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We present a detailed analysis of the point-defect clustering in strained & /(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, SjGe, layers. A small compressive strair-0.3%) in the SiGe alloy
causes an aggregation of vacancies in the form of metagtbb@koriented chains. They are located {13
planes and further recombine with interstitials. Tensile strain in the Si layer causes an aggregation of interstitial
atoms in the forms of addition110] rows which are inserted o113 planes with[001]-split configurations.

The chainlike configurations are characterized by a large outward lattice relaxation for interstitial rows (0.13
+0.01 nm) and a very small inward relaxation for vacancy chains ¢00Q1 nm). A compressive strain
higher than—0.5% 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 tli@01) plane, which relaxes to form intrinsic 60 ° dislocation loops.

[. INTRODUCTION tive agreement between the calculated atomistic parameters
for the vacancy mechanism and biaxial strain experiment has
Strained SiGe/Si structures are an essential component been found for the case of Sb diffusion and only qualitative
many advanced Si-based devices; however, the mechanisagreement for an interstitial-based mechanism has been
of strained-layer relaxation by means of point-defect interacfound for the case of boron diffusion. It was concluded that
tion, for instance, during thermal annealing, and the effect otritical experiments and calculations for the determination of
strain on point-defect clustering are still poorly understoodkey parametergactivation volumepgof the interstitial-based
In particular, lyer and LeGoues have reported an enhancetechanism are needed.
Ge-Si interdiffusion which is “frozen” by the formation of a We will attempt to show in the present paper that the
high density of dislocationsThis observation was attributed relaxation volume of a self-interstitial atom in SV|f) can
to strain-assisted diffusion, based on the thermodynamibe determined from the analysis of experimental high-
analysis of spinodal decomposition by Cahn and Hillfard, resolution electron microscopfHREM) images of linear
but no specific physical mechanism for this phenomenon haglusters of interstitial atoms. The value &ff®=0.940
so far been proposed. Additionally, the effect of biaxialagrees well with that obtained from tight-binding molecular
strain in strain-assisted diffusion in SiGe layers is controverdynamics studies (0.98).' Here 2=0.020 nni is the
sial at present, the reported strain effect varying from huge t@tomic volume per silicon atom at equilibrium density. How-
barely discernabl&:® A first step to the understanding of €ver, to elucidate clustering of_ point defects in a strair_u;d
strain-assisted  diffusion was made by tota|_energ>heterostructure both the relaxation volumes for an interstitial

| .
calculations) Antonelli and Bernholc computed the forma- atom and for a vacangw(f) are needed because their sum
tion energies for self-interstitials AE;,) and vacancies determines the formation volume of a separated Frenkel pair

(AEy) in Si as a function of hydrostatic pressure. A linear (_VI:)§ in other words, the posrslibility of Frenkel pair separa-
increase iNAE;, and a decrease iAE,, are found with tion. The reported values of\; vary in a range between

increasing pressure, corresponding to an outward relaxation 0-252 and —0.970,***? so that Vi is changed from

of the lattice around the interstitial atom, and an inward re-2 large positive amount (0.65 to a negative one
laxation of the vacancy. Recently, a thermodynamic formal{ —0.072) and consistent prediction of Frenkel pair separa-
ism was developed for illuminating the predominant point-tion in strained lattices becomes impossible. The very small
defect mechanism of self- and impurity diffusion in silicon, inward relaxationwithin 0.02+0.01 nm) around the chain-
which was also used to provide a rigorous basis for the pointlike configuration of vacancies, which we report here,
defect-based interpretation of diffusion experiments in biaxstrongly suggests that{f' is rather small and cannot com-
ially strained epitaxial layers in the SiGe syst&¢hQuantita- pensate\/,re' as predicted in Ref. 11. The difference between
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V¥ and Vi® gives us also a chance to understand why thesPectroscopy, Raman, Rutherford backscattering, and con-
interaction coefficient of vacancies with the real Si surfaceventional XTEM analysis:~*

(or with surfaces capped by thin Si@nd SiN, films) is (110 cross-section specimens for HREM were presented
much larger than that for self-interstitigisp to two orders of by standard Ar ion milling using a low voltage and a low
magnitudg. This important conclusion was made on the ba-ion-beam inclination, which avoids damage in the samiple.

sis of a detailed investigation of the aggregation of self-Situ HREM experiments were carried out at room tempera-
interstitial atoms in Si and Ge hip situ irradiation experi- ture in a JEOL-4000EX microscope operating at 400 keV
ments in a high-voltage electron microscdp®/EM) over a  @nd allowing a point resolution of 0.17 nm. The energy of
wide temperature range between 20 and 1156®Che the electron beam used in our experiment exceeds the thresh-
larger vacancy capture coefficient of the surface results in afld of 200 keV for gene£4at|on of Frenkel pairs in Si crystals,
interstitial supersaturation close to the Si sample surface dulRut not in Ge(470 ke\).” The flux of electrons during the

ing irradiation, even at room temperatdfeBut no clusters HREM irradiation experiments was estimated to be close to
of point defects are created in unstrained and low-doped Si0?° electrons/crhis (see also Ref. 25According to the re- -

or Ge crystals covered with native oxide filrts nm) until ~ Sults presented in Ref. 13, an additional specimen heating
the thickness of the irradiated specimen reaches 200—30¢Pon 400 keV irradiation does not exceed 50°C. Atomic
nm3 Whereas, inside the bulk of Si, the recombination ofmodels of the point-defect aggregates have been obtained by
point defects dominates and no clusters are formed, intersttomparing experimental HREM images with simulated im-
tial clusters known a$113 defects immediately form near ages using thelAC TEMPAS software.

