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The activation strain tensor: Nonhydrostatic stress effects on crystal-growth kinetics
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The solid-phase epitaxial-growth rate of crystalline Si from the amorphous Si on the tensile side is

greater than on the compressive side of elastically bent wafers, in marked contrast to the behavior ob-
served under hydrostatic pressure. The phenomenology of an activation strain tensor, the nonhydrostat-
ic analogue of the activation volume, is developed to characterize such measurements. The measure-

ment permits us to characterize to Grst order the entire activation strain tensor for solid-phase epitaxy of
Si(001): The transition state for this process involves an in-plane expansion and a contraction in the
direction normal to the interface. Its symmetry is inconsistent with all proposed bulk point-defect mech-
anisms.

Nonhydrostatic stresses are common during crystal
growth. They can arise in polycrystalline materials from
anisotropic elasticity or thermal expansion, or during re-
crystallization, precipitation, or other solid-state trans-
formations. Even in single crystals, they generally occur
during strained-layer heteroepitaxy or any other epitaxial
growth process involving composition discontinuities or
gradients. The effect of nonhydrostatic stress on the en-
ergetics of phase transformations is currently an area of
active research, ' but its effect on the interfacial or atom-
ic mobilities themselves has not been addressed. Al-
though the effect of pressure on the kinetic rate constants
for crystal growth have been studied, a measurement
of the effect of nonhydrostatic stresses has proved elusive.
This is due in part to the difhculty of imposing a con-
trolled amount of nonhydrostatic stress without having it
partially relieved and rendered, on a fine scale, nonuni-
form by dislocation injection.

Fratello, Hays, and Turnbull found evidence suggest-
ing that nonhydrostatic stresses were even more effective
in enhancing quartz growth than was pressure, but they
were unable to control or quantify the former effect.
Similarly, the solid-phase epitaxial-growth (SPEG) rate of
crystalline Si (c-Si) into self-implanation-amorphized Si
(a-Si) overlays is also enhanced by pressure. Here we re-
port measurements for the effect of nonhydrostatic stress
on this rate, a theory for its consequences on an atomistic
scale, and a comparison to a class of atomistic models for
the SPEG process. The measurement was accomplished
by elastically bending Si wafers over fused quartz rods at
a temperature too low for plastic deformation to occur
but high enough for SPEG to proceed at measurable
rates. The difference between the growth rates on the
compressive and tensile sides of the wafer was measured,
as was the behavior of the growth rate as the stress varied
along the length of the wafer.

Si(001) wafers (p type, 1 0 cm, 0.84 mm thick, polished
on both sides) were implanted on both sides at 77 K with

Si+ (60 keV, 1X10' /cm, and 180 keV, 2X10' /cm )

to create amorphous surface layers 2800 A thick. Wafers
were diced into bars )20 mm long in the [110]direction,

by 5 rnm wide.
Stress was imposed in air with a three-point bending

system, depicted in Fig. 1. The sample rested on a pair of
parallel fused quartz rods spaced 20 mm apart and set
into grooves in a circular brass base plate. A third fused
quartz rod made contact with the sample from above.
Weights were added to the top of the upper plate to con-
trol the stress applied to the sample. The entire ap-
paratus fit snugly into a vertical cylindrical furnace. A
Chromel-Alumel therrnocouple was in contact with the
sample. An unstressed "calibration sample, " which had
only the top surface implanted, lay below the stressed
sample; it served to calibrate temperatures and/or gra-
dients.

The apparatus was pre-heated in the furnace to
—560'C. The top piece of the apparatus was removed
and the sample and "calibration sample" were inserted;
this resulted in a temperature drop of slightly more than

F„

P

FIG. 1. Schematic cross section of three-point bending ap-
paratus for annealing wafers under nonhydrostatic stress. S:
sample, cross-hatched areas correspond to amorphous Si; C:
calibration sample; Q: fused quartz support rods; P: brass plate;
G.. guide posts; TC: thermocouple; H: heating element; F:
weights; L: lid.
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20'C. Subsequently the temperature was stabilized at
540+2'C within 8 min. Concurrently, the appropriate
weight was completely added within 4 min. Typical an-
neal durations were 60—90 min. The sample was re-
moved from the furnace immediately after the load was
lifted. After annealing, the thickness of the remaining a-
Si layer was determined by Rutherford backscattering
spectrometry and ion channeling. The beam spot diame-
ter was —1.5 mm.

