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ABSTRACT: We demonstrate a mechanism of solid-phase
crystallization (SPC) enabled by nanoscale cavities formed at
the interface between an hydrogenated amorphous silicon film
and embedded 30 to 40 nm Si nanocrystals. The nanocavities,
10 to 25 nm across, have the unique property of an internal
surface that is part amorphous and part crystalline, enabling
capillarity-driven diffusion from the amorphous to the
crystalline domain. The nanocavities propagate rapidly through
the amorphous phase, up to five times faster than the SPC
growth rate, while “pulling behind” a crystalline tail. Using
transmission electron microscopy it is shown that twin
boundaries exposed on the crystalline surface accelerate crystal growth and influence the direction of nanocavity propagation.
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Crystallization of amorphous thin films is a ubiquitous
approach to producing polycrystalline thin films of many

materials.1−8 Among the numerous processes developed, solid-
phase crystallization (SPC) produces films with excellent
purity, high density, and good conformity. SPC proceeds by
growth of small crystallites that nucleate in the amorphous
matrix during a lengthy incubation period of a few hours or
more at temperatures greater than 600 °C for thin film
hydrogenated amorphous silicon (a-Si:H). Numerous methods
overcome the thermal and temporal limitations of traditional
SPC, however each is associated with its own drawbacks such as
high film porosity, the incorporation of metallic impurities, or
the impracticality for large-scale application.9−12

Incorporation of crystalline seeds into an a-Si:H film can
substantially reduce crystallization time by providing heteroge-
neous nucleation sites.13,14 However, the existing approaches to
introducing seeds offer limited control over seed size and aerial
density. To overcome this challenge, we designed and
constructed a dual-plasma reactor in which large silicon
nanocrystals are synthesized by a filamentary plasma, injected
through an orifice into a plasma-enhanced chemical vapor
deposition (PECVD) reactor, and there are embedded in a
PECVD-grown a-Si:H film containing ∼10 atom % hydrogen
(Figure 1a) (see Supporting Information for details). The
nanocrystals are highly monodisperse, 30−40 nm in size, and
cubic or cuboctahedral in shape (Figure 2a,d), depending on
the radiofrequency power that is applied for nanocrystal
synthesis. The embedded Si nanocrystals acted as heteroge-
neous nucleation sites for crystal growth while annealing,
reducing the crystallization time by up to 90% while providing

independent film and particle synthesis (see Supporting
Information).
When cuboctahedral nanocrystals were employed as seeds,

we observed through transmission electron microscopy (TEM)
the formation of elongated nanoscale cavities at the boundary
between the amorphous film and the embedded nanocrystals
while heating to a temperature of 650 °C over 15 min (Figure
1b,c). These elongated nanocavities, confirmed hollow by high-
angle annular dark-field scanning TEM (HAADF-STEM) (see
Supporting Information), become rounded, 5 to 30 nm across,
within a few minutes (Figure 1d) and begin moving through
the amorphous film, leaving behind tails of crystalline silicon
that continue to grow by SPC (Figure 1e and Supporting
Information Movie 1). Nanocavities propagate with speeds up
to five times faster in the sample plane than the SPC growth
(Figure 1f). For example, at 650 °C nanocavity speeds are
between 5 nm min−1 and 13 nm min−1, increasing linearly with
cavity size, compared to measured growth velocities of 1.2 nm
min−1 and 4.5 nm min−1 for the SPC slow-growth and fast-
growth directions, respectively. TEM image sequences of
propagating nanocavities in 120 nm films show that the
shape of cavities is dynamic with time while the cavity volume
appears to remain constant (see Supporting Information
Movies 2 and 3).
Films containing cuboctahedral seed crystals typically

exhibited one or more mobile nanocavities per seed while
cubic seed crystals seldom induced cavities. To investigate the
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origin of the nanocavities we prepared cross sections of as-
deposited films containing seed crystals. Films with embedded
cubic seeds have thin parabolic regions of porous a-Si:H
extending from the base of each seed crystal toward the film
surface (Figure 2b). Films with embedded cuboctahedral seeds
have a similar structure but with greater porosity near the base
of each nanocrystal seed (Figure 2e). Shadowing by the
nanocrystals during a-Si:H vapor phase deposition appears to
cause cusping of the growing film that results in the formation
of small pores as deposition continues.15 The convex surface of
cuboctahedral seed crystals more strongly shadows the
deposition resulting in the greater porosity around the base

