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Discontinuous tracks in arsenic-doped crystalline SisGe, 5 alloy layers
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We report the observation of tracks in single-crystallingsSk, 5 alloy layers irradiated with 1.3-GeV U
ions in the electronic stopping-power regime. Transmission electron microscopy in both conventional and
high-resolution mode reveals more or less discontinuous tracks depending on the composition of,tBe Si
alloy and on the arsenic doping level. The morphology and the atomic structure of the tracks are analyzed. The
results are discussed in the frame of the thermal-spike approach which assumes both track melting and
imperfect crystallization.
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[. INTRODUCTION defects previously introduced by protofsSimilar anneal-
ing or “electronic energy-loss-induced self-recrystallization”
When penetrating solids, swift heavy ions in the energyhas been reported for & and Si, C(diamond, and GaF.
range of several hundreds of MeV—GeV slow down due to The situation is different when irradiating single-
electronic stopping%.) which prevail over the nuclear stop- crystalline Si(Ref. 15 and Ge(Ref. 16 with accelerated
ping (S,) by a factor of about 102 Above a material- cluster projectiles because the stopping powens to 57

dependens, threshold, the high density of electronic exci- keV/nm) are even larger than in the case of uranium ions. On

tations and ionizations may produce so-called latent tracks@ length of typically 100 nm, 20-40-MeV ¢ fullerenes

They are long and narrow cylindrical defect zones of modi-Produce amorphous tracks with a diameter of about 10 nm.
Under the electron beam of the transmission electron micro-

fied structure surrounded by the undisturbed host matrix:
cope(TEM), these tracks are rather unstable and recrystal-

Tracks formed in polymers or other dielectrics can be use(i? idlvis ¢ d . : f
for the fabrication of nanoporous filters. In many other ma-'2€ rapidly.” However, for an adequate interpretation o

terials, such as semiconductors, metals and alloys, orhigh- these results several aspects, such as the contribution of

superconductors the electrical and/or mechanical propertié”é“de":lr stopping and the small patt} length before the glusters
can be modified. components become decorrelatéd® have to be taken into

While tracks are routinely formed in numerous dielectrics,2c¢0UNt. In addition, a direct comparison ofo@rojectiles
in some selected metals and amorphous semicond&&ors,?nd monoatomic ions is not straightforward because the rela-
the situation is more complex in single-crystalline semicon-UVelY low cluster velocity leads to a short range of the
ductors. Clear evidence of track formation is reported forelectrons and therefore the energy is deposited into a smaller
some compound semiconductors, e.g., Gedd InP-8  volume. _ , _
However, no tracks were found in single-crystalline GaAs In th_e presqnt study, the_ formgtlon of tracks vyas_lnvestl-
and GaP*° No clear correlation of track formation with the 921€d in a single-crystalline &fGes alloy, epitaxially
main characteristics of semiconductétmnd gagE,, melt- grown on a(OOl) S|_substrate and doped with arsenic. Using
ing pointT,,, electrical propertigsexists. For example, un- 1'3('166\/ ? p(;pjecul_es O 33.8kke_V/nm), we have _foundd
der identical irradiation conditions, tracks are created in InF&vidence for discontinuous tracks in a group-IV semiconduc-

(E,=1.34 eV, T, =1060°C), but no tracks are found in " The experiments were motivated by the predictién
se?m—ir{sulatin,g mGaAs K :’1 44 eV, T, =1240°C)® To that track formation in crystalline semiconductors requires at
=1 - :

least two main criteria, namely local melting along the ion
swift heavy ions produce tracks in single-crystallinetr_ajec.tory andi_mp_erfe_ctrecrystallization._ The Iat_ter_ Is pos-
Si (E,=112eV,T,=1412°C), Ge E,=0.66eV,T, sible !f _the solidification starts from a Ilqu!d—sol|d interface
—037°C). GaP E,—2.26 eV, T.—1457°C), or diamond CONtaining a large number of defetté or distorted bonds
(Eg=5.46’— 56 ev,gl'm:4373 c;Cr)n_Q,lo—lz In the case of For the verification of this idea a Si,Ge, alloy seems to be

