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A B S T R A C T

The kinetics of stressed solid-phase epitaxial growth (SPEG), also referred to as solid-phase epitaxy, solid-

phase epitaxial regrowth, solid-phase epitaxial recrystallization, and solid-phase epitaxial crystal-

lization, of amorphous (a) silicon (Si) created via ion-implantation are reviewed. The effects of

hydrostatic, in-plane uniaxial, and normal uniaxial compressive stress on SPEG kinetics are examined in

intrinsic (0 0 1)Si. Particular emphasis is placed on unifying the results of different experiments in a

single-stress-dependent SPEG model. SPEG kinetics are observed to suffer similar exponentially

enhanced growth rates in hydrostatic and normal uniaxial compressive stress. However, there are

discrepancies between researchers in terms of the influence of in-plane stress on growth rates. Two

different stress-dependent SPEG models are thus advanced, each with different physical bases. The model

advanced by Aziz et al. proposes SPEG can be modeled as a single-atomistic process while the model

advanced by Rudawski et al. suggests that stress influences the nucleation and migration processes of

growth differently and that SPEG cannot be modeled as a single step. The basis for the Rudawski et al.

model is based on the crystal island and ledge migration model of SPEG advanced by others.

Morphological instabilities of the growing a/crystalline interface with in-plane compression are also

addressed within the context of both the Aziz et al. and Rudawski et al. models. Finally, using the

Rudawski et al. model, it is possible to examine, characterize, and isolate the different atomistic processes

during growth. Calculation of the activation energies for nucleation and migrations processes suggests

that the activation energy of 2.7 eV observed for the growth rate in stress-free SPEG by Olsen and Roth is

representative of the activation energy for the single-atomistic process of crystal island nucleation. Thus,

the study of stressed SPEG provides a new atomistic picture of the nature of growth.
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1. Introduction

Solid-phase epitaxial growth (SPEG) of amorphous (a) silicon
(Si) created via ion-implantation and other non-equilibrium
methods has been a phenomenon of fundamental and technolo-
gical importance for several decades since being reported more
than 50 years ago [1,2]. Much prior work has been devoted to
understanding the energetics of the epitaxial a-Si to crystalline Si-
phase transformation and the kinetics of the process. However, the
impact of external stress on SPEG remains relatively unstudied and
yet an important aspect to consider due to the ubiquitous nature of
stresses during crystal growth processes in Si and other systems
[3–10]. Therefore, this work is motivated not only by the large
technological importance of SPEG of Si but by the goal to achieve a
greater understanding of the influence of stress on solid–solid
transformations and the atomistic nature of SPEG.

In the absence of any applied stress, the kinetics and
macroscopic nature of SPEG of a-Si created via ion-implantation
are well studied and understood. A schematic of the SPEG process
is presented in Fig. 1. Basically, SPEG is the epitaxial growth
process at an elevated temperature of a continuous a-Si layer in
direct contact with a single-crystal Si substrate. The crystalline
phase grows heterogeneously from the a/crystalline interface
consuming the a-Si and results in a single crystal of Si. The process
is also interchangeably referred to as solid-phase epitaxy, solid-
phase epitaxial regrowth, solid-phase epitaxial crystallization, and
solid-phase epitaxial recrystallization. Since SPEG of a-Si created
via ion-implantation has been studied very extensively, many
interesting phenomena are known about the process. However,
though many studies have been conducted there is still very little
understanding as to the atomistic nature of the growth process. A
few models have been advanced, but none have been capable of

explaining all issues pertaining to SPEG. Thus, though these issues
are not all directly addressed here, it is partly the goal of this work
to remain consistent within the prior work done by others.

Therefore, this works reviews the progress made in under-
standing the role of applied stress on SPEG kinetics. In particular,
there is great emphasis on understanding the role of non-
hydrostatic stresses on SPEG kinetics since non-hydrostatic
stresses are prevalent during many crystal growth processes.
Furthermore, new methods of applying non-hydrostatic stress and
measuring SPEG kinetics have enabled greater and more detailed
examination of stress-influenced SPEG. Unification between
results from non-hydrostatic and hydrostatic stress experiments
is also advanced. Ultimately, these studies provide a new atomistic
picture of SPEG.

2. The current understanding of SPEG

2.1. Important phenomena in SPEG

The SPEG process in a-Si created via ion-implantation in the
absence of stress has been extensively studied thus there are
numerous different considerations that can influence the process.
Most importantly, the SPEG rate is very temperature sensitive and
displays classical Arrehnius-type behavior shown in Fig. 2 [11–13]
which is given additional consideration in the following sections as
it forms the basis for evaluating the influence of applied stress on
growth kinetics. The SPEG kinetics of a-Si created via other
methods are quite different and are not covered herein [13]. The
introduction of impurities even in dilute concentrations can
profoundly alter the growth kinetics. In the case of electrically
active dopants such as boron, arsenic, and phosphorous (P), rate
enhancements are observed as shown in Fig. 3 and this is generally

Fig. 1. Schematic of the SPEG process showing (a) the as-implanted state, (b) partial growth of an epitaxial Si layer, and (c) completed SPEG resulting in a single-Si crystal.

N.G. Rudawski et al. / Materials Science and Engineering R 61 (2008) 40–58 41



Author's personal copy

attributed to electronic processes occurring at the growing a/
crystalline interface [14–17]. Non-dopant impurities such as
hydrogen, nitrogen, carbon, and oxygen (O) tend to cause the
opposite effect and retard the growth rate as presented in Fig. 4
[11,13,18]. Substrate orientation also drastically influences the
growth kinetics. In particular, the velocity obeys a complex
relationship with the misorientation angle of the substrate normal
(u) from [0 0 1] towards [1 1 0] with [1 1 1] growth nearly 25 times
slower than [0 0 1] growth as displayed in Fig. 5 [19]. This is
important to consider due to the technological importance of
multi-directional growth in Si device processing [20–27].

It is important to note that the studies presented and reviewed
herein are limited in scope to SPEG of intrinsic (0 0 1)a-Si created
via ion-implantation since simultaneous consideration of stress
influences with impurity/substrate orientation may be compli-
cated. However, combined dopant, anisotropy, and stress effects
during SPEG are technologically important and further investiga-
tion into these areas is warranted [28–35]. An excellent review of
the different phenomena associated with stress-free SPEG of a-Si is
presented by Olsen and Roth [13].

Many different atomistic models have been developed to
explain the SPEG process. The earliest model was simple bond-
rearrangement model developed by Csepregi et al. which was
partially successful at predicting the substrate orientation
dependence of SPEG [19]. Later, an interstitial-vacancy recombi-
nation model was developed by Narayan which was more
successful at explaining the orientation dependence [36]. How-
ever, neither model was able to explain the impurity effects on
SPEG. The latest and most accepted SPEG model advances that the
growth process is mediated by the nucleation of crystal islands
with subsequent island ledge migration in the growing a/crystal-
line interface [16,37,38]. The formation of a crystal island on an
otherwise planar interface may be considered as a defect and thus
this model is often referred to as the defect-mediation model of
SPEG. This model is the most successful at explaining all the SPEG-
related phenomena and requires greater examination as it forms
the basis for explaining stress effects.

A schematic of the defect-mediated SPEG model is presented in
Fig. 6. Small clusters of atoms rearrange to nucleate small crystalline
islands one monolayer in height on the growing a/crystalline

Fig. 2. Plot of SPEG velocity of vs. the reciprocal of kT as measured using TRR [11].

Fig. 3. Plot of SPEG velocity vs. P concentration at 475 8C as measured using RBS

[15].

Fig. 4. Plot of SPEG velocity vs. O concentration at T = 550 8C as measured using RBS

[18].

Fig. 5. Plot of SPEG velocity vs. u at 550 8C as measured using RBS [19].

N.G. Rudawski et al. / Materials Science and Engineering R 61 (2008) 40–5842
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interface. The ledges of the island may be straight or have
discontinuities. Atoms in the neighboring a-Si preferentially add
to the crystal island at the ledges and kinks and propagate the islands
laterally in the plane of the a/crystalline interface very rapidly. The
process repeats once the monolayer is completed. It is not known if
the ledges or kinks have preferred crystallographic orientations as
plan-view investigation of SPEG is not possible though it was
postulated that the edges of the islands would have h1 1 0i normals
for (0 0 1) orientation [37,38]. However, it is not possible for SPEG on
certain orientations to have h1 1 0i island edge normals since not all
orientations contain h1 1 0i in-plane directions. Thus, some have
advanced that island nucleation does not occur on some orientations
and growth simply proceeds by atoms adding along the h1 1 0i
direction(s) nearest the growth direction.

