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We describe anomalous strain relaxation in graded SiGe superlattices and thin films. This relaxation
is characterized by the presence of dislocations in the Si substrate, as well as in the lower part of the film
or superlattice, and results in a dislocation-free top layer. This challenges the basic assumption, dating
back to Van der Merwe, that the substrate does not participate in the strain-relief process. We show
that this phenomenon is due to the paucity of nucleation sites, and controlled by the specific Ge concen-
tration profile in the film. Relaxed, defect-free Si,Ge,-. films containing up to 60% Ge have been

grown in this manner.
PACS numbers: 68.55.Ln

Strain and strain relief play a crucial role in determin-
ing the properties of thin films and superlattices. Indeed,
the ability to influence the formation and propagation of
dislocations in strained materials can dramatically ex-
pand opportunities for combining materials such as Si
and Ge which have a 4% lattice mismatch. However, to
fully access the promise of the SiGe system, it is neces-
sary to grow thick, relaxed, SiGe alloys on Si sub-
strates.! This is a very challenging problem, because the
relaxation mechanism involves the motion of threading
dislocations through the thin film. These threading de-
fects can become pinned, e.g., by intersecting disloca-
tions, 23 resulting in a relaxed, but extremely defective
thin film.

In this paper, we describe, and propose a model for, a
novel growth mechanism which solves this major techno-
logical challenge: Control of threading dislocations has
been achieved, such that relaxed layers of arbitrary com-
position have been grown defect free to a level previously
unattainable. The strain-relieving defects are buried in a
compositionally graded buffer layer as well as deep into
the substrate itself, which challenges the basic assump-
tion, dating back to Van der Merwe* and Matthews and
Blakeslee,> that the substrate will not participate in the
strain-relief process.

Figure 1 illustrates the problem: In Fig. 1(a), a
5000-A layer of constant composition, Si;sGe,s, has been
grown by UHV chemical-vapor deposition (CVD) on
Si(100). The SiGe is relaxed, but a typical, dense net-
work of threading dislocations is clearly seen, rendering
any technological application of such a film at the very
least difficult. Figure 1(b) shows a “graded layer” (the
Ge composition varies linearly from 0% to 25%), where
the top layer of the film is also relaxed (see results fur-
ther in the text). Here, the network of dislocations is
confined to the lower part of the film, and, most surpris-
ingly, deep into the substrate itself, leaving the top part
of the film defect free. We note that this is similar to re-
cently published results,® in which a graded superlattice
(the Ge concentration increases from one superlattice
layer to the next, instead of varying linearly) displayed
the same general behavior. In the present paper, we pro-
pose a mechanism for this phenomenon that explains the
presence of dislocation deep in the Si substrate, as well

as the absence of threading defects in the top portion of
the thin film. We also determine the critical parameters
controlling this process.

We note that this behavior is completely different
from the well-known technique of filtering, first discussed
by Matthews and Blakeslee.” Filtering consists of using
strained superlattices to bend threading dislocations to
the edge of the wafer. It has been used successfully in
GaAs-based systems,® but has been shown to fail in the
SiGe system.? Further, even in systems where filtering
does work, a reduction in the density of threading dislo-
cations of 10* has been achieved,® while we will show
that reductions of more than 107 are achieved here. Fi-
nally, filtering does not result in dislocations being inject-
ed into the substrate. Here, we have actually modified
the nucleation of dislocations, and increased the mobility
of the threading segments, to such an extent that layers
containing up to 60% Ge have been grown completely re-
laxed and dislocation free.

Samples where grown by both UHV-CVD and mo-
lecular-beam epitaxy (MBE) at temperatures of about
500°C. Cleaning and growth procedures have been de-
scribed for both techniques respectively in Refs. 10 and
11. Samples were prepared for both planar-view and

FIG. 1. Cross-sectional images of two samples grown by
UHYV-CVD, in the same experimental conditions (temperature,
pressure, etc.). (a) Uniform layer containing 25% Ge. (b)
Graded layer, where the Ge composition varies linearly from
0% to 25% throughout the film.
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cross-sectional TEM by mechanically thinning to about
30 um, followed by ion milling to electron transparency.
The observations were made at 300 kV, except for the
convergent-beam patterns, which were obtained at 100
kV.

