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We studied the evolution of extended defects in relaxed and strained Si and SiGe structures after an
amorphising implant. The investigated structures included three relaxed SiGe alloy layers with various Ge
contents (20, 35 and 50 at.%), a 40 nm-thick tensely strained Si layer and a 40 nm-thick compressively
strained Si0.8Ge0.2 layer. Concerning the compositional effects, we found that the increase of Ge con-
centration in relaxed SiGe structures leads to: (i) an overall decrease of the defect stability and to (ii) an
enhanced {311}-to-loops transformation. As for the strain effects, it is found that: (i) Tensile strain (in Si)
retards the transformation of {311} defects into loops; (ii) compressive strain (in SiGe) enhances the
transformation of {311}s into loops; (iii) in all cases, the overall defect stability is not strongly modified in
the presence of strain. The observed results are discussed in terms of the various mechanisms involved,
including the increase of the interstitial diffusivity in relaxed SiGe alloys (with respect to Si) and the strain
effects on both interstitial equilibrium concentration and defect formation energy.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The fabrication of pseudomorphic SiGe source/drain regions on Si
substrates has attracted more and more attention over the last years
due to the possibility of inducing tensile strain in Si MOSFETs to
enhance carrier mobility in the channel [1]. The optimization of the
performances of these devices relies on the capability to accurately
model implantation and diffusion phenomena in the SiGe regions,
which are strongly related to the evolution of implantation-induced
extended defects [2,3]. The effects of Germanium composition on the
evolution of extended defects in Si–Ge layers has already been
reported in literature by several publications [4–6]. Fedina et al. [6]
showed that differently from silicon, the formation of dislocation
loops in electron irradiated strained SiGe layers was favoured in
comparison with planar {311} defects, due to the presence of strain in
the SiGe layer. A similar effect has lately been reported in the case of
extended defects formed by ion implantation in unstrained SiGe
layer5, where it is shown that the concentration of Ge in the alloy not

only affects the {311}/Dislocation Loops density ratio but also the
ripening of these two kinds of defects.

To be able to disentangle the different mechanisms contributing to
the modification of defect evolution in SiGe epitaxial layers, the
“chemical” contribution due to the presence of Ge and the con-
tribution due to the presence of strain must be studied separately, and
in easily comparable structures. For this reason, in this work, we will
report a series of TEM observations on a suitable set of test-structures,
including both strained and unstrained Si and SiGe layers of different
compositions, to investigate the evolution of extended defects after an
amorphising implant. The results will be discussed in terms of the
energetics of extended defects and of the interstitials diffusivity.

2. Experimental details

For the compositional effect study, three wafers containing relaxed
SiGe alloy layers with various Ge contents (20, 35 and 50 at.%) were
grown by CVD on graded SiGe virtual substrates. For the study of
strain effects, two more wafers were fabricated. In the first, a 40 nm
tensely strained Si layer was grown on relaxed Si0.8Ge0.2 layer, which
was followed by the deposition of a 50 nm Si0.8Ge0.2 capping layer. In
the second, a 40 nm compressively strained Si0.8Ge0.2 layer was
directly grown on top of a Si substrate, followed by a 50 nm Si capping
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layer. All wafers were amorphised to a depth of about 60 nm (cf.
Table 1). 2×2 cm2 pieces were then cut from eachwafer and annealed
at different temperatures, as described in Table 1.

All samples were analysed by Transmission Electron Microscopy
(TEM) in a JEOL 2010-HC microscope, following a standard specimen
preparation technique (mechanical and dimple grinding followed by
PIPS ion-milling). Weak Beam Dark Field (WBDF) analysis [7] has
been used in both cross-section and plan view specimens to measure
defects density, size and position. All plan-view observations have
been carried out using g=[220], g=[400] and g=[422] imaging
conditions which are particularly adapted to differentiate between
defects with similar shapes and different Burgers vectors (as is the
case of {311} defects and rod-like {111}s) [8]. The quantitative
analysis of extended defect populations is based on a method
described in Refs. [9,10], that allows, in particular, to calculate the
density of interstitial atoms trapped in the extended defects from the
measured values of the defect density and defect size. In addition, for
this work, a semi-automated defect counting procedure has been
developed based on image manipulation programs, such as ImageJ
[11], and Matlab [12] scripts.

