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Abstract
Molecular beam epitaxial (MBE), unstrained Si1xGex layers of various Ge concentrations, ranging from 0% to
50%, were grown on top of a /1 0 0S Si substrate. The wafers were subjected to a 10 keV, 1  1014 cm2 Si+ nonamorphizing implant. To study the defect morphology, the samples were annealed at 750 C for a total of 180 min. Planview transmission electron microscopy (PTEM) was utilized to observe and quantify the formation and dissolution of
the defects. The Si1xGex samples with p5% Ge exhibited {3 1 1} defect formation and dissolution; however, samples
with Ge fractions X25% showed only dislocation loop formation likely caused by a decrease in bond strength with
increasing Ge content.
r 2003 Elsevier Ltd. All rights reserved.
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1. Introduction
Many novel electronic and optical device applications
can be achieved through the extensive use of Si1xGex
alloys [1–3] for two major reasons. First, adjustments in
the composition of the alloy enable the band structure
and mobility to be easily modiﬁed [4]. Second, since Si
and Ge are isovalent materials with lattice constants
differing by B4%, a miscible alloy of the Si and Ge can
be crystallized into a diamond lattice structure.
Defect studies of relaxed Si1xGex alloys are crucial to
the semiconductor industry’s understanding of the
interaction of the various material components, i.e. Si,
Ge, dopants, impurities, etc. Ion implantation and
subsequent annealing are the key processing steps in
the doping of semiconductor devices. It is well known
that upon annealing implant damage in Si, the displaced
ions can experience transient enhanced diffusion (TED)
[5] resulting from the migration of remaining Si
interstitials injected into the damaged region [6]. Under

conventional annealing and non-amorphizing implantation practices, excess interstitials will form type I defects,
i.e. {3 1 1} defects and dislocations loops around the
projected range of the implant where the interstitial
supersaturation is the highest [7,8]. {3 1 1} defects can be
described as a monolayer of hexagonal Si serving as a
reservoir for self-interstitials [9] that acts to minimize the
number of dangling bonds [6]. TED in Si under the
amorphization threshold is governed by the evolution of
{3 1 1} defects [6,10]. Of late, the diffusion and activation
of implanted semiconductors in relaxed Si1xGex has
been intensely characterized [11–14], but very few have
attempted to investigate the resulting defect morphology. It is imperative that the extended defects in these
alloys be examined from a physical viewpoint. This
paper will address the resulting defect evolution of
injected and subsequently annealed interstitials in
unstrained Si1xGex alloys.

2. Experiment
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Relaxed Si1xGex wafers were grown by molecular
beam epitaxy. The investigated Ge contents were: 0%,
2%, 5%, 25%, 35%, and 50%. Samples were grown by a
‘‘bottleneck’’ method to getter contaminants in the
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epitaxially grown top Si layer, whereby a compositionally graded buffer layer incorporates Ge into the sample
at an increasing rate of 10% Ge per micron at high
growth temperatures around 750–800 C [15]. Alloyed
layers of constant composition were lightly doped
(5  1015 cm3) with Sb and were approximately 1 mm
in thickness. With the alloyed wafers, the Si cap was
etched away, and the exposed Si1xGex layer was
slightly lapped to smooth the surface. All samples were
subjected to a 40 keV, 1  1014 cm2 non-amorphizing Si
implant and thinned to attain plan-view transmission
electron microscopy (PTEM) samples. Following PTEM
preparation, these samples were annealed in a tube
furnace under a N2 ambient for 3 h at 750 C in discrete
time intervals. Analysis was conducted via PTEM using
a JEOL 200CX microscope with the defects imaged
under weak beam, dark-ﬁeld conditions at g220, for
defects are visible when g . b  ua0; where g is the
reciprocal lattice vector corresponding to the diffraction
plane, b is the Burger’s vector of the dislocation, and u is
the line direction of the dislocation. Loop density, {3 1 1}
defect density, and the total trapped interstitial concentration were quantiﬁed to attain a correlation between
defect growth and Ge content.

