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In situ HREM irradiation study of point-defect clustering in MBE-grown strained
Si1ÀxGex Õ„001…Si structures
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We present a detailed analysis of the point-defect clustering in strained Si/Si12xGex /(001)Si structures,
including the interaction of the point defects with the strained interfaces and the sample surface during 400 kV
electron irradiation at room temperature. Point-defect cluster formation is very sensitive to the type and
magnitude of the strain in the Si and Si12xGex layers. A small compressive strain (20.3%) in the SiGe alloy
causes an aggregation of vacancies in the form of metastable@110#-oriented chains. They are located on$113%
planes and further recombine with interstitials. Tensile strain in the Si layer causes an aggregation of interstitial
atoms in the forms of additional@110# rows which are inserted on$113% planes with@001#-split configurations.
The chainlike configurations are characterized by a large outward lattice relaxation for interstitial rows (0.13
60.01 nm) and a very small inward relaxation for vacancy chains (0.0260.01 nm). A compressive strain
higher than20.5% strongly decreases point-defect generation inside the strained SiGe alloy due to the large
positive value of the formation volume of a Frenkel pair. This leads to the suppression of point-defect clus-
tering in a strained SiGe alloy so that SiGe relaxes via a diffusion of vacancies from the Si layer, giving rise
to an intermixing at the Si/SiGe interface. In material with a 0.9% misfit a strongly increased flow of vacancies
from the Si layer to the SiGe layer and an increased biaxial strain in SiGe both promote the preferential
aggregation of vacancies in the~001! plane, which relaxes to form intrinsic 60 ° dislocation loops.
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I. INTRODUCTION

Strained SiGe/Si structures are an essential compone
many advanced Si-based devices; however, the mecha
of strained-layer relaxation by means of point-defect inter
tion, for instance, during thermal annealing, and the effec
strain on point-defect clustering are still poorly understo
In particular, Iyer and LeGoues have reported an enhan
Ge-Si interdiffusion which is ‘‘frozen’’ by the formation of a
high density of dislocations.1 This observation was attribute
to strain-assisted diffusion, based on the thermodyna
analysis of spinodal decomposition by Cahn and Hilliar2

but no specific physical mechanism for this phenomenon
so far been proposed. Additionally, the effect of biax
strain in strain-assisted diffusion in SiGe layers is controv
sial at present, the reported strain effect varying from hug
barely discernable.3–8 A first step to the understanding o
strain-assisted diffusion was made by total-ene
calculations.9 Antonelli and Bernholc computed the forma
tion energies for self-interstitials (DEf I) and vacancies
(DEf V) in Si as a function of hydrostatic pressure. A line
increase inDEf I and a decrease inDEf V are found with
increasing pressure, corresponding to an outward relaxa
of the lattice around the interstitial atom, and an inward
laxation of the vacancy. Recently, a thermodynamic form
ism was developed for illuminating the predominant poi
defect mechanism of self- and impurity diffusion in silico
which was also used to provide a rigorous basis for the po
defect-based interpretation of diffusion experiments in bi
ially strained epitaxial layers in the SiGe system.10 Quantita-
PRB 610163-1829/2000/61~15!/10336~10!/$15.00
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tive agreement between the calculated atomistic parame
for the vacancy mechanism and biaxial strain experiment
been found for the case of Sb diffusion and only qualitat
agreement for an interstitial-based mechanism has b
found for the case of boron diffusion. It was concluded th
critical experiments and calculations for the determination
key parameters~activation volumes! of the interstitial-based
mechanism are needed.

We will attempt to show in the present paper that t
relaxation volume of a self-interstitial atom in Si (VI

rel) can
be determined from the analysis of experimental hig
resolution electron microscopy~HREM! images of linear
clusters of interstitial atoms. The value ofVI

rel50.94V
agrees well with that obtained from tight-binding molecu
dynamics studies (0.90V).11 Here V50.020 nm3 is the
atomic volume per silicon atom at equilibrium density. How
ever, to elucidate clustering of point defects in a strain
heterostructure both the relaxation volumes for an interst
atom and for a vacancy (VV

rel) are needed because their su
determines the formation volume of a separated Frenkel
(VF

f ); in other words, the possibility of Frenkel pair separ
tion. The reported values ofVV

rel vary in a range between
20.25V and 20.97V,9,11,12 so that VF

f is changed from
a large positive amount (0.65V) to a negative one
(20.07V) and consistent prediction of Frenkel pair sepa
tion in strained lattices becomes impossible. The very sm
inward relaxation~within 0.0260.01 nm) around the chain
like configuration of vacancies, which we report he
strongly suggests thatVV

rel is rather small and cannot com
pensateVI

rel as predicted in Ref. 11. The difference betwe
10 336 ©2000 The American Physical Society
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VV
rel and VI

rel gives us also a chance to understand why
interaction coefficient of vacancies with the real Si surfa
~or with surfaces capped by thin SiO2 and Si3N4 films! is
much larger than that for self-interstitials~up to two orders of
magnitude!. This important conclusion was made on the b
sis of a detailed investigation of the aggregation of se
interstitial atoms in Si and Ge byin situ irradiation experi-
ments in a high-voltage electron microscope~HVEM! over a
wide temperature range between 20 and 1150 °C.13 The
larger vacancy capture coefficient of the surface results in
interstitial supersaturation close to the Si sample surface
ing irradiation, even at room temperature.14 But no clusters
of point defects are created in unstrained and low-doped
or Ge crystals covered with native oxide films~1 nm! until
the thickness of the irradiated specimen reaches 200–
nm.13 Whereas, inside the bulk of Si, the recombination
point defects dominates and no clusters are formed, inte
tial clusters known as$113% defects immediately form nea
the surface. Their nucleation is caused by multiatom inter
tion since the chemical stressesEch5kT ln(Cii