The stress state of the bar-shaped wafer in bending can
be approximated as a uniaxial stress that varies linearly
through the wafer thickness, with one side in compres-
sion and the other side in an equal amount of tension.
Under the three-point bending load, the stress in the
wafer also varies linearly from the single loading point at
the center silica rod to the points of contact of the two
supporting end rods. The magnitude of the stress is max-
imum on the wafer surface at the central loading point,
and is zero at the point of contact of the two supporting
end rods. At the wafer surface,
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where o.; is the stress tensor, x is the distance from the
point of contact of the center rod, I. is the length of the
bar between the supporting end rods, I' is the loading
force on the bar, b is the width, and h is the thickness of
the bar. All other o.; are zero in this approximation.
The stress calculated from Eq. (1) exists in the crystal at
the crystalline-amorphous interface. There is no stress in
the bulk of the a-Si due to stress relief by viscous Aow.

The growth rate for a sample whose maximum stress
was o.

&&
=6 kbar during an anneal at 540'C for 76 min is

shown in Fig. 2(a). The tensile side (dashed curve) grew
faster and the compressive side (solid curve) of this wafer
grew slower than did either side of two "control samples"
(circles and triangles), which were annealed at low stress
on separate runs in the same loading configuration as the
high stress samples (note: these are different from the
"calibration samples" ). The load on the control samples
was not reduced all the way to zero, in order to maintain
the same thermal contact between wafer and silica rods
as in the high-stress sample. The growth rates on the ten-
sile and compressive sides approach each other as
x=+10 mm, where the stress vanishes, is approached.
In Figs. 2(b) and 2(c) we show similar results for different
wafers stressed to 6 kbar for 70 min and 5 kbar for 60
min, respectively. In all cases, the difference between the
growth rates on the tensile and compressive sides is max-
imum in the center of the wafer, where the stress
difference is maximum; and no such effect is observed for
the control samples, which were exposed to an identical
thermal environment.

The failure of the growth rates on the tensile and
compressive sides to surround symmetrically the growth
rates in the control samples is probably due to a small
sample-to-sample variation in anneal temperature. How-
ever, even if there had been no control samples, the tem-
perature difference between two sides of any particular
wafer is far too small to be invoked to account for the
difference in growth rates. It is also possible that the a-
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FIG. 2. Variation of average solid phase epitaxial growth
rate at 540'C with stress along length of bent wafer. Dashed
line: tensile side of specimen; solid line: compressive side. In
each case the magnitude of o.», indicated in the figure, is max-
imum in the center (x =0), and varies linearly to zero at the
ends (x=+10 mm). Dotted lines connect points taken from
"control" samples under minimal load. Circles correspond to
growth on opposite sides on of one control sample; triangles to
opposite sides of another. Differences between tensile and
compressive sides of high-stress samples are greatest in the
center, where the stress difference is maximum, and lowest at
the ends, where stresses vanish.
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Si layer becomes thinner on the tensile side, and thicker
on the compressive side, by flow. The observed effect is
over three times too large to be due to flow alone, even if
there is sufficient flow to completely relax all stresses in
the a-Si.

All data from Fig. 2 are divided by the best-fit zero-
stress velocity for each sample, and plotted in Fig. 3 to
display the effect of applied stress on the velocity. The
curve fitted to the data is derived from an extension of
transition-state theory (TST) to nonhydrostatic stress
states, as described below.

The constant activation energy' and activation
volume of the SPEG rate of Si indicate that TST is an
appropriate basis for the description of this process. Ac-
cording to TST," the transition rate is proportional to
the probability of a fluctuation from the starting state a
to the transition state a*. The atomistic nature of the
transition state for the rate-limiting step of the SPEG
process is still a matter of debate. ' ' For TST, it need
only be identified as a thermodynamic subsystem in
thermal and mechanical contact with a solid reservoir.
From a battery of measurements the energy, volume, etc. ,
of the transition state, relative to the starting state, have
been deduced through TST.