Unfortunately, h1 1 0i edge growth alone does not account for
the well-known observation of highly defective SPEG of (1 1 1)Si.
SPEG for this orientation typically is characterized by a high
density of micro-twins and stacking faults [39–42]. The defects
form as the result of atoms on the growing a/crystalline interface
being incorrectly rotated about the growth direction which is also a
bonding direction. Thus, if the atoms simply added along h1 1 0i
edges, this would not occur. Therefore, crystal island nucleation
appears to be an important process for all SPEG orientations.

Hence, two atomistic processes, nucleation and migration, both
contribute to the SPEG rate and both must proceed for growth to
occur. Thus, presumably, SPEG kinetics are limited by the slower of
the two processes. In the absence of any stress, experiments by
Williams et al. suggest the migration process is faster than the
nucleation process [43]. Therefore, the nucleation rate is appar-
ently limiting in the stress-free growth kinetics and the atomistic
picture of SPEG can be explained by a single process to a first
approximation. The model accounts for orientation-dependent
SPEG since the nucleation and migration rates may differ between
different a/crystalline interfaces. In the case of electrically active
dopants, the rate of charged crystal islands at the growing a/
crystalline interface is dramatically increased due to changes of the
local Fermi level at the interface. In this model, non-dopant
impurities do not alter the Fermi level and therefore alter the
migration rates of the ledges by interfering with the a/crystalline

interface arrangement. Dopant impurities presumably alter
migration kinetics similarly to non-dopants. However, in the
absence of impurity or orientation factors, it remains unknown
what exact atomistic process is representative of the Arrehnius-
type behavior of SPEG of a-Si created via ion-implantation.
Moreover, the defect-mediated growth model has not been
extended to explain stress-influenced SPEG.

2.2. Transition state theory

An Arrhenius-type process is that which has a rate, r, described
by

r ¼ r0 exp
�DG�

kT

� �
; (1)

where r0 is a temperature-independent pre-exponential factor, DG*

the activation energy for the process, k the Boltzmann’s constant of
8.62 � 10�5 eV/K, and T is the absolute temperature as given in
transition state theory (TST) [44]. The thermodynamics of the
process are displayed schematically in Fig. 7. Thus, the system has
free energy G1 initially, arrives at a transition state with free
energy, G*, and then arrives at the final state with free energy G2.
Thus, DG* = G* � G1. Typically, the free energy difference between
the initial and final states, given by DG1-2 = G2 � G1 where G2 is the
free energy of the final state, negligibly impacts r provided DG1-

2 < 0 [13].
In the case of [0 0 1]SPEG of a-Si created via ion-implantation,

DG* is well known and characterized by activation energy of 2.7 eV
and thus the velocity, v, of the advancing a/crystalline interface
obeys a relationship analogous to (1) as presented in Fig. 2 and
given by

v ¼ v0 exp
�DG�

kT

� �
; (2)

where v0 is a temperature-independent pre-exponential factor
[11–13]. The driving force for growth of the crystalline phase at the
expense of the amorphous phase is a result of the free energy of the
amorphous phase (the initial state) being higher than that of the
crystalline state (the final state) [45,46]. Many solid–solid

Fig. 6. Schematic of the defect-mediation model of [0 0 1]SPEG.

N.G. Rudawski et al. / Materials Science and Engineering R 61 (2008) 40–58 43
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transformations obey this type of relationship [47–50]. However,
though DG* = 2.7 eV is well known, it remains largely unknown
what specific atomistic process or processes contributes to this
term since the individual processes during growth have never been
successfully isolated. A first guess might be to compare DG* with
the activation energies for point defect formation and migration in
bulk Si. However, the activation term for SPEG is much different
than the terms observed for point defect formation and nucleation
in bulk Si [51]. Thus, it appears the SPEG process is composed of
unique atomistic processes not found in bulk Si.

The addition of external hydrostatic pressure can profoundly
change r given in (1). Thus, DG* at constant hydrostatic pressure
can be expanded to

DG� ¼ DU� þ P0DV� � TDS�; (3)

where DU* is the change in internal energy, P0 the hydrostatic
pressure initially (normal atmospheric pressure), DV* the change in
volume, and DS* is the change in entropy between the initial and
transition states. If the pressure is changed to P, DG* becomes DG�1
as given by

DG�1 ¼ DU� þ PDV� � TDS�: (4)

Thus, if P is much greater than P0 (very often the case in
situations of externally applied stress), the new activation barrier
for the rate of the process is nearly equivalent to PDV* + DG* and r is
given by

r ¼ r0 exp
�PDV� � DG�

kT

� �
: (5)

Thus, more specifically

DV� ¼ �kT
@ lnðrÞ

@P
: (6)

Depending on the sign of DV*, the activation barrier will be
increased or decreased as presented in Fig. 8. The application of
pressure can also influence the free energy difference between
initial and final states. However, provided the driving force for
growth is still present, the activation barrier typically still has the
greatest influence on growth kinetics. In reality, the applied stress
state, sij, can be more complicated than simple hydrostatic
pressure and the change in volume can be represented using

the activation strain tensor, DV�i j, which is the volumetric
deformation between the initial and transition states [52]. Thus,
in the most general case, (5) is represented by

r ¼ r0 exp
si jDV�i j � DG�

kT

 !
(7)

and the most general form of DV�i j is given by

DV�i j ¼ kT
@ lnðrÞ
@si j

: (8)

Hence, a positive (negative) si jDV�i j product decreases
(increases) the activation barrier. Thus, it is this TST argument
that provides the majority of the basis for explaining the influence
of stress on SPEG kinetics. Due to the strong Arrehnius behavior of
the stress-free SPEG velocity, it is very tempting to assume SPEG is
regulated by a single-atomistic process and combine (2) and (7)
and predict DV�i j ¼ kT @ lnðvÞ=@si j can be used to describe stress-
induced changes to growth kinetics. However, experiments
suggest SPEG is composed of both nucleation and migration
processes and this becomes important to consider when trying to
explaining some of the phenomena observed with stress-induced
changes to growth kinetics.

3. Experimental methods

3.1. Ion-implantation

In this study, the generation of continuous a-Si films on Si
substrates was effected via Si+-implantation at vacuum of
�8 � 10�8 Torr into single-crystal 50-mm thick polished impur-
ity-free (0 0 1)Si substrates. Due to the high vacuum used for
implantation, it is reasonably assumed that the amounts of any
unintentional impurities implanted were negligible. No other
species were used for amorphization since impurities tend to
profoundly alter the growth kinetics in the absence of any stress
and this complication needed to be avoided. All Si+-implantation
was conducted at room temperature in a vacuum ambient using a
commercial ion-implantation system. A chain of implants with
energies of 50, 100, and 200 keV to doses of 1 � 1015, 1 � 1015, and
3 � 1015 cm�2, respectively, generated an a-Si layer �350-nm
thick with high repeatability. The resulting film thickness was

Fig. 8. Schematic of the energetics of a transformation between states 1 and 2 for

different values of DV*at high pressure.

Fig. 7. Schematic of the energetics of a transformation between states 1 and 2.

N.G. Rudawski et al. / Materials Science and Engineering R 61 (2008) 40–5844
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approximately the value predicted by simulations [53]. A weak-
beam dark-field cross-sectional transmission electron microscopy
(WBDF-XTEM) image of a typical as-implanted specimen is shown in
Fig. 9. A band of defective Si near the end of range (EoR) of the
implantation process is observed in the crystalline region just
beyond the initial a/crystal interface. Upon annealing, this region
evolves into extended defects which have been thoroughly studied
in the literature [54]. Since the EoR defects form away from the
growing a/crystalline interface, it is accepted that no influence from
the EoR on SPEG kinetics exists. Other studies of stressed SPEG also
utilized Si+-implantation into single-crystal (0 0 1)Si for amorphiza-
tion, but the implantation energies, doses, and substrate tempera-
tures were typically different. It is not believed that differences in the
implant conditions may have influenced the results of any
experiments since the implanted species was always Si.

3.2. Application of stress

3.2.1. Hydrostatic pressure

A schematic of an a/crystalline interface growing with
hydrostatic pressure, s, is presented in Fig. 10(a). Various different
devices have been used for inducing hydrostatic pressure at
elevated temperatures by other researchers. Diamond anvil cells
and cylinder piston presses are the most common and are
described elsewhere [55–57]. Typically, hydrostatic pressures up
to 5.0 GPa are easily attainable with these devices. Some also allow
for in situ monitoring of SPEG.

