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Nanovoids in MBE-grown SiGe alloys implantedin situ with Ge™ ions
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Spherically shaped voids, of nanometer size, are observed in molecular-beam epitaxially grown SiGe alloy
layers implantedn-situ at elevated temperature with low-energy Ge ions, followed by thermal treatments. The
voids are exclusively assembled in the narrow, implanted band. The voids only appear in the layers after a heat
treatment at a temperature higher than 700 °C, and they are stable up to 900 °C. Arsenic ion implantation at
similar conditions does not give rise to void formation but to regular interstitial dislocation loops. The nucle-
ation stage of the voids is accompanied by a strong photoluminescence-yield enhancement in the range of
1.4-1.55um, originating from the strained SiGe alloy layer which contain vacancy clusters or small voids.
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[. INTRODUCTION strated after an appropriate minimization of the total internal
reflection by surface texturint.

Effective light emission from crystalline silicon is a cru-  Recently,in situ implantation of As has been effectively
cial step in the development of silicon-based optoelectronicsapplied for the modification of SiGe buffer layers to enhance
Due to its indirect band gap, bulk Si does not exhibit anythe formation of self-assembled Ge nanodot® grow
remarkable light emission and has been, for that reason, coftovel, semi-spherical SiGe nanostructufesnd for ion-
sidered inappropriate for optoelectronics. Much effort, how-beam synthesis of self-organized narrow band-gap GeAs
ever, has been recently devoted to overcoming this fundadanodots? In particular, we have observed, by transmission
mental property of Si and to achieving effective room- €lectron microscopy, vertically correlated Ge islands molecu-
temperature luminescence. In particular, the physicalar beam epitaxyMBE) grown on a Si/SiGe buffer structure
properties and optical performance of various silicon-relatednodified byin situion implantation of 1-keV As or GEThe
and silicon-compatible material®anocrystals, Si and Ge €nhancement of the Ge-QRuantum dot nucleation and
nanodots in Si@,? porous Sf Er-doped Sf Ge and formation is found to be due to the formation of a defect
Si;_,Ge, quantum dots grown on 8f etc) are under inten- band in the buffer layer which causes nanometer-scale undu-

sive investigation, and clear prospects to develop efficientations and a roughness of the buffer layer, but fortunately
light-emission devices emerge. On the other hand, the intedoes not result in the penetration of dislocations or any other
gration of porous Si- or nano<&e)- SiO,-based light emit- ex@ended defects into t_he top Ge/Si layeEhe _cIusters of
ters with VLSI technology is still questionable because of the?0int defects created in the buffer layer during the MBE
following reasons(1) The room temperature luminescence 9rowth plus implantation stage are unstable and it is natural
quantum efﬁciency degrades very fast due to h|gh porosity.;o eXpeCt their evolution into interstitial type dislocation
fragility, unstable passivation and poor thermal conductivity.|00ps*~** during an additional annealing. In the present
(2) The fabrication methods of porous Si formation are notWork anunexpecteevolution of extended defects into nano-
easily compatible with existing VLSI technolog) In ad- ~ Voids is demonstrated in the case of @esitu implantation
dition to efficient radiative recombination, electrolumines-followed by thermal treatment. It is also shown that a strong
cence(EL) requires electron-hole injection and transport toincrease of the photoluminescence yield takes place during
the active region where the recombination occurs; insulatinghe formation of an array of precisely self-adjusted nano-
or porous matrices, however, complicate both efficient carVoids.
rier injection and production of good-quality contacts.

