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Transmission electron microscopy has been used to study processes occurring when a layer of
amorphous silicon �a-Si� containing helium-filled cavities buried in crystalline silicon �c-Si�
recrystallizes by solid phase epitaxial growth �SPEG�. The buried layer was formed in �100� silicon
by means of bombardment with 150 keV Li ions with the bubbles resulting from subsequent
implantation of 80 keV He ions; the energies being chosen to ensure that the resulting bubble
distribution was entirely contained within the amorphous layer. The presence of bubbles in a-Si
undergoing SPEG at a �100� interface with c-Si has previously been observed to give rise to the
formation of microtwin lamellas, assumed to nucleate at the bubble surfaces; however, the present
work indicates clearly that, in fact during SPEG, many microtwins nucleate remote from the
bubbles. There is also an apparent interaction between the amorphous-crystalline �a-c� interface and
the bubbles, in which the bubbles seem to be swept by the moving interface. The paper will discuss
possible mechanisms for both phenomena, in terms of interstitial defects for the nucleation of
microtwins and in terms of enhanced bubble mobility in a-Si for the apparent interaction between
the a-c interface and the bubbles. © 2008 American Institute of Physics. �DOI: 10.1063/1.3009383�

I. INTRODUCTION

Cavities resulting from the incorporation of inert gas
ions in solids by energetic implantation or transmutation re-
actions in nuclear reactors have been of technical interest for
many decades, largely as a result of the detrimental effects
that the presence of such defects may have on the structural
integrity of components of both fission reactors and proposed
fusion reactors. Many studies have been devoted to cavities
induced by inert gas implantation in metals.1–4 More re-
cently, the deliberate creation of nanocavities in semiconduc-
tors by ion implantation of gases such as helium and hydro-
gen has also excited considerable interest in view of the
beneficial use of these defects for purposes that include the
Smart Cut® process5 �used in the fabrication of silicon-on-
insulator structures� and possible proximity gettering in mi-
croelectronic devices.6–9 These technological interests have
served as a driver for researchers to develop a fundamental
understanding not only of the processes giving rise to nano-
cavity formation but also of the behavior of other extended
defects that may be formed comcomitantly with the cavities.

Earlier work on the development of helium-filled nano-
cavities in silicon10 that was heavily predamaged or amor-
phized showed that a moving interface between heavily dam-
aged and undamaged silicon during a high temperature
anneal led to a morphology indicative of a “sweeping” of the
helium and vacancies and/or small helium bubbles by the
moving interface. Similar results have been obtained after
neon implantation at room temperature in silicon.11 More

recent preliminary work on this topic has strengthened the
view that such a sweeping effect does indeed occur at
amorphous/crystalline �a-c� interfaces but has also shown
that extended defects form in the recrystallized material
when such cavities are present.12

The purpose of the present paper is to report a detailed
study both of the interaction of nanocavities in silicon with
moving a-c interfaces and of the formation of the microtwin
lamellas �MTLs� that are observed to form when amorphous
material containing such cavities recrystallizes by SPEG.
Note that the word “cavity” will be used to signify both
bubbles �gas filled� and voids �empty�.

II. EXPERIMENTAL DETAILS

Czochralski-grown n-type single-crystal �100� Si wafers
with a resistivity of 1–2 � cm were cleaved to produce
samples of a few cm2 in size. An amorphous layer was then
produced in these specimens by implantation at �77 K with
150 keV Li ions to a fluence of 7�1015 Li ions /cm2. The
conditions were chosen following Rutherford backscattering
measurements on Li-implanted Si, which indicated that a
buried amorphous layer centered on a depth of about 600 nm
would result from this treatment. Previous work has also
indicated that the radiation damage in the c-Si close to the
a-c interface could be largely removed by means of 30 min
anneal of the specimen at 400 °C following the Li implan-
tation, resulting in a sharper a-c interface.13 Unless otherwise
stated this process was adopted in the experiments reported
here. A number of specimens were subsequently implanted ata�Electronic mail: marie.france.beaufort@univ-poitiers.fr.
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room temperature with 80 keV helium ions to a fluence of
2.5�1016 ions /cm2. Calculations with the Monte Carlo
code SRIM �Ref. 14� indicated that He implantation at this
energy should result in a projected range of the implanted
gas of 600 nm, putting it in the center of the amorphous
band.

