties. However, a major obstacle
to the full exploitation of nanoscale materials is the lack of production processes that yield
specific materials reproducibly. A fundamental understanding of nanoparticle formation in
candidate production systems is critical to achieving both product specificity and uniformity.
The present work uses observations from transmission electron microscopy to elucidate the
formation processes occurring for silicon and titanium nanoparticles produced from a thermal
plasma process. The structure, chemistry, and defect morphology of the nanoparticles are
consistent with a rapid cooling and crystallization from a liquid droplet. The observation of
surface faceting on some nanoparticles suggests a transition between different crystalline
growth regimes. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Research has shown that materials with dimensions on
the 1 to 100 nm length scale can exhibit properties which
differ from those of the same macroscopic material [1-3].
One such example of this phenomenon is Si nanoparticles
which have been shown to have a much greater hardness
than bulk Si [4-6]. Related results have been found for
optical [7], electronic [8], magnetic [9, 10], chemical [11],
and structural properties [12—-15]. These discoveries sug-
gest innumerable new potential devices and applications
that utilize these modified properties [2]. Particles in this
size range have been referred to as “superfine” [1, 16],
“very small” [17-19], and most recently, including here,
as “nanoparticles” [20, 21].

One of the major difficulties with the incorporation of
nanostructured materials into industrial applications is the
production of such materials. The design and operation of
systems that produce a chemically and structurally spec-
ified material at a low cost is a challenge for the field of
nanotechnology. Among the gas-to-particle routes, ther-
mal plasma-based processes offer such an opportunity in
the high-rate production of nanostructured materials [22,
23]. However, these systems are complicated and not well
understood, often producing materials with a large degree
of agglomeration or chemical impurities [24-29]. Since
the structure and morphology of the nanoparticles is crit-
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ical to the observed properties a better understanding of
the processing—structure relationship is necessary.

A full theoretical description of the aerosol dynamics
of a plasma process is very complex due to the presence
of both neutral atoms and ions, large temperature gradi-
ents, and different possible chemical reactions [30, 31]. A
general solution for such a system would require solving
Maxwell’s equations, the Navier—Stokes equations, and
the equations describing the aerosol dynamics [16]. For
example, once particles are nucleated they may undergo
a number of processes, including condensation, coales-
cence (sintering), coagulation, and agglomeration. These
processes are a function of pressure, particle concentra-
tion, temperature, and the residence times in the produc-
tion apparatus. Additionally, the material properties may
be a complex function of these variables; an example is
the various diffusion coefficients for the particles [32-35].
There are other relations between these factors; coales-
cence of two liquid nanoparticles is often an exothermic
process which can raise the temperature of the aggregate
nanoparticle [36]; the total surface energy of the parti-
cle is reduced. Work involving Si-particle formation has
shown that particle sintering and morphology are espe-
cially sensitive to temperature and cluster size [37]. Other
work has focused on the influence of the reactor formation
conditions on structure and morphology [35, 38-45].
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The rapid solidification of materials has long been of
interest, both scientifically and technologically. Such non-
equilibrium processes can yield materials with novel crys-
talline or amorphous phases and extended solid solubility
[46]. Experiments using millimeter-sized droplets of Si
[47], Ge [48-56], Ni [57], Ga [46, 58, 59], Al [60, 61],
and metallic alloys [46, 49, 62] have shown that the extent
of supercooling determines the shape of the solid/liquid
interface (the “crystallization front”, CF), as it propagates
into the liquid [59, 63]. At small undercoolings a lateral-
growth mechanism dominates, where the CF is faceted
and crystal growth proceeds by the propagation of these
facets [63]. However, at large undercoolings the CF be-
comes rough and atomic attachment occurs isotropically
along the boundary. This regime is termed “continuous
growth.”

An experimental approach focusing on the observa-
tion of the product material is necessary for both ver-
ification of theoretical assumptions and control of the
plasma-based nanoparticle production apparatus. Charac-
terization of the chemistry, structure, and size distribution
of the nanoscale materials is required to understand the
processing—property relationships that make these mate-
rials uniquely desirable for industrial applications. The
inherently small size of the particles produced makes the
use of transmission electron microscopy (TEM) a neces-
sity. The TEM can yield information on the chemistry,
bonding and structure at the atomic level while providing
important information about other items of interest, such
as the size distribution and morphology of the constituent
nanoparticles [64]. In this study, TEM observations of
nanoparticles of Si and Ti are used to give further in-
sight into nanoparticle-formation processes in a thermal
plasma.

