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Misfit Dislocation Generation in Epitaxial

Layers

Jan H. van der Merwe

University of South Africa, Department of Mathematics, Applied Mathematics and Astronomy,

P.O. Box 392, Pretoria 0001, South Africa

ABSTRACT: The misfit between an epilayer and a substrate may be accommodated either by misfit strain or
by misfit dislocations, or by both jointly. For an epitaxial monolayer (ML) a critical misfit, depending primarily
on bonding, exists below which it is stable when in registry with the substrate. When growth continues with
the formation of a multilayer, misfit dislocations will enter at some critical thickness. The main objectives of
this article are to critically review theoretical work aimed at explaining (1) the conditions under which an epilayer
will grow in a ML-by-ML fashion to yield a uniform film and (2) the reasons why observed critical thicknesses
and residual strains are often significantly in excess of the predicted ones, in terms of equilibrium and non-
equilibrium concepts. Both (1) and (2) are of great fundamental and technological interest.

KEY WORDS: epilayer, misfit dislocations, critical thickness, uniform film, residual strains.

I. INTRODUCTION

Epitaxy is defined here as uniquely oriented
growth of a single crystal A on the surface of a
single crystal B. Of topical interest is the tech-
nological importance'-? of epitaxy; epitaxy being
a most effective mechanism of growing thin films
of highly crystalline perfection and highly uni-
form thickness. ‘‘Crystalline perfection’’ in-
cludes uniform strain to a new crystalline struc-
ture with different unit cell dimensions.
Uniformity of thickness requires growth fronts
(surfaces) that are more or less atomically smooth.

The atoms at the interface of a growing epi-
layer and substrate are subjected to the two com-
peting lattice periodicities** a, (overlayer) and a,
(substrate) of the two crystals. The misfit f be-
tween them has been expressed previously as??

f= (2 — a)/(a) ey

where (a) is an average or effective periodicity.
For an epilayer on a thick substrate (a) is given

1040-8436/91/%.50
© 1991 by CRC Press, Inc.

by (@) = a, and (@) = (a, + a,)/2 when the
epilayer is a monolayer (ML) and thick multi-
layer, respectively. When the misfit is accom-
modated by homogeneous misfit strain (MS) €
and misfit dislocations (MDs) f jointly

f=f+l )
f= @ — a)la) = a,/p (3a)
e = (3, — ay)/a (3b)

where p is the MD spacing, a, the average strained
value of a,, f >0 and the approximations are valid
when a, and a, are not very different. The limi-
tation to the case f >0 is for convenience of
analytical presentation only. The generalization
to include the case f <O is trivial.

The present article is primarily concerned with
the problem of MS relief by the introduction of
MDs, i.e., the changing distribution of f between
f and € in the bicrystal during growth, and, ac-
cordingly, the technologically important goal of
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crystal perfection; a crystal without defects, of
which MDs are an important category. Striving
for crystal perfection also involves the absence
of other dislocations, particularly threading
dislocations? (TDs), the dislocations that thread
through the growing crystal.

The other aspect of technological importance
is the uniformity of film thickness that is facili-
tated by the smoothness of the growth front. The
attainment of a smooth growth front'?"’ is in turn
facilitated by a monolayer-by-monolayer (ML-
by-ML) growth mode, also known as two-di-
mensional (2D) or Frank-van der Merwe (FM)
growth; when compared with island (Volmer-
Weber = VW, 3D) growth or Stranski-Krastanov
(SK: FM followed by VW) growth, with their
rather rough beginnings.*° Island growth is also
undesirable because the coalescence process in-
volved in the formation of a continuous film is
conducive to the formation of TDs.'° Relevant
aspects of growth modes (shapes) are dealt with
below. Specifically we are interested in the con-
ditions that favor FM-like growth. Epilayer
growth in the FM (or FM-like) mode also lends
itself more simply to a description of MD gen-
eration by nucleation and motion.

The driving forces for the processes involved
in shape (growth mode) formation and strain re-
lief are the negative *‘gradients’’ of the free ener-
gies; the configurations of minimum free energy
being the equilibrium configurations of the sys-
tems. In most of the present applications the free
energy may be approximated by the total (inter-
nal) energy E. Both equilibration processes in-
volve energy barriers,? which require thermal or
other energies for their overcoming. Whereas the
barriers to shape equilibration, i.e., those in-
curred in adatom surface migration, are more or
less fixed to values of less than 1 eV, the barriers
incurred in strain relief — nucleation and motion
of dislocations — cover a wide range (from less
than 1 eV to near 200 eV), and may also be
drastically reduced by MS and other crystal
defects!!-*? that act as MD sources. Whereas (sub-
strate) temperature T and deposition rate (to-
gether they determine the super-saturation’'?),
composition, and time scales are the important
external parameters, bonding, misfit, and thick-
ness are the dominant internal parameters.?* For
a given moderate bonding a coherent (pseudo-
morphic) ML is stable provided the misfit f is
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critical value f_ that depends on bonding and
atomic arrangement. A multilayer of subcritical
ML material becomes incoherent to the substrate
by the introduction of MDs above a critical thick-
ness. Two different critical thicknesses are en-
visaged: an equilibrium?® one h$? at which the
pseudomorphic multilayer becomes unstable, and
an observed one, defined as the thickness at which
the introduction of MDs becomes observa-
ble,'*'¢ for example, by the appearance of one
MD within the viewing field of an electron micro-
scope.

The problem of strain relief by the introduc-
tion of MDs has, for relative simplicity, mostly
been dealt with at the equilibrium limit, using
the equilibrium principle as approximated by
minimum energy E,**

E = min (4a)

the implicit assumptions being that MDs would
be available where and whenever they are needed
for equilibration, and that the MDs form regular
arrangements to minimize configurational en-
tropy. Minimization with respect to the MS e or
the MD density f, could involve a formidable
calculation. In some cases, the minimization cal-
culation can be significantly simplified using the
equivalent condition that the reversible work W
needed to introduce one more MD vanishes,’i.e.,
that

wW=0 (4b)

A further simplification may be accom-
plished if the MD is drawn in the interface from
an existing (threading) dislocation through the
motion of a generating threading dislocation seg-
ment (see Section III.F); equilibrium exists when
the resulting force F on the generating segment
vanishes?

F=0 (4¢)

Existing equilibrium theories** for predicting
critical quantities are briefly considered. The fact
that barriers to the nucleation and motion of MDs
exist implies that within the duration of an ex-
periment, equilibrium is rarely accomplished and
requires at least sufficient thermal energy (an ap-
propriately high-temperature T) to facilitate dis-



Downloaded by [University of Colorado at Boulder Libraries] at 10:56 16 April 2013

location motion, assuming that otherwise there
are MD sources that provide dislocations spon-
taneously. In metals the (Peierls) barriers'”-'® in-
hibiting dislocation motion are usually relatively
small, so that equilibrium is feasible during the
experiment, and at moderate T. The bonding in
most semiconductors are of a covalent nature and
with relatively large Peierls and nucleation bar-
riers. The quantification of the arguments will be
dealt with. The dynamics of strain relief by MD
generation is a difficult problem that has not been
completely solved as yet.'"*' Commendable ef-
forts to do so are reviewed. Misfit accommo-
dation by MD generation in ultrathin epilayers is
not only of interest in its own right, but also from
a technological point of view, and, furthermore,
serves as a simple introduction to the subject.

II. GROWING UNIFORM EPILAYERS
A. Equilibrium Criteria

It is technologically®'? and analytically de-
sirable to have smooth growth fronts. This goal
is best served by growth in the FM mode. We
first consider equilibrium criteria for growth
modes as formulated by Bauer® and Bauer and
van der Merwe,’ and subsequently considered by
others.'*-22-3 To explicitly demonstrate the influ-
ence of MS and MDs in our deliberations we
investigate the case in which a pseudomorphic
ML (MS energy €, and a dislocated double layer
(DL) containing MS energy €, per atomic layer
and MD energy e€,,, are separately stable and
transfer material from the DL to the ML. ML-
by-ML (FM) growth is energetically favored if
the free energy change Avy is negative, i.e.,

0= Ay
= A'Yo + 2605 - (2€s+€D2) (Sa)
= A‘YD for eD2 = O (Es = Eos) (Sb)

A‘Yo = Yo + Yi T ys (6)

where all energies refer to unit area of interface
and v,, 7., and vy, are, respectively, the surface
free energies of the overlayer, substrate, and in-

terface. The importance of surface energies in
tailoring the growth modes was also stressed by
Egelhoff.?* In Equation 5a, we approximated ML
and DL properties by macroscopic ones, whereas
Equation 5b represents the extreme in which the
misfit is accommodated by MS (|g| = f) alone.
If there are MDs at the DL-substrate interface it
implies that this configuration is more stable than
a completely pseudomorphic one, i.e., that 2e,,
- (2¢, + Ep,) >0.