Some specimens were then annealed under vacuum at
600 °C for 30 min. All the specimens at the various stages of
processing were prepared for cross-sectional transmission
electron microscopy using the tripod polishing technique,
followed by ion milling in a Gatan precision ion polishing
system in order to achieve electron transparency. Both a
JEOL 200CX TEM operating at 200 keV and a JEOL 3010
TEM operating at 300 keV were used to analyze the samples
with images recorded on photographic negatives and subse-
quently digitized at a resolution of 1200 pixels/in. A number
of specimens were also annealed in situ in the TEM using a
double-tilt heating holder. In these cases, experiments were
recorded on either digital video or analog Super-VHS tape.
The video recordings were subsequently transferred to a
computer for viewing and processing.

III. RESULTS AND DISCUSSION

Figure 1�a� is a cross-sectional micrograph of a speci-
men containing a buried amorphous layer that has been im-
planted with helium ions so as to form a bubble distribution
in the center of the amorphous band. The image has been
recorded under �110� down-zone conditions in which strong
Bragg diffraction in the crystalline silicon �not present in the
amorphous layer� provides contrast that serves to delineate
the amorphous band. In addition, defocusing the objective
lens �1000 nm underfocus� provides a Fresnel contrast that
renders the bubbles visible as a light region surrounded by a
dark fringe. Figure 1�b� is a higher magnification view of
part of the bubble distribution where it can be seen that many
of the bubbles have a somewhat irregular shape rather than
spherical �circular in projection�. For purposes of compari-

son, Fig. 1�c� presents an image of helium bubbles formed in
c-Si under identical implantation conditions, where it can be
seen that the bubbles in the c-Si are significantly smaller than
those in the a-Si.

It should be noted that experiments were also carried out
in which a much smaller fluence of He �5�1015 ions /cm2�
was implanted under otherwise the same conditions. In this
case, just as in crystalline silicon, no bubbles were observed
either directly after implantation or following a subsequent
recrystallizing anneal. This is assumed to be due to insuffi-
cient helium being present locally to form stable bubble nu-
clei. Any submicroscopic helium agglomerates that form dur-
ing implantation then dissociate during any subsequent
anneal, with loss of helium from the specimen.

With a view to study the effects on the cavities of recrys-
tallization of the amorphous layer and given that amorphous
silicon is known to undergo solid phase epitaxial growth
�SPEG� at temperatures above 550 °C,15 portions of the
specimen from which the micrograph in Fig. 1�a� was ob-
tained were subjected to an anneal in a vacuum furnace for
30 min at 600 °C. Cross-sectional micrographs were then
recorded from this material and these are shown in Fig. 2.
The bright-field micrograph shown in Fig. 2�a� has been re-
corded under “off-Bragg” conditions, in which the specimen
is tilted a few degrees away from the �110� zone axis used in
Fig. 1�a� in order to better image the cavities. A small under-
focus has also been employed here, as in Fig. 1, to provide
clear images of the cavities, which in this case can be seen to
have greatly increased in size during the recrystallization.
The arrow at the top of the image indicates the position of
the peak in the bubble distribution prior to the anneal �i.e., as
seen in Fig. 1�, and it is clear that the peak in the cavity
distribution has shifted by approximately 60 nm toward the
surface. Figure 2�b� presents the selected area diffraction pat-
tern from the area shown in Fig. 2�a� in which supplementary
reflections can be seen, which are not normally present for

FIG. 1. �110� cross-sectional TEM micrographs of helium bubbles in sili-
con. �a� Bright-field image, taken down zone; kinematical diffraction con-
ditions; underfocus, showing helium bubbles formed initially in a buried
amorphous region in c-Si by implantation with 80 keV helium ions to a
fluence of 2.5�1016 ions /cm2 following Li implantation and 400 °C an-
neal for 30 min �to sharpen interfaces�. �b� Higher magnification view of a
part of the bubble distribution observed in Fig. 1�a�, kinematical diffraction
conditions, and underfocus. High pass filter was applied to enhance bubble
contrast. �c� Bright-field image showing helium bubbles formed in c-Si un-
der identical implantation conditions. It can be seen that the bubbles in the
c-Si are significantly smaller than those in the a-Si.

