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A dual-timescale model of stressed solid-phase epitaxial growth is developed to provide a basis for the atomistic interpretation of
experiments where the macroscopic growth velocity of (0 0 1) Si was studied as a function of uniaxial stress applied in the plane of
the growth interface. The model builds upon prior empirical modeling, but is a signiﬁcant improvement as it provides solid physical
bases as to the origin of growth being dual-timescale and more accurately models growth kinetics.
Ó 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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The epitaxial amorphous (a) to crystalline phase
transformation under applied mechanical stress, or
stressed solid-phase epitaxial growth (SPEG), has been
a topic of fundamental [1–14] and technological [15–
19] interest for many years. However, although the macroscopic considerations of the stressed-SPEG process
have been studied in several diﬀerent materials systems
under many diﬀerent states of applied stress, the atomistic considerations of the process are somewhat poorly
understood.
Prior work [3] modeled the velocity of the a/crystalline (growth) interface, v, with an applied stress state,
rij, as a generalization of the continuous growth model
of Wilson [20] (which does not address atomic-level processes and is single timescale) based on the strong Arrhenius-type [21] behavior [22,23] of v. This approach
explained pure hydrostatic [1,2] and normal uniaxial
compression-enhanced growth [6] (albeit with some
inconsistency [12]), but could not be reasonably extended to explain cases of growth where uniaxial [10–
14] or biaxial stress [7] was applied in the plane of the
growth interface.
After observing compelling, highly-repeatable data
for v in (0 0 1) Si as a function of r11 applied along
[1 1 0] (uniaxial stress in the plane of the growth interface), where v with r11 > 0 (tension) was unchanged
from the stress-free case and v with r11 < 0 (compression) was retarded to an asymptotic value, Rudawski
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et al. [12] advanced the possibility of SPEG being a multiple-timescale process. Speciﬁcally, v in (0 0 1) Si as a
function of r11 was empirically modeled as
v¼

h
sA ð0Þ þ sB ð0Þ exp



DV B11 r11
kT

þ

h
sA ð0Þ þ sB ð0Þ

ð1Þ

where sA(0) and sB(0) are the rij = 0 values of two arbitrary timescales associated with atomic-level growth
processes, h = 0.14 nm is the monolayer height, kT has
the usual meaning and DV B11 is the activation volume
associated with sB when r11 is applied. For SPEG at
T 6 525°C, this empirical approach was able to qualitatively and quantitatively explain the observed v vs. r11
behavior [11–14], but could not quantitatively account
for growth at T P 550 °C. Additionally, the atomistic
origins of sA and sB were unclear.
In this letter, a dual-timescale modeling approach to
explain the compelling experimental results from
Rudawski et al. [12] is presented. However, rather than
employing an empirical approach, the origins of each
timescale, one associated with island nucleation and
the other with island ledge migration, are rigorously derived from atomistic considerations of growth from the
solid phase, thus providing a clear theoretical framework to understanding the role of applied stress on
SPEG. Additionally, the model is shown to be capable
of greater quantitative agreement with observed
stressed-SPEG data (compared to the prior empirical
[12] model) for a range of growth temperatures and
therefore provides a signiﬁcant improvement in the
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understanding of the atomistic nature of the stressedSPEG process.
SPEG has been likened to liquid-phase epitaxial
growth, of which the atomistics have been addressed for
some time [20,24,25]. Deﬁning a coordinate frame of reference, the one and two axes lie within the growth interface, with axis three parallel to the macroscopic growth
direction. When growth is thermodynamically favorable
on an atomically sharp growth interface, initial crystal island nuclei with height h form on the interface and the island ledges propagate laterally within the plane of the
growth interface with velocities vm,1 and vm,2. When the island reaches a minimum area, Amin, a second island will
nucleate on top of the ﬁrst one. This process is shown
schematically in Figure 1. The timescale, s, for this process
to complete (assuming an eﬀectively inﬁnite growth interface) relates to the macroscopic growth velocity via

1=2
h
pvm;1 vm;2
v¼ ¼h
ð2Þ
Amin
s
which can be equivalently written in terms of the rate of
nucleation per unit area, J [24]. This model assumes that
ledges may propagate from a nucleus with initial radius,
r0, essentially zero. However, a cylindrical island with
<1 1 0>-aligned ledges (believed to be the case for any
a-Si/Si interface not atomically sharp [26]) must achieve
radius
cf011g
cL
r ¼

ð3Þ
DGv h
DGv

a

-Si
r0

[001]