the surface. Their nucleation is caused by multiatom interac-

tion since the chemical stresseg,=kT In(C; /C) are much . RESULTS

larger than the interaction energy of point defects with elastic |t is known that the atomic scale study of very small clus-
_ 4 13 K . .
stresseske=3(mAa/a)oy; .~ Here C; and Cj are the (g5 hy HREM methods is not straightforward. Detailed and
concentrations of interstitials in the irradiated crystal and incqrrect information can only be obtained for extended one-
thermal equilibrium, respectivelyr; are the elements of the (1p) or two-dimensional(2D) clusters having a periodic
elastic stress tensor, and/a is the deformation of the crys-  structure along the electron beafin the present case the
talline lattice by a single interstitial atom. As a result, the[110] direction. It will be further demonstrated that the size
effect of elastic stress on the nucleation of interstitial clustergf the defect along this direction has to be at least 60% of the
was concluded to be negligible. However, this effect can bgoj| thickness. All the HREM images presented in this study
observed in very thin Si specimens, where quasistationaryere recorded at defocus values betweer20 and
concentrations of point defects during irradiation are smaller_gg m. According to the image simulations bright dots
than in thick specimens. Recently, clustering of intrinsiCtnen correspond to the channels in the Si structure in a range
point defects at room temperature in thin Si specimens covyf fojl thickness between 1 and 22 nm at the defocus of
ered with SiN, films was shown to be much more complex _ 20 nm and at least between 1 and 6 nm at the defocus of
than earlier assumed and included a combined aggregation ofs5 nm. In this case dark columns between white dots in

vacancies and interstitial atoms d#11 and {113 habit  he HREM image correspond to the atomic chains in the
planest*~16 The driving force proposed for this process is [110] direction.
either a compensation of large strains caused by initial clus- According to Vegard’s law, in the absence of relaxation
tering of vacancies offL11; or a slow recombination of point ig gislocations, the straigis related to the Ge composition
defects in extended shape ¢h13.*’ In general, however, by the relations= (1—ag./ag)Xx= —0.04%° The minus
the role of strain in point-defect clustering is not yet clear. sign indicates a compressive strain. Assuming no contribu-
Our previous HREM irradiation experiments with strained jon from the top and bottom free surfaces on the strain re-
Si/SiGe(100Si structures showed that some new informa-|ayation during HREM specimen preparation, the corre-
tion concerning point-defect clustering depending on thesponding strains in Si/§i,Ge, /(001)Si structures used in

type and magnitude of local strains in Si and SiGe layers,,, experiments were about 0.3, 0.5, and 0.9 %.
could be obtained® The present paper is a detailed analysis

of the point-defect clustering in a strained SiGe system, in-
cluding the interaction of point defects with the strained in- .
terfaces and the surface of the specimen during electron ir- Figures 1a), 1(b), and Ic) show a sequence of lower-

A. Low-strain Si;_,Ge, system withx=0.08 ands=0.3%

radiation in a HREM. magnification (110 cross-section HREM images of a
strained Si/Si_,Ge,/(100)Si heterostructuresx€0.08, s
Il. EXPERIMENTAL DETAILS =0.3%, SiGe Iayer width 35 n)Tin the initial stage and at

further stages of irradiation. Since the concentration of Ge

The samples arg-type boron-modulated-doped and co- atoms in the alloy is small, the position of the SiGe layer is
herently strained Si/$i,Ge,/(001)Si heterostructures with hardly visible in the HREM mode in Fig.(4). However, this
X=0.08 and 0.13)*° and undoped five-period multiple layer is easy to locate using conventional two-beam diffrac-
quantum well§MQWSs) with X=0.222'"%and with a thick-  tion conditions. From Fig. (8 it is clear that the irradiated
ness of the SiGe layers of 35, 40, and 3—6 nm, respectivelyarea is defect-free in the initial stage of irradiation. After
They were grown using solid-source molecular beam epitaxybout 10 minutes of irradiation small clusters of point defects
(MBE) VG Semicon V90S equipmeht:?°The concentration are created, and the position of the SiGe layer becomes vis-
of Ge in fully strained SiGe layers has been determined byble due to the formation of defects inside this layer and
high-resolution x-ray diffraction, ULE secondary-ion massclose to the interfacgsig. 1(b)]. Few defects are created in
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FIG. 1.[110] HREM images of point-defect clusters introduced
in a strained Si/SiGE&D01)Si heterostructure with 0.3% misfit dur-
ing in situ electron irradiation in a 400 kV microscope at room §
temperature. The same irradiated area is shown as a function of A
time: (@ 1 min; (b) 10 min; (c) 40 min. White arrows roughly