FIG. 2. �110� cross-sectional TEM image of helium bubbles initially in
buried amorphous region in c-Si after a recrystallizing anneal at 600 °C. �a�
Bright-field image using �111� two-beam conditions; kinematical diffraction
conditions; underfocus. ‘‘S’’ indicates the direction of the surface. The arrow
at the top of the image indicates the position of the peak in the bubble
distribution prior to the anneal. �b� Dark-field TEM micrograph imaged
using one of the supplementary diffractions spots �see diffraction pattern�.
Damage distribution calculated using the Monte Carlo code SRIM has been
superimposed. �c� Selected area electron diffraction pattern from region
shown in �a� and �b�. Supplementary spots from microtwins are visible as a
broken ring superimposed on diffraction pattern of single crystal. Two such
spots indicated by white circles.
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�110� silicon and which were not present in the specimen
prior to the anneal �e.g., as indicated by white circles�. Such
reflections have been observed previously and are known to
be associated with MTLs. These defects are frequently ob-
served when a-Si undergoes SPEG at a �111� interface.16 The
image shown in Fig. 2�c� is a dark-field micrograph taken
using one of these supplementary reflections. The damage
distribution as calculated using the Monte Carlo code SRIM

�Ref. 14� is overlayed on this image, �with an arbitrary ver-
tical scale� from which it can be seen �horizontal arrows� that
the MTLs would appear to be associated with a concentra-
tion of radiation damage above some threshold value. This
will be discussed further below. For �100� SPEG MTLs are
not normally observed, the exceptions being when impurities
or defects are known to exist in the a-Si. In particular, MTLs
have been previously observed following SPEG of amor-
phous layers containing gas bubbles17,18 and have been at-
tributed to nucleation on the bubbles themselves; however,
the presence of many MTLs remote from the bubble distri-
bution, as evidenced by Fig. 2, casts doubt on this interpre-
tation.

With the aim of elucidating the mechanism of MTL for-
mation and the processes giving rise to the observed dis-
placed cavity distribution, two in situ experiments were car-
ried out in which bright-field TEM images were continuously
recorded on videotape and later analyzed, following transfer
to a computer. Videoclips from these recordings are available
and can be downloaded or webstreamed.19

Before discussing the in situ observations, it is important
to note that there are important differences between anneals
carried out on bulk specimens and those carried out on the
thin foils prepared for cross-sectional TEM studies. In a bulk
specimen, there is only one surface in close proximity to the
buried amorphous layer and that surface is parallel to the a-c
interfaces. In the case of the thin foil, however, there are two
additional surfaces and these both intersect the a-c interfaces
at right angles. A major consequence of this is that, in the in
situ experiments, defects can be lost to surfaces that do not
exist in the bulk case. For instance, where bubble motion
occurs and where that bubble motion, in the bulk case, is
confined to the a-Si layer, the observed morphology at the
end of the anneal may consist of cavities still entirely con-
fined to the region of the specimen originally occupied by
the amorphous layer. In the in situ anneal, however, cavity
motion in a direction parallel to the a-c interface may result
in the loss of cavities at a surface. In addition, at tempera-
tures where defects are being thermally created at surfaces,
the presence of the two additional surfaces may increase sig-
nificantly the concentration of such defects within the speci-
men. Finally, stress relief parallel to the a-c interfaces, which
would not occur in the bulk material, can occur in the thin
foil and this may also modify the final morphology of the
specimen.