3.2.2. In-plane uniaxial stress

A schematic of an a/crystalline interface growing with in-plane
uniaxial stress, s11, is presented in Fig. 10(b). The experimental
apparatus used to induce and measure uniaxial stress in the Si
wafers is presented in Fig. 11. The wafers were cleaved along the
in-plane h1 1 0i directions into elongated strips with approximate
dimensions of �0.2 cm � 1.8 cm and then bent by hand along the
elongated direction and the ends of the strips inserted into slots in
a quartz tray spaced �1.5 cm apart. Thus, the strip is self-
supported by the normal force from the quart tray. A classical
beam-bending argument suffices to determine the in-plane stress
at point x on the wafer surface, s11(x), where x is the lateral
coordinate on the bent wafer surface with x = 0 taken to be the
apex of the bent wafer. For a wafer with uniaxial stress generated
by bending, s11(x) is given by

s11ðxÞ ¼
E½1 1 0�c

rðxÞ ; (9)

where E[1 1 0] is the [1 1 0] Young’s modulus of Si [50], c the wafer
half-thickness (25 mm), and r(x) is the local radius of curvature at
point x on the wafer surface [58,59]. By convention, the 1 and 2
directions are the in-plane directions and 3 is the wafer normal
(growth) direction. At x on the top of the strip the stress state is
uniaxial tension while on the bottom the stress state is uniaxial
compression of equal magnitude. The value of E[1 1 0] does show
some slight variability over the temperature range of 500–600 8C
and this was accounted for in the stress calculations [60].
Determination of r(x) was accomplished via the use of a Philtec
laser displacement sensor system. The laser system was translated
over the surface of the bent wafer to determine the deflection (y) of
the wafer from the tip of the laser sensor at a given x coordinate.

Fig. 9. WBDF-XTEM image of a typical as-implanted a-Si layer used for

measurement of SPEG kinetics.

Fig. 10. Schematics of the [0 0 1]SPEG process occurring with (a) hydrostatic stress,

(b) in-plane uniaxial stress, and (c) normal uniaxial compressive stress.
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Thus, a discrete set of coordinates was obtained which allowed the
surface of the wafer to be fit to a mathematical function y = y(x). In
all cases, a parabola was a very decent fit to the coordinates. Thus,
r(x) is given by

1

rðxÞ ¼
d2yðxÞ=dx2

ð1þ ðdyðxÞ=dxÞ2Þ
3=2

(10)

and s11(x) can be determined. Maximum repeatable stresses of
1.3 � 0.1 GPa were attained. Once the strips were removed from the
bending apparatus, the x coordinate was transformed into the
corresponding unbent displacement, x0, by computing the arc length
of the bent strip as given by

x0 ¼
Z a

0
1þ dyðxÞ

dx

� �2
 !1=2

dx; (11)

where a is the lateral displacement from the apex of the bent wafer.
It is important to note that even though Si is very brittle at room

temperature [61,62], plastic deformation of crystalline Si can occur
given prolonged annealing at temperatures used in this study
given sufficient stress and this can cause stress relaxation [63–65].
However, upon removal from the bending apparatus, the strips did
not exhibit any detectable curvature suggesting no appreciable
stress–relaxation occurred. Also, a-Si does exhibit some viscoe-
lastic behavior which may give rise to flow of the amorphous phase
with stress [66,67]. However, no detectable flow of a-Si was
observed since the surface–EoR distance did not change measur-
ably in any samples.

Other researchers have used wafer-bending techniques to
induce uniaxial stress during SPEG [52,59]. Four-point and three-
point bending apparatuses capable of inducing stresses to 0.6 GPa
in 750-mm thick wafers were used. Analysis of the stress state is
much easier in this case compared to self-supported bending, but
suffers from the lower range of stresses attainable due to the lower
fracture toughness of thicker Si wafers [68–72].

3.2.3. Normal uniaxial compression

A schematic of a growing a/crystalline interface with normal
uniaxial compression, s33, is displayed schematically in Fig. 10(c).
A high-temperature piston/cylinder apparatus was used by
Barvosa-Carter to induce normal uniaxial compression at tem-
peratures sufficient to affect SPEG. To date, this has been the only
study of normal uniaxial compression effects on SPEG. The
apparatus is described elsewhere [73].

3.3. Measurement of SPEG rates

3.3.1. Thin-film detection techniques

In prior studies of SPEG kinetics by other researchers, velocity
data was collected in situ via the use of time-resolved reflectivity
(TRR) measurements, Rutherford backscattering (RBS), and other
thin-film techniques [11–13,18,19,52,74–76]. These techniques

provide large amounts of growth data for determination of the
growth rates. However, such analysis techniques are not highly site
specific and this poses problems when a continuous and large
stress gradient exists in the specimens as is the case in some of the
presented studies. Furthermore, any morphological instability in
the growing a/crystalline interface cannot be accounted for in thin-
film detection techniques as such methods are susceptible to
averaging of data and provide little structural information.
Roughening of the growth fronts can also reduce the accuracy of
rate measurements using thin-film detection techniques.

3.3.2. Site-specific FIB/XTEM method

Focused ion beam (FIB) milling with an FEI Strata DB235 dual
focused ion beam/scanning electron microscope utilizing a gallium
(Ga) ion beam accelerated to 30 keV was used to prepare samples
for WBDF-XTEM imaging with a g220 two-beam condition using a
JEOL 200CX transmission electron microscope. Specimens were
prepared at different anneal times and stresses and the a-Si
thickness as a function of time was thus measured using WBDF-
XTEM for a given stress and the SPEG velocity estimated using
standard least squares regression techniques. The surface to a/
crystalline front distance was chosen for rate measurements due to
the crisp and sharp nature of the two interfaces. The algorithm for
measuring growth in WBDF-XTEM images used ImageJ� analysis
software to trace the sample surface and resulting a/crystalline
interface after annealing into finely discretized sets of coordinates
for several different images. An example of this process is shown in
Fig. 12 Then, the average resulting a-Si thickness was calculated
along with the root-mean-squared roughness (RRMS) of the
resulting growth front. Thus, all reported errors in a-Si thickness
measurements are given as RRMS. A typical plot of a-Si thickness
versus time is shown in Fig. 13.

This method affords the distinct advantage that FIB sample
preparation is very site specific. The samples generated were
typically �10 mm long or less and thus it may be reasonably
concluded that the stress was uniform through the whole of the
samples thus avoiding the complication of an intra-sample stress
gradient. Furthermore, using WBDF-XTEM for the thickness
measurements affords advantages in terms of spatial resolution
and detailed structural knowledge of the evolving a/crystalline
interface. Additionally, it is not believed that FIB preparation
caused any appreciable specimen damage since all specimens were
coated with carbon and platinum layers of sufficient thickness
prior to milling to prevent Ga+-implantation as predicted by
simulations [53]. The main disadvantage of this method is that it is
not an in situ technique and requires discretization of the growth
process. Therefore, using this method it is difficult to detect any

Fig. 12. WBDF-XTEM image of an annealed specimen showing the process used to

measure the resulting a-Si thickness. The surface (indicated by ‘s’) and resulting a/

crystalline interface after growth are discretely represented (+) with the arrows

representing a-Si thickness variations within the image.

Fig. 11. Schematic of the apparatus used to induce and measure in-plane uniaxial

stress in Si wafers.
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temporal dependence of the growth rate which may arise.
However, for the case of impurity-free (0 0 1)Si, the growth rate
as measured using in situ techniques has never shown any
significant variability with time once the specimens reach thermal
equilibrium and a few nm of growth has occurred beyond the
initial a/crystalline interface [13]. The plot shown in Fig. 13 reflects
this since there is very little observed variability in v with
annealing time. Thus, it is reasonably assumed that the growth
kinetics do not vary with time.

3.4. Temperature calibration and annealing

Due to the ex situ nature of the experiments, the anneal
temperature, T, was not obtained during SPEG as it was in previous
in situ studies. In this study, the quartz tray apparatus was inserted
into a tube furnace used for annealing and allowed to come to
thermal equilibrium with the furnace. The position of the tray in
the tube furnace was kept constant for all anneals. Then a
thermocouple was placed on the middle of the tray and carefully
manipulated so as not to touch any other part of the tray or the
inside of the tube. It was at this position on the tray that tensile,
compressive, and stress-free specimens (three unique wafer strips)
were annealed simultaneously for each time and temperature.
Thus, the error in all T measurements was estimated at �1 8C. A
schematic of the annealing setup used is presented in Fig. 14.
Nitrogen (N2) ambient was used for all annealing as well as for
temperature measurements. For these studies, T = 500–575 8C was
used with anneal times of 0.3–7.5 h. The quartz tray was inserted at
room temperature into the pre-calibrated furnace and reached
equilibrium with the furnace very quickly (<2 min). Thus, since the
ramp-up time to reach equilibrium was much smaller than any of the

anneal times it is assumed that the specimens were given isothermal
processing.