Nonhydrostatic stress states affect the thermodynamics
of the system, altering the probability of a fluctuation to
the transition state. The generalization of TST to nonhy-
drostatic stresses is not straightforward because the
chemical potential is not defined within a nonhydrostati-
cally stressed solid. ' However, Landau and Lifshitz
treat the appropriate fluctuations for fluids under con-
stant hydrostatic pressure' without using the chemical
potential, by considering the equilibrium fluctuations of

the thermodynamic variables in a closed system. Here
we generalize to nonhydrostatic conditions.

The development of TST under nonhydrostatic condi-
tions must be performed with some care because, (i)
strain, per se, is not conserved in a closed system in the
same way that volume is conserved, (ii) the small strain
approximation may not be valid, (iii) stresses in a solid
reservoir, unlike the pressure in a large fluid reservoir,
are neither constant nor spatially uniform during the
transition a~a', and (iv) stresses are not necessarily
continuous across the subsystem-reservoir boundary.

In the a —+a* fluctuation, the subsystem undergoes a
chemical change to a configuration with a different size
and shape. This same change may be brought about by
an external agent performing mechanical work R on the
subsystem. The growth velocity U is proportional to the
fluctuation rate, which is proportional to
exp( R— ;„/kT). Here R;„ is the minimum value of R,
done on a reversible path, and kT has the usual meaning.

We wish to determine I)R;„/Bo; . This can be done
using Rice's thermodynamic formalism' for solids with
internal variables such as the position of a dislocation or,
in our case, the shape change of a small internal volume
element (the "subsystem") surrounding the atoms in-
volved in the fluctuation from a to a*. We label the mac-
roscopic, externally applied stress field o.;

"and the mac-
roscopic strain of the sample c,;.". The strain in the sub-
system is not necessarily small, necessitating the use of
the deformation gradient e " =—I)uj. /Bx;, where u is the
displacement field. The stresses on the boundaries of the
subsystem are T~j (cr; ",e " ), where TJ (the first Piola-
Kirchhoff stress) is the ratio of actual force to original,
undeformed area. R in is obtained from the product of
the forces and the displacements on the boundaries of the
subsystem during the transition a —+a ':

—@sub Tsub(~mac esub)desub (&)min 0 ij tj'~ ij ija

where Vou is the volume of the subsystem in state a. The
stress derivatives of R;„are then given by

U
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We introduce N, Rice's generalized Helmholz free energy
that includes the work done by internal variables. At
constant temperature it is defined by
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where Vo" is the sample volume. From its dual poten-
tial on strain, 4=4—Vo "o.; "c.; "follows the Maxwell
relation
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FIG. 3. Variation of growth rate with applied stress for all
samples. Open symbols correspond to high-stress samples in
Fig. 2. Scatter in data can be reduced by taking into considera-
tion controls and the trends evident from Fig. 2, but such ma-
nipulations are not necessary to obtain an approximate magni-
tude for the stress effect. Curve is fit to Eq. (7) with
5V)*) =0.15Q.

gTsub Q~mac

Vsub g — Vmac
mac g sub
1J /J

Substitution into (3) yields

BR = —AV;*,
gappl rJ

fJ

Ve —V &e., a and c. ' —f aed&mac is the ac-ij 0 ij &J J a ~J
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tivation strain tensor, which takes the sample from the
configuration a to a*. Hence,

U ( cr, ")= u (0)exp
mhc+ V4
Lj EJ

(7)

The above derivation assumed the strain to be uniform
over the subsystem. We do not prove it here, but Eq. (7)
still holds without this assumption.

For the purposes of model building, it would also be in-
structive to know how the microscopic shape change of
the subsystem determines the stress dependence of u.
From classical continuum elasticity theory, under certain
conditions we will have

Vmac +,mac Vsubt +,
0 ~ij 0 ij

where t;* is the "transformation strain" of the subsys-
tem, ' i.e., the shape change of the subsystem during the
transition a ~a * in the absence of the constraining
effects of the surrounding solid material. Equation (8)
holds if strains are small, the elastic constants are the
same in the subsystem and in the surroundings in both
states a and a *, and no sliding and no gaps occur at the
boundary of the subsystem.