Another promising roadmap for Si-based light-emitters
which is compatible with silicon integrated circuit technol-
ogy is to use light-emitting dopants.g., Ej or defects(dis- The samples were grown by solid-source MBE using
locations, Ge or SiGe islands, etdncorporated in the ebeam evaporators for the Si and Ge deposition and a
carrier-depletion zone of bulk $i° In particular, efficient built-in low energy(1 keV) ion implanter forin situ incor-
EL at room temperature has been reported recently as beirmgpration of As or Ge. Wafers qi-type (001 Si were used as
due to dislocations in silicon, caused by plastic deformatiorsubstrates. Following the Sj@esorption from the surface at
or strain relaxation in Si and SiGe alloy®y surface melting 850 °C, a 100-nm-thick Si buffer layer was grown. Subse-
with a high power focused Ar laser beanf,or by ion im-  quently, a buffer structure was grown at 525 °C consisting of
plantation followed by thermal treatmehé further increase  four alternating layers of 3-nm Si and 2.8-nm $b&, 5. The
in silicon light-emitting diode power conversion efficiency to growth temperature was controlled using both a pyrometer
values above 1% near room temperature has been demoand a thermocouple, giving a temperature accuracy of about

Il. EXPERIMENTAL PROCEDURE
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(TEM) in both plan-view and cross-sectigKTEM) modes,
using a Philips CM20 instrument operating at 200 kV. The
TEM specimens were thinned down to electron transparency
using a procedure consisting of successive mechanical pol-
ishing and ion-beam milling at room temperature. Photolu-
minescencégPL) was excited at 4.2 K by a 488.8-nm line of
Art laser with the excitation power density of about
1 W/cn?. The PL intensity was measured using a liquid ni-
trogen cooled Ge photoresistor with an MDR-2 fast mono-
chromator and a conventional lock-in technique.

IIl. EXPERIMENTAL RESULTS

A typical structure before annealing is presented in Fig. 1
e, W * S A as both plan-view .and cross-section images. The layers con-
,"‘, W % N 30 nm tain clusters of point defects and a number of extended pla-
(b) nar defects along th€001)- and (111)-crystalline planes;
some of them are indicated by arrows in Fig. 1. The atomic
FIG. 1. Bright-field plan-view(a) and cross-sectiob) TEM structure and the nature of these defects are presently under
images of as-grown SiGe/Si structure. The arrows indicate some dfhvestigation by high-resolution TEM. A “normal” way for
the extended planar defects. thermal evolution of ion-implantation induced defects, pro-
duced as a result of the above, or similar, implantation con-
15°. Typical growth rates were 0.084 and 0.1 A/s for the Siditions, is their transformation into interstitial clusters, rod-
and Sj §Ge, 5 layers, respectively. During the growth of this like defects and dislocation loogBLs).**~*°In our samples,
four-layered buffer structure, either 1-keV A®r Ge" ions  however, annealing above 750 °C results in an unusual
were implantedn situat a current density of 0.02A/cm? to  structural transformation: Annealing both in the MBE cham-
a total dose of about 1:610** cm™2. The selection of these ber and in an external furnace results in the formation of a
implanted species was motivated by their neighborhood idarge density (19-5x 10 cm™2, depending on the thermal
the Periodic Table, which assures a similarity in thetreatment regime; see Tablg df circular defects, however
radiation-defect production. As solutes in silicon, however,no dislocations nor DLs are found in the layer. Figurés) 2
their chemical propertieésolubility, diffusion, electrical ac- and 2b) show a matched pair of two-beam, bright-field, un-
tivation, interactions with defects, etcare very different. derfocused and overfocused TEM micrographs obtained
Finally, a 10-nm Si cap layer was deposited. One set of wafrom a thin film in a two-beam diffraction condition with a
fers wasin situ annealed in the MBE chamber at tempera-deviation parametes>0. The defects show minimal contrast
tures between 600 and 950 °C for 10 min. Another set wast focus. In the underfocused microgrgtig. 2(a)] the de-
annealed at the same temperatiersituto the MBE cham- fects are imaged as bright circles surrounded by Fresnel
ber in a furnace for 10 min or by a 30-s rapid thermal an-fringes, whereas in the overfocused microgrgply. 2(b)]
nealing(RTA) in N, or O, ambiances. The layer structures they display dark contrast. In dynamical conditions the de-
were investigated by transmission electron microscopyects appear bright against dark regions of the extinction con-