/Ci0) are much
larger than the interaction energy of point defects with ela
stressesEel5

4
3 (pDa/a)Vs i i .13 Here Ci and Ci0 are the

concentrations of interstitials in the irradiated crystal and
thermal equilibrium, respectively,s i i are the elements of th
elastic stress tensor, andDa/a is the deformation of the crys
talline lattice by a single interstitial atom. As a result, t
effect of elastic stress on the nucleation of interstitial clust
was concluded to be negligible. However, this effect can
observed in very thin Si specimens, where quasistation
concentrations of point defects during irradiation are sma
than in thick specimens. Recently, clustering of intrin
point defects at room temperature in thin Si specimens c
ered with Si3N4 films was shown to be much more comple
than earlier assumed and included a combined aggregatio
vacancies and interstitial atoms on$111% and $113% habit
planes.14–16 The driving force proposed for this process
either a compensation of large strains caused by initial c
tering of vacancies on$111% or a slow recombination of poin
defects in extended shape on$113%.17 In general, however
the role of strain in point-defect clustering is not yet clea

Our previous HREM irradiation experiments with strain
Si/SiGe/~100!Si structures showed that some new inform
tion concerning point-defect clustering depending on
type and magnitude of local strains in Si and SiGe lay
could be obtained.18 The present paper is a detailed analy
of the point-defect clustering in a strained SiGe system,
cluding the interaction of point defects with the strained
terfaces and the surface of the specimen during electro
radiation in a HREM.

II. EXPERIMENTAL DETAILS

The samples arep-type boron-modulated-doped and c
herently strained Si/Si12xGex /(001)Si heterostructures wit
X50.08 and 0.13,19,20 and undoped five-period multipl
quantum wells~MQWs! with X50.22,21–23and with a thick-
ness of the SiGe layers of 35, 40, and 3–6 nm, respectiv
They were grown using solid-source molecular beam epit
~MBE! VG Semicon V90S equipment.19,20The concentration
of Ge in fully strained SiGe layers has been determined
high-resolution x-ray diffraction, ULE secondary-ion ma
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spectroscopy, Raman, Rutherford backscattering, and
ventional XTEM analysis.21–23

~110! cross-section specimens for HREM were presen
by standard Ar ion milling using a low voltage and a lo
ion-beam inclination, which avoids damage in the sampleIn
situ HREM experiments were carried out at room tempe
ture in a JEOL-4000EX microscope operating at 400 k
and allowing a point resolution of 0.17 nm. The energy
the electron beam used in our experiment exceeds the thr
old of 200 keV for generation of Frenkel pairs in Si crysta
but not in Ge~470 keV!.24 The flux of electrons during the
HREM irradiation experiments was estimated to be close
1020 electrons/cm2 s ~see also Ref. 25!. According to the re-
sults presented in Ref. 13, an additional specimen hea
upon 400 keV irradiation does not exceed 50 °C. Atom
models of the point-defect aggregates have been obtaine
comparing experimental HREM images with simulated i
ages using theMAC TEMPAS software.

III. RESULTS

It is known that the atomic scale study of very small clu
ters by HREM methods is not straightforward. Detailed a
correct information can only be obtained for extended o
~1D! or two-dimensional~2D! clusters having a periodic
structure along the electron beam~in the present case th
@110# direction!. It will be further demonstrated that the siz
of the defect along this direction has to be at least 60% of
foil thickness. All the HREM images presented in this stu
were recorded at defocus values between220 and
255 nm. According to the image simulations bright do
then correspond to the channels in the Si structure in a ra
of foil thickness between 1 and 22 nm at the defocus
220 nm and at least between 1 and 6 nm at the defocu
255 nm. In this case dark columns between white dots
the HREM image correspond to the atomic chains in
@110# direction.

According to Vegard’s law, in the absence of relaxati
via dislocations, the strains is related to the Ge compositio
x by the relations5(12aGe/aSi)x520.042x.5 The minus
sign indicates a compressive strain. Assuming no contri
tion from the top and bottom free surfaces on the strain
laxation during HREM specimen preparation, the cor
sponding strains in Si/Si12xGex /(001)Si structures used in
our experiments were about 0.3, 0.5, and 0.9 %.

A. Low-strain Si1ÀxGex system with xÄ0.08 andsÄ0.3%

Figures 1~a!, 1~b!, and 1~c! show a sequence of lower
magnification ~110! cross-section HREM images of
strained Si/Si12xGex /(100)Si heterostructures (x50.08, s
50.3%, SiGe layer width 35 nm! in the initial stage and a
further stages of irradiation. Since the concentration of
atoms in the alloy is small, the position of the SiGe layer
hardly visible in the HREM mode in Fig. 1~a!. However, this
layer is easy to locate using conventional two-beam diffr
tion conditions. From Fig. 1~a! it is clear that the irradiated
area is defect-free in the initial stage of irradiation. Aft
about 10 minutes of irradiation small clusters of point defe
are created, and the position of the SiGe layer becomes
ible due to the formation of defects inside this layer a
close to the interfaces@Fig. 1~b!#. Few defects are created i
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10 338 PRB 61L. FEDINA et al.
the Si layer at a large distance (.5 nm) from the SiGe/Si
interfaces during irradiation@Fig. 1~c!#. At the same time in
the SiGe layer the defect density first increases~up to
1012 cm2) and then strongly decreases.