of each nanocrystal (Figure 2c−f). During annealing, the
porous regions around the nanocrystal bases appear to coalesce
into larger nanocavities which by nature of their location
between the crystal seeds and the amorphous phase are bound
by internal surfaces that are part amorphous and part
crystalline.
We propose that the lower chemical potential of atoms on

the crystalline silicon surface compared to the amorphous
silicon surface acts as the driving force for mass transport from
the amorphous to the crystalline part of the surface. The free
energy for amorphous versus crystalline Si has been studied
both through experiments and simulation, reporting a differ-
ence in the range of 0.15−0.23 eV atom−1.16−18 Mobile atoms
on the crystalline surface then become incorporated into the
crystalline tail by epitaxy. On the basis of this proposed
mechanism, we calculate the propagation speed for a
nanocavity to be 15 nm min−1 at 640 °C using the Mullins
equation for capillarity-induced diffusion along the amorphous
surface,24,25 and it is comparable to the ∼10 nm min−1

measured experimentally (see Supporting Information). The
nanocavities’ speed increases with their size, as can be seen in
Figure 1f, suggesting that diffusion is sufficiently fast for cavity
propagation. If surface diffusion were the rate limiting step in
the nanocavity propagation, the nanocavity speed would vary
inversely with nanocavity size due to the increasing crystalline
surface area and an approximately linear increase in mass
transfer across the a/c interface. This is reinforced by the
dynamic shape of the amorphous surface over time which may
result from Rayleigh-Taylor instabilities19 owing to the growing
crystal changing the a/c interface and the influence of local
curvature of the amorphous surface on diffusion.
The high-resolution TEM (HR-TEM) image shown in

Figure 3a provides a detailed view of the rounded amorphous
surface terminating at a faceted crystalline “rear” surface. Here,
the crystalline tail, aligned along its [011] zone axis relative to
the incident beam, has two parallel Σ3 twin boundaries
terminating on the rear of the nanocavity. The main crystal M
has a (111 ̅) facet while the twinned crystal T is composed of a

Figure 1. (a) Schematic of the a-Si:H film containing Si nanocrystals. A 20 nm bottom layer of a-S:H is deposited followed by deposition of Si
nanocrystals. A 100 nm top layer of a-Si:H embeds the nanocrystals in a continuous film. (b−e) In-situ TEM image series of seeded a-Si:H film. (b)
As-deposited 120 nm a-Si:H films containing 30 nm rounded Si nanocrystals. (c) Elongated cavities form near the nanocrystal seed while ramping to
640 °C in 15 min. (d) The cavities become rounded within a few minutes at the soak temperature and (e) begin moving away from the nanocrystal
at a rate of 1−15 nm/min leaving behind tails of crystalline Si. (f) Growth velocities for SPC along the fast and slow axes offset from 0 nm by ±0.5
nm, respectively, and the propagation velocities for nanocavities of different size at 620−660 °C. Scale bar is 100 nm. Images were acquired after 0,
15, 18, and 25 min at a soak temperature of 640 °C.

Figure 2. (a,d) HAADF-STEM images of a 31 nm cubic nanocrystal
(a) and a 39 nm cuboctahedral nanocrystal (d). (b,e) Cross-section
TEM images of a-Si:H films with embedded cubic and a cuboctahedral
nanocrystal seeds, respectively. A parabolic porous region extends
from the base of the nanocrystal seeds toward the a-Si:H surface that
forms due to shadowing of the top layer deposition. Cuboctahedral
seeds (e) have a more significant porosity at their bases that develop
into nanocavities up to a few tens of nanometers in size upon
annealing. The seeds lack well-defined boundaries due to epitaxy
during deposition of the top a-Si:H layer. (c,f) Drawings of the porous
region surrounding the embedded nanocrystals. Scale bars are 20 nm.
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small (111 ̅) and larger (3̅1 ̅1) facet. HR-TEM image analysis of
many nanocavities showed that the facets are predominately
{111} and {113}. Further behind the nanocavity is a region

with a superstructure, periodicity 3d(111), characteristic of
superposed crystals related by twinning parallel to the electron
optic axis.20

