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Evidences of an intermediate rodlike defect during the transformation
of ˆ113‰ defects into dislocation loops
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A detailed study of the transformation of the �113� defects into dislocation loops has been carried out
in Ge preamorphized silicon �30 keV, 1�1015 Ge+/cm2� and annealed at 800 °C for time ranging
from 15 to 2700 s. The presence of a stable defect, along the �110� directions, formed during the
transformation from �113�’s into Frank dislocation loops �FDLs�, has been revealed and studied.
Performing a detailed transmission electron microscopy analysis in nonconventional zone axes, a
1 /3 �111�-type Burgers vector has been found. These defects are shown to be more stable than
�113�’s but less than FDLs. © 2006 American Institute of Physics. �DOI: 10.1063/1.2361178�

The progress of the semiconductor industry is driven by
the continuous miniaturization of complementary metal-
oxide semiconductor devices. In particular, this requires shal-
low and highly activated source-drain extension junctions. It
has been demonstrated that preamorphization followed by
dopant implantation can be used to reduce the junction’s
depth for p-type MOS devices. By employing the transmis-
sion electron microscopy �TEM�, the crystallographic struc-
ture of the defects, formed during the low temperature epi-
taxial regrowth, has been resolved and to date four types of
extended defects in Si are known: small interstitial clusters
�less than ten atoms, invisible by TEM�, elongated or rodlike
defects, called �113�’s, and perfect and faulted dislocation
loops �PDLs and FDLs, respectively�.1–4 It has been ascer-
tained that, during annealing, all these defects evolve follow-
ing an Ostwald ripening process and, eventually, they change
their crystallographic structure, in order to minimize their
formation energy.4

During a moderate thermal annealing �600–800 °C�,
�113�’s are initially formed. However, if the total interstitial
population is sufficiently high, additional thermal budgets
allow the �113�’s to transform into PDLs and FDLs, which,
in turn, engage a competitive ripening mechanism among
themselves, depending on the different experimental
conditions.5–7 A particular attention has been paid to the
evolution kinetics of extended defects, resulting from
nonamorphizing8,9 and amorphizing6–10 implants. In both
cases it was concluded that nucleation of PDLs and FDLs is
the result of an unfaulting process of the �113� defects.7–9

In this letter, we report a detailed study of the defect
evolution after a preamorphizing implant, in which we show
that an “intermediate” rodlike defect forms during the trans-
formation of �113�’s into DLs.

For our experiment Czochralski-grown �100�-oriented
silicon wafers were implanted with 30 keV, 1
�1015 Ge+/cm2 ions. Following implantation, samples were
annealed in N2 ambient in a Mattson rapid thermal process-

ing �RTP� system at 800 °C for times ranging from
15 to 2700 s.

A 200 keV JEOL 2010-HC TEM was used for the defect
analysis, performed under weak beam dark field �WBDF�
conditions. In Fig. 1 we report four plan-view images of
samples annealed at 800 °C for 15 s �a�, 120 s �b�, 300 s �c�,
and 2700 s �d�. Images have been taken under the imaging
condition of g=400 �the arrow in �a� indicates the direction
of the diffraction vector as seen on the corresponding diffrac-
tion pattern�. Figure 1�a� shows that after 15 s only rodlike
defects are formed �no DLs�. The vast majority of the ob-
served defects are elongated on the �010� direction, perpen-
dicular to the diffracting g vector. In addition, few defects,
labeled A and B in Fig. 1�a�, are elongated along �110� and
�−110� directions �i.e., at 45° with respect to the g vector�.

The diffraction contrast theory predicts that the visibility
of a defect depends mainly on g ·b and sligtly on 	g ·b∧u	
values, where b is the Burgers vector of the defect and u is a
vector along the dislocation direction.11 According to theory,
defects whose g ·b value is higher than 0.64 are clearly de-
tected. Takeda and Kohyama12 found the Burgers vector for
�113�’s equal to a /25 �116�, where a is the Si lattice param-
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FIG. 1. Plan-view TEM images of the extended defects, formed after 15 s
�a�, 120 s �b�, 300 s �c�, and 2700 s �d� annealing at 800 °C.
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eter. Carrying out the g ·b and 	g ·b∧u	 products for the 12
Burgers vectors, associated with the 12 variants of �113�’s, it
is possible to demonstrate that not all the variants appear
with the same contrast. In particular, when imaged with g
=400, only four variants, whose projections on the image
plane appear perpendicular to g, are strongly visible because
their g ·b value, equal to about 0.96, is high enough. On the
other hand, the contrast exhibited by the remaining eight
variants is vanishing, due the low g ·b value �about 0.16�. We
can therefore conclude that all the defects perpendicular to g,
observed in Fig. 1�a�, are indeed conventional �113� defects.