FIG. 1. @110# HREM images of point-defect clusters introduce
in a strained Si/SiGe/~001!Si heterostructure with 0.3% misfit dur
ing in situ electron irradiation in a 400 kV microscope at roo
temperature. The same irradiated area is shown as a functio
time: ~a! 1 min; ~b! 10 min; ~c! 40 min. White arrows roughly
indicate the position of the SiGe/Si interfaces within the irradia
area.
An enlarged HREM image of clusters created inside
SiGe layer at a further stage comparable to Fig. 1~b! is
shown in Fig. 2. Most of the defects are located on$113%
habit planes~e.g., those marked 1, 2, 3, 4, and 5! and few are
on $111% ~marked byA). The defect on$111% is a small
Frank dislocation loop, visibly characterized as a vacan
loop by the distortion of the$111% planes parallel to the
defect plane. Defects lying on$113% planes are much more
complex because usually there is no visible displacemen
the atomic columns around such defects. However in so
images, for instance, at the defect number 5, a very sm
vacancy sign distortion of the$113% planes parallel to the
defect plane is visible. This defect is enlarged in Fig. 3~a!
with an atomic model superimposed on the experimen
HREM image in Fig. 3~b!. The model consists of a sequen
of eight- and ten-membered atomic rings located close to
$113% habit plane. Each of the eight-membered rings enclo
three white dots. Two of them, which are located on the
and on the right from the middle one, correspond to t
channels in SiGe. The middle one is formed at the posit
of the atomic column, as is clearly seen from Fig. 3~b!. We
assume that this white dot corresponds to a vacancy c
caused by aggregation of vacancies in the@110# direction
along the incident electron beam.

of

d

FIG. 2. An enlarged HREM image of the point-defect cluste
created within the 0.3% misfit SiGe after 25 min of irradiation. T
defect marked asA is the same defect as shown in Fig. 1.

FIG. 3. ~a! @110# HREM image of a$113% defect in strained
SiGe with 0.3% misfit. The small distortion of the$113% planes
parallel to the defect plane is shown by white lines.~b! An atomic
model of the$113% defect is superimposed on the image.~c! A
simulated HREM image of a$113% defect based on the unit ce
indicated in~b! by the white rectangle.



m
ub

e
a
ve

lin

f
e

3
th
c
e
ic

d

ee
e

a

lu
-

imu-
in

s
ncy
er,

it
it
see

-
ar-

in
er.
e-
r-
ti-

sti-
rrier
ed
sap-
-

va-
re
to
an

ers
ls

nd
ia-
is
he
nd

one
on-

Ge
ed
w
al-

the

the
er

y-

cy
9.
th

e

PRB 61 10 339IN SITU HREM IRRADIATION STUDY OF POINT- . . .
Ten-membered rings enclose two nearest-neighbor ato
columns where vacancies aggregate and become do
vacancy chains. The arrangement of the vacancies along
@110# direction cannot be deduced from the HREM imag
However, it is sensitive to the vacancies in the atomic ch
as we will show later by image simulation. In our tentati
model of a vacancy type$113% defect@Fig. 3~b!# consisting
of vacancy chains, vacancies in the@110# direction are con-
sidered as a continuous vacancy chain in which no dang
bonds are involved along the chain~excluding, of course,
two dangling bonds at the edges of the chain!. The model of
a continuous vacancy chain as a simple arrangement
minimizing the defect energy, i.e., to minimize the numb
of broken atomic bonds, was earlier proposed by Tan.26 The
very small distortion of about 0.0260.01 nm for the$113%
planes parallel to the defect plane as measured in Fig.~a!
can be explained by an inward relaxation around each of
vacancy chains. A similar inward relaxation of the vacan
chain ~0.026 nm! was also obtained by investigation of th
vacancy chain relaxation based on a molecular mechan
force field~work in progress!. Taking into account the lattice
relaxation around the vacancy chain as shown in the mo
in Fig. 3~b! ~eight-membered rings!, HREM images of a
single vacancy chain in a strained SiGe crystal have b
simulated over a wide range of defocus and crystal thickn
values as well as for various vacancy concentrations~va-
cancy occupation! along the chain~Fig. 4!. It is found that
the images are strongly dependent on the defocus value
on the vacancy concentration@Figs. 4~a! and 4~b!# but only
weakly dependent on the crystal thickness for a focus va
of 225 nm @Fig. 4~c!#. The experimental HREM image in
side the eight-membered rings in Fig. 3~b! agrees well with
the one simulated at a focus value of225 nm @Fig. 3~c!#.

FIG. 4. ~a! Simulated HREM images of the single-vacan
chain as a function of defocus for a fixed crystal thickness of
nm. ~b! Simulated image as a function of the vacancy content in
atomic chain. Focus value and crystal thickness are225 nm and
3.1 nm, respectively.~c! Crystal thickness dependence of th
HREM image for a fixed defocus value of225 nm.
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Good agreement between the experimental and the s
lated HREM images of the double-vacancy chain marked
our model in Fig. 3~b! by a ten-membered atomic ring wa
obtained by assuming that two nearest-neighbor vaca
chains in a strained lattice slightly shifted toward each oth
over about 0.04 nm along the@ 1̄10# direction. We simulated
HREM images of the extended$113% defect based on the un
cell marked in Fig. 3~b! by a large white rectangle. This un
cell includes single- and double-vacancy chains. One can
that the simulated and experimental images of the$113% de-
fect presented in Figs. 3~a! and 3~c! are in satisfactory agree
ment. Note that inwardly relaxed vacancy chains are
ranged along the compressive strain in the@110# direction in
SiGe in order to relieve this strain.

The $113% defects, shown in Fig. 3, are only observed
the initial stages of point-defect clustering in the SiGe lay
At a final stage, after prolonged irradiation, most of the d
fects disappear@see Fig. 1~c!#. The process of the disappea
ance of a$113% defect of vacancy type was recently inves
gated in a Si layer close to the Si-Si3N4 interface.17 It was
shown that this process includes an interaction with inter
tial atoms. But because of the existence of an energy ba
against recombination of interstitial atoms with the extend
aggregate of vacancies, a large time is needed for the di
pearance of the$113% defect during irradiation at room tem
perature.