2. Experimental
Nanoparticles were created using hypersonic plasma par-
ticle deposition (HPPD), a process described in detail else-
where [6, 65-70]. In the HPPD technique, vapor-phase
precursors are injected into a thermal plasma generated by
a DC arc torch. The plasma is quenched as it is expanded
through a nozzle; the resulting nanoparticles are then fo-
cused using an aerodynamic lens system [71, 72]. This se-
ries of lenses focuses the nanoparticles into a narrow beam
with a width of a few tens of microns [73]. A motorized
deposition platform allows the translation of a substrate
through this nanoparticle beam, thus patterning the sub-
strate. For the present study, ultrathin carbon TEM support
films (SPI Supplies) were translated through the nanopar-
ticle beam, creating a “line” of nanoparticles across the
support film. This method was used to deposit nanoparti-
cles of Si and Ti on TEM support films for observation.
Different TEMs were used to analyze the specimens.
Conventional TEM examination of the nanoparticles
was carried out using a Philips CM30 operating at an
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accelerating voltage of 300 kV. High-resolution imaging
used the spherical aberration-corrected Philips CM200
FEG-TEM at Jiilich [74-82], a Philips CM300 FEG-
TEM at the National Center for Electron Microscopy in
Berkeley, CA [83], and a FEI Tecnai F30 FEG-TEM. The
CM300 is equipped with a GIF and has a spherical aberra-
tion constant (Cg) of 0.65 mm, while the images from the
aberration-corrected CM200 were recorded with a coma
of below 73 nm and setting Cy to approximately —40 um
[75, 84, 85].

3. Results

A representative individual Si particle is shown in the BF
TEM image of Fig. 1a. The spherical shape of the parti-
cle can appreciated from the nearly circular shape in this
projection and the fact that the thickness fringes also ap-
pear as circular contours. The single-crystal nature of this
nanoparticle is confirmed by the selected-area diffraction
(SAD) pattern in Fig. 1b. This pattern is consistent with
the [011] zone axis of Si. A HRTEM image of the surface
of a similar nanoparticle (Fig. 1c) shows the existence
of a thin amorphous layer surrounding the nanoparticle;
the thickness fringes again follow the contour of the sur-
face. This layer has been identified as an oxide layer using
electron energy-loss spectrometry [86, 87].

Twin boundaries are commonly observed in these Si
nanoparticles. Fig. 2 is a HRTEM image along the [011]
direction showing two parallel (111) twin boundaries.
These two interfaces are separated by approximately
2.5 nm, and appear to be atomically flat. The surface of
the nanoparticle between the two twin boundaries appears
to be more angular than that of the surrounding area. This
behavior is also seen for more closely spaced twin bound-
aries. Fig. 3 shows an array of nine parallel (111) twin
boundaries that are irregularly spaced. The surface of the
Si nanoparticle appears to have (111)-type nanofacets for
each enclosed twin domain. Again, the twin boundaries
are all atomically flat along the length of the interface and
extend across the particle.

Some nanoparticles observed are not completely crys-
talline; such a particle is shown in Fig. 4a. The differing
contrast might suggest that the particle is polycrystalline,
but the SAD pattern indicates that the particle is single-
crystal Si (Fig. 4b). When the interface is examined using
HRTEM, the (111) lattice fringes truncate near the middle
of the particle, as shown in Fig. 4c. Thus, approximately
half of the particle is crystalline, while the other half is
amorphous. The nature of this interface, and the above in-
terpretation of Fig. 4c, may be examined by tilting the Si
nanoparticle to different orientations. Fig. 5 shows a sin-
gle incompletely solidified nanoparticle imaged on three
different zone axes. There is little change in the appear-
ance of the nanoparticle from the [001] to the [114] zone
axis, while a significant change in contrast is observed
from the [001] to the [112] axes.
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Figure 1 TEM observations of a single-crystal Si nanoparticle. (a) is a bright-field (BF) TEM image of an individual Si nanoparticle. The symmetry of the
thickness fringes implies that the nanoparticle is spherical in shape. (b) is a selected-area diffraction (SAD) pattern of the nanoparticle; the symmetry and
spacing is consistent with the [011] zone of Si. The aberration-corrected HRTEM image in (c) shows the crystalline lattice in the [011] direction and the

presence of an amorphous surface layer about 1 nm thick.

