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Effect of thermal annealing on the microstructure
of ytterbium-implanted silicon wafers
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Ytterbium-implanted Si(0 0 1) wafers annealed at different temperatures (800, 900, 1000 and

1200 °C) have been examined by means of cross-section transmission electron microscopy

(XTEM) and electron diffraction. The results indicate that two layers of defects exist in the

samples, one mainly includes microtwins and the other includes ytterbium precipitates. The

distribution and morphology of the defects depend mostly on the thermal annealing: the

higher the annealing temperature, the larger the size of the defects and the closer are the

layers of defects to the wafer surface. High-resolution images show the different

characteristics and details of the defects under various annealing conditions. The relation

between microstructure and luminescence response is also discussed.
1. Introduction
In recent years, optical studies on rare-earth element
implantation into semiconductors, such as silicon and
III—V compounds, were reported by several authors
[1—7], owing to the promising application of such
compounds in optical fibre telecommunication engin-
eering. Sharply structured photoluminescence bands
resulting from internal intra-4f-shell transitions of the
rare-earth ions were observed. It has been shown that
the luminescence is only bound up with the lattice
position of rare-earth ions in the host materials but
independent of the substrate and environment temper-
ature. In addition, the process of ion implantation
generates a large number of defects and even an
amorphous surface layer in the target material, hence
a thermal treatment has to be performed in order to
remove implant-induced defects and to make the dop-
ing atoms electrically active. In the case of a rare-earth
element implanted in silicon, several reports show that
after annealing most of the implants migrate to the
silicon surface, which is sometimes referred to as ‘‘seg-
regation’’ [8, 9], while those which occupy the lattice
sites having tetrahedral symmetry remain unmoved.
In order to obtain a high luminescence efficiency, one
should prevent, as much as possible, optically active
ions from escaping to the substrate surface. However,
when the rare-earth element substitutes the atomic
sites of the host material, a stress will be generated. In
the course of the regrowth of silicon layers during
thermal annealing, other defects will occur to release
the stress, and the rare-earth element will move to the
substrate surface. Because the photoluminescence is
related to the site and environment of implanted
ions in the host material, the microstructure of ion-
implanted material is important for its luminescence
properties.
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In this work, the defect structure and precipitate
formation in ytterbium-implanted silicon wafers an-
nealed at different temperatures were studied by the
diffraction contrast technique and high-resolution
electron microscopy (HREM). The relation between
microstructure and photoluminescence is also dis-
cussed.

2. Experimental procedure
Ytterbium ions with an energy of 350 keV and a dose
of \1012 cm~2 were implanted into Si(0 0 1) wafers at
room temperature. After implantation, the wafers
were annealed at 800, 900, 1000 and 1200 °C, for about
10 min. The details of this process will be given else-
where [10].

The specimens for XTEM observation were pre-
pared by using the method described by Dupuy [11].
The wafer was sectioned into rectangular slabs, and
two of these slabs were glued face to face with araldite
to form a sample with a sandwiched structure. The
sample was then cut into thin slices about 300 lm
thick using a wire saw. The slices were mechanically
ground and polished to a thickness of 30 lm and
finally ion milled by Ar` at 4 kV. The cross-sectional
specimens were examined with a H-9000NA analytical
electron microscope operated at 300 kV and a JEM-
200CX high-resolution electron microscope operated
at 200 kV.

3. Results
The cross-section micrographs illustrating the defect
distribution in ytterbium-implanted silicon samples
after annealing under different thermal conditions are
shown in Fig. 1. Fig. 1a—c correspond to the samples
annealed at 800, 900 and 1000 °C, respectively.
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Figure 1 XTEM micrographs showing the defect distribution after
annealing at (a) 800 °C, (b) 900 °C and (c) 1000 °C. The precipitates
and microtwins are labelled P and T, respectively. Arrows indicate
the wafer surface.
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After annealing at 800 °C, two kinds of defects
were produced in the silicon wafer. A layer with
small microtwins (marked T) is located at a depth
of 50—200 nm below the wafer surface, and a region
containing many ytterbium precipitates (marked P),
caused by the ion-implantation, appears beneath this
layer. The precipitates are fine and scattered. The tiny
precipitates and microtwins give rise to polycrystalline
diffraction rings and diffraction streaks in the corres-
ponding selected-area electron diffraction pattern
(SAED) inset in Fig. 1a. The HREM image taken
along the [1 1 0] orientation shows the characteristics
of microtwins in the wafer treated at 800 °C (Fig. 2).
The twins appear as small lamellae with an average
dimension of about 3 nm, and intersection as well as
overlapping of microtwins are frequently observed.
These features of the defects imply that the grains in
the sample are disordered to a certain extent.