TABLE I. The diameter @,) and the areal density\() of the voids, and the total volume occupied by
the voids C,) afterin situ Ge implantation as a function of temperatufig)), time (t,), and ambianc¢A)
of annealing. The annealings were done in the following ambiancgsdiy nitrogen; Q, dry oxygen; and
Vac, in the high vacuum conditions of the MBE chamt¥)- indicatesin situAs implantation in which case
d, is the diameter anill, the areal density of the dislocation loops.

T, (°C) t, (9 A d, (nm) N, (cm?) C, (cm’lcn?)
750 600 N 5-10 (1.9-2.2x10'° ~45x10°°
750 600 Vac 5-12 (1.5-1.910'° ~5.4x10°
800 600 N 8-15 (7-9%x10° ~55x10°
900 600 N 10-25 (0.8-1x10° ~4.2x10°°
800 30 N 4-9 2.7x 100 ~3.9x10°°
900 30 N 4-10 43 10° ~5.7x107°
15-25 1.x10°
900 30 Q 6-10 8x 10° ~2.2x10°°
800°) 30 N, 10-25 1.%10°
900™) 30 N, 30-40 3.610°
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tates should exhibit a sharp black-white contrast in two-beam
diffraction conditionst® In the TEM images taken far away
from any diffraction vector, the deformation contrast will
disappear and the defect should have a dark uniform contrast
in a gray background, which is a consequence of atoms of
higher masses than in the surrounding maftitn our TEM
investigations we were not able to detect the above features
and the defects display a minimal contrast in focused condi-
tions. Finally, we were not able to detect any indication of
Moire fringes in any diffraction conditions which would
have been expected if some large Ge precipitates are strain-
relaxed. It should be noted that depending on the regime of
RTA, the size of the voids varies from 4 up to 25 rigee
Table ), i.e., in some RTA conditionge.g., high RTA tem-
perature, the defects are large enough to show most of the
above features if they were Ge precipitates.

A general tendency of the thermal evolution of the voids
is their increase in size and decrease in density with increas-
ing annealing temperaturf@able |). At a given temperature
(800-900°Q, with time the voids also grow in size and

FIG. 2. Bright-field plan-view(a) and(b)] and cross-sectioft)  decrease in density. However, as a function of both tempera-
TEM images of the same SiGe/Si structure as in Fig. 1 after furnacgure and time, the total volume occupied by the voi@s)(
annealing at 800 °C for 10 min. The imaga$and(c) are obtained remains constant during annea”ng, WhiCh, using the ap-
in the conditions of underfocusing. Image) is overfocused. The proach of Ref. 17 for H-induced voids, is estimated to be
BF TEM images(a) and (b) were obtained in a two-beam diffrac- C =5%10"° cni/cn+ 20%. Following Ref. 17, we be-
tion condition with a deviation parametsr-0. Note that in(c) the  jjave that the temperature and time evolution of the voids can
voids are strictly assembled within the SiGe layer. be explained as a conservative Ostwald ripening process

which involves vacancy\() diffusion from small voids to
tour, and dark against bright regions. In the “out-of-Bragglarger ones. There is strong evidence that the voids originate
conditions,” they keep their circular shape after large incli-from, and develop by means of the evolution of, vacancies
nations of the sample in the microscope with respect to thand (or) V-related defects; this is deduced from a compara-
electron beam, and they do the same in a cross-section vietive TEM study of samples after RTA at 900 °C for 30 s in
[Fig. 2(c)]. In accordance with Ref. 16, the above observa-oxygen or in nitrogen atmospheré&able |). Oxidation of Si
tions demonstrate that the circular defects are open-volumis a well-known powerful tool for the injection of non-
defects or voids. Please note, that during the thermal treaequilibrium concentrations of self-interstitial$)(into the
ment a strong interdiffusion takes place between the originatrystal!®*it is therefore used as an indicator of the presence
MBE grown Si and $j=Ge, s layers and, as a result, only one of V-related defects. It is estimaté€Bable |) that after RTA at
Si;_,Ge, layer exists after annealingcompare Figs. (b) 900 °C for 30 s in oxygen, the value €f, is more than a
and Fig. 2c)]. The voids, however, are still solely located factor of two smaller than the value obtained after RTA in
within the implanted layefFig. 2(c)]. nitrogen (~2.2x10 % cm¥/cn? in O, against ~5.7