We conclude that a small compressive strain (20.3%) in
the SiGe alloy causes an initially observed clustering of
cancies on$113% planes during irradiation. These clusters a
uniformly distributed within the SiGe layer and are able
relieve the compressive strain in the SiGe alloy due to
inwardly introduced lattice relaxation. The vacancy clust
slowly disappear upon further interaction with interstitia
generated in SiGe.

B. Moderately strained Si1ÀxGex system with xÄ0.13
and sÄ0.5%

The Si/Si12xGex /(001)Si heterostructures with a 0.5%
misfit (x50.13) reverses the point-defect clustering in a
out of the SiGe layer. Immediately after starting the irrad
tion a nonuniform distribution of point-defect clusters
formed in the Si layers at a distance of 3–5 nm from t
interface@Fig. 5~a!#. These clusters disappear very fast a
after about 10 minutes extended$113% defects are created
along the interface@Fig. 5~b!#. An enlarged HREM image of
one of these defects is inserted in Fig. 5~b!. It is similar to the
ones presented in Fig. 3. Using the same imaging code
can conclude that the defect is of the vacancy type and c
sists of vacancy chains located on$113% planes. Very few
$113% defects of vacancy type are formed inside the Si
layer even after prolonged irradiation until a highly disturb
structure is formed in the rest of the SiGe layer. A ne
position of the interface and large roughness is now visu
ized, due to the formation of the disturbed structure in
SiGe layer at this stage. From Figs. 5~b! and 5~c! it is clearly
seen that the position of the interface corresponding to
initial ~higher! concentration of Ge atoms is shifted by ov
10 nm relative to the defectB initially located inside the
SiGe layer. No new vacancy type extended$113% defects
form in the intermixed area. At the same time in the Si la
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10 340 PRB 61L. FEDINA et al.
ers, at a larger distance from the interface than could
shown in Fig. 5~c!, a number of well-extended defects a
formed. One of them is presented in Fig. 6~a! and will now
be analyzed. Its HREM image displays strongly@001# ex-
tended dark columns located on$113% planes. An atomic
model of the defect, superimposed on the experimental
age in Fig. 6~c! is similar to the one predicted in24,26 and
highlights the interstitial type defect consisting of split-@001#
interstitial atoms. Each of the split interstitial atoms in t
model corresponds to an additional row of interstitial ato
extended in the@110# direction. The displacement introduce
by the row of interstitials can be found by direct measu
ment of the atom position in the experimental HREM ima
of Fig. 6~a!. It is about 0.1360.01 nm in the@001# direction
and approximately equalsa/4@001# as shown in Fig. 6~c! by
the thick white lines. This displacement leads to the appe
ance of an additional$113% plane below the defect plane@see
Fig. 6~a!#. This displacement, however, makes it difficult
locate the interstitial and matrix atoms in a single~110! habit
plane; it results in a strong compression of the bonds, wh
reaches values up to 46%. Therefore two split atoms in
@110# interstitial row, located at the distance of the ne
nearest-neighbor position (a/2@110#) have to move toward
each other in order to form a pair of interstitial atoms in t
relaxed configurations, as was first predicted in Ref. 24. T
distance between these interstitial atoms along the@110# di-

FIG. 5. HREM images of point-defect clusters formed in
strained SiGe/Si heterostructure with a 0.5% misfit at various sta
of irradiation:~a! after 1 min;~b! after 10 min;~c! after 45 min. The
inset in~b! corresponds to the part of the defect shown by the wh
rectangle.
e
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rection can be roughly determined from the best fit betwe
the experimental and the simulated HREM images of
interstitial row. Figures 6~d! and 6~e! show the simulated
images of interstitial rows for two different distances b
tween interstitial atoms in the@110# direction: 0.235~d! and
0.308 nm~e!. This corresponds to 3% and 10% of the Si-
bond compression between split and matrix atoms seen in
~110! plan view in Fig. 6~b!. The best agreement betwee
simulated and experimental images has been obtained fo
larger bond compression.

We initially conclude that a compressive strain of abo
20.5% suppresses the point-defect clustering in SiGe
leads to the formation of nonuniformly distributed poin
defect clusters in metastable configurations at the interf
and in the Si layer.

Additionally, we irradiated a relaxed Si12xGex /(001)Si
heterostructure withx50.12 at 1 MeV in a high-voltage
electron microscope at temperatures between 20 and 560
A high density of $113% defects is created, in thick SiG
samples over the whole temperature range and there i
cluster formation in SiGe for thicknesses less than 30–
nm. Therefore a relaxed GeSi alloy is not expected to
informative for a HREM irradiation experiment where ve
thin areas~thickness below 30 nm! are used. The formation
of defect clusters in thick SiGe samples clearly evidences
possibility of Frenkel pair generation in a relaxed SiGe all

es

e

FIG. 6. ~a! HREM image of a$113% defect in the Si layer, 35 nm
away from the interface after 40 min of irradiation.~b! An enlarged
image of the$113% defect.~c! An atomic model superimposed o
the image of~b!. A projection of the additional volume introduce
by the @001# split-interstitial atom~gray atom! on the~110! plan is
outlined by a white rectangle of 0.1330.38 mm2. ~d! and~e! Simu-
lated HREM images of the$113% defect based on the model pre
sented in~c! for two different distances between the interstitial a
oms in the row:~d! 0.235 nm and~e! 0.308 nm. Crystal thickness
and focus value are 5 and255 nm, respectively.
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during irradiation with 1 MeV electrons. This agrees w
with the observation of$113% defect formation in alloyed Ge
with 2% Si during HVEM irradiation.13 A reduction of the
Frenkel pair generation with increasingx upon 400 keV ir-
radiation would exclusively influence the nucleation tim
and the growth rate of the point-defect clusters in the S
layer but should not alter the diffusion of vacancies from
Si layer and the formation of a nonuniform distribution
vacancy-type clusters along the interface@Fig. 5~b!#, which is
mediated by the compressive strain in the SiGe only.
assume that the Frenkel pair separation is rather weakly
pendent on the composition but strongly dependent on
compressive strain in layered SiGe.