4. Results and discussion

4.1. Hydrostatic pressure

The effect of stress on SPEG kinetics was first examined under
hydrostatic pressure [76–80]. A plot of a/crystalline interface
displacement versus time at 500 8C at various levels of hydrostatic
pressure as measured using RBS is presented in Fig. 15 [76]. For
each value of pressure, the SPEG rate appears linear with time and
the rate is enhanced with pressure. A plot of SPEG rates extracted
from Fig. 15 versus pressure is shown in Fig. 16 [76]. The data
suggests the SPEG rate is exponentially pressure dependent. Thus,
v takes the stress-dependent form

v ¼ vð0Þ exp
DV�hs

kT

� �
; (12)

where s is the hydrostatic stress, DV�h the activation volume in
hydrostatic pressure of�0.75 V, and vð0Þ is the stress-independent
SPEG velocity at T, where V is the atomic volume of Si [76]. Thus, as
per (7), the SPEG velocity under hydrostatic stress is accurately
modeled using TST assuming a single-atomistic growth process.
Later experiments of hydrostatic pressure-enhanced SPEG mea-
sured using TRR revealed results similar to the earlier experiments.
A plot of SPEG rate versus s for T = 520–550 8C is shown in Fig. 17
[78]. The rates exhibit similar pressure enhancement with stress at
all three temperatures and DV�h ¼ ð�0:28� 0:03ÞV [77,78]. The
difference in the activation volume terms is unclear, though it was
postulated that the stress state employed by Nygren et al. may
have been significantly deviant from true hydrostatic pressure
[76]. The measurement techniques were also different [76,78].

These early hydrostatic pressure experiments were instru-
mental in determining the importance of the transition state in
SPEG kinetics. Moreover, it suggested that the SPEG process could
be explained as being the result of a single-atomistic process or
dominated by a single-atomistic process. However, as per the
defect-mediated model of SPEG, it was unclear which atomistic
process was being altered via application of hydrostatic stress or if
the defect-mediation model could explain the compelling results.
However, the study of non-hydrostatic stresses on SPEG kinetics
would eventually resolve this in subsequent experiments.

4.2. In-plane uniaxial stress

4.2.1. Early experiments

Aziz et al. were the first to investigate the influence of non-
hydrostatic stresses on SPEG kinetics in a-Si created via ion-
implantation [52]. They applied uniaxial stress in the plane of the
growing a/crystalline interface, s11. A clever method of sample
preparation implanted both sides of the wafer strips so that
compressive and tensile specimens were annealed simultaneously
on each strip. Three-point bending was used to induce stress.

Fig. 13. Typical plot of a-Si thickness vs. time generated by annealing different

specimens for different anneal times as measured using WBDF-XTEM.

Fig. 14. Schematic of the apparatus used for annealing and temperature calibration.
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Fig. 18 is a plot of the SPEG rate at 540 8C measured using RBS
versus displacement from the strip centers for different samples.
The maximum stress occurs at mid-strip with a linear stress
gradient outward to 10 mm either side of center at which point
s11 = 0. The stresses indicated in Fig. 18 are indicative of s11 at
the center of the strips (maximum stress). For each strip, the
tensile side of the strip had faster growth rates than the
compressive side at the corresponding lateral displacements. In
general, Fig. 18 also suggests that s11 > 0 causes SPEG
enhancement and s11 < 0 causes retardation. Fig. 18(a) and
(b) suggest that tension causes SPEG enhancement with
compression not significantly altering the stress-free rate.
However, Fig. 18(c) shows a much different trend, with tension
not significantly altering the stress-free rate and compression
causing larger retardation.

Fig. 19 presents a plot of the normalized SPEG rate versus s11

with the data presented in Fig. 18. The overall trend in the
data does show enhancement to the SPEG rate in tension
and retardation in compression. However, there are many
inconsistencies within this trend, especially near the vicinity

of s11 = 0 where the growth rates show large amounts of
variation.

Most interestingly, the observations of uniaxial stress are
strikingly different than those of hydrostatic stress. Most notably,
uniaxial compression causes retardation where as hydrostatic
pressure causes enhancement. However, the data seem to obey a
relationship similar to (7) and (12) given by

v ¼ vð0Þ exp
DV�11s11

kT

� �
; (13)

where DV�11 ¼ ð0:15� 0:01ÞV is the in-plane activation volume for
SPEG. This data is consistent with the observations of hydrostatic
stress in that stress-induced changes to SPEG can be accurately
modeled with TST as a single-atomistic step. Thus, unification of
the hydrostatic pressure experiments [76–80] reveals

DV�h ¼ 2DV�11 þ DV�33 (14)

since the in-plane terms must be equal due to symmetry
constraints for (0 0 1)Si, again assuming SPEG is governed by a
single-atomistic process. Therefore, using DV�h ¼ ð�0:28� 0:03ÞV,
DV�i j has the form

DV�i j ¼
0:15 0 0

0 0:15 0
0 0 �0:58

0
@

1
AV: (15)

This model provides unification between hydrostatic pressure-
enhanced SPEG results and the results from in-plane uniaxial stress
in early experiments. The specific values in (15) suggest that the
transition state involves an in-plane biaxial expansion and normal
contraction. The trace of (15) being negative may be indicative of
the density of crystalline Si being greater than that of the
amorphous counterpart [81]. It was proposed that in-plane
expansion enhances SPEG by opening the growth interface and
allowing easier atomic motion [54]. However, it is important to
once again note that this model assumes the two atomistic
processes of nucleation and migration can be modeled as a single-
atomistic process in terms of stress-influenced SPEG. More
specifically, this implies

DV�i j ¼ DVn
i j þ DVm

i j ; (16)

where DVn
i j and DVm

i j are the nucleation and migration strain
tensors associated with arriving at the transition state.Fig. 16. Plot of SPEG velocity vs. s at 500 8C as measured using RBS [76].

Fig. 17. Plot of SPEG velocity vs. s for different T as measured using TRR [78].Fig. 15. Plot of a/crystalline interface displacement vs. time for different s at 500 8C
as measured using RBS [76].
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Subsequent experiments of non-hydrostatic in-plane uniaxial
compression on SPEG of a-Si revealed consistent results with the
initial work of Aziz et al. [82–84]. In a similar system, SPEG of
strained silicon–germanium (SiGe) on Si showed that compressive
biaxially stressed SiGe grew much slower than the relaxed
counterpart [85–87]. In this case, the activation volume for in-
plane biaxial stress was estimated to be 0.34 V, close to twice that
of DV�11 which is near the expected result. However, the case of
tension was not evaluated in the same SiGe system and thus it
remained unknown if the activation volume was consistent within
all stress states. Additionally, the introduction of Ge can

profoundly alter the growth kinetics in unstrained material and
this may be a complicating effect making the results from SiGe
experiments difficult to compare with Si experiments [88]. Thus,
the results from strained-SiGe experiments appear to corroborate
the work by Aziz et al., but suffer from the lack of isolation of Ge
and stress effects.

4.2.2. Recent experiments

A series of recent experiments studied the same basic system
that Aziz et al. investigated over 15 years prior [89]. However, the
method of applying in-plane uniaxial stress was that presented in
Section 3.2.2 and thus the range of stresses was much greater than
the earlier experiments.

Fig. 20(a) presents a WBDF-XTEM of an as-implanted specimen
for reference. After annealing for 4.0 h at 525 8C without stress,
shown in Fig. 20(e), 138 � 6 nm of growth occurred [89]. For in-
plane compression with s11 = �0.5, �1.0, and �1.3 GPa, shown in
Fig. 20(b)–(d), 77 � 9, 72 � 8, and 68 � 9 nm of growth occurred,
indicative of SPEG retardation [89]. There is interfacial roughening of
the a/crystalline interface in compression which is given additional
consideration in a subsequent section. Regarding in-plane tension
cases of s11 = 0.5, 1.0, and 1.3 GPa, shown in Fig. 20(f) and (g),
138 � 6 nm of growth occurred which is similar to stress-free case
[89].

Annealing of specimens for 1.0, 2.0, and 3.0 h was performed for
all values of stress and the resulting amounts of growth measured
using WBDF-XTEM as presented in Fig. 21. From this data, v versus
s11 was calculated as presented in Fig. 22. No detectable difference
was observed in v for 0 � s11 � 1.3 GPa with an SPEG rate of
34 � 2 nm/h. In compression, v was retarded to a limiting rate of
17 � 2 nm/h for �1.3 � s11 � �0.5, while s11 = �0.25 GPa caused
retardation to 22 � 2 nm/h. The behavior of v predicted by Aziz et al.
is provided for comparison [52]. There was no change in the SPEG rate
for tension though the Aziz et al. model predicts enhancement.
However, the retardation in compression is consistent with the model
and prior work [52,82–84]. Interestingly, in compression, v appears to
reach a limiting value and the rates show large deviations from the
Aziz et al. predictions [52].

