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Abstract

We have measured the effect of non-hydrostatic stress on kinetics and interfacial
roughness during solid-phase epitaxial growth (SPEG) in Si. In both intrinsic and boron
doped samples we find that stress applied perpendicular to the amorphous-crystal
interface acts to enhance the growth rate. The enhancement is qualitatively but not
quantitatively in agreement with previously made predictions.

We also find that stress applied parallel to the interface acts to retard the growth rate,
in agreement with previous measurements, for both intrinsic and boron doped samples.
In addition, stress applied parallel to the interface can cause the interface to roughen as
growth proceeds. This is observed on a small scale in initially flat intrinsic samples
which have been regrown under stress. We see a much more pronounced effect using
samples with pattemed interfaces. Finally, we observe that in boron doped samples
stress can dramatically enhance the interfacial roughness during growth.

To study the roughening process in more detail, we have developed simulations of
interfacial evolution which use all of the available phenomenological parameters. The

simulations qualitatively account for the behavior seen in experiments.
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Chapter 1: Introduction

Crystal growth frequently occurs under conditions of nonhydrostatic stress. For
example, during epitaxial growth of a thin film on a substrate, differences in lattice
parameter or thermal expansion between film and substrate can lead to significant stresses
during growth. Generally, for an atomic process that mediates crystal growth, we can

write the rate of motion of the atoms, or generally the rate of the transformation, as:

Rate = (Mobility) x (Driving Force) (1.1)

Studies of stress effects on crystal growth have primarily focused on the effects of
stress on the driving forces that govern the growth rate and stability of the growing film.
However, little attention has been paid to the effect of stress on the mobilities of the
interfaces or the atomic species involved in growth. This is largely due to the difficulties
associated with sustaining non-hydrostatic stress in the presence of strain-relief
mechanisms such as creep or dislocation motion. Additionally, it is often quite difficult to
separate mobilities from driving forces for a given kinetic process.

In this thesis, we take solid phase epitaxial growth (SPEG) of crystalline Si into
amorphous S1 as a test case for understanding the effect of stress on atomic mobilities. The
SPEG process is illustrated in figure 1.1. It is an ideal system for separating mobility
effects from driving force effects because the driving force varies negligibly compared to
the mobility over the entire range of temperature and pressure studied. Additionally, SPEG
in pure Si is a clean process in which the thermodynamics of both amorphous and crystal

phases are well understood; only one atomic species is involved; and the direction of
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Figure 1.1: A cartoon of the SPEG process. A layer of amorphous Si is
formed on a substrate of crystalline Si. At high temperature,
atoms in the amorphous phase reorder at the interface using
the underlying crystal lattice as a template. The end result is
a single-crystal film with the same orientation as the substrate.
A small amount of damage in the crystal is typically left behind
at the location of the original amorphous-crystal interface.



growth is easily controlled. Non-hydrostatic stress experiments on SPEG in Si are
possible because SPEG rates are easily measurable at temperatures below the ductile-brittle
transition[1] in crystalline Si. By studying SPEG in Si, we can also begin to understand
how stress-dependent mobilities can affect the morphological evolution of surfaces or
interfaces. In systems where driving force effects dominate, surface and interfacial
instability under conditions of nonhydrostatic stress has been extensively studied. Until
recently, we have had very little information on how a stress-dependent mobility might
affect the stability of an initially flat surface or interface against rippling, facetting, or
roughening.

In addition, by studying stress effects on SPEG in pure Si, we can further the
understanding of SPEG in IV-IV semiconductor alloy layers. For instance, in the growth
of Si-Ge alloys, which are technologically important, composition and stress both play a
role in determining the morphological evolution of the growing interface and the quality of
the final crystallized film. Considerable work has been done to attempt to separate out the
two effects. Much is known about the critical composition for the onset of roughening, the
stress and nature of defects in the crystallized layer, ef cetera. Still, the mechanism by
which interfacial roughening and subsequent defect generation occurs is unclear.