A. Microtwin formation

Turning first to the in situ observations of MTL forma-
tion, it is clear from the video recordings of the in situ ex-
periments that the two a-c interfaces do not start moving at

the same time. SPEG takes place first at the interface that is
closer to the surface and it is only when approximately half
the amorphous layer has recrystallized that SPEG begins at
the deeper-lying interface. This can be seen in Fig. 3 where
two frames from an in situ experiment are presented. Diffrac-
tion contrast in the recrystallized region renders it generally
visible. Note that in this experiment, the temperature of the
specimen was increased until recrystallization was observed
to begin at 620 °C. The specimen was then held at this tem-
perature until recrystallization was complete. The SPEG has
begun at the shallower interface at this temperature as evi-
denced by the band of darker contrast. Previous experiments
on SPEG of buried amorphous layers �on bulk specimens�
have indicated that regrowth occurs initially at the deeper-
lying a-c interface20 and, indeed, the position of the peak in
the bubble distribution following recrystallization �Fig. 2�a��
also serves as an indication that SPEG also occurred first at
the deeper-lying interface in bulk specimens. The reversal of
this trend in the cross-sectional TEM foils can possibly be
attributed to stress relief in the thin sections that is not pos-
sible in bulk specimens.

Figures 4�a�–4�c� are images captured from the video
recording of an in situ annealing experiment, in which the
specimen was tilted into an orientation that favored Bragg

FIG. 3. �110� cross-sectional bright-field TEM images captured from video
during a hot-stage experiment at a temperature of 620 °C, kinematical dif-
fraction conditions, and underfocus. �a� Frame taken before the anneal
showing the a-c interface. �b� Frame taken during the anneal showing that
the SPEG takes place first at the interface that is closer to the surface. ‘‘S’’
indicates the direction of the surface.

FIG. 4. �110� cross-sectional TEM images. �a�, �b� and �c� bright-field im-
ages captured from video during a hot-stage experiment at a temperature of
620 °C, kinematical diffraction conditions and underfocus. Frames taken 70
s apart. Frame rate is 25 f/s. Black arrow indicates growing MTL. White
arrow �S� indicates direction of surface. �d� High-resolution image of part of
a MTL. Width of panel corresponds to 20 nm.
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diffraction by the MTLs so that these are visible as dark
linear features. By slightly underfocusing the objective lens
the cavities are also made visible in these images. The three
images show the formation and growth of a MTL in a region
approximately 50 nm distant from the nearest bubble. Such
formation and growth were observed in a number of cases
and, contrary to previous conclusions from ex situ experi-
ments, MTLs were never observed to nucleate on a cavity. It
is important to note, however, that in similar experiments
carried out on identical buried amorphous layers not contain-
ing cavities, MTL formation did not occur, indicating that
some aspect of the He implantation and/or cavity formation
must be responsible for the MTL nucleation. Figure 4�d�
shows a high-resolution phase contrast image of a part of a
MTL, which includes the region where nucleation occurred
�SPEG occurred from approximately the top left-hand corner
of the image�. The MTL has apparently nucleated in a very
small volume of crystal and increased in width as it grew.
Many MTLs viewed at high-resolution exhibited this trait.

The only defects that are observed in the a-Si following
implantation of helium are the cavities �consisting of vacan-
cies and helium�; however, when an identical implantation is
carried out in crystalline silicon, a dense distribution of in-
terstitial clusters is also observed by means of diffraction
contrast; a contrast mechanism that is not available in a-Si.
During annealing, these clusters evolve into extended defects
that include �311	 rodlike and ribbonlike defects or disloca-
tion loops.21