A number of important guidelines can be de-
duced from Equations 5 and 6: first, the quantity
Av, in Equation 6 may also be expressed directly
in terms of ‘‘bond strengths’’ as??-25-?’

Ay, = E, — E, (7

where E,, and E_, represent, respectively, the
work (per unit area of interface) needed to sep-
arate two half-crystals (of the growing crystal)
from each other and a growing half-crystal from
the semiinfinite substrate. Strong bonding on the
substrate, i.e., large E,, is thus conducive to FM
growth. In FM growth the excess energy |Ay,|
may be seen as some measure of the urge to FM
growth. Second, by Equation 5b, MS alone does
not affect the growth mode directly; only indi-
rectly through contributing to the conditions for
strain relief. The fact that an increase in MS,
brought about by a change in alloy compositions
in In,Ga, _, As on GaAs, enhances 3D growth?®
may as well be ascribed to a change in bonding
rather than an increase in MS. However, if one
argues that a surface atom contributes more or
less a given amount to E,, or E_ in Equation 7,
positive MS will reduce E_, and E_,, possibly to
a lesser extent. This means that positive and neg-
ative MS will enhance FM and VW growth,!
respectively, but will have little effect on a tran-
sition before onset of MS relief, provided it is
assumed that the interfacial force is independent
of layer thickness. Berger et al.?® have also sug-
gested that positive/negative MS will increase/
decrease the activation energy for surface migra-
tion, retard/accelerate the equilibration rate, and,
accordingly, favors a pseudo 2D/3D (Stranski-
Krastanov) growth mode. Growth that starts off
FM-wise and reverts to island growth after one
or a few MLs is known as Stranski-Krastanov
(SK) growth.® The presence of MDs at an ov-

189



Downloaded by [University of Colorado at Boulder Libraries] at 10:56 16 April 2013

erlayer-substrate interface contributes positively
to Ay (see Equation 5a) and may accordingly
effect a transition to island growth as from the
second or subsequent MLs. This will be partic-
ularly so when Awy, is near zero, as for homo-
epitaxial growth in which y, = y,and y, = 0
or, with reference to Equation 7, E,, = E,. The
possibility that the introduction of MDs could
effect a transition to SK growth was first rec-
ognized by Matthews? and subsuquently by oth-
ers.* Indeed, Elman et al.'* introduced the con-
cept of a ‘‘threshold’’ thickness for the thickness
at which the transition occurs and found that in
InGaAs on GaAs this equals the critical thick-
ness. SK growth may also be the result®*®-*! of a
substrate-induced change in overlayer electronic
structure, as mentioned above; a change in which
E,,, with the new composite substrate — original
plus grown MLs — has fallen below the value
of E,, for the ML growing on top of it. Island
growth can also be suppressed in alloy semicon-
ductors by manipulating'4 the surface species and
hence the bonding and surface energy.

B. Nonequilibrium Growth

The foregoing considerations suggest that
continued FM growth may be a rare occurrence;
more often we either have VW or SK growth.?-»
Note that this conclusion applies when the con-
ditions for shape equilibration are met (more or
less). The technological need® for (atomically)
smooth growth fronts (surfaces) has urged the
exploitation of nonequilibrium processes*-’-'2:13.22
to achieve the desired true or pseudo-FM growth.
A complete presentation of the relevant analysis
is beyond the scope of this article. For the pres-
ent, semiquantitative considerations will suffice.

We need to address the case in which the
bonding onto the substrate is relatively weak, the
growth mode is islandwise, and growth requires
the nucleation of critical-sized nuclei; a process
that is facilitated by a supersaturated adatom flux.
A vapor that is in contact with a crystal surface
is said to be supersaturated when the supersatur-
ation ratio®

€ = R(T)/R(T) (8a)
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exceeds unity; R and R, being, respectively, the
prevailing and equilibrium deposition rates on the
crystal surface at temperature T. Otherwise, the
excess chemical potential Ap. of an atom in the
vapor (i), when compared with one in the crystal
surface (), is given by

Ay=p — p = kT én (8b)

a quantity that increases as § increases, k being
Boltzmann’s constant. If the vapor is only mod-
erately supersaturated, A = £ — 1 is small and
A may be expressed as

Ap =~ kTAE (8¢)

It also follows from the work of Markov and
Kaischew?? that the number N* of atoms consti-
tuting a critical nucleus satisfies the relation

N* « (Ap)~—? 9

showing that N* decreases as § increases. This
general trend is continued even when the nucleus
becomes microscopic and the supersaturation is
more than moderate. In fact, it is generally ac-
cepted that critical nuclei at appropriate super-
saturations is about one atom, a size that we adopt
below. In this case, the suggestion that the growth
mode is a nucleation phenomenon® is irrelevant.

The fact that the critical nucleus is only one
atom allows one to grow in a pseudo-ML-by-ML
mode, whereas in equilibrium the Volmer-Weber
or Stranski-Krastanov mode obtains. The idea is
that at an appropriate supersaturation, character-
ized by critical nuclei of atomic size, also the
range of the adatoms on the surface is so small
that only very localized equilibration is possible
and not the extended equilibration that is needed
for formation of equilibrium shapes. This concept
can be crudely quantified by adopting the crite-
rion that pseudo-ML-by-ML growth will obtain
when the adatom diffusion range s(t) in the time
t needed to deposit one ML coverage is about
one or a few jump distances a. This will allow
the adatoms sufficient time to move into nearby
lattice points in order to grow a crystalline struc-
ture, but falls greatly short of accomplishing shape
equilibration. If we identify s(t) with the root
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mean square surface displacement ((r(t)))"* as

s = V4Dt (10a)
the diffusion coefficient D being given by
D = (a?/2)v exp(—Ep/kT) (10b)

in terms of the activation energy E;, of surface
migration, the substrate temperature T, and the
frequency factor v. The condition for the depo-
sition of one ML is approximately

Rt = 1/a? (10c)

where a? represents the area per atom in the sur-
face. Combining Equations 10a—c, yields for the
required deposition rate, the result

R = 4D/a%? = 252y exp(—Ep/kT) (10d)

where s = a. An implicit assumption in deriving
this result is that the adatom flux is more or less
uniform over the area of interest. Although the
relation (Equation 10d) is certainly not accurate,
it is proposed to be a useful guideline for growing
a ML from adatoms, each of which constitutes
a stable nucleus. Note that once one or a few
MLs have been grown in this way we have
returned to homoepitaxial growth in which
Ay, = 0 and ML-by-ML growth can proceed
spontaneously. The two-step process®? of grow-
ing uniform films in systems that do not meet
the equilibrium criterion for FM growth must be
understood along these lines.

The equilibrium criteria of Bauer suffer from
two shortcomings: (1) the assignment of mac-
roscopic properties to MLs, and (2) the fact that
the interfacial free energy vy, is usually an un-
known quantity. The implication is that their pre-
dictions of growth modes can only be made with
some degree of uncertainty. They nevertheless
provide practical guidelines for predicting growth
modes and addressing the roles of MDs and MS
in addition to generating understanding of the
general phenomenon, as well as some founda-
tions of the technologically important two-step
process; the covering up of the substrate with a
thin epilayer of practically uniform thickness to
suppress the tendency to island growth so that

growth can continue in the FM mode. The exact
degree of supersaturation to accomplish the first
step has not been quantified as yet. Such quan-
tification would be valuable. By the appropriate
supersaturation the detrimental coalescence phase
is also severely suppressed provided a ML (and
possibly a DL) is subcritical and the adsorption
sites are unique, as on {001} cubic surfaces.

This serves the technological need of grow-
ing uniform epilayers and also justifies our con-
sideration of MS relief by MD generation in uni-
form epilayers only.

ill. MISFIT STRAIN RELIEF BY MISFIT
DISLOCATION GENERATION

This review is primarily dedicated to the the-
oretical understanding of cases in which a ML is
subcritical, misfit strained in registry with the
substrate, and the onset of MS relief accordingly
occurs at a multilayer (criticaly thickness. We
consecutively review: (1) the mathematical
models used to calculate the energy of a dislo-
cation, to facilitate understanding, and to provide
insight into the relevant accuracies; (2) the ap-
plication of the models to ultrathin (less than
three MLs) epilayers, important in phase tran-
sitions in thin adsorbed layers and the initial stage
of ML-by-ML growth; (3) the identification of
MDs; (4) the forces driving dislocations and the
important barriers to their motion; (5) the gen-
eration of MDs and the importance of sources;
(6) the generation of TDs and their importance
as sources of MDs; (7) some consequences of
off-cutting substrates, (8) the calculation of crit-
ical thickness — equilibrium and observed values
— and the time dependence of residual strain.