The Si particle in Fig. 6 combines a number of these ob-
servations. In the BF TEM image shown in Fig. 6, the par-
ticle appears as almost perfectly spherical in shape. How-
ever, the surface of the Si particle contains some faceted
regions and the particle contains both a twin boundary and
a stacking fault, denoted with black and white arrows in
Fig. 6, respectively. The twin boundary proceeds through
the particle as observed in Figs 2 and 3a The (111)-type
stacking fault terminates on the twin boundary near the
center of the particle. Most interesting is the presence of
a relatively large amorphous droplet. Under the droplet,
the surface of the Si particle has the opposite curvature.

Evidence of more significant faceting was observed for
other nanoparticles. Fig. 7a shows a Ti nanoparticle that
appears faceted for approximately half of its perimeter.
Using the SAD pattern shown in Fig. 7b, these facets
can be associated with specific crystallographic planes.
These are noted schematically in Fig. 7c. It is notable
that the shaded region in Fig. 7c does not contain any
obvious faceting when compared to the remainder of the
nanoparticle but instead maintains an appearance similar

to that of an entirely spherical nanoparticle. HRTEM im-
ages of similarly faceted Ti nanoparticles show that the
facets are not atomically flat. Fig. 8 shows the intersection
of two larger facets on the surface of a Ti nanoparticle.
This HRTEM image clearly shows that the surface of such
faceted nanoparticles may be uneven; the change in height
in Fig. 8 is approximately 5 nm.

Some particles were found to have undergone agglom-
eration and sintering processes during their formation.
The BF TEM image in Fig. 9a shows two relatively spher-
ical Ti particles that have formed a single particle. Each
of these particles is single-crystal in nature as can be seen
from their SAD patterns of ‘P1’ and ‘P2’ in Figs 9b and
c, respectively. As can be seen from these diffraction pat-
terns, the particles are aligned such that [1210]p;/[2240]p,
and [IOIO]pl/[OOOI]pz

4. Discussion
Because of their inherently small size, the surface en-
ergy of a nanoscale structure can account for a significant
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Figure 2 An aberration-corrected HRTEM image of two (111) twin bound-
aries in a Si nanoparticle. The boundaries are approximately 2.5 nm apart,
and are atomically flat. The twin domain exhibits a (111) facet at the surface
of the nanoparticle.

Figure 3 A HRTEM image of nine (111) twin boundaries in a Si nanopar-
ticle. These twin boundaries are irregularly spaced, but are atomically flat.
(111) faceting is visible at the surface of the nanoparticle where the twins
intersect the surface.

proportion of the total energy [1]. Thus, the benefits of
minimizing the total surface energy are considerable for
a nanoparticle which has a large surface area when com-
pared to its volume. Providing kinetic processes allow
it, small particles will adopt a shape which will accom-
plish this task [88]. As most solids are non-isotropic, this
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leads to the formation of facets that are surfaces of min-
imum surface energy. This study found two examples of
faceting: between twin boundaries (Figs 2 and 3) and on
the surface of some nanoparticles (Figs 6 and 7). The
(111) faceting between the twin boundaries is small with
respect to the diameter of the particle, with the average
facet being around 0.8 nm long. The larger surface facets
seen for the particles in Figs 6 and 7 can compose a signif-
icant portion of the surface. However, in each case a large
percentage of the nanoparticle remained approximately
spherical in shape, as was noted in Fig. 7c.

The overall spherical shape of the nanoparticles is char-
acteristic of liquid droplets, which are isotropic and as-
sume the shape of a sphere to minimize the total surface
area; i.e., the shape minimizes the total surface energy
of the droplet. The HPPD process involves very high ve-
locities and thermal gradients for both the process gases
and generated nanoparticles. The thermal gradients in
the system have been calculated to be on the order of
107 K/s, while the particles have a velocity of approxi-
mately 2000 m/s when they leave the nozzle [65-67, 73].
This combination of process parameters means that the Si
nanoparticles are likely quenched rapidly from the liquid
phase [35, 43]. The formation and growth of the nanopar-
ticles occurs by coalescence in the liquid phase while the
temperature is above the melting point of the material
being produced. Other studies of particles generated in
flames and plasmas have noted that short characteristic
residence times lead to particles with a predominately
spherical morphology [41, 89, 90].