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

An enlarged HREM image of clusters created inside the
SiGe layer at a further stage comparable to Fifh) lis
shown in Fig. 2. Most of the defects are located {43
habit planege.g., those marked 1, 2, 3, 4, andahd few are
on {111 (marked byA). The defect on{111} is a small
Frank dislocation loop, visibly characterized as a vacancy
loop by the distortion of thg111} planes parallel to the
defect plane. Defects lying ofi13 planes are much more
complex because usually there is no visible displacement of
the atomic columns around such defects. However in some
images, for instance, at the defect number 5, a very small
vacancy sign distortion of th¢l13 planes parallel to the
defect plane is visible. This defect is enlarged in Fip) 3
with an atomic model superimposed on the experimental
HREM image in Fig. 80). The model consists of a sequence
of eight- and ten-membered atomic rings located close to the
{113 habit plane. Each of the eight-membered rings encloses
three white dots. Two of them, which are located on the left
and on the right from the middle one, correspond to two
channels in SiGe. The middle one is formed at the position
of the atomic column, as is clearly seen from Fi¢h)3We
assume that this white dot corresponds to a vacancy chain
caused by aggregation of vacancies in fi&Q] direction
along the incident electron beam.

indicate the position of the SiGe/Si interfaces within the irradiated

area.

the Si layer at a large distance-6 nm) from the SiGe/Si
interfaces during irradiatiofFig. 1(c)]. At the same time in
the SiGe layer the defect density first increagaep to
10* cn?) and then strongly decreases.

FIG. 3. (a8 [110] HREM image of a{113 defect in strained
SiGe with 0.3% misfit. The small distortion of tH&13 planes
parallel to the defect plane is shown by white linés. An atomic
model of the{113 defect is superimposed on the imade) A
simulated HREM image of 4113 defect based on the unit cell
indicated in(b) by the white rectangle.
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defocus, -2 -55 -75 Good agreement between the experimental and the simu-
nm lated HREM images of the double-vacancy chain marked in
our model in Fig. &) by a ten-membered atomic ring was
obtained by assuming that two nearest-neighbor vacancy
chains in a strained lattice slightly shifted toward each other,
over about 0.04 nm along th&10] direction. We simulated
HREM images of the extenddd13 defect based on the unit
vacancy 1.0 0.6 0.4 cell marked in Fig. @) by a large white rectangle. This unit
occup. cell includes single- and double-vacancy chains. One can see
that the simulated and experimental images of{ttikS} de-
fect presented in Figs(8 and 3c) are in satisfactory agree-
ment. Note that inwardly relaxed vacancy chains are ar-
ranged along the compressive strain in [th&0] direction in
SiGe in order to relieve this strain.
thickness, 3.1 9.3 31 The {113 defects, shown in Fig. 3, are only observed in
L the initial stages of point-defect clustering in the SiGe layer.
At a final stage, after prolonged irradiation, most of the de-
fects disappedrsee Fig. {c)]. The process of the disappear-
ance of a{113 defect of vacancy type was recently investi-
gated in a Si layer close to the Si;Bi, interface!’ It was
shown that this process includes an interaction with intersti-
FIG. 4. (8 Simulated HREM images of the single-vacancy tial atoms. But because of the existence of an energy barrier
chain as a function of defocus for a fixed crystal thickness of 9.3against recombination of interstitial atoms with the extended
nm. (b) Simulated image as a function of the vacancy content in theaggregate of vacancies, a large time is needed for the disap-
atomic chain. Focus value and crystal thickness-a@5 nm and  pearance of th¢113 defect during irradiation at room tem-
3.1 nm, respectively(c) Crystal thickness dependence of the perature.
HREM image for a fixed defocus value ef25 nm. We conclude that a small compressive straind(3%) in
the SiGe alloy causes an initially observed clustering of va-
Ten-membered rings enclose two nearest-neighbor atomf@ancies or{113 planes during irradiation. These clusters are
columns where vacancies aggregate and become doubleniformly distributed within the SiGe layer and are able to
vacancy chains. The arrangement of the vacancies along tfiglieve the compressive strain in the SiGe alloy due to an
[110] direction cannot be deduced from the HREM image.inwardly introduced lattice relaxation. The vacancy clusters
However, it is sensitive to the vacancies in the atomic chairslowly disappear upon further interaction with interstitials
as we will show later by image simulation. In our tentative generated in SiGe.
model of a vacancy typ&l13 defect[Fig. 3(b)] consisting
of vacancy chains, vacancies in tHgLQ] direction are con- ) ) .
sidered as a continuous vacancy chain in which no dangling B. Moderately strained Sh‘XG? system withx=0.13
bonds are involved along the chafexcluding, of course, and s=0.5%
two dangling bonds at the edges of the chairhe model of The Si/Sj_,Ge /(001)Si heterostructures with a 0.5%
a continuous vacancy chain as a simple arrangement fonisfit (x=0.13) reverses the point-defect clustering in and
minimizing the defect energy, i.e., to minimize the numberout of the SiGe layer. Immediately after starting the irradia-
of broken atomic bonds, was earlier proposed by #afhe  tion a nonuniform distribution of point-defect clusters is
very small distortion of about 0.620.01 nm for the{113}  formed in the Si layers at a distance of 3—5 nm from the
planes parallel to the defect plane as measured in Fay. 3 interface[Fig. 5a)]. These clusters disappear very fast and
can be explained by an inward relaxation around each of thafter about 10 minutes extend¢til3 defects are created
vacancy chains. A similar inward relaxation of the vacancyalong the interfacgFig. 5(b)]. An enlarged HREM image of
chain (0.026 nm was also obtained by investigation of the one of these defects is inserted in Figh)5It is similar to the
vacancy chain relaxation based on a molecular mechanicalnes presented in Fig. 3. Using the same imaging code one
force field(work in progresg Taking into account the lattice can conclude that the defect is of the vacancy type and con-
relaxation around the vacancy chain as shown in the modedists of vacancy chains located ¢hl3 planes. Very few
in Fig. 3b) (eight-membered rings HREM images of a {113 defects of vacancy type are formed inside the SiGe
single vacancy chain in a strained SiGe crystal have beelayer even after prolonged irradiation until a highly disturbed
simulated over a wide range of defocus and crystal thicknesstructure is formed in the rest of the SiGe layer. A new
values as well as for various vacancy concentratioress ~ position of the interface and large roughness is now visual-
cancy occupationalong the chain(Fig. 4). It is found that ized, due to the formation of the disturbed structure in the
the images are strongly dependent on the defocus value ai®iGe layer at this stage. From Figgbband Fc) it is clearly
on the vacancy concentratifigs. 4a) and 4b)] but only  seen that the position of the interface corresponding to the
weakly dependent on the crystal thickness for a focus valuaitial (highep concentration of Ge atoms is shifted by over
of —25 nm[Fig. 4(c)]. The experimental HREM image in- 10 nm relative to the defed initially located inside the
side the eight-membered rings in FighBagrees well with  SiGe layer. No new vacancy type extendgdd 3 defects
the one simulated at a focus value-625 nm[Fig. 3(c)]. form in the intermixed area. At the same time in the Si lay-
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FIG. 6. (8) HREM image of &113 defect in the Si layer, 35 nm
away from the interface after 40 min of irradiatidb) An enlarged
image of the{113 defect.(c) An atomic model superimposed on
the image of(b). A projection of the additional volume introduced
by the[001] split-interstitial atom(gray atom on the(110 plan is
outlined by a white rectangle of 0.¥3.38 mn#. (d) and(e) Simu-