We can exclude that these spherical defects are G 10 ° cm®/cn? in N,). However, an even more important
droplets/precipitates from the following arguments. First,finding is the amazingly homogeneous size distribution of
from an energetical point of view precipitation of Ge in Si is the voids(around 6—-9 nmin the case of oxidation as com-
of minor importance because Si and Ge are fully misciblepared to the broad, and even bimodatound 4-10 and
and form random substitutional alloys at all compositions.15—-25 nn), void-size distribution in the case of nitrogen.
Moreover, despite a sharp compositional interface betweeihe broad size distribution in the latter sample is most likely
bulk Si and Ge dots grown in the Stranski-Krastanow modealue to Ostwald ripening in the conditions of fast heating and
at low temperaturé550 °O), a very fast interdiffusion and rapid annealing. On the other hand, the homogeneous size
SiGe alloying takes place at temperatures higher than 600distribution of the voids together with the reduc€d value
700°C (see, e.g., Ref.)5 1t is therefore straightforward to after RTA in the oxygen ambiance, strongly indicate that the
assume fast alloying at the temperature of annedlitt®—  vacancies, emitted by the small voids, more likely annihilate
950 °O, which is also evidenced by strong interdiffusion be-with the oxidation-induced self-interstitials and, therefore, do
tween the original MBE grown Si and §iGe, 5 [Fig. 2(c)]. not reach and attach to the large voids.

Second, Ge atoms are heavier and larger than Si atoms which Another interesting result of the defect evolution is pre-
results in a difference between the structure factor of the Geented in Fig. 3. Here, the samples implanted with Ge or As
precipitate (hypothetical nanosize Ge particles should beions to identical conditiongenergy, dose, temperature, and
strained and of the Si matrix, and in a strong strain distri- rate of MBE growth, etg.and annealed by RTA at 800 °C for
bution in the Si matrix around the Ge precipitates. As a con30 s are compared. It is found that interstitial DLs and no
sequence, being spherical within the Si matrix, such precipivoids are formed in the As implanted layers and voids and no
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: line at 0.8—0.9 eV varies strongly with the anneal tempera-
4 o3 Germanium ture. Being relatively low aff <600 °C and aff>800°C,
b . . the PL intensity of the 0.8—0.9 eV line increases enormously

after an annealing between 700 and 7508€e the inset in
Fig. 4). In this temperature range, the intensity of the 0.8—
0.9-eV line is more than 20 times higher than the intensity of
the TO line. For a reference, the dislocation-related liDé&s
(0.807 eV}, D2 (0.874 eV}, and the TO line obtained in Si
and SiGe/Si structures are similar in their intensitiese,
e.g., Refs. 7 and)8Second, it is clearly seen in Fig. 4 that
the PL line at 0.8—-0.9 eV shifts into the high-energy photon
range when the annealing temperature increases and this cor-
relates well with the increase of the void size. Finally, no
evidence of similar behavior of the PL spectra is found in the
case of As-ion implantation.