It appears that the recent results [89] cannot be reasonably
explained by the Aziz et al. model of stressed SPEG and thus it
becomes necessary to consider a new model to explain the data
[52]. A good starting point is the groundbreaking study of

Fig. 19. Plot of normalized SPEG rate vs. s11 at 540 8C as measured using

RBS [52].

Fig. 18. (a)–(c) Plots of SPEG velocity vs. displacement from the center of several

different specimens in three-point bends at 540 8C as measured using RBS. The

stresses indicated correspond to the maximum magnitude of s11 induced in the

pieces at zero displacement [52]. In all cases, (—) and (– – –), (*) and (*), and (~)

and (~) correspond to the tensile and compressive sides of the same wafer strips,

respectively. Reproduced and modified with permission from M.J. Aziz, P.C. Sabin,

G.-Q. Lu, Phys. Rev. B. 44 (18) (1991) 9812. Copyright (1991) by the American

Physical Society.
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Williams et al. which revealed the importance of nucleation and
migration processes in SPEG kinetics [43]. The rate of island
nucleation, t�1

n , is a scalar property while the rate of ledge
migration for a generalized a/crystalline interface, t�1

m;i j, is a
second order tensor property analogous to diffusivity or mobility
given in expanded form by

t�1
m;i j ¼

t�1
m;11 t�1

m;12

t�1
m;21 t�1

m;22

 !
: (17)

In the case of the a-Si/(0 0 1)Si interface without any stress, (17)
reduces to

t�1
m;i j ¼

t�1
m;11 0

0 t�1
m;11

 !
(18)

as the result of symmetry constraints. Thus, the velocity of ledge
migration, vm;i, in expanded form is given by

vm;1

vm;2

� �
¼ t�1

m;11 0

0 t�1
m;11

 !
Dx1

Dx2

� �
; (19)

Fig. 21. Plot of a-Si thickness vs. annealing time at 525 8C for different values of s11

as measured using WBDF-XTEM.

Fig. 22. Plot of v vs. s11 at 525 8C as measured using WBDF-XTEM [89]. Reproduced

with and modified with permission from N.G. Rudawski, K.S. Jones, R. Gwilliam,

Phys. Rev. Lett. in press (2008). Copyright (2008) by the American Physical Society.

Fig. 20. (a) WBDF-XTEM image of an as-implanted specimen. WBDF-XTEM images of specimens annealed at 525 8C for 4.0 h with different values of s11: (b) S0.5 GPa, (c)

S1.0 GPa, (d) S1.3 GPa, (e) 0 GPa, (f) 0.5 GPa, (g) 1.0 GPa, and (h) 1.3 GPa [89]. Reproduced and modified with permission from N.G. Rudawski, K.S. Jones, R. Gwilliam, Phys.

Rev. Lett. in press (2008). Copyright (2008) by the American Physical Society.
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where Dxj is the ledge migration vector dependent on the
crystallography of the a/crystalline interface and the coordinate
frame of reference. Both vm;1 and vm;2 contribute to the overall
growth velocity and are presumably independent of one another.
The nucleation of crystal islands with monolayer thickness Dx

(0.14 nm) causes additional contribution to the overall growth
rate. However, it is necessary to take into account that both
nucleation and migration processes must be accomplished for
growth to proceed. Thus, v is given by

v ¼ 1

1=ðt�1
n DxÞ þ 1=ðvm;1Þ

þ 1

1=ðt�1
n DxÞ þ 1=ðvm;2Þ

; (20)

which further reduces to

v ¼ 1

1=ðt�1
n DxÞ þ 1=ðt�1

m;11Dx1Þ
þ 1

1=ðt�1
n DxÞ þ 1=ðt�1

m;11Dx2Þ
: (21)

Both t�1
n and t�1

m;i j are presumably Arrehnius-type processes and
thus the rate at which each occurs can be theoretically modified by
the application of sij as given by TST [44]. However, since t�1

m;i j is a
tensor property, a fourth-order tensor, DVm;i j

kl must be used to
describe the change in each component of t�1

m;i j with respect to skl

as given by

DVm;i j
kl ¼ kT

@ lnðt�1
m;i jÞ

@skl
: (22)

Hence

t�1
m;i j ¼ tm;i jð0Þ�1 exp

DVm;i j
kl skl

kT

 !
; (23)

where tm,ij(0)�1 is the stress-free migration rate tensor. Similar
models describe point defect motion in bulk Si [90]. Since
tm,12(0)�1 = tm,21(0)�1 = 0 and the only term in sij is s11, DVm;11

11

and DVm;22
11 are the only relevant terms in DVm;i j

kl . During ledge
motion, the greatest in-plane volume change presumably occurs
parallel to rather than orthogonal to a given migration direction
which implies jDVm;22

11 j	 jDVm;11
11 j. Furthermore, due to symmetry,

DVm;11
11 ¼ DVm;22

22 , DVm;22
11 ¼ DVm;11

22 , and DVm;11
33 ¼ DVm;22

33 . Thus, only
migration along 1 is significantly altered by s11. Regarding t�1

n , a
second order tensor, DVn

i j, is used to describe the response of t�1
n

with respect to sij which is given by

DVn
i j ¼ kT

@ lnðt�1
n Þ

@si j
: (24)

For the a-Si/(0 0 1)Si interface, (24) has the expanded form

DVn
i j ¼

DVn
11 0 0

0 DVn
11 0

0 0 DVn
33

0
@

1
A: (25)

The nucleation of a crystal island causes volume change
primarily in the growth direction rather than the in-plane
directions, similar to the formation of a Si self-interstitial or
vacancy near a surface [90]. Thus, DVn

11�0 and only DVn
33 is

relevant reducing (25) to approximately

DVn
i j ¼

0 0 0
0 0 0
0 0 DVn

33

0
@

1
A (26)

and thus implying t�1
n � t�1

n ð0Þ, where t�1
n ð0Þ is the stress-free

nucleation rate. Thus, (21) may be represented with the applica-
tion of s11 as

v ¼ Dx

tnð0Þ þ tm;11ð0Þ expð�DVm;11
11 s11=kTÞðDx=Dx1Þ

þ Dx

tnð0Þ þ tm;11ð0ÞðDx=Dx2Þ
: (27)

In this case, Dx1 = Dx2 = 0.38 nm and (27) reduces further to

v ¼ Dx

tnð0Þ þ 2�3=2tm;11ð0Þ expðð�DVm;11
11 s11Þ=kTÞ

þ Dx

tnð0Þ þ 2�3=2tm;11ð0Þ
: (28)

Eq. (28) was fit to the data presented in Fig. 22 and tn(0),
tm,11(0), and DVm;11

11 were calculated to be 29 � 1 s, 0.36 � 0.01 s,
and (12 � 1) V. The value of tn(0) is nearly two orders of magnitude
greater than tm,11(0) which is consistent with prior observations
suggesting that the nucleation rate is much slower than migration
[43]. The positive value of DVm;11

11 suggests in-plane expansion
associated with ledge migration. In the case of s11
 0, (28) reduces
to the tensile saturation velocity

vt �
2Dx

tnð0Þ
(29)

and the growth process is limited by the nucleation rate. However,
in the case of s11	 0, (28) reduces to the compressive limit
velocity

vc �
Dx

tnð0Þ
(30)

and growth is still limited by nucleation with

vt

vc
� 2: (31)

Fig. 23 presents atomistic schematics of the SPEG migration
process with different values of s11. In the case of s11 = 0, shown in
Fig. 23(a), a crystal island nucleates and the crystal ledges migrate
(indicated by arrows) rapidly and evenly in both in-plane
directions since tm,ij(0)�1 is isotropic. In the case of s11 > 0, shown
in Fig. 23(b), a crystal island nucleates and ledge migration along 1
is enhanced relative to 2. Hence, migration is rapid in both
directions for cases of s11 � 0. Thus, since the nucleation rate is
unaltered by s11 and much slower than the migration rates for
s11 � 0, the macroscopic growth rate is not significantly changed
compared to the stress-free case. In the case of s11 < 0, shown in
Fig. 23(c), migration along 1 is retarded but unchanged along 2
thus implying tn < tm,11 and tm,22 < tn. Therefore, the contribution
to growth from ledge migration along 1 effectively becomes
negligible compared to the contribution from ledge migration
along 2. Thus, the macroscopic growth rate is effectively halved
since migration along 2 is not altered. It is important to note the
interfacial roughening in compression which generates off-axis
growth fronts which grow up to�25 times slower than [0 0 1]SPEG
[19]. However, this cannot primarily account for the retardation
with in-plane compression since vt=vc�2.