C. Highly strained Si1ÀxGex system with xÄ0.22 andsÄ0.9%

To reinforce the effect of intermixing we irradiated a c
herently strained five-period MQW (Si/Si12xGex)5 /(001)Si
structure with a SiGe layer thickness of 3–6 nm and a m
up to 0.9% (x50.22). Irradiation leads to a fast intermixin
of the thin and initially continuous SiGe layers and partly
the formation of strongly deformed areas at the position
the strained layers@Figs. 7~a!–7~c!#. Figure 8~a! shows a
typical HREM image of the deformed area. A very compl
vacancy-type extended defect, lying on the~001! plane par-
allel to the interface, is formed. Several steps in the de
plane@look along the arrow parallel to the interface in Fi
8~a!# and extra$111% planes located close to the steps a
present in this area. Figure 8~b! shows a high magnification

FIG. 7. Successive transformation stages of thin strained S
layers with a 0.9% misfit during electron irradiation at room te
perature.~a! After 1 min; ~b! after 10 min;~c! after 25 min.
l

e
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e
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of a small planar~001! defect@inside the white rectangle in
Fig. 7~c!#. This defect highlights features of an intrinsic di
location dipole with a~001! habit plane, since two extra
$111% planes are inserted in opposite directions at the ed
of the defect. The small distortion of the~001! planes parallel
to the defect plane, typical for a vacancy type, is indicated
Fig. 8~b! by dashed lines. An atomic model of these~001!
defects cannot be deduced from HREM images due to t
complexity, but the Burgers contour drawn around the rig
core of the dislocation dipole in Fig. 8~b! corresponds to a
perfect 60 ° dislocation. From simple geometrical modeli
of a vacancy cluster on the~001! plane in Figs. 9~a! and 9~b!,
we can deduce that atoms above and below the defect p
cannot be bonded without additional cooperative atom d
placements along two orthogonal directions@ 1̄10# and@110#
within the defect plane. Depending on the agglomeration
vacancies in a double@Fig. 9~a!# or a single@Fig. 9~b!# ~001!
plane, the initial displacement vector of the defect may
assumed to bea/2@001# or a/4@001#. Figure 9~c! shows the
formation of the dislocation dipole at an intermediate sta
after an additional displacement along the@ 1̄10# direction:
a/2@001#1a/4@ 1̄10#5a/4@ 1̄12#. This defect is not stable
and transforms by a displacement in the orthogonal@110#
direction (a/4@ 1̄12#1a/4@110#5a/2@011#) into a 60 ° dislo-
cation dipole presented in Fig. 9~e!. Further glide motion of
one of the dislocation cores on the$111% planes should lead
to the formation of a step on the defect plane and to rel
ation of the strongly deformed crystal structure close to
core of the dislocation. A more complex structure of t
~001! defect is formed at an intermediate stage during
aggregation of vacancies on a single~001! plane. In this case
two consequent displacements on the defect plane lead to
formation of the defects:a/4@001#1a/4@ 1̄10#5a/4@ 1̄11#

and a/4@ 1̄11#1a/4@110#5a/4@021#. The second one, pre
sented in Fig. 9~d!, is more stable compared to the disloc

e
-

FIG. 8. Enlarged HREM image of a deformed area created
the strained SiGe layer with an initial misfit of 0.9% after 35 min
irradiation. The white broken line indicates the steps on the plan
the ~001! defect~observe along the arrow!. ~b! HREM image of an
intrinsic dislocation dipole on the~001! plane with a Burgers con-
tour drawn around the right core of the dislocation.~c! Simulated
HREM image of a 60 ° dislocation dipole obtained by the com
nation of the two models presented in Figs. 9~d! and 9~e! below.
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tion dipole at the intermediate stage of Fig. 9~c!. A similar
structure was recently found by HREM investigations of
implanted crystals and predicted by molecular dynam
studies of~001! Si wafers bonding.27,28However, this type of
defect is metastable and has to transform to a stable one.
process can be considered as a consequent structure
rangement by interaction with additional vacancies mov
to the defect plane,a/4@021#1a/4@001#5a/2@011#, which
should again lead to the formation of a 60 ° dislocation
pole. Using the models presented in Fig. 9 we simula
HREM images of the dislocation dipole. The best agreem
between simulated and experimental images@see Fig. 8~b!
and 8~c!# has been obtained by using the model shown
Fig. 9~d!, and by assuming that the right core of the disloc
tion dipole is rearranged into a 60 ° dislocation as shown
Fig. 9~e!. Note that the formation of the dislocation dipo
presented in Fig. 8~b! is due to irradiation of a very thin
specimen. In a thicker specimen intrinsic 60 ° dislocat
loops have to be formed. But in a very thin specimen th
parts of the dislocation loop that are parallel to the sam
surface can climb to the surface and create steps there.

We conclude that the irradiation of highly~0.9%! strained
multilayered Si/SiGe/Si/~001!Si structures with a 3–6 nm
SiGe layer thickness leads to the clustering of vacancies
the ~001! plane at the position of the SiGe layers. Vacan
platelets on~001! can be relaxed by the formation of a
intrinsic 60 ° dislocation loop. The mechanism of dislocati
loop formation includes the aggregation of vacancies from
single to a double~001! and the formation of a metastab
defect at intermediate stages.