The results of the PL measurements correlate well with
the structure evolution which may indicate a vacancy cluster-
(void-) assisted enhancement of the PL in the Ge implanted
layers. In particular, the intensity of the PL is maximal in the
temperature interval of 700—750 °C; a nucleation stage of the
voids, probably through a condensation of vacancies and va-
cancy clusters, takes place in the same temperature range.
This is well identified from a comparison of the PL and TEM
data. Figure 5 presents the structures of the samples im-

FIG. 3. Bright-field(a) and dark-field weak beaith) TEM im-  planted with Ge and annealed in the temperature range of
ages of SiGe/Si structures which were in-situ implanted wit{@e 600—-750 °C. Compared to the as-grown samples, only insig-
or As (b) in identical conditions and annealed by RTA at 800 °C for nificant modifications of the size, shape, and density of im-
30 s. plantation induced defects take place during annealing at

600 °C|[Figs. 1a and Ha)]. A further increase of the tem-

DLs are formed in the Ge implanted layers. However, ad’€rature to 650°C, however, results in significant growth of
determined by XTEM, both voids and DLs are entirely as-the largest point defect clusters at the expense of the smallest
sembled within the implanted layer. Similar to the voids, thefollowed by defect coalescence into some kind of defect en-
size of the DLs increases and their density decreases wiffMplesFig. Sb)]. The next important stage is a threshold-
increasing RTA temperatur@able ). like transformation of clusters of point defects to voids
Figure 4 shows photoluminescence spectra, taken froﬁ‘i’h'coh happens in the temperature range between 700 and
the void-containing layers at different stages of their thermal ©0 “C [Figs. Sc) and §d)]. The nucleation and growth of
evolution. In addition to the bound exciton transverse-opticafl€ V0ids is accompanied by the disappearance of the point
(TO) emission originated from the substrate region, all specdefect clusters: both voidsright spots of 5-7 nm largand
tra consist of a broad line located in the low-energy part of?0int defect clusteréfine granular background with a typical

the PL spectrum at about 0.8—0.9 eV. The intensity of the pL9rain-size of about 1-3 nm in the TEM pictirsimulta-
neously exist in the dark-field weak-beam TEM image in this
case[Fig. 5(c)]. A further increase of the temperature to
750 °C results in a slight increase of both the size and density
of the voids and in complete annealing of the point defect
clusters. Thus, the comparison of Figs. 4 and 5 gives clear
evidence that the enhancement of the PL vyield correlates
with the stage of void nucleation. If we suppose now that the
nucleation of the voids and growth is mediated by a vacancy-
2° - related mechanism then the PL enhancement must be inter-

€00 700 800 00

Temperaturs (°C) preted as being due to vacancy clusters or small voids. Simi-
700°C (x1) ] lar to our recent investigatiohswe believe that a non-
ATO homogeneous distribution of strain in the SiGe alloy layer
650 °C (x10) /\ around the incorporated vacancy-related defects is respon-

sible for the observed PL enhancement. However, based on

0.8 0.9 1.0 1.1 1.2 the present data this mechanism cannot be proven as the only
Photon energy (eV) possible one.

PL intensity {arb un.)

PL intensity (arb.units)