A. Models

In this article, the considerations are limited
to analyses using phenomenological harmonic
approaches. Numerical techniques using atomic
potentials are not considered. The harmonic
models have, although approximate and rather
crude in certain respects, yielded results of sur-
prising validity and generality, and provided in-
dispensable guidelines for developments in tech-
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nology. The harmonic models assign®* isotropic
or anisotropic harmonic interactions to the atoms
within individual crystals A and B — model them
essentially as elastic continua — and to the atoms
on either side of the interface in regions where
they are near continuations of both crystals (in
or near registry), and unharmonic interactions
where the interfacial atoms are badly out of step
(in disregistry), i.e., around the dislocation line
where an extra plane of atoms from one crystal
terminates at the interface. In ultrathin epilayers,
where pseudomorphic strains of up to 10% or
more may occur, unharmonic effects*-* within
individual crystals could be significant and could
account for large differences in critical misfit in
compression and extension.

There are different models within the class
of harmonic approaches. They differ essentially
in the representation of the unharmonicity around
the dislocation. Crudely, there are two main
models. One is the Frenkel-Kontorowa model
(and its generalizations)®* that adopts an inter-
facial force between the atoms on either side of
the interface and varies periodically with the dis-
registry — the relative tangential displacement.
In this context, the Frenkel-Kontorowa (FK)
model is most simply understood for a system in
which crystal B is a ML with perfect matching
in one direction. The authors adopted a Fourier
series, truncated®® at the first harmonic term, to
represent the periodic force in the perpendicular
misfitting direction. This model was subse-
quently extended by Nabarro** and van der
Merwe?’® to the case where A and B are both
semiinfinite and by Frank and van der Merwe?
to a ML with anisotropic interfacial misfit.

The other main model is the Volterra model,
exploited extensively by Matthews? and subse-
quently by others. In this model the two crystal
halves, taken as elastic continua, are ‘‘glued”’
together at the interface; in registry on both sides
of the dislocation but displaced by one lattice
period (Burgers vector) on one side of the dis-
location line, which itself is replaced by a hole
of radius r,. This inner ‘‘cut-off’’ radius r, is of
atomic dimensions. It is an adjustable parameter
introduced for convenience;* it eliminates, in the
mathematical description, the singularity at the
dislocation line and its value is selected to pro-
vide for the ‘‘core’’ energy of the disloca-
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tion.'"*42 The values usually adopted for r, are

b for metals
r, = {b/2 to b/4 for semiconductors'>-*2
(b/e; Matthews?)

(11)

where b is the Burgers vector and e = 2.718

the naperian logarithmic base. An outer
cut-off radius R is also introduced to allow for
the cancellation of stress fields? by other neigh-
boring dislocations and/or the presence of free
surfaces.

The Frenkel-Kontorowa model has proven its
usefulness in the case of ultrathin epilayers, for
example, in the description of phase transitions
in adsorbed layers on crystalline surfaces? and
in understanding the principles underlying epi-
taxy.® The Volterra model has proven its value
for the description of misfit accommodation and
strain relief in intermediate to thick epilayers,
where the governing equations of the Frenkel-
Kontorowa model are not solvable (except for
the parabolic approximation). Under these con-
ditions, the Volterra model still retains its math-
ematical simplicity. The two models are com-
plimentary rather than exclusive. In both models
the total energy E can be expressed as the sum
of the MS energy E; and the MD energy E,,
Le.,

E = Ep; + E; (12)

An expression for the E; in the harmonic
approximation is uniquely defined by isotropic
(or anisotropic) elasticity theory. The practice of
using bulk elastic constants in calculations seems
to be justified except perhaps in the ultrathin (e.g.,
ML) stage of growth. Also in ultrathin epilayers,
pseudomorphic strains may be so large that un-
harmonic effects3+3¢4347 become important. We
shall not deal with attempts at refining the theory
to incorporate these effects, except to say (1) that
reliable calculations of MS energy for pseudo-
morphic strains up to 20% should certainly pro-
vide for unharmonicity, and (2) that unharmon-
icity introduces asymmetries in critical quantities
for epilayers in tension and compression. Pseu-
domorphic MLs may, of course, also behave dif-
ferently in compression and tension for reasons
other than unharmonicity, e.g., for geometrical
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reasons.** Also, large pseudomorphic strains may
deform an epicrystal into a structure regime where
a metastable phase exists.**>° In such a case,
large homogeneous ‘‘strains’’ outside the har-
monic range can be sustained up to large
thicknesses.*

A simple expression for E, applicable to an
isotropic elastic epilayer of thickness h and rec-

tangular interfacial symmetry can be written
as37(C).45

E. = poh@® + & + 2ue®,)/(l — v (13)

per unit area of interface, when the surface is
free and the shears in planes normal to the in-
terface can be neglected, ., being the shear mod-
ulus of the epilayer and v, its Poisson’s ratio.
When the interfacial symmetry is quadratic, as
is often the case, the strain is isotropic: €, = €
=€

The derivation of an expression for the MD
energy E; is less straightforward. There are es-
sentially two approaches, one of Volterra type
and one of Frenkel-Kontorowa type. In both cal-
culations the MDs are assumed to be long and
straight, to be arranged in two regular orthogonal
sequences, and it is also assumed that the inter-
actions at the crossings are negligible. In the Vol-
terra approach, Ej is usually expressed? as

y

1
E, = 2 B ¢n(R/r,) (14a)
r 27 — —
B = bf;lzl Vo +l v, (14b)
w T Mo T

R = {§/2 for h = p/2 (14c)

h forh=<pn2

for pure edge type MDs, where subscripts o and
s refer to overlayer and substrate, respectively,
p is the MD spacing and some conventional val-
ues of r, are specified in Equation 11. Analyti-
cally, the onset of strain relief is most simply
obtained from the limiting relation

f=0 (15)

For the injection of the first MD, p is of the

order of the interface ‘‘length’’, which is usually
much greater than h. This implies that R = h is
the appropriate outer cut-off at onset of strain
relief. Also, normally it is assumed? that v, =
v, = v, which seems acceptable for alloy semi-
conductors that are elastically very much the same.
In cases where the relevant materials are signif-
icantly different, use of the appropriate values of
the ws and particularly the vs (Voigts averages
if appropriate) may have a profound effect on the
values of the calculated energies.

In the Frenkel-Kontorowa model, simple en-
ergy expressions have been obtained only for the
two extreme cases: the ultrathin epilayer®37©
(specifically a ML) and the thick epilayer. It fol-
lows from this theory that the energy of an epi-
layer of finite thickness h on an infinite substrate
is within 2% of the same as when both crystals
are infinite, provided h >p/2. To a good ap-
proximation we may therefore declare an epilayer
“‘thick’” when

h = p/2 (16a)
This result is justification for the concept of an
outer cut-off radius. The energy of a thick epi-
layer is expressed in terms of a parameter

B = 2nld/up (16b)

w being an interfacial shear modulus. In the limit
when MDs are far apart (3 <1), i.e.,

p > 2nld/p (16c)
for example, when strain relief commences, the

expression for the thick epilayer has the asymp-
totic form -

L eBP Y. oo
Eo~ 5B en(%rb), h=p2 (7)

This means that in the thickness regime h = p/
2 » 2xwl'd/p., Equations 14a and 17 would be
identical provided we take

r, = 2mwbl/epn, R = p/2 (18a)

When the bonding in the crystal halves and

193



Downloaded by [University of Colorado at Boulder Libraries] at 10:56 16 April 2013

the interface are about the same, i.e., v, = v, =
173, p, = p, =

rp=~2b, h=p>8b (18b)

The value of r, is seen to be somewhat larger
than the more conventional ones in Equation 14a,
which is based partly on the supposition that a
single sinusoidal term represents the periodic in-
teraction potential adequately. Nevertheless, the
considerations related to Equations 16 to 18 pro-
vide some quantitative justification for the intro-
duction of inner and outer cut-off radii r, and R,
respectively. Calculations of critical thickness for
epilayers with perfect MDs have been carried out
by Matthews.? Of particular interest is the case
with imperfect MDs dealt with in Section IIL.F.