;ingle—crystalline Siand Ge,. thi; has been tested for differer?e ?eon(:?ncr%rgg?r? dbseiggr)sg’i t:ne dt\gz Z&erf]uﬁserg:zcs:it?lgeailg
|rc;rr: gsepiglﬁz(gggggirr:gﬁougrg:ngy 'géggsﬁzzoggka&ggy f(')"rm random substitutional aI'ons' at all compos.it?o'ns, and
and 38 keV/nm(Ge). The only defects, observed by deep (iii) Sip _,Ge a_Ions can be epl'FaX|aIIy grown exh|b_|t|ng ex
level transient spectroscogpLTS), 1“2 are similar to those cellen;lgrystallme quality both in strained and strain-relaxed
obtained under the irradiation with electrons or protbhs, modes.
namely A centers (vacancy-oxygen complex E centers
(vacancy-doping impurity complg¢xand divacancies. It has

also been observed that the irradiation of single-crystalline Si For our experiments, strain-relaxed, epitaxigltype
with, e.g., 340-MeV Xe ions results in efficient annealing of Siy Ge, 5 layers were grown by molecular-beam epitaxy

our knowledge, there is no evidence thatonoatomic

Il. EXPERIMENTAL PROCEDURE
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Pt FIG. 2. Bright-field PVTEM image of the structure of the
[ SigsGegs, no As Siy.<Gey 5 alloy layer irradiated with swift U ions at room tempera-
& SiiGe,, x=0—0.5 ture. The arrows indicate the tracks. To demonstrate a possible

depth correlation of the defects, the sample was inclined with re-
spect to the electron beam.

] (001) Si substrate

FIG. 1. (a) Sketch of the MBE-grown sample used in this study.

S - structure and the diameters strongly vary along the ion tra-
(b) As depth distribution profile in the sample measured by SIMS gy Y 9

‘jectory. Tracks typically consist of two to five separated dots.
Some tracks are considerably longer containing even a few
tens of dots. However, there are also individual single dots
without any close neighboring dots. The density of the iso-
lated dots together with the discontinuous tra@snsisting

. . g of three or more dojsis estimated to be around (8-9)
top of this, a uniform layer of gsGeys was grown at a . 19 o1=2 iy good agreement with the applied ion fluence.

temperature of SOO °C 10 a total thic_kness of 1.8 [Fig. In contrast, the total number of extended tracks amounts only
1(a@)]. Finally, a highly doped 0.3:m-thick surface layer was to about (1-3X 1C° cm™2, i.e., 10-30% of all defects.

grown at 450 °C byn situ 1-keV As ion implantation at two In most conditions of the BE imadi
. : ging, the defects are
different depth interval$20-80 and 180-280 niiThey are practically invisible or have a very weak contrast. The maxi-

E‘."‘r“)l' CO\I/:ered tvr\]nth two Z—nm .55633-4 splkestas showg N mum image contrast of the defects is obtained for two-beam
i. 1(a). From the secondary-ion mass spectroméits) diffraction conditions with a large deviation parameter

:jepth_ pr%fllet[lilgx. 11(()2b1)]’ ‘92 Ash_pﬁak con(;:e?rt]ratmlr} dm tlhe >0. This behavior indicates that the core region of the track
ayer s about L. cm =, which exceeds the Solld SOlU- 155 4 crystalline structure Clear evidence is given by the

bility limit of As in a SiysGe s alloy by about a factor of : ; P ;
19 T ’ . _high-resolution TEM imagéPV) in Fig. 3 presenting a cross
10 However, the crystalline quality of the layers remains¢. wion of a single track in a §iGey s alloy layer. The inner

excellent as evidenced by transmission electron microscopy.,, zone(dark has a diameter of 4—5 nm and exhibits
(TE.M)' ot relas?nj wh|gh als? (\jNIII tt)e ?sc?ssedtbelé)w, ar. trong image contrast of the atomic chains. This gives clear
senic };ve;s _setﬁc ea aé Oﬁanl ue to isé‘ rzng ENdency Kidence of the good crystalline quality of the core region.
Frlempl a;e md ?t 3L exd ?h oy a?/ers n (I)’rﬁ €AS NANOCTYS- Tpe peripherylight) is 10 nm in diameter and shows a rather
als, as found arter rapid thermaf annealing. smooth contrast most likely due to a large number of point

The wafgegr; were irradiated at roomiztemperature Withyefects and defect clusters. The boundary between the core
1.3-GeV W#ions to a fluence of #§ cm™2 at a constant

flux around 2x10® cm 2s . According to TRIM95
calculations’® the electronic and nuclear stopping powers are
S.=33.8 keV/nm andS,=0.024 keV/nm, respectively. The
structure of the samples was investigated by TEM using a
Philips CM20 (200-keV) microscope. The TEM samples
were prepared in both plan-vie®V) and cross-sectiofX)
geometries using a routine procedure consisting of succes-
sive mechanical polishing and ion-beam milling at room

temperature.