3. Results and discussion

3.1. Preliminary observations

We initially run preliminary structural analysis on all structures in
order to verify the layers thicknesses, the presence of defects due to
partial relaxation, the strain value in the layer (for strained layers) and
the position of the extended defects created by the implant. WBDF
TEMobservations of the three relaxed SiGe layers in cross-section (not
shown) indicate that relaxation defects are located only in the deep
graded layer, confirming that the top SiGe layer is totally relaxed and
free from defects. Similarly, no relaxation defects were observed in the
zones of interest of the two strained Si and SiGe structures. In addition,
the deformation of the strained layers has been measured in both
strained structures using two different techniques: Geometrical Phase
Analysis(GPA) [13] and Dark-field electron-holography [14]. In both
cases, it was found that the lattice mismatch between the strained
layers and their respective bottom layers in a direction parallel to their
interface is negligible. Finally, the depth of the EOR defects formed
after the amorphising implant and anneal was measured for all the
investigated structures and found to be equal to ~65 nm, indepen-
dently of the Ge content or the strain in the layer. This suggests that
any variation of the amorphous thicknesswhenpassing frompure Si to
SiGe alloys up to 50% is lower than the TEM experimental errors. An
example is shown in Fig. 1 for the reference Si wafer (a), the relaxed
Si0.5Ge0.5 (b) and the strained Si0.8Ge0.2 wafer (c).

3.2. Compositional effects

Fig. 2 shows a visual summary of the evolution of extended defects
in the three relaxed SiGe structures after anneal at 800 °C for 30 s. The
WBDF image taken from the Si specimen (Fig. 2a) shows that the

majority of defects are {311}s appearing as rod-like bright-contrast
lines. Some Faulted Dislocation Loops (FDL) are also visible and
appear in the image as elliptical non-uniform bright regions on a dark
background (cf. arrows in Fig. 2a). In the x=20% relaxed SiGe
structure (Fig. 2b), the two types of defects are still visible but the size
and density of {311}s has decreased, while the density of FDLs has
increased. This effect is more pronounced in the 35% (Fig. 2c) and the
50% case (not shown), where the totality of defects consist of FDLs. It
is important to note that when the apparent defect size is small, the
rod-like shape of {311} defects is difficult to detect and it is necessary
to apply the defect visibility criteria on severalWBDF images obtained
using different diffracting vectors ([220], [400] and [422]) in order to
determine their nature.

Fig. 3 reports the corresponding quantitative analysis of these
samples (red squares), as well as of those annealed at 680 °C for 300 s
(green circles) and at 800 °C for 300 s (black triangles). The total
density of interstitials trapped in all extended defects is reported on
the upper plot as a function of the Ge content in the alloy. When
complete defect dissolution has been achieved, i.e. no defects were
observed in the microscope, we assumed an interstitial density value
equal to the TEM detection limit, which is estimated at ~1×108 cm−2.
In the lower plot of Fig. 3, the fractions of interstitials contained in
each defect type is reported: {311} defects (empty symbols) and
Loops (filled symbols). For an annealing at 680 °C, {311} defects only
are observed in all SiGe structures (empty circles in Fig. 3b), which
trap a continuously decreasing density of interstitials when the Ge
content increases (green circles in Fig. 3a), suggesting that in such
case {311} defects becomemore unstable. This effect is enhanced after
a 800 °C 30 s anneal, where the total density of interstitials in the
defects decreases of about 2 orders of magnitude from bulk Si to
Si0.5Ge0.5 (cf. red squares in Fig. 3a). In addition, after such a higher

Table 1
Details of the annealing conditions for the various samples used in this study. All
samples were implanted with 35 keV Ge+ ions to a dose of 1×1015 cm−2.

Anneals Relaxed Si1−xGex alloys Strained structures

T (°C) t (s) x=0 x=0.2 x=0.35 x=0.5 sSi (tensile) sSiGe (compr.)

