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Self-assembling of nanovoids in 800-keV Ge-implanted SiGe multilayered structures
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We report on the self-assembled formation of spherically shaped voids in a Si/SiGe layered structure after
800-keV Ge ion implantation followed by rapid thermal annealing. The voids are of nanometer size and are
solely assembled in thin SiGe quantum wells in the surface regioR,(2) of the implanted sample. The
results are discussed in terms of the separation of the vacancy and interstitial depth profiles attributed to the
preferential forward momentum of recoiling Si atoms. The strain situation around the SiGe quantum wells is
suggested as a possible reason for the void self-assembling effect.
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[. INTRODUCTION incorporated into a thick Si layer. The method is based on
two phenomena. First, due to compressive strain, SiGe/Si
Despite the remarkable progress in epitaxial-based tecfQWs may effectively getter and accumulateand vacancy-
nologies during the last decades, e.g., in the manufacturingglated defects? Second, the SiGe/Si QW layers play the
of quantum-size devicésjon implantation continues to be role of a diffusion barrier fol andV. In this case the QW
the major “front end” process in semiconductor microelec-layers may prevent both the transport to the surface and the
tronics and nanoelectronics for precise and controlled dopingiteraction(annihilation of I andV, located in excess &,
of material™* lon implantation has the disadvantage of and at the surface region, respectively. We suggest that if the
damaging the crystalline structure resulting in different de-SiGe/Si QW layers are repeated periodically, then a conser-
rived effects such as, e.g., transient enhanced diffusioMation of I and V may be achieved in a Si layer located
(TED). TED is known as an effect of a strong dopant redis-between neighboring QW layers.
tribution generally due to formation of fast diffusing defect
pomplgxes which may .incorp‘?_r?te dopant atoms and'self- Il EXPERIMENTAL PROCEDURE
interstitials(l) or vacanciesY).”~" TED has strongly moti-
vated research efforts directed to the understanding of the The samples were grown by solid-source molecular
mechanisms of defect formation and evolution in implantedoeam epitaxy(MBE) using e-beam evaporators for the
layers. It is now commonly agreed that most of the implan-Si and Ge deposition. Wafers pftype (001) Si were used
tation damage is removed during the first stage of annealings substrates. Following the SiCdesorption from the
via interstitial-vacancy recombination. After annealing thesurface at 850°C, a 100-nm-thick Si buffer layer was
implanted layer contains excess interstitials. In accordancgrown.  Subsequently, eight successively repeated
with the well known “+1” model® each implanted atom stages of MBE deposition at growth rates of 0.2 nm/s
finally occupies a substitutional lattice site, thus replacing thevere proceeded each including@ the growth of
host atom and producing a self-interstitial, so the number o2-nm Sj G, §/3-nm Si/2-nm S sG&) 5 quantum wells, and
self-interstitials is approximately equal to the implanted (b) the growth of a 100-nm Si layer. To prevent relaxation,
dose. This fact is well established and repeatedly proven ithe thickness of SiGe layers was chosen much beyond of the
the case of keV ion implantation. critical thickness for relaxation of strained SiGe alloy layers.
However, high temperature annealing of MeV implantedThe growth temperatur&50 °Q was controlled using both a
Si samples results in the formation of an additional layer ofpyrometer and a thermocouple, giving temperature accuracy
residual defects located between the surface and the medetter than about 15°. Rutherford backscattering and chan-
rangeR, of the implanted ions, mostly close Eq,/z.9 These neling (RBS/CH spectrometry and transmission electron mi-
Ry/2 defects manifest themselves mainly through the effeceroscopy (TEM) data showed that the as-grown samples
tive gettering of atomic speci€sThe nature of these defects were of excellent crystalline quality and no extended defects,
is not yet known and is under intensive discussion. It haslusters of point defects or dislocations were detected in the
been often assumed in particular that the defects in the suwhole layer system. The §iGey s QW layers were found to
face region are vacancy-related agglomerathsster,®~*>  be compressively strained with no indication of any detect-
which are formed as a consequence of the preferential fomble relaxation(not shown. The samples were then im-
ward momentum of recoiling Si atom&:* planted with 800-keV Ge ions at room temperature to a dose
A method for mapping the above point defects/clustersof 2 10 cm™2. Finally, rapid thermal annealin@RTA) in
and an investigation of their thermal evolution in implantedN, or O, ambients was performed at temperatures of 750—
Si/SiGe are proposed in this paper. The method utilizes th&050 °C for 30 s. For comparison, samples of pure Si were
strain situation around thin quantum wéQW) SiGe layers implanted and annealed at similar conditions. The structures
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FIG. 1. Bright-field XTEM image of an as-implanted sample
with 800-keV 2x 10'* cm 2 Ge ions. The depth profile of Ge and
vacancy distribution as obtained byraimes calculation is reported
for comparison. Digits in the image indicate the number of the QW
layer from the surface.