Figure 2 shows a sample grown by CVD, consisting of
a graded superlattice topped with a 4000-A-thick layer
containing 20% Ge. Figure 2(a) shows a cross-sectional
view, and demonstrates that the top layer is dislocation
free. The dislocations are located in the graded superlat-
tice, as well as in the Si substrate itself. Planar-view
TEM was also done on the same sample, in order to
quantify the quality of the top layer. We estimate ' that
a reduction of in excess of 107 has been achieved, leaving
the top layer at a dislocation density below 10%/cm?. In
order to ascertain the degree of relaxation in the top lay-
er, we did convergent-beam-diffraction studies.!®> This
was done by cross sectioning the sample along the (100)
direction [instead of the more usual (110) direction], and
cooling it in the microscope to about —140°C in order
to obtain sharp convergent-beam patterns. Figures 2(b)
and 2(c) show the center spots of patterns obtained from
the Si substrate far away from the interface, and from

(a)

(b)

©)

FIG. 2. Graded superlattice, topped with a 4000-A-thick,
uniform layer containing 20% Ge (grown by CVD). (a)
Cross-sectional image. S indicates the position of a graded su-
perlattice, consisting of the following structure: 200 A SiosGes,
50 A Si, 200 A SisGeo, 50 A Si, (SissGeis/50 A Si) 3 times,
Sig2Ges, 50 A Si. (b) Center spot, and corresponding simula-
tion, of the convergent-beam pattern obtained from the Si sub-
strate, far away from the superlattice. Note that the cross sec-
tion in this case is along (100), while the micrograph was ob-
tained by cross sectioning along (110). (c) Same, from the top
layer containing 20% Ge.
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the top layer containing 20% Ge. Simulated conver-
gent-beam patterns'* are also included, demonstrating
that, using the Si lattice as a reference, we can determine
the lattice parameter of the top layer to correspond to a
relaxed SigoGeyo film. The relaxation can actually be de-
duced simply by noting that, even though the experimen-
tal pattern shown in 2(c) is qualitatively very different
from that shown in 2(b), the square symmetry has been
retained, indicating no tetragonal distortion in the top
layer, and thus no strain within the detectability limit of
the convergent-beam technique (distortions resulting in
changes in the lattice parameter of 0.1% would be
detectable by this technique'?).

Several experiments were performed to ascertain the
parameters controlling this novel relaxation mechanism.
First, we observe these results to be independent of
growth technique: The samples shown in Fig. 2(a)
(grown by CVD) and Fig. 3(a) (grown by MBE) exhibit
the same type of dislocation network. Second, we ob-
serve that these results depend critically on the perfec-
tion of the growth interface: The samples in Figs. 3(a)
and 3(b) were grown under identical conditions, except
for the introduction of a Si buffer layer in 3(a), which
buried particulates that appear after extended heating of
the sample during cleaning. The only difference between
the samples was therefore the perfection of the initial
surface upon which alloys were deposited. Third, we ob-
serve that a good starting surface is not sufficient to
avoid threading dislocations, as illustrated in Fig. 1(a),
where a 25% Ge layer is grown on a substrate prepared
identically to that in 1(b). Finally, we observe that simi-
lar dislocation structures result independently of how the
Ge concentration is increased, either continuously [Fig.
1(a)] or in steps [Fig. 3(a)l.

In order to characterize the dislocation network,

(a)

(b)

FIG. 3. (a) Sample grown by MBE. The graded superlat-
tice indicated by S has the same structure as the one shown in
Fig. 2. The arrow indicates one dislocation located in the Si
substrate. (b) Sample grown identically to (a), but without a
buffer Si layer. Particles are clearly seen at the graded super-
lattice interface. The arrow indicates one particle from which
a network of threading dislocations emerges.
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cross-sectional TEM samples were viewed perpendicular
to the (110) direction (Figs. 1, 2, and 3). By tilting the
sample about 30° around the [1710] direction, disloca-
tions which had previously run parallel to the electron
beam became visible as lines, as shown in Fig. 4. These
dislocations are located deep within the Si substrate and
are part of a “pileup” of dislocations which have glided
along a single (111) plane, typical of a nucleation source
located at the top of the pileup.!> We performed g-b
analysis to determine the Burgers vector of the disloca-
tions in a pileup. This demonstrates that all the disloca-
tions in one pileup have the same Burgers vector, and are
of the ¥ (101) type, ie., glissile on the (111) plane.
Note that the dislocations that are seen to “loop” into
the Si substrate [Figs. 1(b) and 2(a)] are of the same
nature, but imaged in a direction perpendicular to the
ones imaged here in the pileup.