FIG. 5. HREM images of point-defect clusters formed in alated HREM images of th¢113 defect based on the model pre-
strained SiGe/Si heterostructure with a 0.5% misfit at various stagesented in(c) for two different distances between the interstitial at-

of irradiation:(a) after 1 min;(b) after 10 min;(c) after 45 min. The  oms in the row:(d) 0.235 nm ande) 0.308 nm. Crystal thickness
inset in(b) corresponds to the part of the defect shown by the whiteand focus value are 5 and55 nm, respectively.
rectangle.

ers, at a larger distance from the interface than could bé&ection can be roughly determined from the best fit between
shown in Fig. %), a number of well-extended defects are the experimental and the simulated HREM images of the
formed. One of them is presented in Figapand will now interstitial row. Figures @) and Ge) show the simulated

be analyzed. Its HREM image displays stron§i001] ex- images of interstitial rows for two different distances be-
tended dark columns located di13 planes. An atomic tween interstitial atoms in thigl10] direction: 0.235(d) and
model of the defect, superimposed on the experimental im0.308 nm(e). This corresponds to 3% and 10% of the Si-Si
age in Fig. 6c) is similar to the one predicted 4h?® and  bond compression between split and matrix atoms seen in the
highlights the interstitial type defect consisting of spit1l] (110 plan view in Fig. €b). The best agreement between
interstitial atoms. Each of the split interstitial atoms in thesimulated and experimental images has been obtained for the
model corresponds to an additional row of interstitial atomdarger bond compression.

extended in th¢110] direction. The displacement introduced =~ We initially conclude that a compressive strain of about
by the row of interstitials can be found by direct measure-—0.5% suppresses the point-defect clustering in SiGe but
ment of the atom position in the experimental HREM imageleads to the formation of nonuniformly distributed point-
of Fig. 6(a). It is about 0.13-0.01 nm in thg001] direction  defect clusters in metastable configurations at the interface
and approximately equats'4{ 001] as shown in Fig. @) by  and in the Si layer.

the thick white lines. This displacement leads to the appear- Additionally, we irradiated a relaxed Si,Ge /(001)Si
ance of an additiondL 13} plane below the defect plafisee  heterostructure witlrk=0.12 at 1 MeV in a high-voltage
Fig. 6(@)]. This displacement, however, makes it difficult to electron microscope at temperatures between 20 and 560 °C.
locate the interstitial and matrix atoms in a sin¢flé0) habit A high density of{113 defects is created, in thick SiGe
plane; it results in a strong compression of the bonds, whiclsamples over the whole temperature range and there is no
reaches values up to 46%. Therefore two split atoms in theluster formation in SiGe for thicknesses less than 30-50
[110] interstitial row, located at the distance of the next-nm. Therefore a relaxed GeSi alloy is not expected to be
nearest-neighbor positioraf2[ 110]) have to move toward informative for a HREM irradiation experiment where very
each other in order to form a pair of interstitial atoms in thethin areagthickness below 30 njrare used. The formation
relaxed configurations, as was first predicted in Ref. 24. Thef defect clusters in thick SiGe samples clearly evidences the
distance between these interstitial atoms along 1i€)] di- possibility of Frenkel pair generation in a relaxed SiGe alloy
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FIG. 8. Enlarged HREM image of a deformed area created in
the strained SiGe layer with an initial misfit of 0.9% after 35 min of
irradiation. The white broken line indicates the steps on the plane of
the (001) defect(observe along the arromb) HREM image of an
intrinsic dislocation dipole on thé01) plane with a Burgers con-
tour drawn around the right core of the dislocati¢c). Simulated
HREM image of a 60 ° dislocation dipole obtained by the combi-
nation of the two models presented in Fig&d)9and 9e) below.