were investigated by TEM in both plan-view and cross- '
section (XTEM) modes using a Philips CM20 instrument 1. - AR Sl
operating at 200 kV. The TEM specimens were thinned down % . b4 B
to electron transparency using a procedure consisting of suc-

cessive mechanical polishing and ion-beam milling at room
temperature. The samples were also investigated with RBS/
channeling spectrometry using a 2-MeV He beam. 2

» - R e

[ll. EXPERIMENTAL RESULTS AND DISCUSSION

lon implantation of 800-keV Ge at room temperature to a
fluence of 2<10"cm 2 induces amorphization of the
SiGe/Si structure at a depth corresponding to the maximum

of.the r_luclear energy d.eposition. This_ is e_zvidenced py the FIG. 2. () Focused BF XTEM image of Ge implanted sample
bright field (BF) XTEM image shown in Fig. 1. The im- after RTA at 950 °C for 30 s in Nambience.(b) Overfocused

planted sample contains a buried continuous amorphoUgTen image of the surface layer. The arrows (o) indicate the
layer in the depth region between 180 and 560 nm, neighygigs.

bored by two crystalline, heavily damaged layers at the sur-
face and in theR, regions. The damaged crystalline layers bands of extended defects in tRg region and near to the
contain a high concentration of point defect clusters as welsurface. The interstitial dislocation loofSLs) are found in
as a number of separated amorphous nano-zones locatét R, region[Fig. 2@)], in good agreement with the typical
around the amorphous-crystalline interfadgs$g. 1). The  way of thermal defect evolution in implanted $i:*°
depth profile of the implantation damage is totally disposed A very surprising structural evolution is found near the
inside the QW layer structure, and, thus, the QW layers 1 andurface: Neither DLs nor clusters of point defects are ob-
6 (counting from the surfageare located in the crystalline served in the surface region of the sample to a depth of 300
damaged regions, the QW layers 2-5 are in the continuousm. Instead, a number of sm&l—6 nn) circular defects are
amorphous zone and the QW layers 7 and 8 are undamagéaluind inside the QW layers 1 and 2 under the out-of-focus
as are the Si layers surrounding these two QW layers. Thesegime of the TEM imagingFig. 2(b)]. The density of these
XTEM data correlate well with the depth distribution of the defects varies between&and 3x 10'° cm™2, depending on
nuclear energy deposition. In Fig. 1 the depth profiles ofthe thermal treatment. It is also found that the first QW layer
vacancies and implanted Ge as obtained bDyimM95 (from the surfacecontains more defects than the second one
calculations® are included. and only few circular defects are observed in the third one.
RTA at 950 °C for 30 s results in a recrystallization of the The TEM investigations of these defects were carried out in
buried amorphous layer and the formation of two separatetivo-beam diffraction conditions with a large deviation pa-
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voids. Additionally, it is found from a comparative TEM
study of the samples after RTA in oxygen and in nitrogen
atmospheres that the oxidation slows down the formation of
the voids, especially in the QW layer 1. This can be ex-
plained by injection of non-equilibrium self-interstitials dur-
ing oxidation of Si(Refs. 6 and ¥ (also see Ref. 15Thus it
is concluded from the above thatsaccessivéormation of
theinterstitial DLs and of the(vacancy-relategvoids takes
place in the surface region wiihcreasingtemperature.

A model based on ballistic separation of Frenkel pairs has
been discussed to account for the spatial separatidhasfd
I, and the vacancy excess within the region aroRp@.'%~**
This model is supported, in particular, by positron annihila-
tion spectroscoply~*?and deep level transient spectroscopy
(DLTS) measurements which are able to detect vacancy-
related complexege.g., vacancy-oxyge(VO) pairs in Ref.
13) or point defect clusters. The thermal evolution of such
Q/acancy related defects is not clear since only interstitial-
related{311} defects and DLs are usually observed by TEM
after high temperature annealih@!®In the bulk, vacancy-
rameters>0. The defects show minimal contrast at focus. Inrelated defects evolve into voids presumably because the ac-
the underfocused micrograghot shown the defects are im- tivation energy folV-type dislocation loop nucleation is one
aged as bright circles surrounded by Fresnel fringes, whereasder of magnitude larger than that of nucleating voids; but
in the overfocused microgragdlfrig. 2(b)] they display dark even in this case the enthalpy is as high as 2.8—-3.4 eV, which
contrast. In dynamical conditions the defects appear as brightelds void nucleation temperatures between 970 and
against dark regions of the extinction contour, and as dark060°C?! In view of this, a diffusion of excess vacancies
against bright regions of the extinction contour. The defect§rom the implanted layer to the surface is energetically a
keep their circular shape after large inclinations of themore reasonable path for their removal from the sample.
sample in the microscope with respect to the electron beanievertheless, the formation of voids has been reported re-
and they do the same in a cross-section vi€ig. 2(b)]. In  cently in Si under special conditions of implantation and
accordance with Ref. 20, these observations demonstrate thatnealing. One example is MeV oxygen implants into Si to a
the circular defects are open-volume defects called voids. Weigh dose? in which case the vacancies are well separated
can exclude that these spherical defects are Ge dropletbpth from interstitials aR, and from the surfac&:'* Hol-
precipitates from the arguments, similar to presented in Refand et al. reported in Ref. 23 that voids are created in the
15. surface region of Si after extreme conditignery high dose