The discrepancies between the presented data and the
predictions and data of prior work are intriguing. The actual data
from prior work does show enhancement (retardation) with in-
plane tension (compression) in some (though not all) specimens.
However, though (13) appears to describe the earlier work, there
are many significant deviations in the data from this trend and, as a
whole, the data is somewhat weakly-ordered. It is mentioned in
ref. [52] that intra-sample thermal fluctuations may have
confounded the results and the analysis techniques used were
less site-specific relative those used in ref. [89]. Also, the range of
s11 in recent work was broader than that of earlier work. All of
these issues may explain why the scatter in the prior data was
larger than the recent data. However, even with these issues, Aziz
et al. [52] were the first to observed and model the role of stress on
SPEG.

Furthermore, the Aziz et al. model of stressed-SPEG assuming
growth occurs via a single, unspecified atomistic process is a
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reasonable theory to explain the somewhat scattered results
observed in ref. [52] due to the strong Arrehnius behavior of v in
the absence of stress [11–13]. However, (28) provides an equally
reasonable explanation for the prior data and the separation of
nucleation and migration as discussed is critical for explaining the
recent results.

Importantly, the recent results [89] provide greater under-
standing into the atomistic nature of the epitaxial solid–solid

transformations of many materials systems. In particular, the large
value of DVm;11

11 suggests that in-plane ledge motion is coordinated
and involves the lateral advancement of multiple atoms along a
growing island ledge rather than individual point defect motion as
originally suggested [52]. Analogous coordination is observed in
other systems such as deformation in metals which is typically
characterized by activation volumes on the order of�100 times the
atomic volume of the material [91,92]. Thus, DVm;11

11 ¼ ð12� 1ÞV is
reasonable considering migration may be coordinated and not due
to independent defect motion.

It is provocative to predict the growth kinetics under biaxial in-
plane stress using the recent model. In the case of biaxial tension,
migration should be enhanced evenly in both in-plane directions
and thus, the growth process should be nucleation limited. Thus,
the growth kinetics should not be greatly different from the stress-
free case. In fact, this was observed by Phen et al. [93].
Interestingly, this observation is in striking contrast to the
predictions of Aziz et al. [52] where biaxial in-plane tension
should cause growth rate enhancement. Regarding the case of in-
plane biaxial compression, in this case both migration terms are
retarded and thus nucleation is no longer limiting. Thus, the
expression for v approaches something mathematically similar to
(13). Therefore, in theory, the growth rate of Si with in-plane
biaxial compression could be retarded beyond the compressive
velocity limit observed for in-plane uniaxial stress to nearly zero.
This is the same prediction as the Aziz et al. model [52]. It appears
growth of biaxial compressively tressed SiGe follows this predic-
tion [85–87], but the issues of Ge-influenced growth kinetics are a
confounding variable [88].

4.3. Normal uniaxial compression

A prediction of the Aziz et al. [52] model is that the effect of
normal uniaxial stress, s33, on SPEG kinetics would be character-
ized by

v ¼ vð0Þ exp
DV�33s33

kT

� �
: (32)

Since the predicted magnitude of DV�33 is much larger than DV�h,
though the sign is the same, it is predicted that normal
compression should cause greater enhancement to the SPEG rate
than hydrostatic pressure. Barvosa-Carter performed this experi-
ment to test the prediction [73,94]. Fig. 24 presents a plot of the
SPEG rate at 540 8C measured using TRR versus s33 with the
prediction from the Aziz et al. model [52]. There is qualitative
agreement with the predicted behavior of (32) in that the growth

Fig. 23. Atomistic schematics of the in-plane SPEG process with (a) s11 = 0, (b)

s11 > 0 and (c) s11 < 0. Reproduced with permission from N.G. Rudawski, K.S. Jones,

R. Gwilliam, Phys. Rev. Lett. in press (2008). Copyright (2008) by the American

Physical Society

Fig. 24. Plot of SPEG rate vs. s33 at 540 8C as measured using TRR [73]. Reproduced

and modified with permission from W. Barvosa-Carter.
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rate tends to show exponential enhancement with normal
compression. However, the value of DV�33 ¼ ð�0:35� 0:04ÞV is
nearly half the predicted value of �0.58 V.

It is very interesting that the measured value of DV�33 is very
similar to DV�h ¼ ð�0:28� 0:03ÞV measured by Lu et al. [77,78].
Thus, it appears that there may be no major difference in the SPEG
kinetics under hydrostatic pressure or normal uniaxial stress.
However, this implies that DV�11�0 which contradicts the original
observations of Aziz et al. [52]. Thus, there appears to be some
inconsistencies in the Aziz et al. model in explaining all the
collected stress-dependent SPEG data. Interestingly, these obser-
vations are consistent with the model advanced by Rudawski et al.
since nucleation is limiting in the absence of stress, and DVn

11�0 as
advanced previously [89]. Thus, the exponential SPEG enhance-
ment with hydrostatic pressure and normal uniaxial compression
suggests DV�33 ¼ DV�h ¼ DVn

33.

4.4. Morphological istability

An interesting result of growth with in-plane uniaxial
compression is roughening of the a/crystalline interface. It was
not known that this occurred in the early work by Aziz et al. since
RBS was used for SPEG rate measurements [52]. However, later
work showed that by forming a pre-rippled a/crystalline interface
and effecting SPEG with in-plane compression caused the initial
oscillations in the a/crystalline interface to amplify [84,95,96].
WBDF-XTEM micrographs of the as-implanted structure and the
structure after annealing at 520 8C with in-plane compression are
shown in Fig. 25(a) and (b). In the case of s11 � 0, the perturbations
are observed to dampen and the interface planarizes as shown in
Fig. 25(c) [96].

In fact, this same instability occurs with an initially planar
growth front. In recent work, partial growth at 525 8C in the
absence of stress planarized the interface as shown in Fig. 26(a)
[97]. With subsequent growth at 525 8C with in-plane compres-
sion, shown in Fig. 26(b), the resulting a/crystalline interface
becomes unstable and starts to roughen. In the case of subsequent
growth with in-plane tension, shown in Fig. 26(c), the resulting a/
crystalline interface remains planar. This data suggests that there

are small, sub-microscopic interface perturbations as the result of
the growth process. This is elaborated on in a subsequent section.

Both the Aziz et al. [52] model and the Rudawski et al. [89]
model derived from recent experiments predict this instability. In
the case of a growing front with perturbations under in-plane
macroscopic compression, shown in Fig. 27(a), there is localized
concentrated in-plane compressive stress (slocal

11 ) in the troughs of
the front and localized tensile stress in the peaks of the front, since
the amorphous phase is near fully relaxed at T � 500 8C [66,67].
Thus, as per (13) and (28), the peaks grow faster than the troughs
and the growth front roughens. On the other hand, the application
of macroscopic tension, shown in Fig. 27(b), causes a reversal of the
localized stress states which leads to eventual dampening of any
perturbations in the growth front due to kinetic limitations. Thus,
both the prior and new models provide explanations for the
observed morphological instability. This instability is also
observed in growth of the in-plane compressively trained SiGe
system [98].

However, even though both models correctly predict the
instability, the Rudawski et al. model [89] predicts weaker
sensitivity of the resulting RRMS (due to the limits of v with in-
plane tension and compression) while the Aziz et al. model [52]
predicts increasing roughness with increasing in-plane tension. In
fact, RRMS is not observed to show much variation with in-plane
stress as the values are similar for �1.3 � s11 � �0.5 GPa, as
shown in Fig. 20(b)–(d) which is consistent with the Rudawski
et al. model. This also corroborates the Rudawski et al. model for
stress-dependent SPEG which suggested no effect of in-plane
tension on v.

4.5. Shortcomings of stress-dependent SPEG models

Two models have thus far been advanced to explain different
and somewhat contradictory sets of stress-dependent SPEG data.

Fig. 25. (a) WBDF-XTEM image of an as-implanted specimen with a pre-rippled a/

crystalline interface. WBDF-XTEM images of the specimen in (a) after annealing at

520 8C with (b) s11 < 0 and (c) s11 I 0 [96]. Reproduced and modified with

permission from J.F. Sage, W. Barvosa-Carter, M.J. Aziz, Appl. Phys. Lett. 77 (4)

(2000) 516. Copyright (2000) by the American Institute of Physics.

Fig. 26. (a) WBDF-XTEM image of a sample after annealing at 525 8C with s11 = 0.

WBDF-XTEM images of the specimen in (a) after additional annealing at 525 8C with

different values of s11: (b) S1.3 GPa and (c) 1.3 GPa. Reproduced and modified with

permission from N.G. Rudawski, K.S. Jones, R. Gwilliam, Appl. Phys. Lett. 91 (17)

(2007) 172103. Copyright (2007) by the American Institute of Physics.

