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Self-assembling of nanovoids in 800-keV Ge-implanted SiÕSiGe multilayered structures
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We report on the self-assembled formation of spherically shaped voids in a Si/SiGe layered structure after
800-keV Ge ion implantation followed by rapid thermal annealing. The voids are of nanometer size and are
solely assembled in thin SiGe quantum wells in the surface region (,Rp/2) of the implanted sample. The
results are discussed in terms of the separation of the vacancy and interstitial depth profiles attributed to the
preferential forward momentum of recoiling Si atoms. The strain situation around the SiGe quantum wells is
suggested as a possible reason for the void self-assembling effect.
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I. INTRODUCTION

Despite the remarkable progress in epitaxial-based te
nologies during the last decades, e.g., in the manufactu
of quantum-size devices,1 ion implantation continues to b
the major ‘‘front end’’ process in semiconductor microele
tronics and nanoelectronics for precise and controlled dop
of materials.2–4 Ion implantation has the disadvantage
damaging the crystalline structure resulting in different d
rived effects such as, e.g., transient enhanced diffus
~TED!. TED is known as an effect of a strong dopant red
tribution generally due to formation of fast diffusing defe
complexes which may incorporate dopant atoms and s
interstitials~I! or vacancies (V).4–7 TED has strongly moti-
vated research efforts directed to the understanding of
mechanisms of defect formation and evolution in implan
layers. It is now commonly agreed that most of the impla
tation damage is removed during the first stage of annea
via interstitial-vacancy recombination. After annealing t
implanted layer contains excess interstitials. In accorda
with the well known ‘‘11’’ model,8 each implanted atom
finally occupies a substitutional lattice site, thus replacing
host atom and producing a self-interstitial, so the numbe
self-interstitials is approximately equal to the implante
dose. This fact is well established and repeatedly prove
the case of keV ion implantation.

However, high temperature annealing of MeV implant
Si samples results in the formation of an additional layer
residual defects located between the surface and the m
rangeRp of the implanted ions, mostly close toRp/2.9 These
Rp/2 defects manifest themselves mainly through the eff
tive gettering of atomic species.9 The nature of these defec
is not yet known and is under intensive discussion. It h
been often assumed in particular that the defects in the
face region are vacancy-related agglomerates~clusters!,9–13

which are formed as a consequence of the preferential
ward momentum of recoiling Si atoms.12–14

A method for mapping the above point defects/clust
and an investigation of their thermal evolution in implant
Si/SiGe are proposed in this paper. The method utilizes
strain situation around thin quantum well~QW! SiGe layers
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incorporated into a thick Si layer. The method is based
two phenomena. First, due to compressive strain, SiG
QWs may effectively getter and accumulateV and vacancy-
related defects.15 Second, the SiGe/Si QW layers play th
role of a diffusion barrier forI andV. In this case the QW
layers may prevent both the transport to the surface and
interaction~annihilation! of I andV, located in excess atRp
and at the surface region, respectively. We suggest that if
SiGe/Si QW layers are repeated periodically, then a con
vation of I and V may be achieved in a Si layer locate
between neighboring QW layers.

II. EXPERIMENTAL PROCEDURE

The samples were grown by solid-source molecu
beam epitaxy~MBE! using e-beam evaporators for th
Si and Ge deposition. Wafers ofp-type ~001! Si were used
as substrates. Following the SiO2 desorption from the
surface at 850 °C, a 100-nm-thick Si buffer layer w
grown. Subsequently, eight successively repea
stages of MBE deposition at growth rates of 0.2 nm
were proceeded each including:~a! the growth of
2-nm Si0.5Ge0.5/3-nm Si/2-nm Si0.5Ge0.5 quantum wells, and
~b! the growth of a 100-nm Si layer. To prevent relaxatio
the thickness of SiGe layers was chosen much beyond o
critical thickness for relaxation of strained SiGe alloy laye
The growth temperature~550 °C! was controlled using both a
pyrometer and a thermocouple, giving temperature accur
better than about 15°. Rutherford backscattering and ch
neling ~RBS/Ch! spectrometry and transmission electron m
croscopy ~TEM! data showed that the as-grown samp
were of excellent crystalline quality and no extended defe
clusters of point defects or dislocations were detected in
whole layer system. The Si0.5Ge0.5 QW layers were found to
be compressively strained with no indication of any dete
able relaxation~not shown!. The samples were then im
planted with 800-keV Ge ions at room temperature to a d
of 231014 cm22. Finally, rapid thermal annealing~RTA! in
N2 or O2 ambients was performed at temperatures of 75
1050 °C for 30 s. For comparison, samples of pure Si w
implanted and annealed at similar conditions. The structu
©2003 The American Physical Society11-1
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were investigated by TEM in both plan-view and cros
section ~XTEM! modes using a Philips CM20 instrume
operating at 200 kV. The TEM specimens were thinned do
to electron transparency using a procedure consisting of
cessive mechanical polishing and ion-beam milling at ro
temperature. The samples were also investigated with R
channeling spectrometry using a 2-MeV He beam.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Ion implantation of 800-keV Ge at room temperature to
fluence of 231014 cm22 induces amorphization of th
SiGe/Si structure at a depth corresponding to the maxim
of the nuclear energy deposition. This is evidenced by
bright field ~BF! XTEM image shown in Fig. 1. The im
planted sample contains a buried continuous amorph
layer in the depth region between 180 and 560 nm, ne
bored by two crystalline, heavily damaged layers at the s
face and in theRp regions. The damaged crystalline laye
contain a high concentration of point defect clusters as w
as a number of separated amorphous nano-zones loc
around the amorphous-crystalline interfaces~Fig. 1!. The
depth profile of the implantation damage is totally dispos
inside the QW layer structure, and, thus, the QW layers 1
6 ~counting from the surface! are located in the crystalline
damaged regions, the QW layers 2–5 are in the continu
amorphous zone and the QW layers 7 and 8 are undam
as are the Si layers surrounding these two QW layers. Th
XTEM data correlate well with the depth distribution of th
nuclear energy deposition. In Fig. 1 the depth profiles
vacancies and implanted Ge as obtained byTRIM95