of a small planaf001) defect[inside the white rectangle in
Fig. 7(c)]. This defect highlights features of an intrinsic dis-
location dipole with a(001) habit plane, since two extra
FIG. 7. Successive transformation stages of thin strained Sicet11 planes are inserted in opposite directions at the edges
layers with a 0.9% misfit during electron irradiation at room tem- Of the defect. The small distortion of tli@01) planes parallel

perature (&) After 1 min; (b) after 10 min;(c) after 25 min. to the defect plane, typical for a vacancy type, is indicated in
Fig. 8b) by dashed lines. An atomic model of the€®1)

during irradiation with 1 MeV electrons. This agrees well d€fects cannot be deduced from HREM images due to their
with the observation of113 defect formation in alloyed Ge COmMPplexity, but the Burgers contour drawn around the right
with 2% Si during HVEM irradiatiort> A reduction of the core of the dislocation dipole in Fig.(i8 corresponds to a
Frenkel pair generation with increasimgupon 400 keV ir- perfect 60 ° dislocation. From S|mple_: ge_ometncal modeling
radiation would exclusively influence the nucleation time©f @ vacancy cluster on th®01) plane in Figs. &) and 9b),
and the growth rate of the point-defect clusters in the SiG&'e can deduce that atoms above and below the defect plane
layer but should not alter the diffusion of vacancies from thec@nnot be bonded without additional cooperative atom dis-
Si layer and the formation of a nonuniform distribution of placements along two orthogonal directigris.0] and[110]
vacancy-type clusters along the interf@Eey. 5(b)], whichis  within the defect plane. Depending on the agglomeration of
mediated by the compressive strain in the SiGe only. Wevacancies in a doubléig. Xa)] or a single[Fig. 9b)] (001)
assume that the Frenkel pair separation is rather weakly déglane, the initial displacement vector of the defect may be
pendent on the composition but strongly dependent on thassumed to ba/2[001] or a/4[001]. Figure 4c) shows the
compressive strain in layered SiGe. formation of the dislocation dipole at an intermediate stage
after an additional displacement along fHELQ] direction:

C. Highly strained Si;_,Ge, system withx=0.22 ands=0.9%  a/2[001]+a/4[110]=a/4[112]. This defect is not stable
and transforms by a displacement in the orthogdidlO]

To reinforce the effect of intermixing we irradiated a co- =~ — _ o 1
herently strained five-period MQW (Si/Si,Ge,)s/(001)Si  direction @/4[112]+a/4{110]=a/2[011]) into a 60 ° dislo-
structure with a SiGe layer thickness of 3—6 nm and a misfifation dipole presented in Fig(€). Further glide motion of
up to 0.9% &=0.22). Irradiation leads to a fast intermixing one of the dlglocatlon cores on 11} planes should lead
of the thin and initially continuous SiGe layers and partly to'© the formation of a step on the defect plane and to relax-
the formation of strongly deformed areas at the position ofion Of the strongly deformed crystal structure close to the
the strained layer§Figs. 1a)—7(c)]. Figure 8a) shows a core of the (_jlslocauon. A more complex structure _of the
typical HREM image of the deformed area. A very complex(OOD def_ect IS formed_ at an |nt.ermed|ate stage QUrlng the
vacancy-type extended defect, lying on 661 plane par- aggregation of vacancies on a singl®1) plane. In this case
allel to the interface, is formed. Several steps in the defectV consequent displacements on the defect plane lead to the
plane[look along the arrow parallel to the interface in Fig. formation of the defectsa/4{001]+a/4110]=a/4[111]

8(a)] and extra{l111} planes located close to the steps areand a/4[111]+a/4[ 110]=a/4[021]. The second one, pre-
present in this area. Figurél8 shows a high magnification sented in Fig. @), is more stable compared to the disloca-
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duced by electron irradiation tend to aggregate[110]
chainlike configurations. These configurations are located on
{113 habit planes and are characterized by a different mag-
nitude and opposite type of lattice relaxation. The possibility
of chain structure formation of both point defects in Si was
predicted earlier, but without any consideration of strain or
lattice relaxation introduced by the chaf{®2%%9 Using
these chain configurations of point defects as a starting point,
energetically favorable atomic models have been proposed
by Tan for further homogeneous nucleation of dislocations in
Si?® The {113 plane was predicted to be favorable for ag-
gregation of interstitials only. However, further detailed
HREM studies of thg113; defect revealed a more complex
structure than the one predicted by Tan. Hexagonally ar-
ranged atomic rings followed by eight-membered rings in an
) ) irregular succession in the plane of #i4.3; defect produced
FIG. 9. (3 and (b) Vacancies located on @01) habit plane "o j0ctron jrradiation at 450°C were first revealed by

within a double(a) and a singlgb) (001) plane.(c) and(d) Inter- 1 . .
mediate stages of a dislocation dipole formation depending on th'el'akeda3. Furthermore, at room temperature both intersitials

initial position of the vacancies in a doubje or a single(d) (002) and vacancies Cluster or{bl_?»} p"?‘”e_'ﬁhe" d|ﬁ_u5|on to the
layer after an additional displacement in the defect plaee texk surface is blocked b)_/ covering filmé: Accord_lng FO these
(e) The final stage of a 60° dislocation dipole formation on the "€SUltS the aggregation of point defects{aa3 in Si layers
(001) habit plane. Atoms 1,2, and 3,4 are separated by a verticaf0S€ t0 the Si-GN, interface can be considered rather as an
distance ofa/4[110], indicative of the screw-type nature of this additional way of point-defect recombination in an extended

