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Abstract
He ions were implanted into (1 0 0) Si at energies from 30 to 120 keV and ¯uences from 5 ´ 1015 to 1 ´ 1016 cmÿ2 .
After implantation, pieces of these samples were subjected to rapid thermal annealing for 600 s at temperatures ranging
from 300°C to 700°C. The samples were analyzed by Transmission Electron Microscopy (TEM) and by Rutherford
Backscattering and channeling spectrometry (RBS/C). The TEM observations were related to the RBS/C measurements
and the results discussed in terms of a nucleation model to explain the formation of overpressurized bubbles in He implanted and annealed silicon. Ó 1998 Published by Elsevier Science B.V.
PACS: 61.72.C; 61.72.Q; 61.72.T; 61.82.V
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1. Introduction
The formation of implanted He induced cavities in single crystalline silicon is of present interest
either in connection with the development of proximity gettering techniques for very large scale integration (VLSI) applications [1±3] or as an
alternative tool for the production of silicon-on-in-
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sulator structures [4,5]. However, there have been
relatively few systematic studies focusing the basic
nucleation and growth phenomena of the He induced cavities in Si. In addition, most of these
studies have concentrated only on the high dose
implant cases (He ¯uences in the / P 5 ´ 1016
cmÿ2 range) where a high density of small bubbles
(i.e., a condensed system) are produced during the
implantation.
In order to improve the situation, we started a
series of investigations with special emphasis
placed on Si samples implanted with relatively
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low doses where, after annealing, a rather low
number of cavities are formed. Such structures
are further referred to as diluted cavity systems
in order to distinguish them from the above mentioned condensed ones. In particular, our preliminary results [6] have shown that each type of
system presents quite a distinct cavity arrangement
and morphology. Under similar annealing conditions (e.g. 600 s at 800°C), the condensed cavity
systems are characterized by the formation of a
dense array of cavities with diameters in the range
of 1.8 6 / 6 18.5 nm and located within the
Rp ÿ DRp 6 x 6 Rp depth region, where Rp is
the projected range and DRp the range straggling
of the He implant. The diameters of the cavities
in the diluted systems were found to be in the
range of 27 < / < 75 nm and the cavities are located close to the Rp depth region. In addition,
Transmission Electron Microscopy (TEM) observations have shown that the bubbles present a
characteristic strain ®eld contrast that, together
with a calculation of their He content, support
the concept that the cavities are He bubbles in an
overpressurized state, rather than nearly gas empty
cavities (i.e. voids) as predicted by ®rst order gas
release models [1,7,8].
In the present work we report combined results
from TEM observations and RBS/C measurements which show new aspects of the bubble nucleation and growth behavior in such diluted
bubble systems. These results may provide a better
insight for a more general description of the He
bubble nucleation and growth phenomena in single crystalline silicon.
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cessing system. The 400°C and 500°C anneals of
type a samples were analyzed by TEM to identify
the microstructural features associated with the
nucleation and growth of He bubbles. The TEM
observations were performed in plan-view specimens thinned by ion milling. Type b samples were
more systematically investigated by Rutherford
Backscattering and channeling spectrometry
(RBS/C) in order to study the crystal damage.
The RBS/C experiments were carried out at the
3.1 MeV van de Graa accelerator at Sacavem,
using a 1.6 MeV He beam. The backscattered
particles were detected at an angle near 180° using
an annular surface barrier detector with a resolution of 18 keV. Furthermore, in order to correlate
the RBS/C measurements with the TEM observations, we also analyzed by TEM some pieces of
type b samples annealed at 600°C and 700°C for
600 s.
3. Results and discussion
Fig. 1 shows a set of RBS/C spectra from samples of the type b corresponding to annealing temperatures of 350°C, 400°C and 470°C during 600 s.
In order to provide a scale for the minimum and
maximum damage levels Fig. 1 also presents the

2. Experimental procedure
In our experiments, (1 0 0) oriented CZ-Si wafers were implanted with He ions at room temperature using energies and ¯uences of 40 keV
and 1 ´ 1016 cmÿ2 (type a), or using three energies
(30, 60 and 120 keV) and a ¯uence of 5 ´ 1015
cmÿ2 for each energy in order to form a ¯at-topped
He concentration-depth pro®le (type b). After implantation, pieces of these samples were subjected
to heat treatment for 600 s at temperatures ranging
from 300°C to 700°C using a rapid thermal pro-

Fig. 1. RBS/C spectra from type b samples annealed at 350°C,
400°C and 470°C for 600 s. The spectra from an unimplanted
(virgin) sample and the one from a sample oriented at a random
direction provide a scale for the minimum and maximum damage levels detected in the RBS/C measurements. The scale on
the top axis gives a depth pro®le for the measurements.
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(1 0 0) aligned and random spectra from an unimplanted (virgin) specimen. For the depth region extending from the sample surface up to about 450
nm, the aligned spectra of the annealed specimens
present a relatively low damage level. For larger
depths, the same curves clearly show a dechanneling yield increasing with the temperature. The
modi®cations are already clear at 300°C (not
shown) and the maximum yield was observed to
be around 470°C. For a temperature of 500°C
(not shown) the backscattering yield is already
slightly smaller than that of the 470°C spectrum
and decreases signi®cantly at higher temperatures
(T P 700°C). The increase of the backscattering
yield with increasing temperature in the range
from 300°C to 470°C characterizes a reverse damage annealing behavior that should be correlated
with the evolution of the microstructure caused
by the He implantation.
Fig. 2 shows two TEM micrographs from a
type a sample annealed at 400°C for 600 s.
Fig. 2(a) presents a dynamic bright ®eld multibeam image with the electron beam parallel to
the h1 0 0i axis of the Si crystal. The image shows
the strain ®elds around the He-®lled structures
with strong contrast. The morphology of the He®lled structures is only revealed in the bright ®eld
kinematic phase contrast images (underfocus) presented in Fig. 2(b). This micrograph clearly shows
that the He-®lled structures are not spherical, but,
instead presents a platelet-like shape which can be
observed either in their edge-on projections (see arrow) or in their face-on views. We remark that the
phase contrast of the face-on platelets is quite
weak due to the small thickness of the platelets
compared to the large sample thickness, t  550
nm, where these bubbles appear. We also remark
that all the observed edge-on structures present
their larger facets parallel to the (1 1 0) planes of
the Si lattice. The diameters of these platelet bubble structures are in the range of 70±180 nm, and
their corresponding thicknesses are about 3 nm.
On the basis of the present observations, we assume that the (1 1 0) planes are the preferential
ones for the nucleation of such platelet bubbles.
Hence, the observed faces of the platelets should
correspond to projected views from structures
aligned in other available (1 1 0) planes. It is also