680 300 ✓ ✓ ✓ ✓

900 ✓ ✓ ✓ ✓

740 300 ✓ ✓ ✓ ✓

900 ✓ ✓ ✓ ✓

800 30 ✓ ✓ ✓ ✓ ✓ ✓

300 ✓ ✓ ✓ ✓ ✓ ✓

Fig. 1. Cross-section WBDF images of various samples showing the position of the EOR
defects after implantation with 35 keV Ge+ 1×1015 cm−2 and annealing at 680 °C.
(a) Bulk Si. (b) Relaxed Si0.5Ge0.5 wafer. (c) Compressively strained Si0.8Ge0.2 wafer.

Fig. 2. Plan-view WBDF images of various samples showing the nature and density of
EOR defects in relaxed structures with different Ge content after implantation with
35 keV Ge+ 1×1015 cm−2 and annealing at 800 °C for 30 s. (a) bulk Si; (b) Si0.2Ge0.2;
(c) Si0.35Ge0.35.
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thermal budget anneal, both {311} defects and dislocation loops are
observed in the reference bulk Si specimen. In this case, it is found that
increasing the Ge content in the alloy leads to an enhanced
transformation of {311} defects into dislocation loops (cf. red squares
in Fig. 3b). When the thermal budget is further increased (800 °C
300 s, black triangles in Fig. 3), a faster kinetics of both effects due to
increased Ge content (lower defect stability and enhanced {311}-to-
loop transformation) is expected. The first effect leads to a faster
dissolution of all defects while, considering that loops are known to be
energetically more stable than {311} defects, the second effect is
expected to slow down the dissolution process. The combined effect
of both phenomena can therefore explain the apparently puzzling
results obtained for this annealing condition: for a 20% SiGe alloy, the
density of interstitials contained in loops was only 35% of the total
after 30 s. In this case, a longer anneal (300 s) leads to complete defect
dissolution. Instead, for a Ge content of 35%, the defect population
entirely consists of loops already after 30 s (filled squares in Fig. 3b)
which can therefore “survive” to the longer 300 s anneal. Finally, for a
Si0.5Ge0.5 alloy, the total density of interstitials in the defects is already
very low after 30 s at 800 °C, so that in this case a longer anneal
inevitably leads to a full defect dissolution.

3.3. Strain effects

Fig. 4 shows a visual summary of the evolution of extended defects
in the strained Si and SiGe structures after anneal at 740 °C for 900 s. It
is found that the {311} defects exhibit a smaller size and a slightly
higher density in the strained Si sample (Fig. 4a) compared to the
reference one (Fig. 4c). In addition, while {311}s represent the totality
of the defect population in the strained sample, a small fraction of
loops is present in the reference unstrained one (cf. arrow in Fig. 4a).
These results suggest that the Ostwald ripening of {311} defects is
somehow weakly “retarded” by tensile strain, which is also respon-

sible for a less effective {311}-to-loops transformation. The opposite
behaviour is observed in the case of compressive strain introduced in
SiGe layers: while some {311}s are still present in the relaxed SiGe
structure (cf. arrow in Fig. 4b), the compressively strained SiGe
sample only contains loops. As in the previous case, the overall defect
stability is not strongly altered, with the total density of interstitials
contained in the defects being comparable in the two structures.

The quantitative analysis of the investigated samples confirms this
behaviour. Fig. 5 reports the data relative to the samples annealed for
300 s at 740 °C (red circles) and 800 °C (black triangles). It is found
that the major impact of tensile strain in Si is to slow down the
transformation of {311}s into loops (the fraction of interstitials in
loops goes from 75% in Si down to ~5% in sSi at 800 °C, cf. filled
triangles in Fig. 5b), while the total density of interstitials in the
defects is not strongly affected (cf. Fig. 5a). In contrast, compressive
strain in SiGe favours the formation of loops (from 65% to 100% at
740 °C, cf. filled circles in Fig. 5b), with, again, a weak impact on the
total density of interstitials in the defects.