IV. DISCUSSION

A. Chainlike clusters of point defects

Our results indicate that in weakly strained Si/SiGe
heterostructures~0.3–0.5 %! vacancies and interstitials pro

FIG. 9. ~a! and ~b! Vacancies located on a~001! habit plane
within a double~a! and a single~b! ~001! plane.~c! and ~d! Inter-
mediate stages of a dislocation dipole formation depending on
initial position of the vacancies in a double~c! or a single~d! ~001!
layer after an additional displacement in the defect plane~see text!.
~e! The final stage of a 60 ° dislocation dipole formation on t
~001! habit plane. Atoms 1,2, and 3,4 are separated by a ver
distance ofa/4@110#, indicative of the screw-type nature of th
configuration formed by a displacement along the@110# direction.
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duced by electron irradiation tend to aggregate in@110#
chainlike configurations. These configurations are located
$113% habit planes and are characterized by a different m
nitude and opposite type of lattice relaxation. The possibi
of chain structure formation of both point defects in Si w
predicted earlier, but without any consideration of strain
lattice relaxation introduced by the chains.24,26,29,30 Using
these chain configurations of point defects as a starting po
energetically favorable atomic models have been propo
by Tan for further homogeneous nucleation of dislocations
Si.26 The $113% plane was predicted to be favorable for a
gregation of interstitials only. However, further detaile
HREM studies of the$113% defect revealed a more comple
structure than the one predicted by Tan. Hexagonally
ranged atomic rings followed by eight-membered rings in
irregular succession in the plane of the$113% defect produced
by electron irradiation at 450 °C were first revealed
Takeda.31 Furthermore, at room temperature both interstiti
and vacancies cluster on a$113% plane if their diffusion to the
surface is blocked by covering films.14–17According to these
results the aggregation of point defects on$113% in Si layers
close to the Si-Si3N4 interface can be considered rather as
additional way of point-defect recombination in an extend
form in the presence of a high concentration of both types
point defects. At the initial stage, vacancies cluster in
form of @110# chains located on$113% and further act as trap
for interstitials. The possibility of low-energy configuratio
formation of interstitial atoms inside the vacancy cluster p
vents the fast recombination of point defects in extend
shape.17

B. Point-defect clustering in low- and moderately strained
SiGeÕSi systems

The model of point-defect behavior in the Si layer close
the Si-Si3N4 interface presented in Ref. 17 is in good agre
ment with our experimental results presented here. Inde
vacancies generated in the strained SiGe alloy with20.3%
strain are initially precipitated as chain configurations
cated in the$113% planes. After about 30 minutes of irradia
tion these defects disappear via a similar way. Because o
very thin cross-section specimens used in the HREM exp
ments, this fact shows that the diffusion of both types
point defects to the surface of a strained SiGe layer
strongly decreased and the recombination of point defe
inside SiGe becomes dominant. In addition, it is observ
that a further increase of the compressive strain in SiGe
20.5% suppresses cluster formation in the alloy@Fig. 5~b!#.
To understand this phenomenon, we have to consider
formation volume of a Frenkel pair (VF

f ), which is deter-
mined by the sum of the relaxation volumes of a single
terstitial atom (VI

rel) and a vacancy (VV
rel). VI

rel can be de-
duced from HREM images of a row of interstitials located
a $113% plane@Fig. 6~b!#. As discussed in the previous se
tion, the strained interstitial row along the@110# direction
can be roughly considered as a succession of interstitia
oms at a distance close toa/2@110#50.38 nm ~or double
interstitials translated with a distance ofa@110#50.76 nm in
the relaxed interstitial row!.

More important is the lattice relaxation observed arou
an interstitial row in a~110! cross section. In this projection
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~along the interstitial row! only a single interstitial atom po
sition is observed, which introduces a displacement
a/4^100& (0.1360.01 nm) to the surroundings. Because
the strong anisotropy of this displacement, the correspond
VI

rel can be approximated as the additional volume of the
@marked in projection by a white line in Fig. 6~b!#: VI

rel

50.1330.3830.3850.0188 nm350.94V, whereV50.020
nm3 is the atomic volume per silicon atom at the equilibriu
density. The magnitude can be considered as a lower lim
VI

rel . It is clear that the relaxation volume for double inte
stitials will be twice that value: 0.1330.3830.7650.0376.
This corresponds to the same value ofVI

rel , which is very
close to the one (0.90V) calculated by tight-binding molecu
lar dynamics reported in Ref. 11. Unfortunately,VV

rel cannot
be determined correctly from HREM images of a vacan
chain because this is imaged as two close-bonded vaca
~a divacancy! in a ~110! cross-section. However, the sma
vacancy chain relaxation of about 0.0260.01 nm suggests
theVV

rel should not be as large asVI
rel ~with opposite sign! as

predicted by the tight-binding molecular dynamic studies11

If this were true, the relaxation volumes of a vacancy and
interstitial atom would really ‘‘cancel each other,’’ an
hence Frenkel pairs should be separated independently o
magnitude of compressive strain in SiGe. In this case, c
tering of point defects in the bulk of a strained SiGe lay
would appear to be also independent of the amount of c
pressive strain. However, we find that clustering of po
defects in the bulk of the SiGe layer takes place only a
strain not exceeding20.3% ~Fig. 1!. In a SiGe alloy with
20.5% strain @Fig. 4~b!#, clustering of point defects is
strongly suppressed for a long time of irradiation.

