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Punched-out dislocations emitted from an octahedral oxide precipitate in single-crystal
silicon were investigated using high-voltage electron microscopy and tomography
(HVEM-tomography) to understand the mechanism of softening caused by the oxide
precipitates. In the present paper, direct evidence of the transition of a punched-out
prismatic dislocation loop to a slip dislocation is presented. The punched-out dislocation
grows into a large matrix dislocation loop by absorption of interstitial atoms, which were

produced during oxide precipitation.

I. INTRODUCTION

Oxide precipitates are included in some silicon wafers
to increase the purity of the active device area, with the
concomitant enhancement of the electrical properties.’
Either octahedral or platelet precipitates can be grown by
performing the appropriate heat treatments.” Metallic ions
are trapped at lattice defects produced around the precipi-
tates. These defects may take the form of punched-out
prismatic dislocation loops or stacking faults. It has been
reported that the precipitates affect not only the optical
properties but also the mechanical properties.”” For
example, the yield stress of silicon with precipitates can
be up to 33% lower than that of silicon with no precipi-
tates.” The magnitude of the decrease is dependent on the
precipitate size. One of the proposed mechanisms to ex-
plain the decrease in yield stress involves the punched-
out dislocations transitioning to Frank—Read sources.*
However, punched-out dislocations cannot themselves be
Frank—Read sources as the segment length of punched-out
dislocations is usually less than a few hundred nanometers
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so that the resolved shear stress to bow out the segment is
too large. In the present paper, direct evidence of the
transition from a punched-out dislocation to a slip disloca-
tion is presented; electron tomography'®'* was used to
reveal the dislocation distribution around a precipitate
three-dimensionally.

Il. EXPERIMENTAL

A (001) P-type Czochralski silicon wafer containing
octahedral precipitates with an average size of 300 nm
and a density of 4 x 10'® cm > were used. Three-point
bend specimens of dimensions 8 x 35 x 0.63 mm? were
cut from the wafer. A V-shaped notch was introduced at
the tensile edge of the specimen, and three-point bend
tests were performed at 993 K to an applied load of 66 N.
The notch tip area was thinned to electron transparency
using a Fischione-1010 ion mill, with the final specimen
thickness being approximately 2 um. The TEM observa-
tion was carried out using a high-voltage electron
microscope (HVEM; JEM-1300NEF) operating at an
accelerating voltage of 1250 kV. A side-entry double-tilt
specimen holder was used, the maximum tilt angle of
which is £40° around the longitudinal direction of the
holder and +45° around the perpendicular direction.
The specimen was continuously tilted in the specimen
holder, and the images needed were acquired every 2° to
reconstruct a three-dimensional tomogram. The double-
tilt specimen holder enables keeping the diffraction
condition nearly constant during the acquisition of the

© 2010 Materials Research Society



M. Tanaka et al.: Transition from a punched-out dislocation to a slip dislocation revealed by electron tomography

images. No subsequent image processing or filtering was
performed, as the inherent contrast from each image was
sufficient for alignment using the Inspect3D software.
Then a three-dimensional reconstruction, or tomogram,
of the volume was produced from the aligned images
using EM3D software, which was then used for produc-
ing a traced 3D model of the volume.

lll. RESULTS AND DISCUSSION

Figure 1(a) shows a bright-field (BF) HVEM image of
an oxide precipitate before the deformation. With the
incident beam direction and foil normal both [001], the
precipitates exhibit a regular octahedral shape as shown
schematically in Fig. 1(b). The crystal structure of the
precipitate was reported as amorphous SiO,'® with the
habit plane along {111}s;. No punched-out dislocation
loops were observed around the precipitate at this stage.

Figure 2 shows a BF image of a precipitate after defor-
mation at 993 K. The incident beam direction was again
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FIG. 1. (a) Bright-field image of a precipitate in a silicon single
crystal. The foil normal and incident beam directions are both [001].
The diffraction vector is g = 220. (b) The precipitate, which has a
habit plane of {111}g;.

%3\
T [
I pm

FIG. 2. Bright-field image of punched-out dislocations and a large
dislocation loop around a precipitate. The foil normal and incident
beam directions are [001]. The precipitate was damaged by the irradi-
ated electron beam during image series acquisition.

parallel to [001]. The black circle contrast at the center of
the figure marks the prior position of the precipitate,
which was damaged in the process of observation. The
black dot contrast in the matrix shows small dislocation
loops, presumably interstitial in nature, produced by the
electron beam; the threshold displacement voltage is 200
to 400 kV in silicon, which is below the operating volt-
age of the microscope. These loops however, are readily
distinguishable from the loops produced by the deforma-
tion and do not impact the current analysis.