Fig. 27. Schematics of a/crystalline interface morphological stability with

macroscopic in-plane (a) compression and (b) tension. Reproduced with

permission from N.G. Rudawski, K.S. Jones, R. Gwilliam, Phys. Rev. Lett. in press

(2008). Copyright (2008) by the American Physical Society.
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However, it is important to note that the issues with interfacial
roughening force both models to make some notable assumptions
and simplifications. Foremost, the anisotropy of the SPEG rate
presented in Fig. 5 is at least partially responsible for some, though
not all, of the observed retardations with in-plane compression.
Furthermore, when the growing a/crystalline interface becomes
excessively rough, it is difficult to characterize the exact amount of
growth which has occurred even though the method outlined in
Section 3.3.2 attempts to account for this. In both cases, the models
have been used to extract and advance different activation volume
terms for (0 0 1)SPEG, but it is unknown if these activation volumes
are orientation dependent. The localized stress states at an
interface with perturbations are also very complicated due to
variations in curvature. Thus, it is nearly impossible to accurately
account for all these variables when modeling stress-dependent
SPEG though there have been some notable attempts [99,100]. The
models would be more accurate if the growth front remained
planar for all stress states but this is not the case. However, even
with the shortcomings of each model, both models correctly
predict the roughening of an initially planar a/crystalline interface
with in-plane compression.

4.6. Unification of earlier and recent stressed-SPEG results

As evidenced by the first experiments studying hydrostatic
pressure on SPEG kinetics, the data is quite compelling that
hydrostatic pressure does indeed cause exponential enhancement
to the growth rates. Likewise, the recent work by Rudawski et al. of
uniaxial stress effects on SPEG produced similarly striking and
compelling data. Thus, it remains to be seen if both sets of data are
consistent within the SPEG model recently advanced by Rudawski
et al. [89].

In the most general case of sij, v is given by

v ¼ Dx

tnð0Þ expð�DVn
33s33=kTÞ þ 2�3=2tm;11ð0Þ

expð�ðDVm;11
11 s11 þ DVm;11

33 s33Þ=kTÞ

þ Dx

tnð0Þ expð�DVn
33s33=kTÞ þ 2�3=2tm;11ð0Þ

expð�ðDVm;11
11 s22 þ DVm;11

33 s33Þ=kTÞ

: (33)

In the case of hydrostatic pressure, (33) reduces to

v ¼ 2Dx

tnð0Þ expð�DVn
33s=kTÞ þ 2�3=2tm;11ð0Þ

expð�ðDVm;11
11 þ DVm;11

33 Þs=kTÞ

(34)

since s11 = s22 = s33 = s. Using the results of hydrostatic pressure-
enhanced SPEG, DVn

33 is taken to be (0.28 � 0.03) V [77,78]. From the
recent in-plane uniaxial stress experiments, DVm;11

11 ¼ ð12� 1ÞV.
Thus, DVm;11

33 is the only remaining free parameter in (34).
Fig. 28 presents the predicted SPEG behavior in hydrostatic

stress as predicted by Lu et al. at T = 525 8C using the stress-free
growth velocity of 34 � 2 nm/h presented in Fig. 22 [77,78]. The
predicted behavior of (34) at T = 525 8C fit using tn(0) = 29 s and
tm,11(0) = 0.36 s as calculated in recent uniaxial stress experiments
with different values of DVm;11

11 þ DVm;11
33 provided as well. In the case

of DVm;11
11 þ DVm;11

33 >0, both models match well for lower values of
stress, but (33) predicts lower SPEG rates at higher stresses than
predicted by Lu et al. [78]. In contrast, when DVm;11

11 þ DVm;11
33 � 0, the

two models match quite well for all values of pressure. Thus, there
may be a net volumetric compression associated with the migration
transition state. This is consistent with the observation that a-Si is
less dense than the crystalline counterpart [81]. Thus, DVm;11

33 must be

on the order of �12 V which is very large, similarly to the in-plane
term, but this value may once again be reasonable considering the
likelihood of coordinated migration proposed for the uniaxial stress
data. Thus, since nucleation is slower than migration, (34) is
approximately

v � 2Dx

tnð0Þ
exp

DVn
33s

kT

� �
; (35)

which is the equivalent mathematical expression given in (12).
This also explains the similar results of SPEG under uniaxial

normal compression measured by Barvosa-Carter compared to
SPEG measured under hydrostatic pressure [73]. Since all terms
except DVn

33 are zero in DVn
i j, the introduction of in-plane stresses

does not change the nucleation rate. Regarding migration, normal
uniaxial compression should cause greater migration rate
enhancements than pressure since jDVm;11

33 j> jDVm;11
11 þ DVm;11

33 j.
However, since migration is still much faster in these cases of
stress, the process is still nucleation limited.

4.7. A new atomistic picture of SPEG

While it is important that the newly advanced model of stress-
dependent SPEG correctly accounts for all phenomena observed in
stressed SPEG, it remains to be seen if the model can be extended to
address the phenomena observed in stress-free SPEG. Since the
model is based on the defect-mediation model, impurity and
substrate orientation effects outlined early are accounted for and
are not addressed further. However, the greatest question of Si
SPEG centers on the meaning of the observed DG* = 2.7 eV which to
date has never been answered.

One of the benefits of applying in-plane stress is that a single-
growth process (migration) can be altered thus allowing greater
examination of the other process (nucleation). This leads to
extraction of the different nucleation and migration times at a
given temperature. Thus, repeating the experiment of uniaxially
stressed SPEG at other temperatures allows this.

Fig. 28. Predicted SPEG vs. s behavior at 525 8C using different models.

Table 1
Nucleation and migration parameters

T (8C) tn(0) (s) tm,11(0) (s) DVm;11
11 (V)

500 4.08 1.44 � 0.10 12 � 1

525 1.02 0.36 � 0.03 12 � 1

550 0.28 0.10 � 0.01 12 � 1

575 0.11 0.04 � 0.01 12 � 1
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Fig. 29(a)–(c) present plots of a-Si thickness versus time for
T = 500–575 8C for �1.0 GPa � s11 � 1.0 GPa as measured using
WBDF-XTEM. In cases of s11 � 0, no significant differences in
growth versus time behavior were observed at any temperature. In
the compressive cases, the amounts of growth were much less and
appeared to reach limiting amounts. Thus, this data is very
consistent with the data collected at 525 8C.

Fig. 30 presents a plot of v versus s11 for T = 500–575 8C as
calculated from Fig. 29. Each value of T displays similar
dependence of v on s11. For cases of s11 � 0, v does not measurably
change and for cases of s11 � �0.5 GPa, v is retarded to a limiting
value. A very sharp transition between the limiting velocity in
compression and the saturation in tension occurs for
�0.5 GPa < s11 < 0 GPa in all cases, indicative of significant in-
plane expansion associated with mediating-defect migration.
Using (28), tn(0), tm,11(0), and DVm;11

11 were calculated for each T

as presented in Table 1. For each temperature, the nucleation time
is nearly two orders of magnitude greater than the migration time
which is consistent with prior observations with all values
decreasing with increasing temperature [43]. The value of
DVm;11

11 shows no detectable variation with temperature indicating
the coordinated defect migration characterized by DVm;11

11 ¼ ð12�
1ÞV observed at 525 8C still exists in this temperature range. For
T = 550 and 575 8C, there are significant positive deviations from
predictions with in-plane compression. However, the error in
compressive SPEG rates at higher temperatures is much larger due
to the interfacial roughening and the faster growth rates and the
model is still within experimental error.

It is likely that the nucleation and migration parameters obey
the relationship given by

tið0Þ�1 ¼ t�1
i0 exp

�DG�i
kT

� �
; (36)

where t�1
i0 is a temperature-independent pre-exponential factor,

ti(0)�1 the rate for process i to occur without stress, and DG�i is the
activation barrier for the process [44]. The logarithm of tn(0)�1 and
tm,11(0)�1 are plotted versus the reciprocal of kT as presented in
Fig. 31. The plots appear linear in each case suggesting (35) is a very
decent fit for each parameter. Thus, DG�n, and DG�m;11 are calculated
to be 2.5 � 0.1 and 2.7 � 0.1 eV with tn0 and tm,110 calculated to be
and (4.8 � 0.1) � 10�16 and (2.5 � 0.1) � 10�18 s, respectively.1 The
similarity in the activation energies is interesting, since it was
postulated that migration had a lower activation barrier than
nucleation. The Si–Si bond energy is �2.5 eV, for reference [101].
Physically, it is somewhat intuitive to rationalize that the activation
barriers should be similar for both processes and similar to the Si–Si
bond energy since on the most basic level, SPEG is the rearrangement,
breaking, and reforming of Si–Si bonds. Thus, at the most basic

Fig. 29. Plots of a-Si thickness vs. annealing time for different s11 as measured using

WBDF-XTEM at different values of T: (a) 500 8C, (b) 550 8C, and (c) 575 8C.