Although implantation of silicon with any ion gives rise
to interstitial-type defects, it is important to note a significant
difference between implantation with He �and other cavity-
forming species� and implantation with other types of ions,
such as the Li used to form the amorphous layer. In the latter
case, the vast majority of interstitials formed in the cascades
recombine with vacancies leaving only a relatively small
number of residual defects described for self-ions, for in-
stance, by the so-called “+1 model”�. In the case of implan-
tation with He, however, each He atom effectively “pins” a
number of vacancies in the bubbles so that they cannot re-
combine with interstitials. For instance, using an equation of
state for high-pressure helium according to Mills et al.,22 it
can be shown that there will be approximately 2.25 vacan-
cies associated with each helium atom in an equilibrium
bubble in Si with a radius of 5 nm �equilibrium pressure
approximately 4 kbar�. However, for an underpressurized
bubble of this radius �or indeed a large equilibrium bubble�
at a pressure of 400 bar, say, the number of vacancies per
helium would be much higher �of order of ten�. The forma-
tion of bubbles thus results in a significantly larger number
of surviving interstitials than implantation with other species.
This is clearly evident in the case of room temperature He
implantation of crystalline silicon, where a high density of
noncrystallographic interstitial-type defects is formed con-
comitantly with small bubbles.

Roorda et al.23 carried out a detailed study of amorphous
silicon irradiated with various ions, including He, and pro-
posed that the defect structure in ion-irradiated amorphous
silicon could be expected to be similar to that in ion-beam
damaged crystalline silicon, i.e., that a-Si may also contain

interstitial clusters �but note that these would give rise to
little or no contrast variation in a-Si�. These calorimetric
measurements also indicated that only a small degree of re-
laxation of the defect structure in a-Si takes place at 400 °C
and an extrapolation of these results to higher temperatures
would indicate that interstitial defects may still exist in a-Si
at the recrystallization temperature of 550–650 °C.

Of course, the definition of an interstitial atom or inter-
stitial cluster in a-Si is less clear than in c-Si, and they may
be considered merely to be localized variations in density.
Such a description may provide an interpretation of the ir-
regular nature of the cavities in a-Si shown in Fig. 1�a�, as
local variations in density would result in local variations in
elastic moduli, which may give rise to localized variation in
the curvature of the cavities.

In the present work, the MTLs are observed to nucleate
at the moving a /c interface in regions where there are no
bubbles. However, as indicated above, the calculated damage
distribution resulting from the He irradiation has been super-
imposed on the dark-field image in Fig. 2�b�, and indicates
that the MTLs occur in regions of the a-Si where the radia-
tion damage from the He implantation is above a threshold
value. As the damage in this region is expected to be inter-
stitial in nature �with the corresponding vacancies “pinned”
in the cavities�, this would appear to provide strong circum-
stantial evidence for the interstitials being responsible for
MTL nucleation in our experiments.

To test this hypothesis, molecular dynamics �MD� simu-
lations of the SPEG process have been performed, silicon
being described with the EDIP potential �Environment-
Dependent Interatomic Potential�.24,25 This interatomic po-
tential has previously been used for investigating SPEG in
silicon and its use resulted in good agreement with
experiments.26 Although it has been recently suggested that
this potential might not correctly reproduce SPEG due to the
melting of a-Si in the course of the process,27 this point has
not been confirmed by our own test calculations. We have
performed the SPEG simulations in a way similar to Bern-
stein et al.,26 i.e., our initial systems, with dimensions
5a0 �X= �100��, 5a0 �Y = �010��, and 10a0 �Z= �001��, were
formed by joining a crystalline slab 5a0�5a0�4a0 with a
disordered structure 5a0�5a0�6a0 along the Z direction.
Periodic boundary conditions were applied only along X and
Y, leaving two free surfaces and a single a-c interface. Sev-
eral models of disordered structures were built, with a den-
sity increased by 5% and 10% compared to c-Si, in order to
investigate whether the presence of defects would induce
MTL formation. Initial samples, with the same density as
c-Si, were prepared by slow quenching of liquid silicon and
showed the characteristic features of a-Si. The first model
was made by randomly introducing interstitials into the dis-
ordered structures, which were then relaxed �model I�. In a
second model, we randomly introduced small clusters con-
taining ten interstitials and relaxed the structures �model II�.
Model III is similar to model II, except that several annealing
and quench cycles were performed to optimize the relaxation
of the interstitial clusters. Finally, a fourth model was ob-
tained by quenching liquid silicon prepared with the desired
density �model IV�. For each model, six different samples
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were built, i.e., a total of 24 samples for a given density.
SPEG simulations were then carried out using MD runs of
10 ns, i.e., 107 time steps, and a constant temperature of 1100
K obtained by velocity rescaling, followed by a final relax-
ation.