As recently found from first principles using a clust
method, the relaxation of a single vacancy depends on
state of the charge as well as on the cluster size du
calculation.12 A maximum magnitude of inwardly introduce
relaxation of 0.033 nm is reached for a neutral vacan
which corresponds toVV

rel520.5V. Using this value we ob-
tain VF

f 50.94V1(20.5V)50.44V. A large VF
f strongly

suggests a small possibility of Frenkel pair separation in
bulk of SiGe upon increasing compressive strain. Howev
near the surface, Frenkel pairs can be separated by the
appearance of the interstitial atom to the surface. As a re
the formation of a very disturbed structure in a narrow la
close to the surface of the SiGe can be realized after
longed irradiation@Fig. 5~c!#. This process provides a rathe
small contribution to the relaxation of the SiGe layer duri
irradiation. In the beginning, Frenkel pairs can easily
separated in the Si layers where tensile strain relieves t
separation. Nonuniform distributions of point-defect clust
near the SiGe/Si interface, shown in Figs. 5~a! and 5~b!,
evidence that Frenkel pairs are separated in the Si laye
the strain field of the interface and by vacancy diffusion
the compressively-strained SiGe alloy. The high supersat
tion of vacancies in this area leads to clustering of vacan
in the form of chains located on$113% at the interface, as
observed in Fig. 5~b!. Vacancy clusters would relieve th
compressive strain in SiGe due to their inwardly induc
relaxation if they had not disappeared by recombination w
interstitials. This fact shows the possibility of local stra
relaxation via a metastable configuration of point defects
f
f
g
x

of

y
ies

n

the
s-
r
-

t
a

he
g

,

e
r,
is-

ult
r
o-

e
ir

s

by

a-
s

d
h

f-

ter their diffusion, finally leading to an intermixing at S
SiGe interfaces without stable defect formation.

Interstitial atoms in the Si layer create compressiv
strained@110# interstitial rows which are located on$113% at
some distance from the interface. This configuration is
stable and has to disappear in the area of vacancy super
ration close to the interface. The behavior of the interstiti
type $113% defect during irradiation in a HVEM was invest
gated in great detail in Ref. 13. It was concluded that
interaction coefficient of mobile vacancies with the me
stable interstitial-type cluster is always much larger than t
for the interaction of mobile interstitial atoms with an inte
stitial cluster. In addition, there is no detectable energy b
rier for the interaction of mobile vacancies with the me
stable interstitial-type cluster. For this reason we assume
small clusters of point defects created by irradiation in the
layer in the very initial stage, 3–5 nm distance from t
interface, are of interstitial type@Fig. 5~a!#. They disappear
quickly upon further diffusion of vacancies from the Si lay
to the SiGe/Si interface where$113% defects of vacancy type
are formed@Fig. 5~b!#. The area of vacancy supersaturati
in the Si layer is changed during irradiation and$113% defects
of interstitial type form and disappear again. These defe
become stable at a large distance from the interface in
area of interstitial supersaturation, caused by the stable
of vacancies at the surface of the Si layer.

C. Point-defect interaction with the surface

The surfaces of the thin samples used for HREM can
as efficient sinks for point defects. But large differences
tween surface arrival rates for vacancies and interstitials
troduced by low-energy ion implantation are observed e
for an atomically clean Si(111)737 surface.32 Vacancies
arrive at the surface at the temperature range between 20
350 °C; interstitials reach the surface at temperatures aro
500 °C.

It has been shown that the distance of the point-de
sink from the Si surface during electron irradiation strong
depends on the thickness of the covering film, on the rate
point-defect recombination in the bulk, and on the type a
concentration of the doping atoms.13,14 To decide whether
the reaction kinetics of the point defects are dominated
the free surface or by the recombination rate of point defe
in the bulk we have to consider the quasi-steady-states
ing irradiation, where the defect clusters grow at a const
rate. At T.350 °C and for irradiation intensitiesI ,6
31018 electrons/cm2 s, a very long quasistationary growt
of interstitial type $113% defects inp-type Si was found.14

This growth is governed by an infinitely strong sink of v
cancies at the surface, and the kinetic growth of$113% defects
can be considered as dominated by the free surface bec
the defect growth rate is proportional to the rate of poi
defect generation, which is proportional toI. An increase of
the recombination rate of point defects in bulk Si forI .6
31018 electrons/cm2 s decreases the probability of poin
defect arrival at the surface and the kinetic growth of$113%
defects becomes proportional to the square root of the po
defect generation rate.13,14

A much more complex behavior of point defects in pu
Si is realized by a HVEM irradiation at room
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temperature.14,17 There is not any quasi-steady-state in th
case and a recombination of point defects into extended
fects is observed. It is unclear in this case whether the re
tion kinetics of the point defects is dominated by the reco
bination of point defects or by the free surface. Some of
vacancies reach the surface because an interstitial super
ration is established by electron irradiation of samples w
thickness above 10 nm, and vacancy clusters transform
interstitial clusters.17 However, we have never observed
similar effect in strained SiGe layers; only the disappeara
of the vacancy clusters was observed@Figs. 1~a!–1~c!#. We
therefore assume that the recombination of point defe
dominates in a strained SiGe layer.

The large difference betweenVV
rel and VI

rel allows an ex-
planation of the difference between the interaction coe
cients of point defects with the surface, previously found
nonstrained Si and Ge crystals.13 Weakly relaxed vacancie
always tend to diffuse to the surface of a nonstrained cry
because the interaction of surface atoms with vacancies
vents an increase of the crystal volume. Once generated
terstitial atoms always increase the volume of the crys
independent of their location in the bulk or at the surface
the crystal. In our case an additional limitation occurs for
diffusion of interstitials to the surface of the SiGe layer und
compressive strain in the@110# direction. Limited diffusion
of interstitials to the surface and the necessary aggregatio
vacancies in the strained SiGe give rise to a recombinatio
point defects through an extended form in the alloy, even
a low compressive strain. Since the possibility of Fren
pair separation in SiGe is also decreased by increasing
compressive strain, there is only one way for the strain
SiGe layer to relax during irradiation: a diffusion of vaca
cies from the Si layers leading to an intermixing at t
SiGe/Si interfaces.