To clear up the mechanism of this void formation theand temperatujeof implantation. Void formation together
structural defect evolution was followed as a function ofwith Au decoration was also reported in high dose keV im-
RTA temperature. Figure 3 presents the dark-field weakplanted sample¥ Similarly, void formation assisting metal-
beam XTEM micrographs showing the structural defect evolic atom gettering has been demonstrated at a dep, &
lution around QW layers 1 and 2 when the RTA temperaturén Ref. 9.
increases. A high density of both small DLs and clusters of Basically, the formation of the voids requires at least va-
point defects is observed in the surface layer after RTA atancy supersaturation in the layer at the temperature of void
750 °C[Fig. 3@]. It follows from the TEM analysis at dif- nucleation. Very fast vacancy migration to the surface at el-
ferent conditions of image formatiéhthat the DLs are of evated temperaturg§normally prevents vacancy supersatu-
interstitial type. An increase of the RTA temperature to ration in the layers well before the sample reaches the thresh-
830 °C[Fig. 3(b)] results in a complete remov@round QW  old temperature for nucleation of the voids. Note here that
layer 1) or a strong decrease of the numkaround QW only voids of over-critical size are stable and may grow but
layer 2 of theinterstitial DLs, preserving, however, a large that the voids of radius smaller than the critical radius shrink
number of point defect clusters. Taking into account the rein size and disappe&t:>® Thus, the supersaturation of the
sults of Refs. 10-14 we believe that most of these pointacancies must be high enough to allow the formation of
defect clusters ar@acancy related The bright-field TEM  voids of overcritical size. A possible reason of vacancy su-
image of such a sampl@ot shown displays the formation persaturation is the formation of large vacancy-related de-
of a few very small voids inside the QW layer 1 but not yetfects (trap9 which are stable up to the anneal temperature.
in the QW layer 2. A further increase of the RTA temperatureThe heavily damaged regions which contain, e.g.,
to 950 and to 1000 °C results in the successive removal obxygerf>?® or metallic'?® atoms in high concentration are
DLs and the formation of voids in the QW layers 2 and 3,good candidates for vacancy trapping, for example, due to
respectively, as well as an increase in the density and size gfettering or segregation effect4>=2*In the present study,
the voids in the QW layer 1. Finally, a further increase of thehowever, the accumulation and storage of the vacancies takes
temperature to 1050 °C results in a partial annealing of th@bviously place due to the strong nonuniform strain distribu-

FIG. 3. Dark-field weak-beam XTEM images of Ge implanted
sample after RTA at 750 °Ca) and at 830 °C(b) for 30 s in N,
ambience. Digits 1 and 2 indicate the position of the first and th
second QW layers, respectively.
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tion around the SiGe QW layers. This conclusion is sup- IV. SUMMARY

ported by the void assembling within the SiGe QW layers, as

can be seen from Fig.(). The as-grown SiGe QW layers In conclusion, a self-assembled formation of voids in a
are compressively strained before annealing and there is nei/SiGe multilayer structure is observed after Ge ion implan-
indication that the layers relax during the subsequent anneafation followed by RTA. The voids are of nanometer size and
ing. Thus, the assembly of the voids in the strained SiGe Qvre solely assembled in thin SiGe QWs in the surface region
layers could be a strain-relieving phenomenon. We believé<R,/2). The results are discussed in terms of separation of
that in the first stage the vacancy related defects are dissyacancy and interstitial depth profiles. The strain situation
luted and the vacancies are emitted. A share of the vacanci@ound SiGe quantum wells is discussed as a possible reason
disappears interacting with interstitial dislocation loops, agor the void self-assembling effect.

can be seen from Fig. 3. Another share of the vacancies,

which is in excess of interstitials, diffuses out of the sample.
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