B. Ultrathin Epilayers

Although strain relief in intermediate to thick
epilayers is the most challenging problem at pres-
ent, strain relief in ultrathin layers is also im-
portant; if only for the fact that most epilayers
are ultrathin initially and accordingly have an
influence on the ultimate result. It is appropriate
to briefly present the Frank-van der Merwe the-
ory;® an equilibrium theory that has gained uni-
versal acceptance for a lucid qualitative, and to
some extent quantitative, understanding of the
pseudomorphic growth of a deposit on a crys-
talline substrate of different lattice parameter be-
low a critical misfit and the subsequent relaxation
of strains by the introduction of MDs as the thick-
ness increases.*® The theory also addresses the
important role of bonding and the barriers to the
introduction of MDs. The Frank-van der Merwe
theory is based on the Frenkel-Kontorowa® model;
a one-dimensional model in which the overlayer
is represented by a regular linear chain of par-
ticles (atoms) subjected to the competing peri-
odicities of identical connecting elastic (har-
monic) springs (force constant & and natural
length a,) and a ‘‘rigid’’ periodic substrate po-
tential, represented by a Fourier series truncated
at the first harmonic, i.e.,

V = = V[l — cos(2mx/a,)] (19)

N | —
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with overall amplitude V,, periodicity a,, and
minima at x = 0, a,, . . . of value zero. In this
model & and V, have physical meanings and
may, respectively, be regarded as measures of
atom-atom and atom-substrate bond strengths.
Numerical calculations, using atomic potentials,
have confirmed that the Fourier coefficients de-
cay rapidly with harmonic order and that such
truncations are accordingly justified.®

The governing equation for the equilibrium
positions of the particles reduces in the contin-
uum approximation to a sine-Gordon equation by
which the resolution of the chain of particles into
a regular sequence of MDs of density f = a/p
is a natural consequence of the analysis and the
average total energy E consisting of MS energy
E; and MD energy E, can be calculated. MDs
can be introduced by displacing (gliding) the free
end of the chain from a stable equilibrium po-
sition X, to the next at x, + a,. The minimization
of E can be accomplished by setting the work
W, needed to introduce an additional MD, to zero
(see Equation 4b). This determines the equilib-
rium misfit f = 2. Also, the activation energy
W ,c for the versible formation of the MD by
glide can be calculated as the work done in a
displacement of the free end from x, to the nearest
position a; — x, of unstable equilibrium.

The following results have been obtained:

W(k) = 2V (,(fk) — f9), (20a)

o = f(k) = —Zflgol (20b)

fk) = m
f=0 fa=f @1)
= 2/mly (k = 1) 22)
E = E + Ep (23)
Wac = (4Volo/m) (24)

X[(1 — f23)"?
— f€, cos~'(f€,)]
€3 = pal/2v,
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where K(k) and E(k) are elliptic integrals of the
First and Second kinds with parameter k, the
given value of W, is for the pseudomorphic
configuration, and f, is the equilibrium critical
misfit. It follows from Equation 24 that W,
changes sign at a misfit

f, = 1/¢, (25)

which means that MDs will enter spontaneously
for misfits exceeding f,. Frank and van der Merwe
have estimated €, = 7 using Lennard-Jones pair
potentials. This yields the estimates f. = 9%, f,
= 14%, and W,c = 1.7 V,.

The dependences of the equilibrium MD den-
sity f and of W, on f are illustrated in Figures
1 and 2. Figure 1 shows that in the equilibrium
configuration there are no MDs up to a critical
misfit f,, whereafter f increases rapidly to the
configuration where, in equilibrium, f and f ap-
proaches each other. The main message of Figure
2 is that the activation energy for MS relief by
the generation of MDs in a pseudomorphic ML
is reduced by the pseudomorphic strain and only

1.4

vanishes at a misfit f = f,, which is significantly
greater than f..

Also, of great significance is the fact that
both W and W .. vary with the MD density f(k).
From the properties of elliptic integrals it follows
that K(k) decreases from infinity, so that f(k)
decreases, as k decreases from one downward,
whereas the displacement x, of the free end of
the chain decreases, and W, accordingly in-
creases, as k decreases. If now in a given case f
> f., W for MD injection in a pseudomorphic
configuration will be negative, i.e., there exists
a thermodynamic force that drives MS relief by
the injection of MDs. However, while W tends
to zero as the equilibrium configuration f*9 =
f(k) is approached, the activation energy W,c
increases. The implication is that the rate of equi-
libration will decrease as the equilibrium config-
uration is approached and vanishes in the limit
when W becomes zero.

These results carry important messages. Al-
though the equilibrium configuration is one with
MDs, not only does the equilibration driving force
tend to zero as the equilibrium configuration is

1.2 e

08 e o e b m e e
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0.2F—— ".__r.;‘_':i,‘.,ﬂ, . _____*;_.., -
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FIGURE 1. Curve displaying the equilibrium dependence of the misfit dislocation
(MD) density T on misfit f;  is zero until f = f, = 2/7¢, at which point there is an
abrupt increase, approaching the configuration in which = f. In a monolayer (two-
dimensional system), the transition is rapid though continuous. Note that for f >
f. MD generation still requires an activation energy (see Figure 2), which only

vanishes at f = f, = 1/¢,.
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FIGURE 2. Curves showing the dependence on misfit f (in units of 1/¢,) of
(A) the activation energy W, (in units of 2V,¢,) for a coherent to noncoherent
configuration, and (B) the work of formation W (in units of 2V,¢,) of the first
misfit dislocation (MD). Note that the transition is accompanied by an energy
gain (W <0) for f > 2/w€, (point C) and a positive W, that decreases as the
coherency strain @ = f increases and vanishes when f = f = 1/¢_ (point D).

approached, but also the activation energy for
overcoming the barriers increases. The activation
energy for onset of MS relief is reduced by the
pseudomorphic MS € = f and vanishes if f =
f,.

The foregoing considerations have been ex-
tended to more realistic models, two-dimensional
MLs of rectangular’*"® and rhombic*® sym-
metries. The main contribution emanating from
the extension to the case with 2D rectangular
symmetry is to highlight the influence of Pois-
son’s phenomenon (ratio v), for example, for the
equilibrium critical misfit in one direction (co-
herency fixed in the other direction)

o 2 o baR
£ = w1 + v)€ &= V(1 — v) (26)
where w is the shear modulus of the ML usually
approximated by that of the bulk. This introduces
a significant reduction of the critical misfit when
compared with the one-dimensional model.
Frank and van der Merwe?® also noted that a
growing epitaxial film that is below critical at
the ML stage will become critical (unstable) at
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a certain thickness h9, which may be estimated
very crudely by assigning a force constant np. to
a n-fold layer. It follows from Equation 26 that

2 ] @7

eq ~ - -
he % l:'rrf(l + uf

a result that demonstrates the principle, but is
otherwise of little quantitative significance. As
in the case of a ML above a critical misfit, one
may anticipate that the onset of strain relief in a
multilayer (above a critical thickness; h > h9),
involves an energy of activation that decreases
with increasing excess h — hg.

The main shortcomings of the Frank-van der
Merwe ML theory are (1) that little is known
about the equilibrium of free MLs and their elas-
tic and lattice constants — the practice of ap-
proximating these by bulk values is risky, par-
ticularly for MLs, which are not (even nearly)
close-packed and (2) the lack of values for the
appropriate Fourier coefficients. Useful attempts
at calculating the latter have been initiated,
though.3®
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C. Misfit Dislocations (MDs)

A dislocation qualifies as MD provided its
Burgers vector has a nonzero component in the
interface plane normal to the dislocation line.
Only this component can accommodate misfit.
Accordingly, MDs are most efficient in accom-
modating misfit when they are perfect (efficient),
i.e., in edge orientation with their Burgers vector
in the interface.? Perfect MDs can be generated
by glide, if the interface is a glide plane and the
crystal boundary normal to the interface is free,
as is usually the case in island growth**-'-** and
in the case of a finite ML, or by climb from the
free surface of a continuous film in a process that
involves migration of vacancies or interstials.>*

Imperfect (inefficient) MDs are acquired by
glide in glide planes that are inclined to the in-
terface. The most prominent?'!:!7:33:36 of these are
the 60° MDs — their Burgers vector is at 60° to
the MD line — on {111} glide planes of face-
centered cubic (fcc) metals and diamond-struc-
tured semiconductors. The 60° MDs may fur-
thermore split into partials? with a stacking fault
in between.

Sessile perfect (Lomer) MDs may also be
generated by a reaction®*-*’ between two 60° dis-
locations. Such a MD is normally created outside
the interface, but may get there by climb. Dregia
and Hirth®s recently proposed the rebound mech-
anism that avoids the climb process in that the
oncoming 60° dislocation reacts at the interface
to yield a Lomer MD there and another 60° dis-
location that glides toward the surface or other
interface.