configuration formed by a displacement along th&0] direction.  form in the presence of a high concentration of both types of
point defects. At the initial stage, vacancies cluster in the
tion dipole at the intermediate stage of Figc)9 A similar ~ form of [110] chains located ofi1 13 and further act as traps
structure was recently found by HREM investigations of Si-for interstitials. The possibility of low-energy configuration
implanted crystals and predicted by molecular dynamicéormaﬂon of interstitial atoms inside the vacancy cluster pre-
studies 0f(001) Si wafers bonding’?However, this type of ~vents the fast recombination of point defects in extended
defect is metastable and has to transform to a stable one. Tre§ape-’
process can be considered as a consequent structure rear-
rangement by interaction with additional vacancies moving
to the defect planea/4[021]+ a/4[ 001]=a/2[011], which
should again lead to the formation of a 60 ° dislocation di-
pole. Using the models presented in Fig. 9 we simulated The model of point-defect behavior in the Si layer close to
HREM images of the dislocation dipole. The best agreementhe Si-SiN, interface presented in Ref. 17 is in good agree-
between simulated and experimental imafese Fig. &) ment with our experimental results presented here. Indeed,
and 8c)] has been obtained by using the model shown invacancies generated in the strained SiGe alloy with3%
Fig. 9(d), and by assuming that the right core of the disloca-strain are initially precipitated as chain configurations lo-
tion dipole is rearranged into a 60 ° dislocation as shown ircated in the{113} planes. After about 30 minutes of irradia-
Fig. 9e). Note that the formation of the dislocation dipole tion these defects disappear via a similar way. Because of the
presented in Fig. @) is due to irradiation of a very thin very thin cross-section specimens used in the HREM experi-
specimen. In a thicker specimen intrinsic 60° dislocationments, this fact shows that the diffusion of both types of
loops have to be formed. But in a very thin specimen thosgoint defects to the surface of a strained SiGe layer is
parts of the dislocation loop that are parallel to the sampletrongly decreased and the recombination of point defects
surface can climb to the surface and create steps there. inside SiGe becomes dominant. In addition, it is observed
We conclude that the irradiation of highl@.9%) strained  that a further increase of the compressive strain in SiGe to
multilayered Si/SiGe/Si001)Si structures with a 3—6 nm —0.5% suppresses cluster formation in the aflBig. 5b)].
SiGe layer thickness leads to the clustering of vacancies ofo understand this phenomenon, we have to consider the
the (001) plane at the position of the SiGe layers. Vacancyformation volume of a Frenkel pair\/(fc), which is deter-
platelets on(001) can be relaxed by the formation of an mined by the sum of the relaxation volumes of a single in-
intrinsic 60 ° dislocation loop. The mechanism of dislocationterstitial atom ¥[®) and a vacancy\(¥). Vi® can be de-
loop formation includes the aggregation of vacancies from ajuced from HREM images of a row of interstitials located on
single to a doublg001) and the formation of a metastable a {113 plane[Fig. 6)]. As discussed in the previous sec-

B. Point-defect clustering in low- and moderately strained
SiGE'Si systems

defect at intermediate stages. tion, the strained interstitial row along tH&10] direction
can be roughly considered as a succession of interstitial at-
IV. DISCUSSION oms at a distance close ®/2[110]=0.38 nm (or double

interstitials translated with a distanceajf110]=0.76 nm in
the relaxed interstitial roy

Our results indicate that in weakly strained Si/SiGe/Si  More important is the lattice relaxation observed around
heterostructure§0.3—0.5 % vacancies and interstitials pro- an interstitial row in &110) cross section. In this projection

A. Chainlike clusters of point defects
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(along the interstitial royonly a single interstitial atom po- ter their diffusion, finally leading to an intermixing at Si/
sition is observed, which introduces a displacement ofSiGe interfaces without stable defect formation.

a/4(100 (0.13+0.01 nm) to the surroundings. Because of Interstitial atoms in the Si layer create compressively
the strong anisotropy of this displacement, the correspondingtrained 110] interstitial rows which are located da13 at

V[el can be approximated as the additiona| V0|ume Of the boﬁome distance from the inte-rface. Th|S Conﬁguration iS not
[marked in projection by a white line in Fig.(§]: Vlrel stable and has to disappear in the area of vacancy supersatu-

—0.13%0.38x 0.38=0.0188 NM=0.940) where =0.020 ration close to the interface. The behavior of the interstitial-
- : : ' o ’ L type{113 defect during irradiation in a HVEM was investi-
nm® is the atomic volume per silicon atom at the equilibrium

density. The maanitude can b nsidered lower limit ated in great detail in Ref. 13. It was concluded that the
el Y 9 € considered as a lower It Giyeraction coefficient of mobile vacancies with the meta-
V™. It is clear that the relaxation volume for double inter-