calculations16 are included.
RTA at 950 °C for 30 s results in a recrystallization of t

buried amorphous layer and the formation of two separa

FIG. 1. Bright-field XTEM image of an as-implanted samp
with 800-keV 231014 cm22 Ge ions. The depth profile of Ge an
vacancy distribution as obtained by aTRIM95 calculation is reported
for comparison. Digits in the image indicate the number of the Q
layer from the surface.
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bands of extended defects in theRp region and near to the
surface. The interstitial dislocation loops~DLs! are found in
theRp region@Fig. 2~a!#, in good agreement with the typica
way of thermal defect evolution in implanted Si.17–19

A very surprising structural evolution is found near th
surface: Neither DLs nor clusters of point defects are
served in the surface region of the sample to a depth of
nm. Instead, a number of small~2–6 nm! circular defects are
found inside the QW layers 1 and 2 under the out-of-foc
regime of the TEM imaging@Fig. 2~b!#. The density of these
defects varies between 108 and 331010 cm22, depending on
the thermal treatment. It is also found that the first QW lay
~from the surface! contains more defects than the second o
and only few circular defects are observed in the third o
The TEM investigations of these defects were carried ou
two-beam diffraction conditions with a large deviation p

FIG. 2. ~a! Focused BF XTEM image of Ge implanted samp
after RTA at 950 °C for 30 s in N2 ambience.~b! Overfocused
XTEM image of the surface layer. The arrows in~b! indicate the
voids.
1-2
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rameters@0. The defects show minimal contrast at focus.
the underfocused micrograph~not shown! the defects are im-
aged as bright circles surrounded by Fresnel fringes, whe
in the overfocused micrograph@Fig. 2~b!# they display dark
contrast. In dynamical conditions the defects appear as br
against dark regions of the extinction contour, and as d
against bright regions of the extinction contour. The defe
keep their circular shape after large inclinations of t
sample in the microscope with respect to the electron be
and they do the same in a cross-section view@Fig. 2~b!#. In
accordance with Ref. 20, these observations demonstrate
the circular defects are open-volume defects called voids.
can exclude that these spherical defects are Ge drop
precipitates from the arguments, similar to presented in R
15.

To clear up the mechanism of this void formation t
structural defect evolution was followed as a function
RTA temperature. Figure 3 presents the dark-field we
beam XTEM micrographs showing the structural defect e
lution around QW layers 1 and 2 when the RTA temperat
increases. A high density of both small DLs and clusters
point defects is observed in the surface layer after RTA
750 °C @Fig. 3~a!#. It follows from the TEM analysis at dif-
ferent conditions of image formation20 that the DLs are of
interstitial type. An increase of the RTA temperature
830 °C@Fig. 3~b!# results in a complete removal~around QW
layer 1! or a strong decrease of the number~around QW
layer 2! of the interstitial DLs, preserving, however, a larg
number of point defect clusters. Taking into account the
sults of Refs. 10–14 we believe that most of these po
defect clusters arevacancy related. The bright-field TEM
image of such a sample~not shown! displays the formation
of a few very small voids inside the QW layer 1 but not y
in the QW layer 2. A further increase of the RTA temperatu
to 950 and to 1000 °C results in the successive remova
DLs and the formation of voids in the QW layers 2 and
respectively, as well as an increase in the density and siz
the voids in the QW layer 1. Finally, a further increase of t
temperature to 1050 °C results in a partial annealing of