The crystallization of the liquid spherical nanoparti-
cles occurs very rapidly due to the large thermal gradi-
ents present in the HPPD system. Such rapid crystalliza-
tion behavior has been observed for undercooled liquid
droplets of Si, Ge, and Ni with diameters of several mil-
limeters [51, 91-94]. The predominant mechanism for this
solidification was found to be by the growth of dendrites
into the liquid phase. The morphology of these dendrites,
and consequently the shape of the CF, was dependent on
the interfacial undercooling [63, 94]. The resulting solid
spheres were single crystals and usually contained twin
defects. These twin defects have been suggested to aid in
the propagation of the solid dendrites by forming grooves
at the CF, allowing for rapid atomic growth [94]. Similar
behavior was found using spray atomization to produce
rapidly solidified spherical particles of Al with diameters
of >200 nm [60, 61].

The sintering of spherical particles has been studied
in many systems on differing length scales [37, 95-103].
The appearance of particles such as those shown in Fig. 9
is similar to images of liquid-glass spheres that are in
intermediate stages of sintering [104]. These two spher-
ical constituent particles (P; and P;) and the region of
their overlap are shown schematically superimposed in
Fig. 10. The diagram has been drawn assuming that the
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Figure 4 TEM analysis of an incompletely crystallized Si nanoparticle. The BF TEM image in (a) exhibits a large contrast difference between the two
halves of the nanoparticle. The [011] SAD pattern in (b) shows that this nanoparticle is single-crystal Si and not a polycrystalline agglomerate. At high
magnifications in the HRTEM image of (c), the (111) lattice fringes can be seen to truncate at the contrast interface visible in (a). This implies that the lower

half of the nanoparticle is crystalline Si, while the upper half is amorphous Si.

grain boundary which was formed at the initial contact
has not moved even though the plane has changed as
the ‘groove’ filled. The initial locations of the centers of
the particles would be further apart as shown since they
move together as sintering proceeds. The crystallographic
alignment of the two particles implies that when the two
particles came into contact, the temperature was still suf-
ficiently high that they could rotate into a lower energy
configuration. The fact that the particles are still spheres
with little evidence for faceting provides, in principle, a
method for comparing the kinetics of these two processes.
Thus the interesting feature of this observation is that it
implies that sintering took place very rapidly.

In this study, the presence of nanoparticles that had not
completely crystallized provides some insights into the
solidification processes for these small volumes. Specif-
ically, because the nanoparticle can be observed in a
non-dynamic environment (i.e., not in-situ during the so-
lidification process) the shape of the CF can be more
fully appraised. Investigations using high-speed cameras

yield only a low-resolution, two-dimensional picture of
the rapidly evolving crystal. In the TEM, multiple parti-
cles can be examined in different crystallographic orienta-
tions at atomic resolution. Generally speaking, the shape
of the CF can be of three types: flat, convex, or concave.
As can be seen by the thickness fringes in Figs 4 and 5, the
interface is decidedly not flat. This leaves the latter two
possibilities for the shape of the CF; these are schemat-
ically shown in Figs 11a and b, respectively. For each
of these scenarios, the crystalline region spontaneously
nucleates as the nanoparticle cools and the resulting CF
progresses into the liquid. In both cases, the resulting
nanoparticle is a spherical single crystal.

Additionally, both of these potential shapes of the CF
can provide atomically flat twin boundaries. The flatness
of the twin boundaries observed in this study implies that
the twin is generated from a single point during solid-
ification. The twin then propagates along the CF. One
possibility is that the twin boundary will propagate nor-
mally to the CF, as shown for a convex CF in Fig. 12b.
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Figure 5 Tilting experiment for an incompletely crystallized Si nanoparticle. Little change in the BF TEM image is seen upon tilting from the [001] to the
[114] zone axis; however, there is a dramatic change in appearance moving from the [001] to the [112] zone axis. The relationship between these three zone
axes is noted by the Kikuchi lines and schematic spheres between each image. The thickness fringes in the three BF images are consistent with a crystalline

region with a convex boundary with the amorphous region of the particle.