FIG. 4. PL spectra obtained at 4.2 K from the samples implanted IV. DISCUSSION
with Ge ions and annealed at the indicated temperatures. The inset
shows the temperature dependence of the yield of the 0.8—0.9-eV \oid formation has been studied extensively in Si and Ge
PL band. The spectra are scaled by the factors indicated in bracketsfter incorporation of hydrogen or noble gasé&-2%In
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MeV energies. In particular, in samples implanted with
6-MeV B ions a shift of about 500 nm was foufriDiva-
cancies, which transform into largé clusters after 200 °C
annealing, are observed in MeV self-implanted Si layers by
positron annihilation spectrometr§PAS).2® Similarly, the
presence of defects comprising, on the average, at least two
vacancies is observed in Si, implanted with 400-keV'Ge
ions and annealed at 700 °C for 20 mirThe formation of
V-related clusters is observed by PAS in the surface layer at
a depth range less than the projected ion ramyg, after
MeV implantation at elevated temperature@ip to
450°0.2%|n particular, a high efficiency of metallic atom
gettering at a depth d®,/2 has been attributed to open vol-
ume defectsy-related clusters or voids in Ref. 29. However,
Kogler et al*° recently demonstrated by PAS that Wdike
defects could be detected in Si self-implanted at 3.5 MeV to
a dose of 5 10" Si/cn?, and annealed a>800°C. In-
stead, interstitial-type defects, thought responsible for the
impurity gettering, were observed in thi&,/2 region using
XTEM.*°
A mechanism based on a kinematic separation of Frenkel
pairs has been discussed to account for the observed spatial
separation of vacancies and interstiialand the vacancy
excess within the region arounﬂplz.28 The mechanism
seems to have reasons in the case of MeV implanted
samples, where thé and V peak concentrations are well
separated in the spaCewith a reducedl-V annihilation
probability. In the present work, however, Ge and As ions
were implanted at an elevated temperature and at an energy
as low as 1 keV which prevent the kinematic spatial separa-
tion of V andl. The similar atomic masses of the Ge and As
ions and the fact that the same doses were used ensured the
production of comparable amounts and similar depth distri-
, ) o ) butions of the as-implanted defects and dopants. Indeed, the
e e oo e Gefecs: TEM-maged in th layers asimplanied wi Ge
600 °C.(a), 650 °C(b), 700 °C(c), or 750 °C(d) for 10 min in a dry %_Fhlg D or As (see Re_f. § are Slmlle.lr in type and density.
) ! : ) . Therefore, the very different evolution of the defects struc-
N, ambiance. Note that the main nucleation of voids and anneallnggur(_:‘S in the case of As- and Ge-implanted layers upon an-
of as-implanted defects take place in the temperature range 650—=_ . . L
750 °C. nealing cannot be explained by implantation induced defects.
A mechanism related to their different chemical nature must
such samples, the evolution of the defects includes the sube searched for. There has recently been given strong evi-
cessive formation of extended planar defe¢s® called dence that AgV,, (n=1...5n=1,2) clusters are energetically
“platelets”) which transform to cylindrical and to spherical favored™*?over isolated As in highly doped Si. In particular,
cavitied” with increasing anneal temperature. It is several specific effects of electrical activatfSrgiffusion 3
assumed/?°-??that the platelets accumulatand storg a  and V-secondary defect interactithcan be explained in
huge number of vacancies due to \H-(or HeV) terms ofV-dopant clusters formation. Very recent PAS mea-
interactiof®22 followed by the formation of stable aggre- surements have evidenced the formation of\Aand AsV,
gates (e.g., VH,).?* In H-ion implanted samples, several clusters in highly doped Si depending on the annealing
sharp vibrational lin€4 indicated the existence of vacancies. temperaturé® We therefore suggest that the formation of the
Upon thermal treatmeriabove 500 °Cthe hydrogen diffuse As,V, clusters is the most powerful channel for vacancy
out of the layers and the platelets transform into cavities; thistbsorption in As implanted layers. Moreover, it is well
is accompanied by the exchange of H atoms and vacahciesknown that Ge is not an efficient vacancy trap, and that the
Several papers have been published recently, reporting tHge-V pair anneals already at room temperatireigher or-
investigations of MeV proton-, boron-, Si or ders GgV,, complexes have not been observed. Thus, the
Ge'-implanted Si in which the formation of-related de- formation of GgV,, complexes is not expected to be an ef-
fects is demonstrated=?° Recent deep level transient spec- ficient channel for vacancy absorption. This difference be-
troscopy measuremeftshave revealed a spatial shift be- tween arsenics and germaniums interaction with vacancies
tween vacancy and interstitialC(C;) depth profiles in could be part of the explanation of the vacancy-void forma-
silicon, implanted with light projectile¢protons, boropof  tion in the case of Ge implantation and the lack of vacancy-
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void formation in the case of As implantation. An explana-SiGe layer due to the compressive strain. In this case the
tion of the fact that the voids assemble within the SiGe layernumber of interstitials might be lower as compared to the
as it can be well recognized from the XTEM image in Fig. number of vacancies. In addition, the vacancy and interstitial
2(b), must be sought in the strain situation of the SiGe layerpopulation may strongly depend on the chemical nature of
The SiGe layer is compressively strained after growth beforémplanted dopant. As already mentioned, instead of the same
annealing and there is no indication that the layer has relaxedhplantation conditiongenergy, dose, temperatyrand of
during the subsequent annealing. Thus, the assembly of thiihe similar atomic masses of the Ge and As ions, the very
voids in the strained SiGe layer could be a strain-relievingdifferent evolution of the defect structures is registered
phenomenon; similar effect has previously been demonwhich cannot be explained by implantation induced defects.
strated in the strained SiGe layers in which hydrogen-relate@inally, the results of Hollancet al,*® should be noted,
voids partly relieve the straifi>’ We believe that at the first where the formation of voids was observed in arsenic-but not
stagethe strain-induced (enhanced)-diffusion of the va- in germanium-implanted Si layers. Their results are con-
cancies and their accumulation within the layer of SiGe takesected with lattice damage in Si during ion irradiation at
place. This is then followed by void nucleation and growth atextreme dose and temperatwenditions as well as related
high annealing temperature. to the vacancy-interstitial spatial separation due to the high
The above considerations are confirmed by the correlatioenergy of the implants. We believe that their irradiation con-
between the number of vacancies in the voids and the nunditions are not comparable with the conditions of our inves-
ber of implanted dopant atoms. The volume occupied by théigation due to possible chemical and high-dose effquts-
voids (C,) is determined from the TEM data and presentedcipitation, large defect complexes, etc.
in Table I. The total number of vacancies in the voids can be
estimated by multiplication o€, with the atomic density. If V. SUMMARY
we suppose that the composition of the layer which contain
the voids is about §kGe, 5, and the atomic density is 4.7