4. Discussion

The evolution of an implantation-induced defect population during
annealing is the result of several concomitantmechanisms,which inmost
cases are thermally activated, such as the diffusion of the free interstitials
that compose the defects (Di), the interstitial capture from a given defect
(related to the interstitial supersaturation, Ci/Ci* ), the emission of
interstitials from a defect (related to its formation energy, Ef ), the
transformation of {113} defects into dislocation loops (associated to an
energy barrier that limits the transformation) and the recombination of
interstitials, diffusing out of the defect region, at the wafer surface. A
satisfactory explanation of the impact of Ge content (in relaxed SiGe
structures) and strain on the defect evolution requires a detailed study of
themodification of each one of thesemechanisms in strained and relaxed
SiGe alloys. Although this is beyond the scope of this paper,we tentatively
suggest that the modification of the interstitial diffusivity is the most
critical parameter to explain the Ge composition effects observed in
relaxed SiGe alloys. Indeed, several studies [15–17] indicate that both Ge

Fig. 3. Total density of interstitials contained in all extended defect families (a) and
corresponding fractions contained in {311} defects and loops (b) as a function of Ge
content in relaxed SiGe structures after implantation with 35 keV Ge+ 1×1015 cm−2

and various annealing conditions.

Fig. 4. Plan-viewWBDF images of various samples showing the nature and density of EOR
defects in relaxedand strainedstructureswithdifferentGe content after implantationwith
35 keV Ge+ 1×1015 cm−2 and annealing at 740 °C for 900 s. (a) Bulk Si. (b) Relaxed
Si0.2Ge0.2. (c) Strained silcon (tensile). (d) strained Si0.2Ge0.2 (compressive).
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and Si self-diffusivities in relaxed SiGe strongly increase with Ge content
(i.e. by a factor of ~300 from Si to Si0.5Ge0.5 at 900 °C). This leads to an
enhanced interstitial recombination at the surface during defect evolution
and to an accelerated defect growth. In the case of {311} defects, this also
implies that the critical size for transformation into loops [18] is reached
more quickly in SiGe alloys than in Si. These modifications are in
agreement with both observed effects in relaxed SiGe structures: (i) an
overall decreaseof thedefect stability (i.e. a decrease in the total density of
interstitials contained in the defects) and (ii) an enhanced {311}-to-loops
transformation. On the other hand, concerning the effect of strain,
theoretical studies [19] indicate that biaxial tensile (compressive) strain in
Si induces an increase (decrease) of the interstitial diffusivity. This is
apparently in contrast with the observed effects in tensely strained Si,
where the “slower” defect ripening with respect to unstrained Si (higher
{311}s density and smaller size) is rather in agreement with a lower
interstitial diffusivity. A more complex scenario is therefore required to
fully explain these results, possibly including the strain effects on both
interstitial equilibrium concentration and defect formation energy.

5. Conclusions

In this work we have studied the evolution of extended defects in
relaxed and strained Si and SiGe structures after an amorphising

implant, in order to separately investigate composition and strain
effects on defect ripening. The general conclusions of our experimen-
tal observations can be summarised as follows:

− composition effects: the increase of Ge concentration in relaxed
SiGe structures leads to (i) an overall decrease of the defect
stability (i.e. a decrease in the total density of interstitials
contained in the defects) and to (ii) an enhanced {311}-to-loops
transformation.

− Strain effects: (i) Tensile strain (in Si) retards the transformation of
{311} defects into loops; (ii) compressive strain (in SiGe) enhances
the transformation of {311}s into loops; (iii) in all cases, the overall
defect stability is not strongly modified in the presence of strain.

We suggest that the increase of the interstitial diffusivity in SiGe
(compared to Si) is the main mechanism responsible for the observed
effects in relaxed SiGe. A more complex scenario, taking into account
several contributing mechanisms, is instead needed to fully explain
the observed effects in strained Si and SiGe structures, possibly
including the strain effects on both interstitial equilibrium concen-
tration and defect formation energy.
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Fig. 5. Total density of interstitials contained in all extended defect families (a) and
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