Si

h
3 2
1

b
vm,2

vm,1

before being stable, where cL is the step-edge tension
(approximately equal to the a-Si/{0 1 1} Si interfacial energy, c{011}, multiplied by h) and DGv is the free energy difference per unit volume. Thus, after an underlying island
achieves Amin, only through random atomic vibrations
can a new island with r0 = r* form, which requires a ﬁnite
amount of time. This timescale, referred to as the nucleation timescale, sn, is instantaneous for r0 = 0, but is
non-negligible if r0 – 0.
Thus, the growth process is separated into two timescales: sn and the migration timescale, sm, which is the
time required for an island to achieve Amin after initial
nucleation via migration of the island ledges with
h
ð4Þ
v¼
sn þ s m
Determining sn ﬁrst requires determining the number
of crystalline bonds, N, which must form to nucleate an
island with r0 = r*. For the case of (0 0 1) SPEG, this is given by N = pr*2hqvnv/2, where qv = 5  1022 cm3 and
nv = 4 are the atomic density and coordination number
as shown in Figure 2. Using the reported heat of crystallization DHc = 12 kJ mol1 [27] and the calculated planar
{0 1 1} atomic density q{011} = 9.7  1018 m2, c{011} =
0.85DHcq{011} = 0.2 J m2 (from Spaepen [28]) with
DGv  6.7  108 J m3 [27]. Thus, r*  0.22 nm (reasonably independent of temperature). It is then calculated
that, for the case of (0 0 1) Si (h = 0.14 nm), N  4 bonds
must be rearranged.
In relating sn to N, consider that (i) SPEG typically occurs far from equilibrium [23] and (ii) the a-Si phase is
essentially a distortion [28] of bond lengths and angles
of the crystalline counterpart, and correcting these distortions is accomplished by breaking and reforming bonds.
The probability of the bond of an atom in the neighboring
amorphous phase ﬂuctuating and resulting in being the
correct position to form crystalline material is given by


1
En
P¼
ð5Þ
exp
kT
ZðEÞ
where En is the energy of the activated transition state
(close to the energy required to break a Si–Si bond)
and Z(E) is the partition function. Thus,
1
Px
¼
s n nv N

ð6Þ

where x is the atomic vibration frequency.

c

Amin

a

b

[001]
[110]

Figure 1. Atomistic schematics of the SPEG process: (a) nucleation of
an initial island with radius r0 and monolayer height h, followed by (b)
in-plane migration of island ledges with velocities vm,1 and vm,2,
followed by (c) the island achieving area Amin such that the nucleation
of a second island with r0 can occur on top of the original island. The
monolayer height divided by the total time elapsed between (a) and (c)
corresponds to the macroscopic growth velocity.

Figure 2. Atomistic schematics of island nucleation on an a-Si/(0 0 1)
Si interface: (a) an initially planar interface and (b) after nucleation of
an island. The thick black dashed line, thin black dashed lines, thin
black solid lines and thick red solid lines represent the a/crystalline
interface, bonds across the interface, bonds within pre-existing
crystalline material and crystalline bonds formed within the nucleated
island, respectively. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this paper.)
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Once a nuclei with r0 = r* has formed, ledge migration can commence. The relationship between sm, Amin,
r0, vm,1 and vm,2 is easily shown to be parabolic in nature
as given by

2pvm;1 vm;2

ð7Þ
Since SPEG typically occurs far from equilibrium [25]
and ledge motion does not require the generation of
excess interfacial area, the ledge velocity along the
ith in-plane direction can be deﬁned as vm,i = MijDxj,
where Mij is the ledge mobility tensor and Dxj is the
ledge migration vector with Mij isotropic for (0 0 1)oriented growth. Since ledge mobility is related to
the rate at which bonds in the adjacent amorphous
phase can rearrange and form crystalline material,
similarly to the case of nucleation, Mij can be further
deﬁned as Mij = Mij0exp(Em,ij/kT), where Em,ij and
Mij0 are the activation energy and pre-exponential factor for component ij.
Next, the role of applied stress on each timescale can
be determined by understanding the volumetric deformation associated with the transition state of each process. For the case of sn (a scalar), the eﬀect of applied
stress is given by
 n 
DV ij rij
1
1
exp
¼
kT
sn sn ð0Þ

ð8Þ

where sn(0) is the stress-free value of sn and DV nij is the
activation volume tensor associated with the nucleation
transition state (assuming negligible change to x from
rij). Forming an island causes deformation primarily
along the growth direction (analogous to interstitial formation near a surface [29]) and, thus, considering necessary symmetry constraints, only DV n33 is non-zero in DV nij
for the a-Si/(0 0 1) Si interface. Therefore, only r33 can
alter sn.
The case of ledge migration is diﬀerent from nucleation since vm,i is proportional to mobility, a second-order tensor, with