Olson and Roth [2] measured the temperature dependence of the SPEG rate in pure Si
over the temperature range of 500°C to 1350°C and found Arrhenius behavior over 10
orders of magnitude in growth rate. From their data, the SPEG rate, v, is described by

®

AE
v=U,e kgT (1.2)

with measured values of the prefactor v,=4.64x108 cm/sec and activation energy AE*=
2.70 eV. Given Arrhenius behavior over this extremely wide range (apparently the largest
ever measured for growth) it is justified to use a simple transition state theory (TST) model

to describe the growth rate. This model assumes that a single, unimolecular, defect-
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mediated mechanism controls the SPEG rate in the temperature range of interest. A simple
reaction coordinate diagram for this process is given as figure 1.2. Within this model, the

growth rate can be expressed as[3]

v=|vex as” ex (AE” + PAV") o| 1—exp AGqe
e e e kaT kgT
* x*
vy oxpl ~BE_TPAVON T (AGg
kgT kgT

where the last factor in brackets represents the driving force for growth and we term it the

(1.3)

thermodynamic factor. The prefactor vll contains factors such as the attempt frequency
and defect hopping distance, and along with the thermodynamic factor it is equal to v,
above in equation (1.2). The middle factor in (1.3) represents the temperature and pressure
dependence of the mobility, and we term it the mobility factor. AV* is the activation
volume, which is analogous to the activation energy AE* in that it represents the change in
volume of the system (crystal and amorphous) when the defect mediating the growth

moves from the initial state (a) to the activated state, (*), in figure 1.2.

For SPEG in Si, the thermodynamic factor can be calculated using the free energy
difference, AG,., between amorphous and crystalline silicon measured by Donovan, et
al.[4] The last term in brackets in equation (1.3) is only one possible way to write the

functional form for the thermodynamic factor. As discussed in Chapter 4, the proper

functional dependence of the thermodynamic factor on AG,, is not known. However,
using the value for AG,. measured by Donovan et.al., we can calculate the thermodynamic
factor for all the plausible functional forms, and find that it varies by no more than a factor
of 2 over the entire temperature range studied by Olson and Roth, and similarly for the
pressure range studied by Lu et.al. Given that the mobility factor varies by more than 10

orders of magnitude over the range of 500°C to 1350°C, it is not
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Reaction Coordinate

Figure 1.2: Reaction Coordinate Diagram. As crystallization
proceeds, an atom in the amorphous phase at (a)
must surmount the barrier (*) in order to crystallize
to (c).
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unreasonable to consider the thermodynamic factor as virtually constant. Hence, we have a
good chance of separating out mobility effects from driving force effects.
From equation (1.3), considering the thermodynamic factor as virtually constant, the

pressure dependence of the rate is given by

AV* =g 280

1.4
9P (14

A negative AV* characterizes an enhancement of the rate with pressure, whereas a positive
value characterizes a retardation. Lu et al. found that SPEG is exponentially enhanced by
pressure, characterized by a constant activation volume of AV*=-0.28 Q, where Q is the
atomic volume of Si. Since AV” represents the volume change for creation and migration
of the defect mediating the atomic rearrangement, measurement of AV* can be valuable in
that any proposed atomistic mechanism of the kinetic process must be consistent with that
volume change. For instance, pressure will act to reduce vacancy concentrations in
crystalline systems, indicating that a positive AV* should be observed experimentally.
Based on their results, and a full survey of the available Si SPEG data, Lu, et al. identified
the Spaepen and Tumnbull dangling bond mechanism [5] as the most likely candidate for the
process by which SPEG occurs.

Aziz, Sabin, and Lu [6] made the first measurements of the effect of non-hydrostatic
stress on SPEG. In contrast to the enhancement seen with increasing hydrostatic
compression, they found that uniaxial compression applied in the plane of the growing
layer served to slightly retard the SPEG rate. Uniaxial tension also slightly enhanced the
rate. To describe these observations, TST was extended to include the effects of non-
hydrostatic stress. The resulting parameter that describes the stress dependence of the