Three kinds of dislocation loops were observed: eight
regular punched-out dislocation loops, one elongated
punched-out dislocation loop, and one large dislocation
loop surrounding the punched-out dislocations. The octa-
hedral precipitate was located at the center of the large
dislocation loop. The two dislocation segments next to
the precipitate, the Burgers vector of which was deter-
mined to be @/2[110], are likely the remnants of a
recently punched-out loop that intersected the foil sur-
face during sample thinning. The specimen was tilted
approximately +40° with respect to 220 and images
acquired approximately every 2°. The diffraction condi-
tion was kept constant g = 220 during the acquisition of
the tilt series. A spatially and tilt-aligned animation of
these BF images is shown in supplementary movie file 1,
and the reconstructed image is shown in supplementary
movie file 2. In addition to acquiring these images, other
diffraction conditions were used to permit determination
of the Burgers vector of the dislocations by using the
g - b invisibility criterion.

Figure 3 shows images from the BF tilt series, the
reconstructed tomogram, and a 3D model traced from
the tomogram. The specimen was tilted —38° in Fig. 3(a),
0° in Fig. 3(b), and 35° in Fig. 3(c). The views in Figs.
3(d), 3(e), 3(f), and 3(g), 3(h), 3(i) correspond to the BF
images in Figs. 3(a), 3(b), and 3(c), respectively. The tilt
angle indicates the deviation between incident beam
direction and the [001] foil normal direction. The
punched-out dislocation labeled A in Fig. 3(a), viewed
edge-on, appears to be absent in Fig. 3(b)—this is a
projection effect as this dislocation loop overlaps another
punched-out dislocation, as indicated by the arrow in
Fig. 3(b). A similar observation could be made for the
loop labeled B: while present in Figs. 3(a) and 3(b), it
appears to be absent in Fig. 3(c); this is due to the super-
position of the dislocation on the precipitate. A slight
difference in the imaging condition also influences the
contrast of certain segments of dislocations, such as the
weaker contrast of B in Fig. 3(a) compared with that in
Fig. 3(b), or the fainter appearance of a segment of the
large dislocation loop in Fig. 3(c). These instances illus-
trate the dangers of interpretation based on only a few
micrographs, as information in the beam direction cannot
be resolved directly. We see, however, that this ambigu-
ity is easily dispelled by viewing the aligned tilt series
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FIG. 3. Punched-out dislocations around a SiO, particle. (a)—(c) Bright-field TEM images from the tilt series; and (d)—(f) corresponding views
from the reconstructed tomogram, and (g)—(i) the 3D traced model based on the tomogram. The specimen thickness is approximately 2 um. (color

online)

acquired over a large angular range, where the position
of each dislocation is well distinguished throughout the
series. The aligned tilt series is presented in supplemen-
tary movie file 1. Although the diffraction condition is
maintained, the diffraction condition locally changes
around one segment in the big loop at a high tilt angle,
which makes one segment of the big loop faint in Fig.
3(c). The tilt series also reveals the crystallographic
plane of the large dislocation loop. The dislocation seg-
ments labeled (i), (i'), and (ii) are on the (111) slip plane;
those labeled (iii) are on the (111); those labeled (iv) lie
along the [211] direction on the (111), but have a Bur-
gers vector of @/2[011], which is not on the (111) slip
plane. Therefore segments labeled (iv) are sessile, as the
line direction and Burgers vector define the slip plane as
(011) and not the accepted (111). In a previous study,9 all
segments of this kind of dislocation were considered to
be on the identical {111} slip plane, which left the origin
of the large dislocation loop ambiguous. It is also still
ambiguous whether the dislocation loop can be a new
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dislocation source or not. HVEM tomography reveals
that segments of the large dislocation all reside on differ-
ent planes, and the loop becomes a dislocation source,
which is discussed next.