We propose a two-step mechanism that explains these
experimental observations. First, at a thickness sig-
nificantly greater than the equilibrium critical thickness,
a few dislocations are introduced, possibly as half loops
from the surface, or as loops nucleated at defects in the
film (such as the diamond-shaped defects described by
Eaglesham et al. 16) Second, the network thus formed
and, in particular, the nodes formed by intersecting
dislocations begin acting as Frank-Read sources,'” gen-
erating additional dislocations, as needed to relieve the
increasing strain of the graded layer or superlattice.
This mechanism explains the two striking features of the
final microstructure, i.e., the presence of dislocations
deep inside the substrate, and the lack of threading dislo-
cations in the top layer. Let us examine these phenome-
na one at a time.

The presence of dislocations deep inside the substrate
is a direct consequence of the activation of Frank-Read
sources as a mechanism to generate new dislocations to
relieve the misfit. Let us consider a segment of an inter-
facial dislocation pinned at two nodes by intersecting
dislocations [Fig. 5(a)l. It will start operating as a
Frank-Read source by bowing out into the substrate
[Fig. 5(b)]. It will then loop into the thin film, until it

FIG. 4. Graded sample, grown by CVD, cross sectioned per-
pendicular to the (110) direction, and tilted by 30° around
[110], so as to image the dislocations lying along (110). The
arrows indicate two dislocations at the bottom of the pileup.

reaches the surface, becoming in effect a half loop [Figs.
5(c) and 5(d)]. The first loop formed in this manner is
not expected to penetrate very deep into the substrate,
because it is energetically rather costly to introduce
dislocations into a substrate that is, for all practical pur-
poses, not strained. Thus, unlike the typical Frank-Read
source, this first loop is expected to be very elongated
along the interface and into the thin film. Eventually
though, as more loops form, each new loop will push the
preceding one further down, thus the very deep, typical,
pileups observed [Figs. 5(e) and 4]. Careful calculations
on the forces exerted on the pinned segment of the dislo-
cation by the compressive stress in the film and the near-
ly dislocations have to be done in order to explain the
unexpected bowing of the initial dislocations into the Si
substrate.

This brings us to the second feature of this growth
mode, i.e., the lack of threading dislocations in the top
part of the thin film: Once a loop has grown large
enough so that it has intersected the growth surface, it
becomes a half loop, and can start relieving the misfit in
a way exactly similar to that described by Matthews and
Blakeslee.> Each threading part of the half loop moves
under the influence of the stress. The motion of these
threading dislocations leaves behind a misfit dislocation
[Figs. 5(d) and 5(e)]. What is striking here is that at no
point do the threading dislocations become pinned, which
would result in the typical microstructure shown in Fig.
1(a). One thus has to conclude that each threading seg-
ment has moved all the way to the edge of the wafer. In
some of the experiments described here, growth was done
on 5-in. wafers, so that the dislocations had to move at a
rate of about 10 um/sec, which at the growth tempera-
ture of 550°C is several orders of magnitude faster than
expected from previous measurements. '’

In contrast, during “normal” growth [see Fig. 1(a),
for examplel dislocations become pinned, leaving the