SPEG rate is called the activation strain, expressed as

* aln(v)
Vi = kT ——=.
AV} = kg 0, (1.5)
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In contrast to the simple case of hydrostatic pressure, under a general state of stress the
activation volume generalizes to a tensor, the components of which describe the response
of the SPEG rate to the applied tensions and shears. Physically, AV,-;- is the strain of the
sample (times its volume) when the defect moves from (a) to (*). In the presence of a
hydrostatic stress state, (1.5) reduces to (1.4), with

AV =Y Av;
i (1.6)

For the case of SPEG of [001] Si, symmetry dictates that the first two diagonal elements,
AV{ 1 and AVEZ, are equal, and that all off-diagonal components are zero. Aziz et al. fit
their data to (1.5) and found AVj =AV5,= +0.15 Q.

Goals of this thesis

Because AV* is the trace of AV,;, it is deduced that

AVy; =AV™ —2AV]; =-0.58 Q. (1.7)

Based on this inferred value of AV;3, Aziz et al. made the prediction that uniaxial
compression applied perpendicular to the growing interface should enhance the growth rate
even more than hydrostatic pressure. One goal of this thesis is to test this prediction, and
our efforts to do this for both intrinsic and doped Si SPEG samples are described in
Chapter 2.

Aziz et.al. used ex situ RBS measurements to obtain AVf 1 =+0.15 Q. Because their
measurements were made ex sifw, they had no information on any possible time
dependence of AV{ 1- In addition, RBS measurements can be insensitive to interfacial
roughness. The second goal of this thesis is to measure the effect of 61) on the SPEG rate
using time-resolved reflectivity (TRR). TRR measurements can measure interface velocity

more accurately than RBS, and are time-resolved. Hence, any time-dependence of the



velocity when the sample is under stress, and hence of AV; 1» can be determined. Also
TRR is sensitive to changes in interfacial roughness. Measurements of the time
dependence of AV} and the effect of 61 on interfacial roughness during SPEG are
described in Chapter 3, for both intrinsic and doped samples.

Finally, up to this point there has been no satisfactory description of the mechanisms by
which interfacial instability can occur during SPEG. To address this deficiency, we
describe simulations of the morphological evolution of rough interfaces during SPEG in
Chapter 4. We simulate interfacial motion by approximating the interface as a series of
intersecting line segments. Stresses on the interface are calculated using the boundary-
element method of Gray, et.al [7]. We treat cases where a) the crystal is held under an
externally applied stress during growth, b) the interface is moving through a composition

gradient of some rate-enhancing impurity.
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Chapter 2: Measurement of AV,

2.1 Measurement of AV3; in intrinsic Si

The most straightforward measurement of AV;3 is made by applying a pure 633 (i.e.
all other applied stresses are zero) to a sample undergoing SPEG. The arrangement shown
in figure 2.1 was devised to provide such a stress state. In this arrangement, two long bars
of Si, the polished ends of which have been amorphized to produce amorphous layers, are
compressed face to face. Stresses other than the desired 633 can be produced by
constraints imposed on the end of either bar. Such stresses might arise, for instance, from
friction between the loading surface and the end of the bar preventing lateral Poisson
expansion. For bars with a large enough aspect ratio, these stresses should relax and
become negligible near the center, provided the bars are long enough compared to their
width. Using St. Venant's principle [1] as a guide, boundary stresses should be almost
entirely relieved at the center of the arrangement with an aspect ratio between 2 to 1 and 3
to 1. An aspect ratio of 3 to | was chosen.
2.1.1 Experimental Apparatus and Method

The experimental apparatus for annealing samples under stress is shown in figure 2.2.
The entire arrangement is fixed to the load frame of a model 8501 Instron universal
mechanical testing machine. The tube and pistons shown in the figure are constructed from
Haynes 230, a high-strength high-temperature nickel-based alloy. The piston surfaces are
machined or ground to be parallel within 0.1°. Additionally, the piston and tube surfaces

are lubricated with either graphite or MoS2 to minimize friction. The extensions of the
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Figure 2.1: Arrangement for applying stress to SPEG samples.
The aspect ratio of 3 to 1 for each bar is chosen to
reduce the effect of non-uniformities in the applied
stress near the ends of the bars. Dimensions are in
mm.