From Fig. 1b, it can be seen that after annealing at
900 °C both the microtwins (or stacking faults) and the
precipitates are apparently larger than those in the
sample annealed at 800 °C. The features of the precipi-
tates seen in this g

2 2 0
—3g

2 2 0
weak-beam image show

a contrast similar to the dislocation loops. However,
such contrast is also visible in images corresponding
to all reflections and turns into a solid dark contrast in
all bright-field images formed with a deviation from
the symmetrical illumination (not shown). The strong
strain contrast observed within the loops implies that
they are not dislocation loops or regions of faulted or
twinned silicon. The absence of a g · b"0 criterion,
the absorption contrast in weak-beam images and the
strong inside—outside contrast at $g, all indicate that
Figure 2 HREM image of the sample annealed at 800 °C taken with the incident beam parallel to the [1 1 0] direction. Microtwins can be
seen.



Figure 3 HREM image of the sample annealed at 900 °C taken with the incident beam parallel to the [1 1 0] direction showing the presence of
microtwins and M1 1 3N stacking faults.
these defects are ytterbium-rich precipitates. Above
the layer formed by these concentrated loop-like pre-
cipitates, a nearly defect-free epitaxially regrown layer
is present. At a depth of about 40—190 nm beneath the
wafer surface, there also exists a region of microtwins.
The crystallinity of the sample becomes more perfect
with the enlargement of the microtwins and precipi-
tates. It is noticeable in the SAED pattern inset in
Fig. 1b that both the diffraction streaks and the inten-
sity of the polycrystalline rings become weaker.

Fig. 3 shows an HREM image taken for the same
sample as Fig. 1b. Defects, such as twin regions con-
taining about 30 lamellae and M1 1 3N stacking faults,
are observed. M1 1 3N stacking faults are commonly
present in ion-implanted silicon [12].

Similar to the wafers treated at 800 and 900 °C,
microtwins and precipitates also exist in ytterbium-
implanted silicon wafers annealed at 1000 °C (Fig. 1c).
The morphologies of the defects seem sparse due to
their continuous increase in size. Besides, it can be
seen from Fig. 1c that the layer of the microtwins
moves closely to the wafer surface and some of the
ytterbium precipitates even spread into the twin layer.
As can be seen in the HREM micrograph shown in
Fig. 4, some ytterbium precipitates segregate just next
to the ‘‘grown up’’ twins.

The phase of these precipitates can be identified by
means of nano-beam electron diffraction as shown in
Fig. 5. Fig. 5b is a schematic drawing which explains
the electron diffraction pattern of Fig. 5a. It can be
seen that the diffraction pattern of Fig. 5a is composed
of two sets of diffraction spots. One is from the [1 1 0]
zone of silicon which is represented by black spots
together with indices 2 0 0, 1 1 1 and 1 11 11 in Fig. 5b,
and the other is from the [1 0 0] zone of the precipitate
YbSi. YbSi is orthorhombic in crystal structure with
a"0.4178 nm, b"1.031 nm and c"0.3768 nm. In
Fig. 5b, the diffraction spots of the precipitate are
represented by black crosses together with indices
0 0 2, 0 2 1 and 0 21 1.

All the above-mentioned results demonstrate that
the distribution and morphologies of the defects in
ytterbium-implanted silicon wafers are closely related
to the annealing temperature. This is also consistent
with the sample annealed at 1200 °C. As shown in
Fig. 6, both the precipitates and microtwins have al-
most moved to the wafer surface, and their dimensions
increased further. The nature of these microtwins was
determined by comparing the micrographs taken un-
der various diffraction conditions. Fig. 6a—c are im-
ages taken at the same region with the incident beam
parallel to the [1 1 0] direction by using three different
reciprocal vectors, g

1 1 11
, g

2 2 0
and g

1 1 1
, respectively.