3. Results
To emphasize the difference in the ensuing defect
structure from the various Ge concentrations, the work

has been divided into two regimes: the low Ge
concentration samples (0%, 2%, and 5%) and the high
Ge concentration samples (25%, 35%, and 50%).
Within 20–30 min of annealing, distinct {3 1 1} defects
begin to form in the samples with low Ge concentrations. Representing PTEM images of the defect morphology resulting from a 750 C anneal of Si-implanted
Si, Fig. 1(a–c) illustrates this trend. At 30 min, {3 1 1}
defects are evident. Fifteen minutes later, the {3 1 1}
defects have decreased in number, and a few, small
dislocation loops become visible. At even longer times,
the number of {3 1 1} defects continues to decrease
leaving behind dislocation loops.
Fig. 1(d-f) displays the defect evolution of the
Si0.75Ge0.25 alloy. At 30 min, dislocation loops are
observed. At 45 min, it becomes apparent that the size
of dislocation loops has increased. After 2 h of annealing, the density of dislocation loops appears to remain
almost constant throughout the duration of the anneal.
Only the size of the dislocation loops change slightly
over time. No {3 1 1} defects are observed at higher Ge
concentrations indicating that dislocation loop formation is highly preferential in the high Ge content regime.
Fig. 2a and b are a clear illustration that increasing
the Ge concentration decreases the possibility of {3 1 1}
defect formation. Fig. 2a shows the {3 1 1} defect density
for the low Ge content regime, and Fig. 2b plots the
ratio of {3 1 1} defects to dislocation loops formed for
these samples, where Df3 1 1g denotes the defect density
of {3 1 1} defects and Dloop represents the defect density
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Fig. 1. PTEM images of 40 keV, 1  1014 cm2 Si implanted into pure Si annealed at 750 C for (a) 30 min, (b) 45 min, and (c) 120 min.
PTEM images of 40 keV, 1  1014 cm2 Si implanted into relaxed Si0.75Ge0.25 annealed at 750 C for (d) 30 min, (e) 45 min, and
(f) 120 min.
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Fig. 3. Total trapped interstitial concentration as a function of
anneal time for the pure Si, Si0.95Ge0.05, and Si0.50Ge0.50 with a
40 keV, 1  1014 cm2 Si implant annealed at 750 C.
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Fig. 2. (a) {3 1 1} defect density as a function of anneal time, (b)
ratio of {3 1 1} defect density to dislocation loop defect density
as a function of Ge content for the low Ge content regime, and
(c) dislocation loop defect density as a function of anneal time.

of dislocation loops. It appears that dislocation loop
formation is favored by adding Ge to the alloy.
Dislocation loops stabilize earlier in the alloys than in
pure Si. Discrete dislocation loops are not observed in Si
at these implant and annealing conditions until around
45 and 60 min, whereas Si0.95Ge0.05 and Si0.98Ge0.02
show stable loop formation around 30 min. Exempliﬁed
by Fig. 2c, dislocation loops stabilize over longer periods
of time for the Si0.75Ge0.25 and Si0.65Ge0.35 alloys. Above
35%, the dislocation loops are signiﬁcantly less stable.
The total trapped interstitial concentration displayed
in Fig. 3 follows an exponential decay and represents the
sum of the trapped interstitials found in {3 1 1} defects
and dislocation loops. Fig. 3 shows that the higher the

Ge content the shorter the time constant for interstitial
release. The concentration of trapped interstitials in
extended defects can be described as: Ci ¼ C0 exp½kt;
where C0 is the initial trapped interstitial concentration,
t is the time of decay, and k is a decay constant [6]. The
decay time constants of the pure Si, Si0.95Ge0.05, and
Si0.50Ge0.50 alloys are 53, 32, and 23 min, respectively.
Early experiments predicted that dislocation loops are
the result of unfaulting of {3 1 1} defects [16,17]. These
experiments show that increasing the Ge concentration
favors the formation of dislocation loops over {3 1 1}
defects. This implies that with increasing Ge concentration either the unfaulting reaction of {3 1 1} defects is
accelerated, or {3 1 1} defect formation is circumvented
and the excess interstitials precipitate directly into
dislocation loops. Since dislocation loops are observed
at the shortest times for the higher Ge contents, it was
impossible to determine which of these reactions
dominated.
The observed effects of Ge on the microstructure may
be the result of a change in the average bond strength of
the alloy. It is known that increasing the Ge content
reduces the melting point [18] and bond strength of the
alloy [19]. The high energy associated with Si bonding is
responsible for the stabilization of {3 1 1} defect formation [9]. It is reasonable to speculate that adding Ge to
the alloy creates an increasingly unstable environment
for {3 1 1} defect formation.

4. Conclusions
In summary, the defect morphology of the two
separate regimes (i.e. Si1xGex samples with p5% Ge
and samples with Ge contents X25%) differs greatly.
With the Si0.98Ge0.02 and Si0.95Ge0.05 alloys, {3 1 1}
defects are observed, and the dissolution rates are
comparable to that of pure Si. However, dislocation
loop formation increases with Ge concentration. For the
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intermediate Ge concentrated alloys, namely Si0.75Ge0.25
and Si0.65Ge0.35, dislocation loops appear relatively
stable. When the Ge content is increased to 50%, the
dislocation loops become unstable.
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