D. Motion of Dislocations

A dislocation segment within a stressed re-
gion of a crystal experiences a force from the
field and has both climb and glide components.
The glide motion, which is normally much faster
than climb (climb requires material transport) is
opposed, also in a perfect crystal, by the so-called
Peierls barriers,?17-18:42.58.59 which exist because
of the discrete periodic nature of the crystals.
The Peierls barriers to dislocation glide on {111}
fcc planes of most metals are small when com-
pared with those on equivalent planes in cova-

lently bonded semiconductors. Accordingly, in
many metals dislocations move at infinitesimal
stresses. When the stress is too small to overcome
the barriers, the dislocations can still migrate by
thermal creation and migration of kinks'?!'7-%"in
them, or simply by an appropriate diffusion
mechanism. For the migration of 60° MDs in
Ge, 2551 55/S;(001) the activation energy for MD
migration was measured as (1.1 = 0.2) eV. Of
course, MDs also experience interactions from
other dislocations and MDs, or crystal de-
fects?*9-62 that may pin them at their crossings,
while the segment in between bows out to an ex-
tent determined by the stresses and the MD line
tension.

E. Misfit Dislocation Sources

We define a MD source (MDS) as a defect
where MDs are more easily generated than within
the perfect crystal. The creation of a MD is (1)
opposed by an energy barrier characteristic of the
source; the energy of nucleation Q, of a critical-
‘“‘sized’’ MD, and (2) facilitated by thermal en-
ergy depending on the substrate temperature T.
Q, is reduced by MS, for example (see Equation
23) W, which is the 1D equivalent of Q,, de-
creases from 1.7 V, to 0 as the pseudomorphic
MS increases from &9 = 2/l to f, = 1/1, (see
Equations 21 and 25).

A variety of MDSs, depending on the size,
shape, and structure of an epicrystal, have been
proposed. Frank and van der Merwe® have taken
the free edge of a ML as the source and suggested
that a perfect MD be generated by displacing the
edge parallel to the substrate surface by one atomic
spacing, i.e., by a glide mechanism. The nu-
cleation energy per atom length of a long straight
MD thus generated at a long straight edge is given
by*’® Equation 23, but with ¢, replaced by the
¢ of Equation 26.

As with other approaches,®-% the foregoing
estimates the nucleation energy per atom length
of a long straight MD. If we assume that the
critical length is about four atoms and that V,
can be identified with the activation energy of
surface migration of adatoms as 0.6 eV, the nu-
cleation energy for glide from the free edge of a
ML is approximately 4 eV and requires a sig-
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nificant substrate temperature for its overcoming.
One expects this nucleation mechanism to occur
in island growth.5?

When a ML or multilayer covers the substrate
completely, perfect MDs can still be generated
by climb of adatoms to or from the free surface
— particularly so with a coherent ML in tension
(negative misfit) when excess adatoms**%* are
available during deposition. Vacancy loops,
leading to perfect MDs, could also form within
an epilayer, by aggregation of vacancies.*** In
fact, it has been shown® that the critical MD size
is only about one interstitial or vacancy. This
implies that interstitials or vacancies that have
been incorporated in the growing film would con-
stitute perfect sources in a ML. Preliminary
calculations®’” using simple pair potentials also
suggest that the activation energy for injecting
an adatom into a pseudomorphic ML in tension,
i.e., generating a critical MD nucleus, becomes
vanishing small at the equilibrium critical misfit
4. It would seem that the introduction of MDs
by climb in a pseudomorphic ML in tension is
energetically favored, and more so because it
does not involve the Peierls barriers.

The MDSs discussed above are more or less
limited to ultrathin (near ML) epilayers. They
nevertheless provide good guidelines for the
identification of MDSs in intermediate to thick
layers. In this case the free surface is the most
obvious position for nucleating MDs by glide (on
an inclined glide plane though), and by climb.
As with MLs, climb is believed to be an impor-
tant mechanism of formation of MDs. Of partic-
ular interest are finite half loops or finite loop
segments that can be generated with the aid of
thermal energies and can constitute true MD nu-
clei. As for MLs, it may be anticipated that MS
€ and MD density f will have important conse-
quences for their nucleation energies. Strictly
speaking, it is a TD nucleus that is formed at the
surface; a MD is only subsequently generated at
the interface by the TD.

The onset of strain relief by the injection of
MDs in coherently strained multilayer structures
through nucleation of interior loops, surface half
loops, and by the bowing out of TDs, has been
studied by Kamat and Hirth.5® The authors pro-
posed an ‘‘observability’’ criterion to quantify
the practical onset of MD injection. The criterion
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requires critical-sized nuclei to be formed at a
rate of one nucleation event every few thousand
seconds, or equivalently, one event in a volume
of 10" to 1078 cc. This volume is typically
the region in the view of an electron microscope.
Using standard rate theory, the authors have writ-
ten down expressions for the concentration n* of
critical nuclei and the nucleation rate J as

n* = n, exp(— W.JkT) (28a)

J = Zon* = 10°¢ exp(— W./kT) (28b)
where n, = b~? = 1022 cm~3, W, is the energy
of a critical sized loop, Z = 0.1 is the Zeldovich
factor and w = (8mr/b)v, = 10" s~! is the
frequency factor, r. being the radius of the crit-
ical-sized loop and v, the Debye frequency. With
these estimates the observability criterion sim-
plified to

W, = 37kT (29)

The authors have taken the loops to be circular,
neglecting the variations in line tension associ-
ated with screw and edge character, and used a
Volterra dislocation model in linear elasticity,
accounting for core energies and free surface im-
age effects by adjusting inner and outer cut-off
radii, to derive relations for the critical radii r,
and nucleation energies W_. Using these relations
in conjunction with the observability criterion
(Equation 29) the critical radii and critical misfits
f* for observable onset of misfit strain relief could
be calculated at any given temperature.

Although Kamat and Hirth have designed
their calculations for applications to {001} inter-
faces of crystals with diamond cubic or metallic
structures, the predicted tendencies will have wide
validity. Their approach can be most simply dem-
onstrated for the formation of an interior loop of
perfect dislocation '/, (011) on an inclined {111}
glide plane. The self-energy of a circular loop of
radius r is given bys®-%°

— v)pbr , (24
we= ey o) oo

where . is the shear modulus, v is Poisson’s
ratio, b the magnitude of the Burger’s vector, ¢
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the Naperian logarithmic base, and the inner cut-
off radius is taken as r, = b/3, a value accepted
for semiconductors. The coherency strain energy
released by the formation of the loop is given by

W, = —vbnr? (30b)
—7(1 + v)ubrf/V6(1 — v)

where the misfit f is defined in Equation 1 and
T is the resolved shear stress due to the misfit
strain € = f. Maximizing the total energy of
formation W = W, + W, with respect to r yields,
for the radius r, of the critical nucleus, the equation

32 — v)b (24rc>
r.=——=———¢n 3la

4V6mw(1+v)f  \ be (31a)
and for the (nucleation) energy W, of the critical-
sized loop, the value

- 2o o iy
We = R+ 6)"<be3 G1b)

Equations 29, 31a, and 31b constitute three equa-
tions from which we can solve for the three un-
knowns: the nucleation energy W, the radius r,
of a critical-sized loop, and the critical misfit f*
needed for its formation, treating the temperature
T as a parameter.

The authors have calculated the ‘‘observa-
ble’’ critical misfits f* for dislocation loop nu-
cleation in GaAs and Ag. The magnitudes of
these critical misfits f*, when compared with
characteristic misfits of GaAs and Ag on various
substrates, determine the likelihoods that MDs
are generated in such coherently strained epi-
crystals. The calculations confirmed the expec-
tation that nucleation of MDs are more likely at
higher than at lower temperatures and at vicinal
(stepped) rather than singular surfaces. The cal-
culations in fact revealed that the nucleation of
MDs is highly unlikely at perfect singular sur-
faces and even at vicinal surfaces; for example,
the misfits involved in the epigrowth of GaAs
are typically less than 1%, whereas the predicted
critical misfit for nucleation of MDs by loop for-
mation at vicinal surfaces is about 9% at tem-
peratures as high as 1000 K. The authors, fur-
thermore, stressed the fact that their calculations

ignored the barriers — e.g., the Peierls barriers
— to the motion of dislocations, which implies
that their results represent lower limits. Kamat
and Hirth also calculated the critical thickness at
which MDs would be generated from TDs and
obtained a result that agrees with the Mathews-
Blakeslee prediction and accordingly confirms
the perception that TDs constitute the softest MD
sources. Their results furthermore showed that
the nucleation of MDs in Ag is significantly eas-
ier — takes place at a lower misfit — than in
GaAs. This result is believed to be generally true
for semiconductors and metals.