From the contrast change of the microtwins in
Fig. 6a—c and from the criterion g · R"3n, it can be
determined that most of the microtwins have transla-
tional vector, R, of the type $1/3 [1 1 1] or $1/3
[11 1 1]. The electron diffraction pattern inset in Fig. 6
can then be indexed by means of these types of twinn-
ing and the matrix. For instance, the extra weak dif-
fraction spots running along the [11 1 1] directions
come from the 1/3(11 1 1) and 1/3(1 11 11 ) twins, and
similarly those along the [1 1 1] directions come from
the 1/3(1 1 1) and 1/3(11 11 11 ) twins. The absence of
polycrystalline diffraction rings implies better crystal-
linity.

The HREM image is also used for investigating the
microtwins, as shown in Fig. 7. A triple periodicity
region (labelled B) and a &9 boundary [13] between
twinned grains are present. The triple periodicity can
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Figure 4 HREM image of the sample annealed at 1000 °C taken with the incident beam parallel to the [1 1 0] direction showing the
precipitate segregation in the microtwin region.
Figure 5 (a) Nano-beam electron diffraction pattern of the precipi-
tates; (b) a schematic drawing of (a).
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Figure 6 XTEM micrographs observed along the [1 1 0] direction
showing a contrast change of the defects in the wafer treated at
1200 °C.

be explained by the overlap of two coherent twins
extended from grains A and C mirrored to each other
with the (1 1 1) plane parallel to the electron beam. The
boundary between D and E shows a more complex
pattern of extra bright dots. The coincidence sites in
the overlap region between parts D and E produce the



Figure 7 HREM image taken along the [1 1 0] direction showing the presence of a triple periodicity and a &9 boundary after annealing at
1200 °C.
two-dimensional lattice in direct space. The unit mesh
is a parallelogram. It is an artificial two-dimensional
3]3 ‘‘superlattice’’ of the basic lattice. This is consis-
tent with the fact that the two parts of the twin are
related by a &9 coherent twin boundary.

4. Discussion
From the luminescence spectra detected by Li et al.
[10], a weak Yb3` luminescence intensity is observed
in the sample annealed at 800 °C. As the annealing
temperature is raised to 900 °C, the Yb3` lumines-
cence intensity increases sharply and it remains strong
in the sample treated at 1000 °C. When the annealing
temperature is above 1200 °C, no Yb3` luminescence
can be observed.

By comparing the luminescence spectra in all sam-
ples with the microstructures, it can be assumed that
the luminescence efficiency is influenced by the site
and environment of ytterbium precipitates in silicon
wafers. In order to have good luminescence properties,
it seems that the precipitates must be embedded into
a more or less perfect epitaxial material, because in
such a case the incomplete 4f electrons are screened
by the outer filled 5s25p2 orbitals, and hence they are
only slightly affected by the crystalline environment
[5]. It should be remarked that for the two defect
regions formed in the ytterbium-implanted silicon, the
luminescence efficiency depends mostly on the situ-
ation of the precipitate layer. Although ytterbium pre-
cipitates exist also in the microtwin layer, which are
difficult to distinguish in the XTEM micrograph be-
cause of the strong contrast of microtwins, surrounded
by defects, they hardly contribute to the luminescence
efficiency, as in the case of the sample annealed at
1200 °C. In the wafer treated at 800 °C, the lumines-
cence property is poor because the annealing temper-
ature is so low that the silicon is poorly recrystallized
and the ytterbium precipitate particles are too small.
In the case of annealing at 900 and 1000 °C, the
sample recrystallizes more or less perfectly, and in the
meanwhile the migratation of implanted ytterbium to
the wafer surface is suppressed. This leads to a better
luminescence property. Therefore, a larger size of
ytterbium precipitates is possibly beneficial to the
improvement of luminescence.

5. Conclusion
The microstructure of ytterbium ion-implanted silicon
wafers is strongly affected by thermal annealing. In all
the examined samples the implant-related defects,
which arise upon annealing, mainly include ytterbium
precipitates and microtwins. The precipitates are char-
acterized by means of nano-beam electron diffraction
as YbSi and the type of the microtwins was deter-
mined to be 1/3(1 1 1). High-resolution images reveal
the detailed structure of the defects formed under
various thermal annealing conditions. With increasing
annealing temperature the crystallinity becomes more
perfect, and meanwhile the defects increase in size and
move gradually to the wafer surface.
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