Fig. 2. Plan-view TEM micrographs showing a cavity system
resulting from a 400°C, 600 s anneal of a type a sample. (a)
Strain ®eld contrast around the He-®lled structures. Dynamic
bright ®eld multibeam image with electron beam parallel to
the h1 0 0i axis of the Si lattice. (b) He-®lled platelet structures
imaged in their edge-on projections (see arrows) or in their faceon views. Kinematic bright ®eld image, underfocus.

important to point out that most of the face-on
platelet bubbles present a rather irregular shape resembling a ``large island with capes and bays''.
These large islands are surrounded by a ring of
``small islands'' located close to the ``coast''.
Finally, TEM observations of samples annealed
at higher temperatures show a distinct bubble
morphology. For 500°C type a, and also for
600°C and 700°C (600 s) type b annealed samples,
the bubble morphology can be characterized by
the presence of a large and more spherical-like
bubble surrounded by a ring containing a large
quantity of smaller ones. This is shown in Fig. 3(a)
for the case of a 700°C, 600 s, type b sample. The
present data suggest that, upon thermal annealing
at temperatures higher than 400°C, a transition oc-
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Fig. 3. Plan view TEM micrographs from type b samples. (a)
Typical appearance of the bubble structures after thermal anneal above 400°C. Notice the large cavity surrounded by a ring
containing a large number of smaller ones. Kinematic bright
®eld image, underfocus. (b) Strain ®elds and dislocation loops
emerging from the bubbles (arrows). Notice the presence of free
dislocation loops in the matrix. Dynamic bright ®eld two-beam
image.

curs from the platelet-like morphology into a more
spherical one. It is remarkable that the strong
strain ®eld contrast observed in the platelet structure is present in the higher temperature cases.
Fig. 3(b) shows this situation for the same case
shown in Fig. 3(a) (700°C, 600 s, type b sample).
Together with the strain ®eld contrast, the micrograph also shows dislocation loops emerging from
the bubble structures (see arrows).
One can classify the nucleation and growth phenomena in He implanted and annealed Si in terms
of three dierent regimes depending on the implanted He content [6]. The low He concentration
regime is characterized by the formation of small
He-vacancy (Hem Vn ) clusters which may dissociate
at rather low temperatures (e.g. T  250°C), as
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discussed by Van Veen et al. [9]. The high He concentration regime is characterized by the formation of small bubbles during the implantation
and leads to the condensed bubble systems characterized in Section 1. For the medium He concentration regime, we observed that the bubbles
nucleate in a platelet structure that, upon thermal
treatments at temperatures higher than 400°C, become overpressurized spherical-like bubbles surrounded by a ring containing a large number of
smaller bubbles. It is dicult to explain the formation of such large and overpressurized bubbles
using the existing bubble nucleation and growth
concepts [10]. However, on the basis of the present
data, we may propose an alternative description of
the present observed phenomena. One can assume
that some more stable Hem Vn clusters are formed
and diuse in the Si matrix already at rather low
temperatures. Very probably these Hem Vn clusters
can be trapped by other clusters or at lattice defects. As a consequence, the heterogeneous nucleation of platelet bubble structures occurs by the
capture of other Hem Vn clusters. By increasing
the platelet size, the large strain ®eld produced in
the matrix prevent the capture of new clusters by
the main ``platelet-island''. Instead, it may favor
the trapping of the incoming clusters in the
strained lattice sites around the platelet, thus leading to the formation of the observed ring containing a large number of small bubbles. The platelet
bubble structure may preserve the stable Hem Vn
cluster properties, which may allow the formation
of a large He-®lled structure containing a rather
high number of He atoms per vacancy. The morphological change from the platelet into the spherical like shape may also imply the transition from
the Hem Vn cluster behavior into a real gas phase
behavior, which indeed can lead to the overpressurized bubble formation.
On the other hand, the increase of the platelet
sizes or their number density may lead to the increase of the dechanneling cross-section. Hence,
the data in Fig. 1 can be correlated with the above
He platelet bubble nucleation and growth process.
The inclination of the Arrhenius plot obtained
from the thermal behavior of the backscattering
yield suggests that such microstructural evolution
is governed by a single thermally activated
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process with an apparent activation energy of
about 0.37 eV.
4. Conclusions
We studied the nucleation and growth of He induced cavities with special emphasis placed on systems formed by rather low implanted He ¯uences,
where large and overpressurized bubbles surrounded by strain ®elds and by a ring containing
a large quantity of small bubbles can be observed.
It was determined that such He bubble structures
nucleate and grow by the formation of He-®lled
platelet structures which transform into a more
spherical shape upon thermal annealing at temperatures higher than 400°C. This microstructural
evolution was discussed in terms of the migration
and coalescence of small Hem Vn clusters which
are assumed to be rather mobile and stable at
low temperatures.
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