FIG. 3. Dark-field weak-beam XTEM images of Ge implant
sample after RTA at 750 °C~a! and at 830 °C,~b! for 30 s in N2

ambience. Digits 1 and 2 indicate the position of the first and
second QW layers, respectively.
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voids. Additionally, it is found from a comparative TEM
study of the samples after RTA in oxygen and in nitrog
atmospheres that the oxidation slows down the formation
the voids, especially in the QW layer 1. This can be e
plained by injection of non-equilibrium self-interstitials du
ing oxidation of Si~Refs. 6 and 7! ~also see Ref. 15!. Thus it
is concluded from the above that asuccessiveformation of
the interstitial DLs and of the~vacancy-related! voids takes
place in the surface region withincreasingtemperature.

A model based on ballistic separation of Frenkel pairs
been discussed to account for the spatial separation ofV and
I, and the vacancy excess within the region aroundRp/2.10–14

This model is supported, in particular, by positron annihi
tion spectroscopy10–12 and deep level transient spectrosco
~DLTS! measurements,13 which are able to detect vacancy
related complexes~e.g., vacancy-oxygen~VO! pairs in Ref.
13! or point defect clusters. The thermal evolution of su
vacancy related defects is not clear since only interstit
related$311% defects and DLs are usually observed by TE
after high temperature annealing.17–19 In the bulk, vacancy-
related defects evolve into voids presumably because the
tivation energy forV-type dislocation loop nucleation is on
order of magnitude larger than that of nucleating voids;
even in this case the enthalpy is as high as 2.8–3.4 eV, w
yields void nucleation temperatures between 970 a
1060 °C.21 In view of this, a diffusion of excess vacancie
from the implanted layer to the surface is energetically
more reasonable path for their removal from the samp
Nevertheless, the formation of voids has been reported
cently in Si under special conditions of implantation a
annealing. One example is MeV oxygen implants into Si t
high dose,22 in which case the vacancies are well separa
both from interstitials atRp and from the surface.9–14 Hol-
land et al. reported in Ref. 23 that voids are created in t
surface region of Si after extreme conditions~very high dose
and temperature! of implantation. Void formation togethe
with Au decoration was also reported in high dose keV i
planted samples.24 Similarly, void formation assisting metal
lic atom gettering has been demonstrated at a depth ofRp/2
in Ref. 9.

Basically, the formation of the voids requires at least v
cancy supersaturation in the layer at the temperature of v
nucleation. Very fast vacancy migration to the surface at
evated temperatures6,7 normally prevents vacancy supersat
ration in the layers well before the sample reaches the thr
old temperature for nucleation of the voids. Note here t
only voids of over-critical size are stable and may grow b
that the voids of radius smaller than the critical radius shr
in size and disappear.23,25 Thus, the supersaturation of th
vacancies must be high enough to allow the formation
voids of overcritical size. A possible reason of vacancy
persaturation is the formation of large vacancy-related
fects ~traps! which are stable up to the anneal temperatu
The heavily damaged regions which contain, e.
oxygen22,23 or metallic9,23 atoms in high concentration ar
good candidates for vacancy trapping, for example, due
gettering or segregation effects.9,22–24 In the present study
however, the accumulation and storage of the vacancies t
obviously place due to the strong nonuniform strain distrib

e
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tion around the SiGe QW layers. This conclusion is su
ported by the void assembling within the SiGe QW layers
can be seen from Fig. 2~b!. The as-grown SiGe QW layer
are compressively strained before annealing and there i
indication that the layers relax during the subsequent ann
ing. Thus, the assembly of the voids in the strained SiGe Q
layers could be a strain-relieving phenomenon. We beli
that in the first stage the vacancy related defects are di
luted and the vacancies are emitted. A share of the vacan
disappears interacting with interstitial dislocation loops,
can be seen from Fig. 3. Another share of the vacanc
which is in excess of interstitials, diffuses out of the samp
Then thestrain-induced (enhanced)in-diffusion of vacancies
takes place which results in their accumulation in the S
QW layers. This is then followed by void nucleation an
growth at high annealing temperature.
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IV. SUMMARY

In conclusion, a self-assembled formation of voids in
Si/SiGe multilayer structure is observed after Ge ion impla
tation followed by RTA. The voids are of nanometer size a
are solely assembled in thin SiGe QWs in the surface reg
(,Rp/2). The results are discussed in terms of separatio
vacancy and interstitial depth profiles. The strain situat
around SiGe quantum wells is discussed as a possible re
for the void self-assembling effect.
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