We first of all describe the SPEG process for a-Si with
the same density as c-Si. Almost all simulations led to a
complete and perfect recrystallization of the disordered
structure, except in one case where two stacking faults
formed during the process. No attempts have been made to
estimate the rate of the recrystallization since this is out of
the scope of this paper. Considering now a-Si systems with a
density increased by 5% or 10%, we found that many have
recrystallized, with the extra interstitial atoms having mi-
grated toward the surface. However, in several of them, ei-
ther incomplete recrystallization or formation of stacking
faults or grain boundaries is obtained. These events can be
classified into three categories:

�i� complete recrystallization with the formation of one
or several stacking faults,

�ii� stacking faults bordering a small disordered region,
and

�iii� amorphous nuclei leading to the formation of a grain
boundary, with a possible change in growth orienta-
tion and the presence of stacking faults. An example
of this category is shown in Fig. 5.

Overall, we found that the occurrence of such events
increases with the density of the disordered structure, the
number of events for 10% being twice that for 5%. There are
few differences among the different models; although it ap-

pears that there are slightly more events in the case of mod-
els I and IV than for models II and III. All these observations
suggest that the probability of formation of structural defects
increases with the concentration of interstitials in the initial
amorphous material. It is likely that interstitials or clusters of
interstitials form locally metastable structures, which then
act as nuclei for defects that form on recrystallization or
alternatively that they increase the migration barrier for sili-
con atoms in a-Si, thus hindering recrystallization.

The formation of stacking faults or thin grain boundaries
during SPEG simulations is associated with a change in
growth orientation. MTLs are obtained during the process, as
a perfect crystal slab bordered by two stacking faults with
similar orientations. These calculations thus provide confir-
matory evidence for the role that interstitials in the a-Si play
in the formation of MTLs at the a-c interface.

In addition, to provide further support for this hypoth-
esis, a cavity layer was created in c-Si using an identical He
implantation to that used to create the cavity layer in the
a-Si. The specimen was then annealed at high temperature
�1000 °C� at which all interstitial-type defects in c-Si are
known to be removed. The c-Si was then amorphized using
the same Li implantation as previously. This anneal also re-
sulted in a coarsening of the cavity distribution and a loss of
helium from the specimen. The resulting morphology then
consisted of large cavities in the center of the buried a-Si
layer—but without the high density of interstitials created by
the He implantation �Fig. 6�a��. Note that although some
interstitials will inevitably be introduced into the amorphous
layer by means of the Li-induced amorphization step, as a
consequence of the factors discussed above combined with
the lower fluence, the concentration would be expected to be
approximately a factor of 10 lower than that due to the He
implantation.

Cross-sectional dark-field and bright-field images of this
specimen following SPEG at 550–600 °C are shown in
Figs. 6�b� and 6�c�, where it can be seen that almost no
MTLs have formed in this case apart from a very small den-
sity at the peak of the cavity distribution.

FIG. 5. �Color online� Ball-stick representation, projected onto �110�, of a
selected final configuration after SPEG �edges are not shown for clarity�.
Recrystallization occurred from top to bottom, starting from the initial c-a
interface �dashed line�, with the formation of a grain boundary and a change
in growth direction from �110� to �112�. Stacking faults, present in the �112�
region, are also marked in the picture �full line�.