D. Point-defect clustering in a highly strained system

The results obtained show that the mechanism of vaca
clustering at the SiGe/Si interface strongly depends on
magnitude of strain in SiGe. At low strains~20.3% to
20.5%! vacancies aggregate in the form of metastable@110#-
oriented chains, located on$113% planes. Assuming the crys
tal thickness to be 6.2 nm and the vacancy occupation a
the chain to be 0.5–1.0, each of the$113% defects of vacancy
type contains about~0.8–2)3102 vacancies. Considering th
density of defects in Fig. 5~b! the concentration of vacancie
clustered in$113% defects is about~3–8)31020 cm23. From
Figs. 5~b! and 5~c!, it is clearly seen that these defects d
appear during prolonged irradiation. As discussed above,
corresponds to the relaxation of the strained SiGe layer
diffusion of vacancies leading to intermixing at the SiGe
interfaces without stable defect formation. Strain of ab
20.9% dramatically changes the mechanism of vaca
clustering at the interface, so that the formation of intrin
60 ° dislocation dipoles become possible. Assuming
same crystal thickness and the density of dislocation dip
at the interface to be about 431012 cm22 @Fig. 8~a!#, as well
as the number of vacancies per single dipole of about~2–
3)3102, the concentration of vacancies clustered into
poles is about~1–2)31021 cm23. This means that disloca
tion dipole formation on a~001! plane needs a higher con
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centration of vacancies. However, higher vacan
supersaturation close to the interface in this case is not
single reason for preferential aggregation of vacancies
~001!. Biaxial strains seem to influence the clustering of v
cancies at an increased misfit due to a higher mobility of
vacancies along the compressive strain parallel to the in
face compared to the@001# direction for the tensile strain.10

If the mobility of vacancies in the highly strained GeSi lay
had been isotropic, clustering of vacancies on the other h
planes~$113%! would occur, as, for instance, in low-straine
SiGe. It is clear that the formation of 60 ° dislocation dipol
at the interface allows the strains in the SiGe layer to re
more effectively and to prevent further intermixing at th
SiGe/Si interface during irradiation. We assume that some
the strongly deformed areas shown in Figs. 8~b! and 8~c! are
the islands of the SiGe alloy relaxed by clustering of vac
cies on~001!.

The geometrical model of vacancy clustering on~001!
presented in Fig. 9 proposes some different mechanism
the intrinsic 60 ° dislocation loop formation at the interfa
of a strained system. The mechanism includes the aggr
tion of vacancies on a double~001! plane to be accomplishe
by the formation of a metastable defect at intermedi
stages. This model differs from the ones presented in R
26, which were based on gliding of a single vacancy chain
various habit planes. We could not find in our experime
the transformation of a single vacancy chain into a dislo
tion dipole even after long irradiation times@Figs. 1~a!–1~c!#
but its recombination with interstitials. Only clustering o
vacancies in the~001! plane leads to the formation of dislo
cation dipole. The problem of atom bonding in the plane
the vacancy cluster in~001! is similar to that for~001!Si
surfaces brought into contact. Unavoidable rotational mis
entation between the bonded~001!Si wafers introduces bond
distortions which relax to form a square grid ofa/2^110&
screw dislocations.33 Clustering of vacancies on~001! intro-
duces a prismatic bond distortion in the@001# direction per-
pendicular to the interface, which relaxes by the formation
60 ° dislocation loops. It is believed that this mechanism c
also be realized during the growth of a highly strained s
tem due to preferential point-defect generation near the
terface. In any case, our model of a 60 ° dislocation form
tion including clustering of vacancies on~001! is able to
explain the reported high density of dislocations during e
hanced Ge-Si interdiffusion.1

V. CONCLUSION

In situ HREM irradiation of strained Si/SiGe/Si~001!Si
structures is a powerful method for the investigation
point-defect behavior. We present an experimental attemp
determine the relaxation volume of an interstitial atom fro
HREM observations of the@110# rows of interstitials located
on $113% planes. Important information concerning the latti
relaxation around a vacancy is also obtained from the HR
image of chainlike configurations of vacancies. The ve
small inward relaxation of the vacancy chains allows us
obtain a more accurate magnitude for the relaxation volu
of a single vacancy. Based upon these results a large for
tion volume of the separated Frenkel pair (VF

f ) is proposed
in Si ~within 0.44V). These experimental findings enable
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to propose some insight into the process of point defect c
tering in a strained system and into the mechanism of po
defect interaction with the surface. A strongly limited sink
both point defects to the SiGe surface as well as the la
magnitude ofVF

f give rise to an enhanced recombination
point defects in the compressive-strained SiGe during i
diation, so that relaxation is mediated by vacancies diffus
from the Si layers. The concentration of vacancies close
the SiGe/Si interface and the mechanism of vacancy clus
ing are governed by the initial magnitude of the biaxial str
in SiGe. Low strains (20.3% to20.5%) induce the forma-
tion of metastable chainlike configurations of vacanci
which corresponds to a diffusive intermixing at the interfa
without stable defect formation. A biaxial strain correspon
ing to a 0.9% misfit induces a very large supersaturation
9
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-
f

vacancies close to the interface and preferential aggrega
of vacancies on the~001! plane which relaxes to form stable
intrinsic 60 ° dislocation loops.
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