Twinning is known to influence crystallization in silicon. The
low-energy, slow-growth {111} surfaces often develop stacking
faults and twin boundaries due to a low stacking fault energy of
about 0.03 eV atom−1.21 Re-entrant twin boundaries exposed
on a crystalline surface create preferential nucleation sites that
accelerate growth along the ⟨112 ̅⟩ direction while preserving
low-energy {111} surfaces on each side of the twin
boundary.22,23 The presence of twins in the crystalline tail,
terminating on the cavity’s crystalline surface, suggests that
nanocavity propagation is mediated by step nucleation at twin
boundaries (Figure 3b,c), which is consistent with the
observation of directional nanocavity propagation where a
crystalline tail contains multiple segments of linear growth
(Figure 4a−e). Analysis of dark-field TEM (DF-TEM) images
and convergent-beam electron diffraction (CBED) patterns of
crystalline tails indicate the same (see Supporting Information).
Nanocavity propagation speed mediated by the presence of

twin boundaries is expected to be dependent on length and
number of exposed twin boundaries as depicted in Figure 4f−g.
In crystals grown by SPC, twin boundaries are typically
separated by 1−20 nm,24 consistent with our observation of
twin boundary spacing within the tails. Small nanocavities may
not have twin boundaries on their crystalline surface and
therefore not have accelerated growth. The length of twin
boundaries will also be dependent on position and generally
shorter than the nanocavity size. Additionally, twin boundaries
not oriented precisely along the propagation direction will grow
across the cavity and into the amorphous matrix and thus no
longer contribute to cavity propagation but instead to twin-
mediated SPC at the a/c interface. The result is that larger
nanocavities, having greater twin boundary length and therefore
more nucleation sites, will propagate faster than smaller cavities.
Nanocavity propagation will be fastest when directed along the
⟨112⟩ direction of the active twin plane as a single re-entrant
edge can continuously support crystal growth. Changes in
propagation direction can occur if a new twin boundary
develops on exposed {111} surfaces.

Figure 3. (a) High-resolution TEM image of a nanocavity along its
[11̅0] zone axis. Two Σ3{111} twin boundaries, indicated by yellow
arrows, terminate at the rear of the nanocavity. The crystalline surface
contains {111}M,T and {113}T facets. (b,c) Schematics of a crystalline
surface containing one twin. Diffusion of surface atoms across the free
energy landscape ends in attachment and growth of the crystalline
surface, accelerated by preferential nucleation sites along the exposed
twin boundary. Scale bar is 10 nm.

Figure 4. Plan-view BF-TEM image of embedded Si nanocrystal seeds in a-Si:H (a) as-deposited and (b) after annealing for 70 min at 640 °C. The
nanocavity has propagated approximately 1 μm leaving behind it a crystalline tail. (c−e) A cartoon of the film evolution while annealing. A porous
region near the base of the seed coalesces into tens-of-nanometer-sized nanocavities at elevated temperature. The cavity surface, part amorphous and
part crystalline, promotes mass transfer from the amorphous to the crystalline domain. The receding amorphous surface and growing crystalline
surface creates a crystalline tail as the nanocavity propagates through the film. (f,g) A cartoon showing nanocavities of different size at an a/c
interface. The larger cavities, possessing greater twin boundary length, propagate faster leading to formation of crystalline tails over time. Scale bar is
100 nm.
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The nanocavity propagation speeds can be described by size-
dependent Arrhenius equation
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where d112 and d110 are the {112} and {110} planar spacings, ν0
is the vibrational attempt frequency, R is the nanocavity size, Rc
is a critical cavity size below which enhanced crystallization
does not occur, EA is an effective activation energy, kB is the
Boltzmann constant, and T is temperature. Here d112 accounts
for surface step height per nucleation event and d110 normalizes
for the number of nucleation sites. The critical size Rc results
from the temporal averaged twin boundary length exposed on
the nanocavity surface. Using the Levenberg−Marquardt fitting
algorithm25 to fit eq 1 to experimental data (Figure 1f) with an
attempt frequency of ν0 = 1013 Hz,26 we find an activation
energy of EA = 2.33 ± 0.01 eV and a critical size of Rc = 5.15 ±
0.60 nm. The activation energy only weakly depends on
attempt frequency (see Supporting Information). As growth
appears to be limited by nucleation of new terraces, this
activation energy can be considered as that for nucleation at a
twin boundary.
Because of the rapid movement of nanocavities through the