In Fig. 3, each dislocation segment is colored
according to its Burgers vector. The Burgers vector of
the large dislocation loop is a/2[011], which is the same
as that of the four punched-out dislocations, stringing
toward the left in Fig. 3. One of the segments labeled
(i1) in the large dislocation loop interacts with a part of
the punched-out dislocations colored blue labeled (v).
The Burgers vector of the interacted segment (ii), colored
light green, changed from a/2[011] to «/2[110] after
interacting with a segment of the elongated punched-
out dislocation, blue, which has a Burgers vector of a/2
[101]. This reaction is as expected for interacting dislo-
cations. With this Burgers vector, dislocation segment
(i1) is also sessile. Note that both ends of dislocation
segment (i') are anchored by sessile dislocations, thus
allowing segment (i’) to act as a Frank—Read source.
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Here, the Frank—Read stress, Tgg, for a segment of the
punched-out dislocation and that of the large loop can be
estimated. The stress needed to activate a Frank—Read
source is determined at the condition when the loop
radius is equal to half the distance between the pinning
segments,'*'> and is

b
TFR:“T ; (1)

where the shear modulus p is 0.681 x 10'' Pa, the
magnitude of the Burgers vector of the dislocation b is
0.384 x 1072 m, and A is the length of the dislocation
segment (i’). For the segment in the punched-out disloca-
tion and (') in the large loop, A is approximately 0.3 and
3.5 um, which correspond to a Frank—Read stress of 90
and 7 MPa, respectively. The latter stress level is low
enough for the dislocation segment to operate as a
Frank—Read source. It means that a punched-out disloca-
tion cannot operate as a Frank—Read source initially, but
must grow to a sufficient size before it is capable of
acting as one. The Burgers vector of the segments col-
ored red and the slip planes of segments labeled (i), (i),
(iii) and (iv) are the same as those of the punched-out
dislocations colored red. This suggests that the large
dislocation loop grew from one of the punched-out dislo-
cations. Since the dislocation segments labeled (iv) are
out of the slip plane, the large loop grew by dislocation
climb. The temperature for the bending test in this study
is 993 K, which is 0.59 T,,, where T,, is the melting
temperature. The test temperature is sufficient for dislo-
cation climb to occur. Dislocation cross slip has been
reported to occur near a stress concentrator such as a
crack tip at 973 K,'® although cross slip was not observed
often in this study. The expansion of a dislocation loop
via climb is discussed next.

To accommodate the compressive stress field around a
precipitate, extrinsic prismatic dislocation loops that con-
sist of an extra half-plane in the loop interior must be
emitted. Since the punched-out dislocations are extrinsic
prismatic loops,'” excess interstitial atoms are necessary
to enable them to grow. Since the punched-out dislocation
is small compared with the large loop, the total number of
interstitial atoms inside the large loop is determined by
dividing the area by the square of the Burgers vector. The
area surrounded by the dislocation loop is 7.5 x 10™'* m?;
thus, the number of atoms enclosed, Ny, is:

N; = 7.5x10" "2 /b* = 5.1x10"atoms . (2)

The reaction formula for a single silica oxide deep inside
silicon is generally given by the following equation with
the assumption that vacancies are not operative'"'®

251+ 20; = Si0; +Ig; . (3)

In Eq. (3), O; and Ig; denote interstitial oxygen and sili-
con, respectively. The formula indicates that interstitial

silicon atoms are emitted around the precipitate when an
oxide precipitate is generated in the specimen. The num-
ber of interstitial atoms emitted from the volume of the
precipitates is given by

p-V
Msio, '

nsi = nsio, = (4)
where ng;0, is the number of SiO, molecules, p = 2.33 x
10° is the mass density of SiO,, V is the volume of SiO,,
and Ms;o, is the molecular mass. Taking the diameter
of the octahedral precipitate in Fig. 2 to be approximately
300 nm, this gives V = 4.5 x 1072' m®, which gives
nsio, = 1.1 x 10® atoms. Thus, the number of interstitial
atoms generated during the oxide precipitation is suffi-
cient for a punched-out dislocation to grow to the size of
the large dislocation loop by climb.

IV. CONCLUSIONS

The three-dimensional distribution of the dislocation
structures around an octahedral precipitate was deter-
mined using HVEM tomography. It was found that: (i) a
large dislocation loop develops around the precipitate.
(i1) The Burgers vector of the large dislocation loop is
the same as that of one of the punched-out dislocations,
which indicates that the large dislocation loop is most
likely formed by the growth of the punched-out disloca-
tions through climb. (iii) One of the dislocation segments
in the large dislocation loop is anchored by sessile seg-
ments, which enable the large dislocation loop to act as a
Frank—Read source. (iv) The calculated number of inter-
stitial atoms emitted during the precipitation is large
enough to explain the growth of the punched-out dislo-
cation. (v) The growth of the punched-out dislocations
leads to an increase of dislocation sources in silicon
single crystals, which leads to macroscopic softening of
the silicon matrix.
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