FIG. 6. �110� cross-sectional TEM image of a cavity layer created in c-Si
using He implantation and a 1000 °C anneal, and a subsequent Li implan-
tation to create a buried amorphous region. �a� Bright-field image, taken
down zone, kinematical diffraction conditions, and underfocus �showing
large cavities in the center of the buried a-Si layer�. ��b� and �c�� TEM
images after a recrystallizing anneal at 620 °C, where it can be seen that
almost no MTLs have formed in this case. �b� Bright-field image using �111�
two-beam conditions, kinematical diffraction conditions, and underfocus. �c�
Corresponding dark-field TEM micrograph.
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In summary, in He-implanted a-Si, MTLs form during
�100� SPEG, with a distribution indicating a possible asso-
ciation with interstitial-type defects, and during in situ an-
neals are clearly seen to nucleate remote from the cavities.
During SPEG of a similar a-Si layer containing cavities but
approximately a factor of 10 fewer interstitial-type defects
�i.e., where those resulting from the He implantation have
been removed�, almost no MTLs are observed to form. We
propose, on the basis of these observations and MD simula-
tions, that MTL formation is promoted by the presence of
interstitial-type defects in the a-Si at the a-c interface.

B. Interaction of moving a-c interface with cavities

The results shown in Fig. 1 indicated that the cavity
distribution had moved following SPEG, implying a possible
interaction between the moving a-c interfaces and the cavi-
ties. If the cavities are in some way swept by the moving
interface, it would open up the possibility of using this pro-
cess as a means of producing narrow cavity distributions that
could have applications in technologies such as the ion cut
process and proximity gettering.

Once again, in situ annealing experiments have served to
shed considerable light on this process, and the reader is
referred to a videoclip of such an experiment19 as the infor-
mation conveyed by the moving images is difficult to repro-
duce merely using still frames. Figure 7 shows frames cap-
tured from an in situ experiment. Note that the images have
been contrast enhanced to render the bubbles more clearly
visible. In addition, the two images in the left-hand column
have been repeated in the right-hand column, but in this case,
for clarity, both the approximate positions of the a /c inter-
faces �dashed line� and the positions of three bubbles
�circles� have been delineated. The numbers on the two
frames indicate time in seconds from an arbitrary starting

time. The frames are taken from annealing experiment in
which the specimen temperature was approximately constant
at 620��10� °C over the period between the two observa-
tions. Note that the region of the specimen shown in the two
images is the same but that both of the a-c interfaces have
moved toward the bubbles. The three individual bubbles
marked A, B, and C have been followed frame-by-frame in
the videoclip and the figure serves to demonstrate that all
three bubbles have moved and have remained within the
amorphous material. �Note that the dark contrast results from
diffraction effects within the recrystallized material.� This
motion, and that of other bubbles, is unequivocal when the
videoclip itself is viewed.19 The bubbles can also be seen to
be generally confined to the amorphous region. From a series
of video frames at 5 s intervals, measurements of the pro-
jected two-dimensional �2D� movement of a small number of
bubbles have been made, yielding, for bubbles with radii in
the range from approximately 4 to 6 nm, projected velocities
along their 2D projected trajectories of between 2.5 and 1.5
nm/s at a temperature of 620 °C.

Cavity mobility in Si almost certainly results from sur-
face migration processes, whereby the migration of atoms at
the cavity surface leads to a stochastic displacement of the
center of mass of the cavity and gives rise to a Brownian
motion, with smaller cavities moving more rapidly than
larger ones. In c-Si, cavity mobility has been observed only
at somewhat higher temperatures.28,29 The observed bubble
mobility at lower temperatures in a-Si implies that surface
diffusion in a-Si has a lower activation energy than that on
c-Si surfaces.

In a previous paper,28 an expression has been derived for
cavity velocity vc along the projected path, observed from
successive video frames recorded with a frame rate of 1 /�t,

vc = 2��/N�
v0�exp�− Es/kt��
�t

, �1�

where � is the atomic jump distance, N is the number of
vacancies in the cavity, Es is the activation energy for surface
diffusion, �0 is the jump attempt rate, T is temperature, and k
is Boltzmann’s constant.