film, leading to fast growth of crystalline tails, a significant
improvement of the crystallization kinetics should be expected.
Raman spectroscopy studies of the crystallization revealed
reductions in characteristic crystallization time of 90% for 100
nm a-Si:H films containing cuboctahedral Si nanocrystals,
respectively. To develop a model for the benefits of such
nanocavity-induced crystallization for thicker films we modified
the Johnson−Mehl−Avrami−Kolmogorov (JMAK) model for
crystal fraction (see Supporting Information) to account for
spherulitic growth of nanocrystal seeds and a single crystalline
tail modeled as a cone extending from each nanocrystal seed to
a nanocavity. Applying the experimental SPC growth velocity
and nanocavity propagation speeds obtained from heated-stage
TEM experiments, we compared the time required to crystallize
a 1 μm film containing a layer of nanocrystal seeds. The model
is consistent with experimental results in that the presence of
nanocrystal seeds reduced the characteristic crystallization time
by more than 80%. The addition of nanocavities reduced the
crystallization time by another 50% (see Supporting
Information). This can be further optimized by tuning the
density and location of nanocrystals within the film.
To our knowledge this is the first demonstration of a

crystallization process perpetuated by diffusion along an
enclosed surface. The surface of nanocavities located at an a/
c interface have a chemical potential gradient along which
atoms diffuse, resulting in a receding front amorphous surface
and a growing rear crystalline surface. Twin boundaries on the
crystalline surface provide preferential nucleation sites which
accelerate growth and create a preferential growth direction. As
the nanocavities propagate through the film a crystalline tail
develops, creating a rapidly expanding a/c interface surface that
crystallizes the surrounding film by SPC. The result is a
dramatic reduction in crystallization time for amorphous Si
films. Beyond the potential for enhancing crystallization in
silicon films, the kinetics of this process should translate to the
crystallization of many other materials.
Methods. Seeded a-Si:H Film Growth. Films were grown

layer-by-layer in a dual-plasma reactor consisting of a parallel-
plate PECVD chamber for a-Si:H growth and a flow-through

plasma reactor27 for nanocrystal synthesis. The nanocrystal
reactor is positioned directly above the PECVD chamber and
separated by a pressure-reducing orifice (see Supporting
Information). a-Si:H was grown with a substrate temperature
of 250 °C, gas flow of 40 standard cubic centimeter per minute
(sccm) 5% SiH4 in He balance, chamber pressure of 15 Pa, and
radiofrequency (rf) power density of 3.6 mW cm−2 giving a
deposition rate of 1.6 nm/min. The Si nanocrystal reactor
consists of a glass tube terminated by grounded ultratorr fittings
and a ring electrode. A 1 mm orifice separates the reactor from
high vacuum. A gas flow of 3 sccm 5% SiH4 in He balance and 4
sccm Ar creates a pressure of 340 Pa. A plasma discharge is
created by an applied rf power of 130 W for cubic nanocrystals
and 150 W for cuboctahedral nanocrystals.

Specimen Preparation. Films for plan-view TEM were
deposited directly onto carbon-coated molybdenum grids
(Grid-Tech Mo-400HD) and consisted of a 20 nm bottom
layer of a-Si:H, a layer of seed crystals with typical density of 1
to 5 seeds μm−2, and a 100 nm top layer of a-Si:H. Films for
cross-section TEM were deposited on Si(100) “mesas”
(Hysitron Inc., #5-0923) and prepared by a liftout-free focused
ion beam method using a FEI Quanta 3D 200, detailed in the
Supporting Information.

Characterization. Heated-stage TEM was performed using a
Gatan 652 double-tilt heating holder in an FEI Tecnai G2 F30
(S)TEM with TWIN pole piece operating at 100 keV and
equipped with a Gatan 4k × 4k Ultrascan CCD. HR-TEM and
STEM-ADF imaging was performed in an FEI Tecnai G2 F30
(S)TEM with S-TWIN pole piece operating at 100 and 200 kV,
respectively.

Heating in the TEM. Temperature was ramped to 650 °C at
a rate between 35 and 45 °C min−1, held for one minute, and
then set to the soak temperature. Images were acquired every
11 s. SPC growth velocity and nanocavity propagation speeds
were measured every third frame, 33 s apart. Fast-growth SPC
was identified by elongated crystals extending from the
nanocrystal seeds while slow-growth was measured as the
expansion of seed crystals having slow, isotropic growth.
Nanocavity propagation speed was measured as the displace-
ment of the crystalline surface between frames. When no well-
defined crystalline surface was visible, displacements were
recorded but excluded from measurement.
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