A be s A b8 |

FIG. 5. Schematic representation of the second step of
dislocation formation.
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thin film defective. Hull, Bean, and Buescher,? and later
Freund,® addressed this question and showed that the
repulsive force between a moving threading dislocation
and a perpendicular dislocation can be enough to pin the
threading part. In order for a threading dislocation to
bypass a perpendicular dislocation, a certain “excess
stress” needs to be applied, i.e., the film needs to be
grown significantly past the equilibrium critical thick-
ness. In the present study, the grading of the interface
helps reduce the number of threading defects in two
ways. First, the initial nucleation of dislocations is re-
tarded, possibly because it is easier to grow a perfect in-
terface when the difference of composition between film
and substrate is small. Thus, when the initial network of
dislocations is formed, there is a very high driving force
for moving the threading dislocations all the way to the
edge of the wafer. As additional dislocations are formed
though, and the stress thus decreases, this driving force
would also decrease, so that, eventually, the threading
parts should become pinned. This is where the grading
plays its second, most critical, role: As each new disloca-
tion loop is formed, and as each new thread moves to-
ward the edge of the wafer, the grading provides “fresh”
interfaces, with few preexisting dislocations on which a
thread could become pinned. If we consider the case of
the linearly graded film, each atomic layer in the thin
film needs to achieve its own lattice parameter in order
to minimize the energy; thus, in principle, one “layer” of
dislocations is needed at each atomic plane, which in
effect spreads the total dislocation network over the com-
positionally graded region [Fig. 5(f)]. Consequently, at
each layer, there are far fewer dislocations, and thus far
fewer chances for a threading segment to become pinned
by an intersecting dislocation.

This phenomenon is dependent upon the slope of the
grading; i.e., there is probably a “‘critical slope” above
which the dislocation interaction is strong enough to pin
down the threads. We are now in the process of investi-
gating this concept. The case of the graded superlattice
is similar except that here the “grading” of the disloca-
tion network will occur in a stepwise manner, rather than
linearly. Intersecting dislocations are not the only way
to pin dislocations. As seen in Fig. 3(b), particulates at
the interface can play the same role and, in this particu-
lar case, are indeed more efficient at pinning threading
segments than intersecting dislocations. Similar defects,
or ones such as those described by Eaglesham et al.,'®
may also prevent the mechanism from operating, by pro-
viding numerous low-energy nucleation sites: It is evi-
dent that the Frank-Read-type source described here
will only operate in cases when no other nucleation sites
are provided. This may explain why this phenomenon
has not been observed before.

This work shows a new source of dislocations in thin
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films, that operates only in very specific cases where no
low-energy nucleation sites are present. Unlike cases de-
scribed previously, and contrary to theoretical predic-
tions, dislocation formation results in the substrate itself
being significantly strained by the introduction of a large
number of pileups. As was previously pointed out,'® this
shows that the notion of critical thickness is meaningless
unless one takes into account the exact defect being
formed and its energy of formation. Finally, this work
may have significant impact on technology since it opens
up the possibility of growing relaxed, dislocation-free
SiGe alloys on Si substrates. We have successfully used
this technique to grow such layers containing up to 60%
Ge. This technique should work all the way to pure Ge
layers.
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FIG. 1. Cross-sectional images of two samples grown by
UHV-CVD, in the same experimental conditions (temperature,
pressure, etc.). (a) Uniform layer containing 25% Ge. (b)
Graded layer, where the Ge composition varies linearly from
0% to 25% throughout the film.



FIG. 2. Graded superlattice, topped with a 4000-A-thick,
uniform layer containing 20% Ge (grown by CVD). (a)
Cross-sectional image. S indicates the position of a graded su-
perlattice, consisting of the following structure: 200 A SiysGes,
50 A Si, 200 A SinGeio, 50 A Si, (SissGeis/50 A Si) 3 times,
Sis>Ges, S0 A Si. (b) Center spot, and corresponding simula-
tion, of the convergent-beam pattern obtained from the Si sub-
strate, far away from the superlattice. Note that the cross sec-
tion in this case is along (100), while the micrograph was ob-
tained by cross sectioning along (110). (c) Same, from the top
layer containing 20% Ge.



(a)

(b)

s 5 &

FIG. 3. (a) Sample grown by MBE. The graded superlat-
tice indicated by S has the same structure as the one shown in
Fig. 2. The arrow indicates one dislocation located in the Si
substrate. (b) Sample grown identically to (a), but without a
buffer Si layer. Particles are clearly seen at the graded super-
lattice interface. The arrow indicates one particle from which
a network of threading dislocations emerges.



FIG. 4. Graded sample, grown by CVD, cross sectioned per-
pendicular to the (110) direction, and tilted by 30° around
[170], so as to image the dislocations lying along (110). The
arrows indicate two dislocations at the bottom of the pileup.