Using the range of values for bubble radii and velocity
cited above, and assuming a value for �0 of 1013 s–1, this
expression yields a value for the activation energy for sur-
face diffusion on amorphous silicon in the range of 0.35–
0.45 eV. For crystalline silicon, measurements have been
made of diffusion processes on c-Si surfaces; for instance,
Swartzentruber and Schacht30 indicated an activation barrier
of 1.3 eV for surface diffusion that involves the removal of
atoms from steps. This value is higher than those measured
for Si ad-dimers or Si monomers on the Si �001�, which are
0.94 and 0.7 eV, respectively.31

For diffusion on a-Si surfaces, however, the literature
reports values only for hydrogenated a-Si. For example,
Bray and Parsons32 reported an activation energy of 0.2 eV,
which is consistent with a hydrogen-mediated precursor dif-
fusion process. Recent calculations using MD simulation
yield an average diffusion barrier of approximately 0.16 eV
for SiH3 diffusion on a-Si:H growth surface.33 For a clean
a-Si surface, it is to be expected that the energy for the

FIG. 7. �110� cross-sectional bright-field TEM images captured from video
during a hot-stage experiment at a temperature of 620 °C, kinematical dif-
fraction conditions, and underfocus. The recrystallized region can be iden-
tified by the presence of �dark� diffraction contrast. The two images in the
left-hand column have been repeated in the right-hand column, but in this
case, for clarity, both the approximate positions of the a /c interfaces �dashed
line� and the positions of three bubbles �circles� have been delineated. The
numbers on the two frames indicate time in seconds from an arbitrary start-
ing time. Note that the region of the specimen shown in the two images is
the same, but that both of the a-c interfaces has moved toward the bubbles.
The three individual bubbles marked A, B, and C in the two frames can
clearly be seen to have moved and to have remained within the amorphous
material.
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creation and migration of a surface adatom would be lower
than that for a perfect planar crystalline surface, the inevi-
table irregular nature of the a-Si surface perhaps yields mi-
gration barriers similar to those at steps or ledges in c-Si.34

The current measurements indicate that surface migration on
a-Si may take place with an activation energy of as low as
0.35–0.45 eV; however, this would appear to be an anoma-
lously low value, raising the question as to whether the im-
planted Li used to create the a-Si could play a role in modi-
fying surface diffusion activation energies. Work is in
progress to measure bubble mobilities in a-Si created by Si
implantation, with a view to obtain more precise information
of surface diffusion in a-Si.

We, therefore, conclude tentatively that the range of val-
ues for the activation energy for surface diffusion on a-Si
deduced from expression �1� are higher than that for a-Si:H,
but lower than values measured on c-Si. The bubble mobility
clearly indicates that, in our experiments, the surface mobil-
ity on a-Si is greater than that on c-Si. Finally, returning to
Fig. 1 and the observation of much larger bubbles following
He implantation into a-Si compared to implantation of c-Si
under identical conditions: the activation energy for surface
migration that we have deduced leads to the conclusion that
small bubbles in a-Si will be mobile at room temperature
�and thus during the He implantation�, and so will grow by
thermally induced motion and coalescence as well as by any
radiation-induced processes. For instance, a bubble of 4 nm
radius would be expected to migrate at about 0.1 nm s–1 at
RT. The observation of larger bubbles in the as-implanted
a-Si is, thus, also consistent with a lower activation energy
for surface diffusion than for c-Si.

IV. CONCLUSIONS

A study has been carried out of the solid phase epitaxial
regrowth of buried amorphous layers in silicon in which
helium-filled cavities have been formed by ion implantation.
As with previous work, the presence of the cavities was ob-
served to result in the formation of a high density of MTLs
in the recrystallized material. Contrary to the conclusions of
the earlier work, however, we have shown that the micro-
twins are not generally nucleated on the cavity surfaces but,
rather, result from the presence of interstitials at the
amorphous-crystalline interface, the presence of interstitials
giving rise to the stacking error that causes a microtwin to
nucleate.

A second important observation is that, during SPEG,
cavities are confined to the amorphous side of the moving
interface resulting in a net movement of the cavity distribu-
tion. This is due to a significantly greater cavity mobility in
amorphous silicon than in the crystalline phase. As cavity
mobility arises from surface diffusivity, we conclude that
surface diffusivity in the amorphous phase is significantly
higher than that in the crystalline.
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