The work of Kamat and Hirth® addressed
very important issues and carries the following
messages: (1) the nucleation of MDs within, or
at the surface of, a perfect semiconductor crystal
is highly unlikely, even at fairly high tempera-
tures; (2) the existence of sources (crystal defects)
that facilitate the nucleation of MDs is probably
a prerequisite; (3) TDs are probably the softest
sources; and (4) the nucleation of MDs is easier
in metals than in semiconductors. The origin of
TDs will be considered in more detail in Section
II1.G.

Thus far, we have limited the discussion to
sources that provide MDs for the onset and early
stages of strain relief. While we naturally expect
that identical sources will continue to operate
during the subsequent muitiplication stages, other
sources or mechanisms have been identified. Of
these, the Hagen-Strunk'2-¢!¢2 mechanism seems
to be generally accepted. This source is formed
on a {001} interface plane in thin films from the
perpendicular crossing of two 60° MDs whose
Burgers vectors are parallel. At the crossing point,
an annihilation reaction leads to two angular dis-
locations in an asymmetric configuration. One
angular dislocation is attracted toward the free
surface where it disconnects, forming two sep-
arate dislocations (TDs), each of which generates
a MD under the action of the MS stress in a
process involving cross-slip. The existence of this
source has been confirmed for small misfit sys-
tems and is believed also to operate in large misfit
systems where it is, unfortunately, difficult to
observe.®!

The ‘‘rebound mechanism’’ proposed by
Dregia and Hirth,’® a mechanism in which an
incoming 60° dislocation rebounds at the inter-
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face to form a Lomer-type MD there and a re-
ceding 60° dislocation, can also act as a multi-
plication mechanism if the rebounded 60°
dislocation acquires sufficient kinetic energy to
be reflected from the surface, as was suggested
by F. C. Frank many years ago.

Chemns and Stowell'! have proposed the tri-
gon as a mechanism for MS relief in Pd films
grown on {111} Au substrates. The trigon is an
extended three-dimensional defect with faulted
hexagonal base (parallel to the interface) bounded
by three Shockley dislocations (having small
Burgers vectors), three stair-rod dislocations, and
three inclined faulted {111} planes. No evidence
for the widespread occurrence of this mechanism
has been presented as yet.

F. Critical Thickness and Residual Strain

In this section we deal with the critical quan-
tities, critical misfit f., and critical thickness h,,
mainly with the latter. Critical misfit has been
adequately dealt with in Section III.B. Existing
calculations of h. have been summarized previ-
ously, for example, by Wagner et al.”' The name
*““‘critical misfit>’ will be reserved for the equi-
librium (minimum energy) critical misfit of a ML;
f. = f:9. Hence, any epicrystal system having f
< f. will only become unstable with respect to
the introduction of MDs at a critical (equilibrium)
thickness?* hee > 1 ML. Because of the energy
barrier to nucleation and motion of MDs an
“‘observed’’ critical thickness for a given system
will depend on temperature T, time scale t, and
the resolution of the apparatus. Hence, whereas
hg* is uniquely defined by the properties of the
perfect epicrystal system, any he> will not only
depend on T, t, and the apparatus, but also on
the nature of the MD sources. Accordingly,
hg™ for a given system could be very different
from hga, 14.16.20.21.72-74 Qbyijously, h?™ = he, and
possibly h¢™ > he3, in some instances.

We first consider approaches to calculating
the equilibrium critical thickness hi3. We classify
all calculations based on energy minimization and
balancing forces, in this category, the contention
being that MDs would be available where and
when they are needed for equilibration, or that
adequate time for equilibration is allowed. Var-
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ious attempts had been made to measure h%.
Houghton and collaborators'®-7*-7¢ have con-
cluded, on the basis of careful experiments in-
volving extensive annealing of Si,_,Ge,/Si, that
the onset of MS relief occurs at the equilibrium
critical thickness predicted by Matthews and
Blakeslee™ on the basis of the blowing out of
TDs (see Equation 35).

Most existing calculations are facilitated by
the fact that the total energy can be expressed as
the sum of the energy E; of MS and the energy
E, of the MDs, as was revealed by the result in
Equation 22. It has been proposed previously*’®
that the minimization calculation can be simpli-
fied by the approximate criterion that strain relief
will commence at a critical thickness for which
the pseudomorphic ([§|] = f) MS energy E; be-
comes equal to the MD energy E, of fully relaxed
(f = ) MS. An analysis has shown” that this
approximation may introduce discrepancies of up
to 25%. The main reason for this is that at slightly
supercritical misfit only part, and not all, of the
MS is converted into MDs.

Much effort?0-2!-73.78.7 has been dedicated re-
cently to attempts at understanding why predic-
tions of critical thickness and residual MS in epi-
layers do not correlate satisfactorily with
observations, and why this discrepancy is larger
for semiconductors than in metals, particulary for
{111} fec interfaces. The answers to these ques-
tions were essentially given by Matthews? and
Matthews and Blakeslee.”® Recent attempts went
somewhat further in quantifying critical thickness
and the time dependence of strain relief, e.g.,
those of Dodson and Tsao,* Fox and Jesser,”®
and Houghton.?' An important concept intro-
duced by these authors is that of ‘‘excess’ or
‘‘effective’’ stress to describe the resultant driv-
ing forces for MS relief and their decay as relief
progresses. The work of Fox and Jesser is spe-
cifically aimed at MDs generated from TDs in
epilayers of finite thickness on a thick substrate.
Since TDs constitute the most sensitive and abun-
dant sources of MDs, brief reviews of the related
theories are justified. The theories also yield, as
a limiting case, the equilibrium results of
Matthews.?

When MDs are generated from TDs, which
are usually 60° (mixed) dislocations, the energy
minimization calculation is greatly facilitated by
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application of the equivalent vanishing of forces,
Equation 4c, now given by

F. = Dhg,

D = [2po(l +vo)b cos A)/(1 — vy) (33a)

F, = C £n(R/1y),

C = I'v*(1 — v cos? {)/2m,

R = h, r, = ble (33b)
F; = Ahv exp[Uy/kT]

+ Bvh exp[Q,/kT]

+ AEh exp[W/kT] (33¢c)

The apparent absence of a resemblance between
Equations 13 and 14a on the one hand, and 33a
and 33b on the other, is due to the fact that the
former corresponds to energies of pure edge type
MDs, whereas the latter corresponds to forces on
60° (mixed) MDs.

In Equation 32, F is the resultant glide force
on the mobile segment LB of the TD in Figure
3 — the generating segment whose motion (glide)
draws the MD KL in the interface — F: is the
Peach Koehler MS force, F, the force exerted by
the line tension of the MD,?7° and F; the frictional
force. The symbols in Equations 33a to c rep-
resent: Poisson’s ratio v for the interface (for
convenience usually approximated as v = v, =
v,); A the angle between the Burgers vector b and
that normal on the trace of the slip plane and
interface that lies in the interface plane; and ¢
the angle between b and the MD line. The three
terms in F; represent frictional resistances: con-
secutively due to Peierls barriers, to scattering of
electrons and phonons, and to pinning by im-
purity atmospheres. A and B are constants, E is
a factor depending on impurity concentration, A
= 0 or 1, depending on whether the dislocation
has already escaped the impurity atmosphere or
not, U; is an activation energy for a dislocation
(of type i) in overcoming the Peierls barriers, Q,
is an activation energy related to the scattering

A

FIGURE 3. Diagram illustrating the generation of a
misfit dislocation (MD) BC by the glide motion of the
generating segment CD of the threading dislocation
ABCD.

resistance experienced by the dislocation (type i)
when moving at velocity v, and W, is an acti-
vation energy for diffusion of the atmosphere.
Note that the value R = h of the outer cut-off
radius R (compare Equation 14c to Equation 33b)
applies to the initial stages of MS relief when
p > 2 h; subsequently when p falls below 2 h
the radius is taken as R = p/2. The term

F, = Avh exp(Uykt) (34)

representing the Peierls resistance, has been al-
tered here, as compared to the one of Fox and
Jesser, by inclusion of the TD velocity v in order
to agree with that of the reference® cited by the
authors in deriving their result (see Equation 11
of Reference 78). Actually it has been suggested
that the force obeys a power law Fy' (m = 1 to
1.5). The linear dependence in Equation 34 is an
approximation introduced”® for solvability.