In contrast, defects labeled A and B do not behave as
conventional �113�’s, owing to their unpredicted very high
contrast. Thus, they must then have different crystallographic
characteristics. In Fig. 1�b� the image of a sample annealed
for 120 s presents many elongated defects still visible.

Similarly to the previous case, they consist of both con-
ventional �113�’s �projected along the �010� direction� and of
unconventional elongated defects on the �110� and �−110�
directions �labeled A� and B��. An image of sample annealed
for 300 s is shown in Fig. 1�c�. A reduction of the defect
density and, furthermore, the appearance of a few FDLs is
noticeable, although small �113�’s and, again, anomalous
elongated defects are still detected. Finally, for the sample
subjected to a 2700 s annealing, we notice a further reduc-
tion of the defect density and, at once, the transformation of
all the defects into FDLs. These findings clearly indicate that
an increasing thermal budget favors the transformation of
�113�’s into DLs; however, it is striking to note that “atypi-
cal” defects appear during the transformation. In order to
elucidate their crystallographic characteristics and, in par-
ticular, to determine their Burgers vector, we have carried out
a detailed TEM analysis on the sample annealed for 300 s.
Two diffracting vectors g were selected by tilting the sample
in two different zone axes �i.e., �001� and �−1−13��.

As shown in Fig. 2, the rodlike defect, denoted by C,
shows high contrast for g=400 and 242 �Figs. 2�a� and 2�c�,
respectively� and no contrast or residual contrast for g=220
and 422 �Figs. 2�b� and 2�d�, respectively�. The contrast of
the C defect is proved to be residual for g=422 as it does not
depend on the sign of the s deviation parameter. Taking into

account the behavior of the rodlike defect C as a function of
the different g vectors, we found that a Burgers vector par-
allel to �−111� can accurately explain the observed contrast.
The contrast extinction observed with g=220 means that
g ·b=0 and 	g ·b∧u 	 =0 and, thus, the dislocation lines
bounding the defect C are parallel to the �110� direction. The
detected displacement field around such defects imposes that
the Si interstitials form additional �111� plane. Thus the
atomic density in these defects is three times larger than in
�113� planes. It has to be noted that perfect DLs are also
elongated along �110� directions and, in some cases, can ex-
hibit a sharp contrast, similar to rodlike defects. In order to
avoid any ambiguity and prove that C defect is not a particu-
lar type of PDL, the g ·b and 	g ·b∧u	 values expected in the
case of a PDL elongated on the �110� direction are also re-
ported as a comparison on Table I, where the known value
of the Burgers vector for the PDL is taken equal to 1/2
�−110�. As shown in Table I, if the C defect was a long
conventional PDL, it should have been visible and exhibited
the same contrast if imaged with g=242 and 422. On the
contrary, a quick comparison of the C defect in Figs. 2�c� and
2�d� clearly reveals that it shows high contrast when imaged
with g=242 but only a residual contrast with g=422 and,
therefore, it cannot be a PDL. These evidences definitely
prove that C is an example of a family of extended defects,
elongated on the �110� directions, with �111� habit planes and
1/3 �111� Burgers vectors. Hereafter we will refer to them as
�111�-RL defects.13

A quantitative analysis of the defect evolution has been
carried out and density, mean size, and Nb, i.e., concentration
of trapped atoms on defects, are reported in Fig. 3 as a func-
tion of the annealing time. Concerning the density evolution
of each type of defect, it is straightforward to note, from Fig.
3�a�, that a continuous dissolution of �113�’s occurs, which is
definitely concluded after 2700 s annealing. On the other
hand, the �111�-RL defect density increases, to some extent,
until 300 s annealing then it tends to decrease. Finally, the
FDL density remains almost constant even though a slight
continuous increase is noticeable up to 2700 s. These results
indicate that, for low thermal budget, dissolution and trans-
formation of �113�’s induce the increase of �111�-RL and
FDL densities. �111�-RLs are, in turn, dissolved or trans-
formed into FDLs for longer thermal annealing.