Ny

Figure 6 BF TEM image of a Si particle with a ‘droplet’ of amorphous
material on the surface. Additionally, this particle contains surface facets, a
twin boundary (black arrows, T), and a stacking fault (white arrow, S) that
intersects the twin.
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This mechanism is also plausible for a concave CF. A
second possibility for the generation of a twin is with the
propagation of the defect parallel to the CF. This behavior
is illustrated for a convex CF in Fig. 12a. Although the
propagation of the twin occurs in two places, the singular
nucleation of the twin ensures that the flatness of the twin
boundary is maintained. Multiple twins may be generated
in this way, leading to a structure similar to that seen in
Figs 2 and 3. In comparison, it would be difficult for a con-
cave CF to accomplish this, since the edges of the particle
crystallize before the interior. Thus, a twin would have to
be initiated on the opposite sides of the particle simultane-
ously and propagate towards each other to ensure flatness.
This situation is unlikely, and supports the conclusion that
the CF is convex. Multiple defects, such as those seen in
Fig. 6, could easily be generated in a similar manner by
nucleating along the convex CF as it progresses.
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Figure 7 (a) is a BF TEM image of a single-crystal Ti particle that exhibits faceting. Using the SAD pattern of this nanoparticle, as shown in (b), these
facets may be associated with crystallographic planes in Ti. These facets are indexed and noted in (c). The bottom half of the particle maintains a spherical
appearance and is shaded in (c).
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Further insight into the shape of the CF is found by
examining the symmetry of the thickness fringes in the
incompletely solidified nanoparticles. The crystalline re-
gion of the Si nanoparticle in Fig. 4a contains thickness
fringes that are indicative of a convex CF, but since this
is only a single observation in a single direction, it is not
unequivocal. It is notable that in the HRTEM image of
Fig. 4c the surface of the particle seems to exhibit a surface
groove. Such grooves are common in solid/liquid/vapor
interfaces, and are studied to understand the dynamics of
solidification and dewetting in other systems [105]. By
tilting a similar particle to different zone axes, the shape
of the CF may be better ascertained in three dimensions,
as seen in Fig. 5. Although there is little change in the
thickness fringes from the [001] to the [114] directions,
there is a significant change moving to the [112] zone.
If the physical rotation of the particle is considered along
with the bright-field images, the thickness fringes indicate
that the shape of the CF is indeed convex.

In addition to the observation of the shape of the CF, the
tilting experiments have the additional benefit of illumi-
nating the location of the crystalline nucleation point. For
each liquid nanoparticle, the crystallization could begin

Figure 8 HRTEM image of the surface of a faceted Ti nanoparticle. The
uneven surface of the particle is evident.
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Figure 9 (a) Bright-field TEM image of two Ti particles that have undergone a sintering process; the relative orientations of each constituent particle can
be seen from their SAD patterns. The SAD pattern in (b) is from particle ‘P1°, while (c) is from particle ‘P2.” This shows that [1210]p;/[2420]p, and

[1010]p;/[0001]p, for these two particles.

either on the surface or in the interior of the nanopar-
ticle. Examination of the images in Fig. 5 which were
recorded at the [001] and [114] zones do not discriminate
between either of these possibilities. However, by tilting
the nanoparticle so that the electron beam is parallel to the
[112] zone, the crystalline region is in the location that
is consistent with nucleation at the nanoparticle surface.
This surface nucleation has also been observed in other
rapid solidification processing work [106 ].

These findings are consistent with the earlier exper-
imental observations of rapid crystallization in larger
undercooled droplets [51, 60, 61, 91-94]. The shape of
the CF does not appear dendritic or faceted, supporting
the interpretation that the solidification occurred in the
continuous growth regime. Additional factors contribut-
ing to this are the small size of the nanoparticles and the
fact that the crystallization is spontaneous and not trig-
gered by an outside seed crystal. It has been found that
when larger droplets with diameters of >200 pum spon-
taneously crystallize, the dendritic behavior is much less
prevalent [93]. Thus, the spherical nanoparticles crystal-
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Figure 10 The two spherical particles from Fig. 9, P; and P,, with one
possible location of the initial spheres (see text for discussion).
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Figure 11 Cross-section schematics of the crystallization of a liquid Si nanoparticle. In (a) the “crystallization front,” or the boundary between the crystalline
and amorphous regions, is a convex boundary, while in (b) the front is concave. The boundaries propagate across the nanoparticle as the temperature is
decreased below the Si melting point, leaving a crystalline nanoparticle with a spherical shape.
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Figure 12 Cross-section schematics showing the generation and propagation of twin defects for a convex crystallization front. In (a), multiple twin defects
are generated and propagate normal to the front. In (b), a single twin defect is shown propagating parallel to the crystallization front. Both of these possibilities

can generate atomically flat twin defects across the nanoparticle.

lize from only a single nucleus at the surface of the parti-
cle with a convex-shaped CF propagating into the liquid
phase. Twin boundaries are readily generated as the par-
ticle solidifies and due to the speed and mechanism of
the CF propagation these boundaries are atomically flat
across the diameter of the particle. Even when multiple
boundaries are closely spaced, there is no interaction or
intersection of the twins. The twin boundaries may aid
in the formation of the crystalline nanoparticles, as no
incompletely crystallized nanoparticles were found that
contained a twin boundary. In this case the nuclei may
themselves be twinned favoring the geometry shown in
Fig. 12b.