Fig. 30. Plot of v vs. s11 for different T as measured using WBDF-XTEM.

1 The activation energy for migration is not a tensor property but may be

orientation dependent.
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atomistic level, nucleation and migration processes may be the same
process of Si–Si bond rearrangement. This also explains the
observation of the activation energy of the SPEG velocity being
independent of substrate orientation since bond-rearrangement
energetics are presumably not orientation dependent [19]. Therefore,
it appears the pre-exponential factors are almost entirely responsible
for the differences between migration and nucleation rates. The
difference between the two factors may be related to the relative
scales or geometry of the two processes. In the case of nucleation,
presumably only small groups of atoms must rearrange to form a
crystal island to start growth while in the case of migration large
numbers of atoms along the island ledges are involved in continuing
growth (coordinated motion).

It is interesting to compare these results with the study of
Williams et al. which showed that DG* for SPEG enacted via ion
irradiation was nearly an order of magnitude smaller than DG* for
SPEG enacted via furnace annealing since it was speculated that
the activation barrier for nucleation was reduced in the former case
[35]. However, if the activation barrier for migration was
unaffected, migration would then be the limiting step during
SPEG and the value of DG* should still be close to �2.7 eV. The fact
that this was not the case indicates that ion bombardment
influenced both nucleation and migration processes to the same
degree and this is a reasonable conclusion to draw since nucleation
and migration processes both involve the same basic rearrange-
ment of Si–Si bonds.

Thus, the nucleation term dominates (21) due to the magnitude
of tn0 and in the absence of any stress and can be reduced to

v � 2Dx

tn0
exp

�DG�n
kT

� �
: (37)

Thus, v0 ¼ 2Dx=tn0 is the pre-exponential factor in (2) with
v0 ¼ ð5:8� 0:5Þ � 107cm=s within the range of values for v0

calculated in prior work [12,13,19]. The slightly lower value of
DG�n compared to the accepted value of DG* = 2.7 eV may be related
to the larger relative portion of ramp-up time to total anneal time
in higher temperature samples as well as the larger error in SPEG
rates observed with in-plane tension at higher temperatures.
Therefore, the observed activation energy for SPEG of a-Si created
via ion-implantation is indicative of the rate-limiting step of defect
nucleation.

The results provide a greater understanding of the role of
individual atomistic processes on the value of DG* for the epitaxial

a-Si/Si transformation. Important is the observation that the
activation barriers for migration and nucleation processes are
nearly equivalent and similar to the Si–Si bond energy. It has long
been known that nucleation was slower than migration but it was
not understood that the difference in the rates was not due to
energetic considerations but may possibly be due to the relative
scale of nucleation compared to migration. However, it can now be
advanced that DG* observed for SPEG of a-Si is reflective of the
activation energy for mediating defect nucleation and the scale of
nucleation.

Importantly, while the migration process can be assumed two-
dimensional in nature, the same cannot necessarily be said of
nucleation. Furthermore, while the mathematical construct pre-
sented in (28) can correctly predict a/crystalline interfacial
roughening with s11 < 0, as shown in Fig. 27, it is interesting to
consider if the issue of non-planar nucleation (before layer
completion) may be an influence or an explanation in morpho-
logical stability. It may simply be the case that a perturbation of a
few monolayers of Si is large enough to shift the localized stress
state to facilitate roughening since in theory the smallest
perturbation may shift the stress state and as was previously
shown, the magnitude of in-plane compression need not be very
high to achieve significant retardation.

Additionally, it is difficult to study the nature of the nucleation
and migration processes since it is not possible to observe the
growth in plan-view. If plan-view study of SPEG via atomic force or
scanning tunneling electron microscopy were possible, much
could be ascertained regarding the morphology of the growing
islands and the nature of nucleation. Thus, it remains unknown if
nucleation possesses a non-planar component in addition to the
advanced planar component.

By way of comparison with homoepitaxial growth from the
vapor phase, the phenomenon of a critical radius (Rc) necessary for
nucleation is well established [102]. The theory states that a two-
dimensional crystal island growing in the plane of the vapor/solid
interface must achieve a radius beyond Rc to start nucleating a
second crystal island on top of itself. Furthermore, this theory is
very successful at explaining morphological instabilities asso-
ciated with the vapor-phase homoepitaxial growth of many
semiconductor systems [103–106]. However, the case of SPEG of
a-Si is inherently different from vapor-phase epitaxy since the
atoms used for growth in the former case are presumably not
required to diffuse any significant distance along the growth front.
Furthermore, the Rc theory predicts complicated temperature-
sensitive interface instability via a complex interplay of nucleation
and surface diffusion processes. In contrast, SPEG of Si is always
planar (in the absence of any applied stress) for all growth
temperatures. Therefore, Rc may not be relevant in considerations
of Si SPEG, but at present this is unclear.

Another perspective for considering roughening during SPEG
with s11 < 0 may be that of a growth mode transition which is
associated with vapor-phase heteroepitaxy. Depending on the
strain and interface energy between the substrate and epitaxial
film, the film may grow by layer-by-layer (Frank–van der Merwe),
island growth (Volmer–Weber), and layer-by-layer plus islands
growth (Stranski–Krastanow) modes [107–109]. Typically, the
interface energy is very small for semiconductor heteroepitaxy and
strain energy controls the film morphology during growth. Hence,
it may be reasonable to consider that the application of s11 < 0
changes the growth mode from Frank–van der Merwe to Volmer–
Weber or Stranski–Krastanow growth modes thus suggesting
morphological instability during stressed SPEG of Si is strain driven
as reported by others studying vapor-phase heteroepitaxy
[110,111]. However, fundamental differences between vapor-
phase heteroepitaxy and solid-phase homoepitaxy suggest other-
wise. During the initial stages of vapor-phase heteroepitaxy, the

Fig. 31. Plot of stress-free nucleation and migration parameters vs. the reciprocal

of kT.
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strain is concentrated in the film while for stressed SPEG of Si the
strain is uniform throughout the substrate and film. Thus, there is
effectively no strain energy consideration between the film and
substrate for stressed SPEG of Si and morphological instabilities in
such cases cannot be strain driven. Therefore, it appears interfacial
roughening during stressed SPEG is entirely kinetically driven.

5. Conclusions

In this review, the kinetics of SPEG of a-Si created via ion-
implantation under applied stress was examined. The earliest
experiments of stressed SPEG revealed exponential enhancement
to the growth velocity with hydrostatic pressure. Subsequent
experiments studying the effect of in-plane stress on SPEG kinetics
produced different results among researchers. The initial data
suggested enhancement to the a/crystalline interface velocity with
in-plane tension and retardation in compression. Thus, in
conjunction with the data from hydrostatic stress results, it was
advanced by Aziz et al. that stress-dependent SPEG could be
modeled assuming a single-atomistic process using the activation
strain tensor. This was in contrast to the defect-mediated growth
model advanced by others which suggested the idea of nucleation
and migration processes influencing kinetics.

Later experiments confirmed retardation with in-plane com-
pression but did not reveal any rate enhancement with in-plane
tension. Furthermore, the velocity was observed to reach a limit in
compression. Thus, a counter-model was advanced by Rudawski
et al. which proposed that nucleation and migration processes
suffer different stress dependencies. The model was based on the
defect-mediated SPEG model presented to explain different
phenomena in stress-free SPEG. Results also indicated the
migration process is coordinated in nature, as evidenced by the
large activation volume for in-plane migration. The counter-model
also predicts the exponentially enhanced growth rates observed
with hydrostatic pressure by assuming the migration transition
state involves a net volumetric contraction.

Morphological instability of the growth fronts, observed with
in-plane compression, is an interesting and important considera-
tion in stressed SPEG. Both the initial and recent models of stressed
SPEG can account for this model. However, the initial model
predicts greater stress dependence of the resulting a/crystalline
interface roughness than observed using XTEM. The recent model
does, however, account for the relative insensitivity of the
interfacial roughness with stress. Interfacial roughening also
complicates modeling the growth process due to the formation
of off-axis growth front and likely anisotropy of the transition
states. Thus, it is important to understand that the stressed SPEG
process is more complex than different researchers have modeled
it.

Stressed SPEG also provided a window into examining the
different atomistic processes associated with growth. By selec-
tively altering a single-atomistic process, it was possible to
characterize the energetics of nucleation and migration processes.
The results suggested that SPEG is composed of nucleation and
migration processes with nucleation likely being responsible for
the observed activation energy of 2.7 eV for stress-free SPEG. This
builds upon the defect-mediation model of SPEG, but also accounts
for the recent stress-related results from Rudawski et al.
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