As far as the evolution of the mean size in concerned, it
is shown in Fig. 3�b� that the mean length of �113�’s in-
creases until 300 s, then it tends to zero as they have dis-
solved for higher thermal budget. The initial increase of the
�113� mean size implies that, according to the Ostwald rip-
ening process, dissolution starts with the disappearance of
smaller defects, which are energetically less stable than the
longer ones. The mean size of �111�-RLs is systematically
slightly larger than that of �113�’s and it is possible to distin-

FIG. 2. Plan-view TEM images taken with g=400 �a�, 220 �b�, 242 �c�, and
422 �d�. The arrow indicates the corresponding g vector direction, as seen on
the diffraction pattern.

TABLE I. g ·b and 	g ·b∧u	 values as a function of various g vectors,
evaluated for �111�-RLs and PDLs, characterized by 1/3 �−111� and 1/2
�−110� Burgers vector, respectively.

g= �400� g= �220� g= �242� g= �422�

g ·b �111�-RL 1.32 0 1.32 0
g ·b∧u �111�-RL 0.93 0 0.47 1.4

g ·b �PDL� 2 0 1 1
g ·b∧u �PDL� 0 0 1.41 1.41
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guish two different regimes. In the first stage, up to 120 s,
they grow and their mean length increases from about
15 to 60 nm, then they tend to shrink down to about 30 nm.
A different trend is observed for the mean radius of FDLs,
which systematically increases, even if slowly, indicating
that they are continuously growing. The analysis of Fig. 3�c�
reports the Nb concentration of Si interstitials trapped on
each class of defects. For this quantification we have as-
sumed for both the �311�’s and the �111�-RLs a constant
width of 4 nm �i.e., independent on the defect length� and a
thickness of a one crystal plane. It shows that after 15 s
annealing most of the Si interstitials are trapped in the
�113�’s. After 300 s they are transferred to the �111�-RLs that
contain the 50% of the total population, and, finally, for
longer annealing times they are all stored in FDLs. These
quantitative results are a further proof that the �111�-RLs are
more stable than �113�’s but less stable than FDLs and, there-
fore, these intermediate defects, appearing during the trans-
formation of �113�’s in FDLs, might be the “source” of
FDLs. It is, therefore, proposed that the transformation of
�113�’s into dislocation loops is accomplished via nucleation
of these intermediate defects.

Finally, in Fig. 3�d� the Nb concentration of interstitials
trapped in all the defects is reported as a function of the
annealing time. An initial reduction of Nb up to 300 s anneal-
ing is seen, while for longer times the amount of interstitials
incorporated in the defects is stabilized. These results are in
agreement with previous studies of the transformation on
�113�’s into DLs.9 The net loss of atoms during the first 300 s
is caused by the role played by the surface, which acts as a
sink for the Si atoms released by the defects. However, for
higher annealing time another competitive mechanism,
which blocks the flux of interstitials towards the surface,
prevails. Since it is known that FDLs are energetically stable
and exhibit a very low interstitial emission rate, the percent-
age of FDLs, with respect to the total amount of defect popu-
lation, has been evaluated as a function of the different an-
nealing times. Initially, this value is about 0.01%, then it
rises to about 5% after 120 s to 20% after 300 s and, finally,
almost the total defect population is constituted by FDLs

after 2700 s. These results suggest that, when the percentage
of FDLs becomes significant in comparison with the other
defect types, the system favors the interexchange of atoms
between the defects themselves rather than their “migration”
toward the surface and, hence, it is the presence of FDLs
which constitutes the alternative-competitive interstitial sink.

In conclusion, the structure of defects observed in Ge
amorphized and thermal annealed Si has been studied. In
particular, a family of extended defects, called �111�-RL,
elongated on the �110� directions, with a �111� habit plane
and characterized by a Burgers vector equal to 1/3 �111� has
been detected. Moreover, the quantitative analysis of the
thermal evolution of defects shows that an intermediate stage
in the transformation of �113�’s into FDLs exists, during
which most of the interstitial atoms are stored in �111�-RLs.
It is proposed that the transformation of �113�’s into disloca-
tion loops is accomplished via nucleation of these interme-
diate defects. Finally, a competitive mechanism between
FDLs and the Si surface has been observed. In particular,
when the percentage of FDLs in comparison with the
whole population is negligible, dissolution with a net loss of
interstitials towards the surface prevails. On the contrary,
when this percentage becomes significant the loops act as
trapping centers for the Si interstitials and, therefore, loss is
prevented.
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FIG. 3. Density �a�, mean size �b�, concentration of trapped interstitials in
each type of defect �c�, and concentration of trapped interstitials in whole
defect population �d�, as functions of the annealing time.
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