- _ ) stable interstitial-type cluster is always much larger than that
stitials will be twice that value: 0.180.38<0.76=0.0376.  for the interaction of mobile interstitial atoms with an inter-
This corresponds to the same value\df', which is very stitial cluster. In addition, there is no detectable energy bar-
close to the one (0.90) calculated by tight-binding molecu- rier for the interaction of mobile vacancies with the meta-
lar dynamics reported in Ref. 11. Unfortunate‘{g{f' cannot stable interstitial-type cluster. For this reason we assume that
be determined correctly from HREM images of a vacancysmall clusters of point defects created by irradiation in the Si
chain because this is imaged as two close-bonded vacancitgyer in the very initial stage, 3—5 nm distance from the
(a divacancy in a (110 cross-section. However, the small interface, are of interstitial typgFig. 5@]. They disappear
vacancy chain relaxation of about 0:02.01 nm suggests quickly upon further diffusion of vacancies from the Si layer
the V¥ should not be as large &4° (with opposite sighas ~ to the SiGe/Si interface whef@13 defects of vacancy type
predicted by the tight-binding molecular dynamic studfes. are formedFig. 5b)]. The area of vacancy supersaturation
If this were true, the relaxation volumes of a vacancy and ain the Silayer is changed during irradiation af1d3; defects
interstitial atom would really “cancel each other,” and Of interstitial type form and disappear again. These defects
hence Frenkel pairs should be separated independently of ti€come stable at a large distance from the interface in the
magnitude of compressive strain in SiGe. In this case, clusdrea of interstitial supersaturation, caused by the stable sink
tering of point defects in the bulk of a strained SiGe layerof vacancies at the surface of the Si layer.

would appear to be also independent of the amount of com-

pressive strain. However, we find that clustering of point

defects in the bulk of the SiGe layer takes place only at a C. Point-defect interaction with the surface

strain not exceeding-0.3% (Fig. 1). In a SiGe alloy with The surfaces of the thin samples used for HREM can act
—0.5% strain[Fig. 4(b)], clustering of point defects is as efficient sinks for point defects. But large differences be-
strongly suppressed for a long time of irradiation. tween surface arrival rates for vacancies and interstitials in-

As recently found from first principles using a cluster troduced by low-energy ion implantation are observed even
method, the relaxation of a single vacancy depends on thfor an atomically clean Si(111)¥7 surface’® Vacancies
state of the charge as well as on the cluster size duringrrive at the surface at the temperature range between 20 and
calculation*? A maximum magnitude of inwardly introduced 350 °C; interstitials reach the surface at temperatures around
relaxation of 0.033 nm is reached for a neutral vacancy500°C.
which corresponds tv'¢'= —0.50). Using this value we ob- It has been shown that the distance of the point-defect
tain VE=0.940+(—0.50)=0.44). A large VL strongly  sink from the Si surface during electron irradiation strongly
suggests a small possibility of Frenkel pair separation in thelepends on the thickness of the covering film, on the rate of
bulk of SiGe upon increasing compressive strain. Howeverpoint-defect recombination in the bulk, and on the type and
near the surface, Frenkel pairs can be separated by the digencentration of the doping atorfé** To decide whether
appearance of the interstitial atom to the surface. As a resuthe reaction kinetics of the point defects are dominated by
the formation of a very disturbed structure in a narrow layerthe free surface or by the recombination rate of point defects
close to the surface of the SiGe can be realized after pran the bulk we have to consider the quasi-steady-states dur-
longed irradiatio{ Fig. 5(c)]. This process provides a rather ing irradiation, where the defect clusters grow at a constant
small contribution to the relaxation of the SiGe layer duringrate. At T>350°C and for irradiation intensitie$<6
irradiation. In the beginning, Frenkel pairs can easily bex 10 electrons/cris, a very long quasistationary growth
separated in the Si layers where tensile strain relieves theof interstitial type{113 defects inp-type Si was found?
separation. Nonuniform distributions of point-defect clustersThis growth is governed by an infinitely strong sink of va-
near the SiGe/Si interface, shown in Figga)5and 3b), cancies at the surface, and the kinetic growtfldf3 defects
evidence that Frenkel pairs are separated in the Si layer byan be considered as dominated by the free surface because
the strain field of the interface and by vacancy diffusion tothe defect growth rate is proportional to the rate of point-
the compressively-strained SiGe alloy. The high supersaturalefect generation, which is proportional ItoAn increase of
tion of vacancies in this area leads to clustering of vacanciethe recombination rate of point defects in bulk Si for6
in the form of chains located ofi13 at the interface, as X 10'8 electrons/cris decreases the probability of point-
observed in Fig. ). Vacancy clusters would relieve the defect arrival at the surface and the kinetic growti{ t3}
compressive strain in SiGe due to their inwardly induceddefects becomes proportional to the square root of the point-
relaxation if they had not disappeared by recombination withdefect generation rafé:'*
interstitials. This fact shows the possibility of local strain A much more complex behavior of point defects in pure
relaxation via a metastable configuration of point defects afSi is realized by a HVEM irradiation at room