The curve in Fig. 3 is a fit to Eq. (7). We find
AV» =(0.15+0.01)Q, where 0 is the atomic volume of
c-Si. Since symmetry requires that c.z2=c.», and since we
have previously measured the activation volume (the
trace of 6 V;*) to be b, V*= —0.28Q, we have
5V33 /Q = —0.58. Hence the transition state involves an
in-plane expansion and a contraction in the direction nor-
mal to the interface. ' From this we predict that (i) biaxi-
al stress of the type normally encountered in heteroepi-
taxy will have twice the effect of uniaxial stress; (ii) uniax-
ial compression in the direction normal to the interface
will enhance the growth rate even more than does hydro-
static pressure. This explains the excessive magnitude of
the apparent AV* measured in a piston-cylinder ap-
paratus, in which a nonhydrostatic component of just
this type might be expected, in an early experiment.

By comparing SPEG and crystal self-diffusion rates we
ruled out models in which thermal generation and motion
to the interface of point defects from the bulk of the crys-
tal were the rate-limiting steps for crystal growth. The
shape of the measured activation strain tensor is incon-
sistent with the formation or motion of any point defect
in the bulk of either phase. With these mechanisms, the
measured activation strain tensor is the sum of a strain of
defect formation and a strain of defect migration, and the
measurement yields an average over many defects during
the growth of many monolayers of material. The average
strain of point-defect formation must be isotropic in
amorphous phases and in cubic crystals. The strain of
migration, however, need not be isotropic. Consider, for
example, tension in the plane of the interface opening up
more space for atoms to migrate toward the interface,
enhancing their mobility in the [001]direction only. This

would be consistent with our observation of in-plane
tension-enhanced growth rates. However, in this case hy-
drostatic pressure will correspondingly reduce that space
and consequently reduce the mobility, which is contrary
to our observation of pressure-enhanced growth rates.
Furthermore, creep measurements ' indicate that the
stresses should be fully relaxed in the amorphous phase in
our experiments. For bulk amorphous point-defect
mechanisms under these circumstances, wafer-bending
cannot affect the growth rate at all.

These results imply that a substantial contribution to
the rate-limiting step for the growth process must come
from defect formation or motion at the c-a interface
They are inconsistent with all bulk point-defect mecha-
nisms proposed to date, ' but consistent with proposed
interface point-defect mechanisms. ' As we have
shown' that the Williams-Elliman interfacial kink site
mechanism is a special case of the Spaepen-Turnbull in-
terfacial dangling bond mechanism, all proposed mecha-
nisms except one have been eliminated. Point-defect gen-
eration in the bulk is not entirely impossible, but it must
be accompanied by a significant barrier to motion in or
incorporation into the interface. Because the two pro-
cesses combined in series would have to display a con-
stant activation energy over ten decades in rate, ' it
seems highly implausible that transport of bulk point de-
fects to the interface plays any role in determining the
rate of thermal SPEG.

Crystal symmetry also requires that if there is a single
transition state then all nondiagonal elements to the ac-
tivation strain tensor must be zero for the Si(001) inter-
face. Symmetry-equivalent transition states are possible
with, e.g. , opposite values of the shear c,3&, in which case
lnU would be parabolic, to lowest order, in o.». A mea-
surement of the F3& dependence for differently oriented
wafers, however, might yield off-diagonal elements.

Note added in proof. The prediction that biaxial stress
as normally encountered in heteroepitaxy will have twice
the effect of uniaxial stress has been confirmed. By com-
paring SPEG rates on stressed and stress-related sub-
strates during heteroepitaxy of Si, Ge„on Si, Hong
et al. [Q.-Z. Hong, J. G. Zhu, J. W. Mayer, W. Xia, and
S. S. Lau, J. Appl. Phys. (to be published)] find
6 V&&

= +0.170 for samples under biaxial compression.
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