x 102 cm * (the composition of the SiGe layer might be low-energy Ge ions followed by thermal treatment at tem-
slightly different from $45G&, s due to alloying at high RTA peratures above-750 °C, the nanovoids grow in size with

temperaturg then the number of vacancies in the voids isincreasin anneal temperature and are stable up to 900 °C
about (1-3% 10" cm 2. This value is much lower than 9 P P '

that deduced fronTriMg5 calculationg® for ion-induced va- The nucleation stage of the voids is accompanied by a strong
. X . enhancement of the photoluminescence yield in the range of
cancy production, but is very close to the number of im-

lanted dopant atoms. On the other hand, the estimation -4—1.55um. The PL enhancement is assumed o originate
P P C AR o Yom the SiGe alloy layer which contains of vacancy-related
the total vacancy production during ion implantation is not a,

simple task. First, the temperature of implantation wa oint defect clusters, which are the main building material
520 °C which gives rise to effective dynamidak., in situ) or the voids. Use of As as implantation species at the same

annealing of vacancies and interstitiddSecond. the ener conditions does not result in void formation but in regular
. gol . ' 9 interstitial dislocation loops. The difference in arsenics and
of implantation was 1 keV, and accordingtriM95 calcula-

. . n%ermaniums interactions with vacancies is suggested to be
tions this corresponds to a mean range of about 2.7 nm a . .

: 2 responsible for this phenomenon.
to a maximum nuclear energy deposition defztbne of the
interstitial-vacancy generatipiof 1 nm. It is therefore natu-
ral to suppose that most of the interstitials and vacancies
diffuse to the surface during irradiation. The vacancies, how- We acknowledge the support by the Danish Strategic Ma-
ever, can be partially trapped and accumulated within theerial Research Program.

In conclusion, spherically shaped nanovoids are produced
in MBE grown SiGe alloy layers witin situ implantation of
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