Droplets or protusions on the surfaces of large particles
have been observed in previous studies of rapidly solidi-
fied Ge [51] and AI-Cu [61]. The size and extent of such
features were found to be characteristic of certain ranges
of undercooling for Ge [51]. It is possible that similar
processes are occurring for the nanoparticles considered
in this work; because of the highly dynamic environment
in which the solidification occurs, some particles may be
at a different degree of undercooling than others, leading
to the formation of such ‘droplets’ or protrusions as seen
in Fig. 6. As noted above, the droplet is not crystalline. As
seen in Fig. 13, the curvature of the outer particle surface
is smaller than for the Si particle as a whole, and that of

Figure 13 The ‘droplet’ in Fig. 6 shown at higher magnification. The thick
line defines the surface of the nanoparticle sphere; the lens-shaped region
is the amorphous droplet.

the Si surface which is in contact with the ‘droplet’ has
the opposite sign. The Si thickness fringes are essentially
unaffected by the droplet. It is clear that this amorphous
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Figure 14 Cross-section schematic detailing the progress of the crystallization front for the rapid solidification of spherical (top) and faceted nanoparticles
(bottom). The morphological differences are likely due to the extent of undercooling of the nanoparticle as it solidifies.

region remained liquid (did not crystallize) as the nanopar-
ticle cooled. In fact, its shape is strongly reminiscent of a
liquid droplet in the surface of an immiscible liquid.

The observation of facets on the surfaces of some
nanoparticles presents a challenge to the preceding dis-
cussion. Faceting may be found in anisotropic materials
held at high temperatures, enabling atomic diffusion to
the energetically favorable planes. However, if an ini-
tially spherical nanoparticle underwent such a process,
the entire nanoparticle should appear faceted. As depicted
in Fig. 7c, only parts of the nanoparticles exhibit such
faceting, and the thickness fringes in the BF TEM im-
ages maintain that the remainder of the nanoparticle is
spherical in shape (Figs 6a and 7a). Thus, these faceted
nanoparticles contain evidence of undergoing crystalliza-
tion in both the continuous and lateral growth regimes.
This suggests that is possible to have a transition between
these two growth regimes. This is schematically shown
in Fig. 14. The liquid droplet is initially at a high degree
of undercooling and the crystalline region nucleates at
the surface of the nanoparticle and rapidly grows. As the
heat of crystallization is liberated, the temperature of the
droplet may increase [60]. If the heat is transferred away
from the particle sufficiently quickly the droplet may con-
tinue with the continuous growth mechanism and lead to a
spherical morphology. This would result in a nanoparticle
similar in appearance to those shown in Figs 1-5. How-
ever, if the temperature of the droplet is raised sufficiently,
the extent of undercooling is reduced, and lateral growth
may result. This will change the shape of the CF from
an atomically rough interface which progresses across
the particle isotropically to a CF which becomes faceted
and moves by the generation and propagation of crys-
tallographic planes along the solid/liquid interface. This
faceting of the CF has been simulated by Peteves and Ab-
baschian for Ge droplets [59] and by Levi and Mehrabian
for Al droplets for diameters of >100 pm [60]. When this
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faceted CF intercepts the surface of the liquid faceting of
the nanoparticle surface would occur [107]. This would
lead to a nanoparticle exhibiting traits of both growth
regimes: a predominantly spherical appearance but with
faceting on some of the surface of the nanoparticle. Ad-
ditionally, this change in the extent of undercooling could
lead to the formation of the ‘droplet’ observed in Fig. 6.

5. Conclusions

Hypersonic plasma particle deposition (HPPD), a ther-
mal plasma process that uses large cooling rates, was
used to deposit Si and Ti nanoparticles on TEM grids.
These nanoparticles were observed to have a spherical
morphology; such spheres were invariably single crys-
tals. HRTEM analysis identified some nanoparticles to
have atomically flat twin boundaries across the diame-
ter of the particle; other nanoparticles are incompletely
crystallized but still maintain the spherical morphology
evident in fully crystalline particles. These results imply
that the nanoparticles crystallized from a spherical liquid
droplet as the material rapidly cools by the propagation of
a “crystallization front.” From an analysis of the geometry
of the thickness fringes and twin boundaries in the TEM
images, this front is likely convex in shape. Faceting of
portions of the surface implies that a transition between
the continuous and lateral growth mechanisms is possi-
ble during solidification. This transition is likely due to a
reduction in the undercooling of the solidifying particle.
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