The equilibrium critical thickness h9, as cal-
culated by Matthews,? follows from the equilib-
rium Equation 32, by deleting F; and putting €
= f, while subsequently, when h exceeds he9,
we put € = €, < f; we obtain

h = (C/Dfyén(eh/b)  forh = h®, p/2 > b (35a)

€., = (C/Dh)én(eh/b)  for p/2 > h > hn (35b)
(o e -
= a‘l en[z(f__z:)] forp/2 < h (350)

where we have written, for convenience, € in-
stead of [e| for the residual strain.
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When frictional forces are taken into account we
have for the onset (v = 0, € = ) of MS relief,
the same equilibrium results as in Equation 35
except that in Equation 35a f must be replaced
by f — &;

€, = (E/D)exp(W./kT) (36a)

to yield a somewhat larger critical thickness due
to the resistance of the impurity atmosphere.

In neglecting the velocity dependence of F, in
Equation 34, the authors obtained, instead of f
— €,, the factor f — €, — &,;

& = (E/D)exp(U,/kT) (36b)

as well as an additional term €, on the right-hand
side of Equation 35b. This has led to erroneous
predictions of unduly high critical thickness and
residual strain, which meant that even at infinite
thickness the residual strain (€,) is nonzero. This
violates the principle that, at nonzero Kelvin, the
barrier will be overcome by thermal fluctuations
provided one waits long enough.

Fox and Jesser” have also attempted a cal-
culation of the rate of MS relief, expressed as
the time dependence f(t) of the misfit accom-
modated by MDs at a given supercritical thick-
ness. The authors introduced an equilibrium crit-
ical MD density (per atom)

f. =f — € 37

eq eq

and expressed the TD velocity as

v(t) = «[f, — f(®)] (38a)

L_B__ Q) AU
, Dexp(kT) + 2 exp(kT) (38b)

where the occurrence of the Peierls term (the
second one) is a consequence of having the TD
velocity v included in the Peierls resistance, as
was done in Equation 34.

The authors adopted a one-to-one correspon-
dence between TDs — being driven by the ef-
fective stress — and MDs that they create, and
related the linear density
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N, () = f(t)/b cos A (39)

of MDs per unit length to the areal density N,(t)
of TDs per unit area at time t, as

1 t
Nt = q L NaA(®)V(E) dE (40a)
~1 N,vt (40b)
q

The approximation in Equation 40b is due to the
authors and implies that N, and v are independent
of time; alternatively, that it approximates the
rate of MS relief immediately after onset. The
quantity q designates the number of slip plane
traces on the interface, for example, q = 2 for
{111} slip plane traces on a {001} interface.

It follows from Equations 38, 39, and 40a that

df _ bcos A\

dt

NAOx[f, — TO]  @1)

The areal density N, of TDs can vary with
time for at least two reasons: (1) by elimination
of TDs on reaching the crystal boundary, and (2)
by -creation of new TDs at TD sources. If we
ignore both mechanisms, as Fox and Jesser have
done, we obtain, on integration, the result

) =10 —e™ (42a)
o = kb cos A (42b)
q
= N, b c:s )\/[g eQukT
+ % e“i’”]

where N, is now the initial density.

The additional Peierls term is prominent
again. Although this result is rather crude, it does
exhibit the anticipated reason for the rate of equi-
libration being slower in the case of semicon-
ductors as compared to metals, namely, that «
is smaller for the latter because of the domination
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of the exponential factor in the Peierls term. In
the limit of small t Equation 42 reduces to

- - N,tb A B
f(t) ~ f.q . qcos / I:B et
A
+ BCW"T] (42¢)

Fox and Jesser™ have also considered the
creation of additional (multiplication) TDs, but
could not take the analysis to a final conclusion,
because the multiplication rate is still an unknown
quantity. They endeavored though to derive a
criterion for equilibration by MS relief through
the creation of MDs. They do not state the phys-
ical basis for the criterion clearly. It would seem
that it is based on the empirical fact that the slope
of the observed variation f(h) is less than that of
the predicted equilibrium variation f.(h), i.e.,
that 8f(h)/oh < 9f,.(h)/ah. This yields the result

- Dvh2N,b cos A

<71, = 4
r=r q C €n(h/b) (432)
where the growth rate r is defined by
h—h =n (43b)

and the right-hand side of Equation 43a contains
a correction for a typographical error in the orig-
inal result.”® Although this is a crude result, it is
qualitatively consistent with the expectation that
the critical rate r. will be higher (1) the larger
the TD velocity v, i.e., the larger the effective
stress; (2) the larger the thickness, i.e., the larger
the MS driving force; (3) the larger N,, i.e., the
more abundant the TDs; and (4) the more effec-
tive the accommodation of misfit as expressed
by bcosA, whereas r, will be retarded by the line
tension embodied in the factor €n(h/b).

The variation of plastic strain ftty = f — e(t)
with time t for the generation of MDs by TDs
nucleated from sources was calculated by
Houghton?! for the initial low dislocation (TD)
density regime. The author used the semiempir-
ical expression

v(t) = v, (E;:(—t))m exp(

——); m = 1-1.5 (44)

to relate the TD velocity v at temperature T and
time t to the effective stress T.,, an activation
energy Q, involved in TD motion, and a material
constant v,. Note that this is the same relation
(with m = 1) that Fox and Jesser’® had used to
write down the expression (34) for the Peierls
resistance, and that the time dependence of v
originates in the time dependence of T.; 7. de-
creases with anneal time as plastic strain proceeds
by the injection of MDs. Otherwise, the author
used the semiempirical relation

% = BN, (l;(t-)> exp<" %) (45)

n~25

for the rate of nucleation of TDs, B and n being
material constants, N, the density of incipient TD
sources at time t, N(t) the number of activated
sources — the supposition being that each source
provides just one TD — and Q, the activation
energy for nucleation. The authors assumed that
T.q 1S time independent and confirmed it exper-
imentally for the regime of interest. This also
meant that the TD velocity v could be taken as
constant and that the fraction of TDs that escapes
is negligible. Under these conditions both Equa-
tion 45 and the plastic strain rate equation

% = N(t)vb cos A (46)

could be integrated to yield the time dependence
of plastic strain as

Q,+Q,
KT )
47

- 1 n+m
f(t) = 2 By Nyt*b cos A(%’:") exp(

This result differs, for understandable reasons,
in important features from that in Equation 42c:
(1) the time dependence in which the former and
the latter are proportional, respectively, to t> and
t, which are, respectively, due to the need to
create TDs and to their preexistence, and (2) the
activation barrier dependence where, for the for-
mer, the barriers to nucleation and motion are in
‘‘series’’, whereas for the latter, the Peierls (U))
and scattering barriers Q, are effectively in
‘‘parallel’’.
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G. Threading Dislocations and Buffer
Layers

A threading dislocation (TD) is a dislocation
that threads through the thickness of an epilayer?
and is a line defect that is most detrimental to
the performance and lifetime of a device, for
example, by providing an easy diffusion path for
dopants and by being a soft source of MDs. Its
presence is, accordingly, most undesirable.

Threading dislocations often originate? from
substrate dislocations that have continued into the
epilayer during growth, but may also be gener-
ated from dislocation®' half-loops that are nu-
cleated either at dislocation sources in the epi-
layer surface by the Peach-Koehler MS stresses,
or in an epilayer of critical or near critical misfit
that grows in the island mode so that the islands
themselves are of supercritical size with high den-
sity of MDs — mostly efficient ones in pure edge
orientation — when they coalesce.82%5 Misfit dis-
locations from adjacent islands that do not form
part of a perfect interfacial MD arrangement, and,
accordingly, do not connect at the trace of the
island-island boundary and the interface, con-
tinue as TDs in the growing epilayer.

The conventional way of eliminating TDs is
by means of a buffer layer>78485 — a misfit
strained epilayer of supercritical thickness in
which the TDs are bent by the Peach-Koehler
MS forces into the interface, where they become
MDs — the objective being either to free an
active epilayer from TDs, or to generate a sub-
strate (the buffer layer) free of TD sources of
MDs. The theory on which the mechanism is
based is essentially the Matthews-Blakeslee the-
ory of critical thickness, briefly presented in Sec-
tion IIL.F.