DV m;ij
kl rij
M ij ¼ M ij ð0Þ exp
kT

h

v¼
sn ð0Þ þ vm;11ð0Þ

A

min

pr

 r



2

ðAmin pr Þ 
1 þ  2pp
ﬃﬃﬃﬃﬃﬃﬃﬃ  exp
pAmin pr

r



m;11
DV 11
r11
kT



1

ð10Þ

where vm,1(0)=M11(0)Dx1. Eq. (10) was ﬁtted to the observed (0 0 1)-oriented v vs. r11 (along the in-plane
[1 1 0] direction) data from Rudawski et al. [12] for different T using least-squares regression analysis, as
shown in Figure 3, with the predicted behavior of Eq.
(1), the prior empirical dual-timescale model [11,12],
provided for reference. For each T, r11 > 0 did not
appreciably change v compared to the stress-free case,
while r11 < 0 tended to retard v to a limiting value.
For T 6 525 °C, Eq. (1) matches well with the observed
v vs. r11 behavior, but has signiﬁcant negative deviation
for r11 < 0 when T P 550 °C. However, Eq. (10) provides excellent agreement with the observed v vs. r11
behavior for all T. The values of sn(0), vm,1(0), Amin,
and DV m;11
obtained by ﬁtting Eq. (10) to the data from
11
Rudawski et al. [12] for each value of T are shown in Table 1, with sn(0) and vm,1(0) decreasing and increasing
with increasing temperature, respectively. Amin and
DV m;11
11 both appear to be temperature-independent, with
typical values of 50 nm2 and 12 X, where X is the
atomic volume of Si. The behavior of the logarithm of
sn(0)1 and vm,1(0) vs. the reciprocal of kT is highly linear (not presented) and indicates that each process is
Arrhenius in nature, as expected, with En = 2.5 ± 0.1 eV
(assuming T-independent x, which is reasonable for the
temperatures studied by Rudawski et al. [12]) and
Em,11 = 2.8 ± 0.2 eV extracted.
The apparent temperature-independence of DV m;11
is
11
reasonable and expected since it is related to the volumetric deformation associated with each localized atomistic transition state and it was shown that Em,11 is
constant over this temperature range. The relatively
large magnitude of DV m;11
(compared with most
11
processes which occur in bulk Si [30]) is indicative of

Eq. (1)
Eq. (10)

T = 575 °C
T = 550 °C


ð9Þ
m;ij
kl

where Mij(0) is the stress-free version of Mij and DV
is
the activation volume tensor associated with ledge
mobility (a fourth-order tensor). In the case of a ledge
migrating within the growth interface, the associated
transition state will predominantly have a volumetric
deformation component aligned with a given migration
direction (longitudinal), DV m;11
for vm,1 (equivalent to
11
for
v
),
and
the
macroscopic
growth direction
DV m;22
m,2
22
(transverse), DV m;11
for vm,1 (equivalent to DV m;22
for
33
33
vm,2). Thus, if r11 is applied, vm,1 will be inﬂuenced as given by vm;1 ¼ M 11 ð0ÞDx1 expðDV m;11
11 r11 =kT Þ while vm,2
will be unchanged; application of r33 would alter vm,1
and vm,2 equally. Combining and manipulating the necessary equations, v as a function of r11 is given by

102

v (nm/h)

sm ¼

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pr ðvm;1 þvm;2 Þþ p2 r2 ðvm;1 þvm;2 Þ2 4pvm;1 vm;2 ðpr2 Amin Þ
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Figure 3. Plot of the measured (0 0 1)-oriented growth velocity (v) vs.
applied in-plane uniaxial stress along [1 1 0] (r11) for annealing
temperatures T of 500–575 °C from Rudawski et al. [12]. The v vs.
r11 behavior ﬁts using Eq. (1) (prior empirical dual-timescale model
[12]) and Eq. (10) (new dual-timescale model) are provided for
reference. For T 6 525 °C, Eqs. (1) and (10) provide essentially
indistinguishable ﬁts.
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Table 1. The T-dependence of sn(0), vm,1(0), Amin and DV m;11
as
11
determined by ﬁtting Eq. (10) to the data of Figure 3.
T (°C)

sn(0) (s)

vm,1(0) (nm s1)

Amin (nm2)

m;11
DV 11
(X)

500
525
550
575

48.6 ± 5.0
14.8 ± 2.0
4.5 ± 0.5
1.8 ± 0.2

2.4 ± 0.1
8.0 ± 0.8
38.0 ± 4.0
96.0 ± 9.0

49 ± 5
52 ± 5
51 ± 5
42 ± 4

13 ± 1
12 ± 1
12 ± 1
14 ± 1

coordinated atomic motion during ledge migration,
which has been analogously described elsewhere [11,31].
Regarding the apparent temperature-independence of
Amin, it can be shown that [24,32]

1=3
3pvm;1 vm;2
Amin ¼
ð11Þ
J2
(assuming r0 = 0), therefore implying ledge mobility has
the same temperature-dependence as J. This is intuitive
and reasonable, since both ledge migration and island
nucleation are controlled by the same process of bond
breaking and rearrangement; with the system typically
far from equilibrium during SPEG [25], kinetic limitations eﬀectively control growth. This is supported by
the observation that En  Em,11.
As a ﬁnal note, though it is not shown here, it is possible to generalize v with any arbitrary rij using the model presented to explain prior results of stressed-SPEG
where diﬀerent stress states were applied [1–14].
In summary, a dual-timescale model of stressed
SPEG was presented to explain the compelling stressdependent growth kinetics observed in prior work. This
approach builds upon prior speculations and empirical
modeling of growth being dual-timescale, but is a significant improvement in that the newly developed framework has solid atomistic bases (as per related work in
growth from the liquid phase) and can more accurately
model stressed growth kinetics.
The authors acknowledge S.R. Phillpot from
the University of Florida for thoughtful discussions.
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