10 344 L. FEDINA et al. PRB 61

temperaturé®!’ There is not any quasi-steady-state in thiscentration of vacancies. However, higher vacancy
case and a recombination of point defects into extended desupersaturation close to the interface in this case is not the
fects is observed. It is unclear in this case whether the reasingle reason for preferential aggregation of vacancies on
tion kinetics of the point defects is dominated by the recom{001). Biaxial strains seem to influence the clustering of va-
bination of point defects or by the free surface. Some of thecancies at an increased misfit due to a higher mobility of the
vacancies reach the surface because an interstitial supersatacancies along the compressive strain parallel to the inter-
ration is established by electron irradiation of samples witHface compared to thg01] direction for the tensile straitf.
thickness above 10 nm, and vacancy clusters transform intlh the mobility of vacancies in the highly strained GeSi layer
interstitial clusters! However, we have never observed ahad been isotropic, clustering of vacancies on the other habit
similar effect in strained SiGe layers; only the disappearancelanes({113) would occur, as, for instance, in low-strained
of the vacancy clusters was obsenjé&igs. Xa)—1(c)]. We  SiGe. It is clear that the formation of 60 ° dislocation dipoles
therefore assume that the recombination of point defectat the interface allows the strains in the SiGe layer to relax
dominates in a strained SiGe layer. more effectively and to prevent further intermixing at the
The large difference betweer® andV/® allows an ex-  SiGe/Si interface during irradiation. We assume that some of
planation of the difference between the interaction coeffithe strongly deformed areas shown in Figd)&nd &c) are
cients of point defects with the surface, previously found inthe islands of the SiGe alloy relaxed by clustering of vacan-
nonstrained Si and Ge crystafsWeakly relaxed vacancies cies on(001).
always tend to diffuse to the surface of a nonstrained crystal The geometrical model of vacancy clustering @901)
because the interaction of surface atoms with vacancies prgresented in Fig. 9 proposes some different mechanism of
vents an increase of the crystal volume. Once generated, ihe intrinsic 60 ° dislocation loop formation at the interface
terstitial atoms always increase the volume of the crystalpf a strained system. The mechanism includes the aggrega-
independent of their location in the bulk or at the surface oftion of vacancies on a doubi{801) plane to be accomplished
the crystal. In our case an additional limitation occurs for theby the formation of a metastable defect at intermediate
diffusion of interstitials to the surface of the SiGe layer understages. This model differs from the ones presented in Ref.
compressive strain in thigl10] direction. Limited diffusion 26, which were based on gliding of a single vacancy chain in
of interstitials to the surface and the necessary aggregation &firious habit planes. We could not find in our experiments
vacancies in the strained SiGe give rise to a recombination ghe transformation of a single vacancy chain into a disloca-
point defects through an extended form in the alloy, even ation dipole even after long irradiation timgBigs. (a)—1(c)]
a low compressive strain. Since the possibility of Frenkelbut its recombination with interstitials. Only clustering of
pair separation in SiGe is also decreased by increasing theéacancies in th¢001) plane leads to the formation of dislo-
compressive strain, there is only one way for the strainedation dipole. The problem of atom bonding in the plane of
SiGe layer to relax during irradiation: a diffusion of vacan-the vacancy cluster if001) is similar to that for(001)Si
cies from the Si layers leading to an intermixing at thesurfaces brought into contact. Unavoidable rotational misori-
SiGe/Si interfaces. entation between the bondé@D1)Si wafers introduces bond
distortions which relax to form a square grid af2(110
screw dislocationd® Clustering of vacancies of®01) intro-
D. Point-defect clustering in a highly strained system duces a prismatic bond distortion in tf@01] direction per-

The results obtained show that the mechanism of vacandyendicular to the interface, which relaxes by the formation of
clustering at the SiGe/Si interface strongly depends on th&0° dislocation loops. Itis believed that this mechanism can
magnitude of strain in SiGe. At low strainé-0.3% to also be realized durlr_ug the_ growth of a hlgh!y strained sys-
—0.5% vacancies aggregate in the form of metastable]- tem due to preferential point-defect genera}tlon near the in-
oriented chains, located di13 planes. Assuming the crys- terface. In any case, our model of a 60° dislocation forma-
tal thickness to be 6.2 nm and the vacancy occupation alonfen including clustering of vacancies ai©01) is able to
the chain to be 0.5-1.0, each of t{il3 defects of vacancy explain the re_ported_ hlgh density of dislocations during en-
type contains abou0.8—2)x 107 vacancies. Considering the hanced Ge-Si interdiffusioh.
density of defects in Fig.(6) the concentration of vacancies
clustered in{113 defects is about3—8)x 10?° cm 3. From
Figs. §b) and Hc), it is clearly seen that these defects dis-
appear during prolonged irradiation. As discussed above, this In situ HREM irradiation of strained Si/SiGe/®01)Si
corresponds to the relaxation of the strained SiGe layer viatructures is a powerful method for the investigation of
diffusion of vacancies leading to intermixing at the SiGe/Sipoint-defect behavior. We present an experimental attempt to
interfaces without stable defect formation. Strain of aboutdetermine the relaxation volume of an interstitial atom from
—0.9% dramatically changes the mechanism of vacanc{iREM observations of thEL10] rows of interstitials located
clustering at the interface, so that the formation of intrinsicon{113 planes. Important information concerning the lattice
60° dislocation dipoles become possible. Assuming theelaxation around a vacancy is also obtained from the HREM
same crystal thickness and the density of dislocation dipolegnage of chainlike configurations of vacancies. The very
at the interface to be about410'? cm™? [Fig. 8@)], as well  small inward relaxation of the vacancy chains allows us to
as the number of vacancies per single dipole of alfaut  obtain a more accurate magnitude for the relaxation volume
3)x 10?, the concentration of vacancies clustered into di-of a single vacancy. Based upon these results a large forma-
poles is about1-2)x 10°* cm 3. This means that disloca- tion volume of the separated Frenkel paithQ is proposed
tion dipole formation on d001) plane needs a higher con- in Si (within 0.440)). These experimental findings enable us

V. CONCLUSION
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to propose some insight into the process of point defect clusvracancies close to the interface and preferential aggregation
tering in a strained system and into the mechanism of pointef vacancies on thé001) plane which relaxes to form stable
defect interaction with the surface. A strongly limited sink of intrinsic 60 ° dislocation loops.

both point defects to the SiGe surface as well as the large

magnitude oIVL give rise to an enhanced recombination of
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