The term ‘‘buffer layer’’ also characterizes
(1) a thin uniform epilayer grown in the pseudo-
ML-by-ML mode at an appropriately high su-
persaturation — a procedure employed in the
‘‘two-step’’ process — the objective being to
grow an epilayer with the desired smoothness of
surface'0-#-87 (see Section I1.B), and (2) epilayers
that are designed to accommodate thermal misfit,
for example, a buffer layer of CaF, on Si{111}
to facilitate the growth of high-quality GaAs.*
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H. Geometrical Theory of Critical
Thickness

A geometrical theory of critical thickness and
strain relaxation has been proposed recently by
Dunstan et al.,* an undertaking that was pre-
sumably meant to yield a simplifying approxi-
mation of existing theories, and that this author
wishes to think of as a zerorh order approxima-
tion, although the authors probably would not
agree. The theory is based on a concept of ‘*strain
relaxation’’ that the authors link to the Saint Ven-
ants principle and that has some similarity to the
concept of an ‘‘outer cut-off’’ radius as is used
in the Volterra model of a dislocation. The au-
thors propose that a MD lying at a distance h
below the surface can relax MS within a distance
mh (1 < m <2) to an amount of € = b/mh, and
none outside, b being the Burgers vector. Ideally,
therefore, complete relaxation of the pseudo-
morphic MS f will be accomplished at a cnitical
thickness h, with a MD spacing mh,, such that

f = b/mh, (48)

The authors cite the prediction of the one-di-
mensional Frenkel-Kontorowa model to justify
their supposition that at the critical thickness h,
there is an abrupt transition to a relaxed config-
uration with nearly enough MDs to accommodate
all the misfit f. The authors proceed, though, to
refine their model by allowing only for a fraction
3 of the pseudomorphic MS f to be relieved at h
= h,

- f for h < h,
eh) = {Sﬂuh for h=h, @9

It was also argued that, as the MS decreases,
the Peach-Koehler driving stress will eventually
fall below the yield limit and that no further plas-
tic deformation (MS relief) will occur. There then
exists a fixed residual strain €,, even though the
thickness increases indefinitely. The authors sug-
gest a dependence of MS strain € on thickness h
as

f forh< I/f — €)

e(h) = { 2h +5  hz=1f-5) OO
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Since the theory only invokes physical principles
in an indirect and qualitative manner, it cannot
be widely reliable and will not be pursued further,
even though it may yield useful rule of thumb
criteria.

|. Tilted Substrates

Convincing evidence®”-°>%2 exists in support
of the claim that adequately cut-off substrates —
usually Si{001} — facilitate the epigrowth of
good-quality compound semiconductors. The full
role of the steps is still somewhat unclear. One
proposal is that the steps inhibit the formation of
antiphase (inversion) domain boundaries — a very
undesirable defect — during growth. The theory
is partly based on the fact that an inclined surface
has an abundance of steps of one sign (‘‘up’’ or
‘‘down’’) when compared with a surface that is
fairly accurate in {001} orientation — in the latter
the step density is normally low and the steps
occur more or less in pairs of opposite sign —
and partly on the assumption that pairs of steps
combine into steps of double height, the sup-
position being that this configuration is energet-
ically more favorable than two separated steps of
monotomic height. On a perfect {001} substrate,
monatomic steps would be greatly in excess of
double-height steps. Monatomic steps are con-
ducive to the formation of antiphase domain
boundaries between islands (or overlayers) that
have nucleated on neighboring terraces, whereas
double steps are not.

Another proposal is based on the observation
that epilayers that grow on inclined substrates
become tilted themselves,”®> and more so above
the critical thickness (or size) when MS is re-
lieved by the introduction of 60° MDs generated
from dislocations arriving on parallel {111} glide
planes. The tilt is generated by the Burgers vector
component normal to the interface. The direction
of tilt depends on the sign of the misfit and is
such as to reduce the mismatch at the interface
and accordingly the need for strain relief, and to
enhance the tendency to epitaxy. The tilt of the
epilayer generates a tension across the interface
on one side of the tilt axis and a compression on
the other, a situation that is most favorably ac-
commodated by an appropriate sequence of ter-

race-step combinations. Alternatively, given the
off-cut, the sequence of steps may be conducive
to the formation of a given set of 60° MDs. Li-
kewise, with a perfect {001} substrate, the tilt
may be avoided by the formation of alternate 60°
MDs on different {111} glide planes.

It has also been suggested that efficient Lomer
MDs nucleate at the double steps,>-** as at edges
of supercritical islands, and that the Lomer MDs
are less inclined to generate defects, particularly
when they are generated in a continuous film.

IV. SUMMARY

The main objective of this critical review is
to assess the success of existing theories that have
been developed with the view to guiding en-
deavors at growing perfect crystalline epilayers
of uniform thickness. Uniformity is a problem of
tailoring the growth mode. This is dealt with in
Section II. Section III is dedicated to the under-
standing of deviations from crystalline perfection
by the generation of misfit dislocations (MDs).
An important issue has been the accomplished
degree of equilibration.

Although the equilibrium criteria of growth
modes by Bauer,? outlined in Section II. A, are
not fully applicable to most practical epigrowth
cases, they have become widely accepted for pro-
viding useful guidelines in designing epigrowth
procedures. The main shortcomings of their ap-
plication are the lack of knowledge of interface
energies and the assignment of thermodynamic
properties to ultrathin films.

In Section II.A we have concluded that an
island growth stage is almost inevitable in a quasi-
equilibrium epigrowth process. In Section II.B
it is shown that careful application of nonequi-
librium procedures can be employed to ‘‘sup-
press’’ this undesirable stage and grow in a ML-
by-ML fashion, the most effective growth mode
for accomplishing thickness uniformity.

This review has been limited to phenome-
nological theories, the justification being that,
although crude, they have accomplished surpris-
ing qualitative and quantitative successes. A few
comments are appropriate. First, the problem of
unharmonicity associated with large pseudo-
morphic strains cannot be handled within the har-
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monic models. Second, the Frenkel-Kontorowa
(FK) model expresses the breakdown of linear
elasticity at the dislocation in terms of physically
meaningful quantities — the coefficients of an
optimum Fourier truncation of the periodic in-
terfacial interaction — whereas the Volterra model
deals with this breakdown by the introduction of
the inner cut-off radius r,, essentially an adjust-
able parameter. It is true though, that the Fourier
coefficients can be calculated fairly uniquely only
for an isolated adatom and less so for epimon-
olayers and epimultilayers. The FK model is
nevertheless recommendable for ultrathin epilay-
ers where bond strength is important. The effect
of bond strength decays, though, with thickness
and the Volterra model becomes superior for
thickening films also because of its mathematical
simplicity in handling even MDs of mixed nature
(60° MDs).

In Section III.B we have briefly reviewed the
application of the Frenkel-Kontorowa model to
a monolayer by Frank and van der Merwe. The
main assets of the exercise are that the relevant
problems can be solved more or less exactly and
that the model displays all the topical features of
epitaxy: misfit accommodation by misfit strain
(MS) and MDs, critical misfit and thickness, ac-
tivation barriers to MS relief — the generation
of MDs — and the reduction of the barrier heights
by MS (Peach-Koehler) stresses.

After brief introductions to the types of misfit
dislocations that occur and the nature of the forces
experienced by dislocations, the important sub-
ject of MD sources is dealt with in Section IILLE.
The essential messages of this section, specifi-
cally the work of Kamat and Hirth,$® are that the
observed critical thickness exceeds the predicted
equilibrium value and that normally sources are
needed for the generation of MDs; dislocation
(half) loops that are nucleated at the sources ex-
pand to form TDs that bow out under the Peach-
Koehler MS stresses to lay the MDs at the in-
terface. TDs constitute the softest sources of MDs.
The acquisition of TDs are more fully considered
in Section III.B.

Fox and Jesser’® and Houghton?*' have ana-
lyzed the onset (equilibrium critical thickness)
and the time dependence (continued generation
of MDs) of MS relief (see Section III.F). Whereas
Fox and Jesser have taken existing TDs directly
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as sources, Houghton has considered the nuclea-
tion of TDs from prefabricated sources. Both ap-
proaches include the effect of Peierls barriers and
solve the governing equations for the initial stage
(near onset) of MS relief only, the main con-
straint being the lack of knowledge regarding TD
multiplication rates. The results nevertheless
clearly display the retarding effect of Peierls bar-
riers, confirming the anticipated reason for time-
dependent differences in MS relief for semicon-
ductors and metals. A measurement of *‘equilib-
rium’’ critical thickness agreed with the theory,
as was also predicted by Matthews and
Blakeslee.”

In a geometrical theory of critical thickness,
Dunstan and co-workers® proposed that a MD
lying at a distance h below the surface relaxes
MS to an amount b/mh (I < m <2) and none
outside. On the basis of this concept, they pro-
posed a critical thickness dependence on misfit
and a thickness dependence of residual strain.
This theory, which is justified by handwaving
arguments, could be greatly in error in specific
cases.

Tilt mechanisms of MS relief are briefly and
superficially dealt with.

It is evident that many important topics have
not been considered, and that much still needs to
be done before the chapter on growing epilayers
of uniform thickness and perfect crystalline struc-
ture is completed.
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