(MBE) on (00)) silicon wafers using the stepwise composi-
tionally grading techniqué® First, a silicon buffer layer 0.1
um thick was grown, followed by a compositionally graded
buffer layer of an average grading of about 30% e/ On

IIl. EXPERIMENTAL RESULTS

Figure 2 shows a representative bright-fiégF) PV im-
age of a sample inclined in the microscope with respect to
the electron beam. Dotlike and elongated dark spots of an
average size of about 3—10 nm are aligned along the projec- FIG. 3. High-resolutiofHR) TEM image of a 1.3-GeV U irra-
tile trajectories like a string of pearls running parallel to eachdiated Sj <Gg, 5 alloy layer showing the typical atomic structure of
other. Due to the discontinuous nature of the track, the defeche track. The image was obtained in plan-view geometry.
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one of the most critical parameters. For g $iGe, alloy, the
melting temperature increasasonotonically from 938 °C
(Ge) to 1412 °C(Si). Thus as a consequence we should ex-
pect track formation in pure Ge or in Ge rich alloys. Another
discrepancy concerns the thermal resistivity of _$Ge, .
According to Refs. 17 and 21, the thermal resistivity of
Si; _,Ge, alloys at room temperature reaches a maximum in
the compositional range af=0.2—-0.4. Layers of such a
composition are located in the buffer layer of our sample but
contain only few dots. Finally, there is also an important
argument in favor of the thermal spike mechanism given by
the (111) facetted structure of the track cofiéig. 3): Assum-

ing that the thermal spike is followed by quenching of a
liquid phaset™3 we have to consider recrystallization pro-

FIG. 4. Bright-field XTEM images of the structure of the cesses. It is well known for Si and Ge that the solid-phase
Sip sGey 5 alloy layer irradiated with swift U ions taken from differ- epitaxial growth rate strongly depends on the crystallo-
ent regions of the sample. The small arrows indicate the tréBks, graphic orientation being fast for tH&00) and slow for the
shows GeAs precipitatgd) shows enlarged image of a 11.5-nm (111) orientation?’> A very similar observation is also re-
GeAs precipitate. ported for ultrafast melting by laser pulses where the liquid-

phase growth velocity of is larger than 10 m/&~2"In this
and the periphery of the track is rather sharp éhtll) fac-  case the ratio of the growth velocities is found to be about
etted while it is diffuse between the periphery and the matrixa, o/ v;;,= 1.652* Different values ofw;o, and v,y are re-

We also imaged the cross section of different regions ofated to two individual interface morphologies and solidifi-
the samples by BF XTEMFig. 4). No tracks could be dis- cation mechanisms, one within 15° of th&l1] orientation
covered in the Si substrate, whereas in the entiggG, s and a second for the remaining orientatién& In the first
layer, U ions created more or less homogeneously distributedase, the morphology of the liquid-solid interface is atomi-
individual dotlike defects. When the trajectories of the pro-cally smooth and the melt solidifies via two-dimensional
jectiles pass through the two As-doped bands ¢f:S& s nucleation followed by ledge motici:?’ This results in an
[the corresponding track segments are indicated by arrows iandercooling of the melt of about 35 #.For interfaces
Figs. 4a)—(c)], the probability of defect formation increases more than 15° from th¢111] orientation, the undercooling
significantly and tracks of discontinuous character are crevalue is about 22 K and the interface is atomically roagff.
ated. In this layer there is a clear tendency of separated spothere is strong evidence in this case that the solidification of
to transform into continuous or elongated track segments. la laser-induced melt occurs via lateral passage{l1dfl}
addition to the tracks, some areas show larger circular deplanes?’ Thus the solidification of the melt inside the track
fects[indicated as “P” in Fig. 4b)] in the As-doped layers. starts with a nearly circular interface and gradually trans-
They have a spherical shape with a diameter of about 10 nnforms to a(111) facetted shape with simultaneously decreas-
In two-beam diffraction conditions, they exhibit a sharping solidification rate. At the beginning of the recrystalliza-
black-white contrast. In micrographs taken far away fromtion process, atomically rough interfaces and the high
any diffraction vector, the deformation contrast disappearsolidification rate produce a large number of point defects
and the defects are seen as circular or slightly facetted spognd defect clusters preferably at the periphery of the track.
with a dark uniform contrast. Such a behavior indicates thatWhen the regrowth slows down, ti&l1) interface is finally
the defects are inclusions involving atoms of higher massereconstructed and the steady-state regime of solidification
than in the surrounding matrix. Unfortunately, the numberleads to a nearly defect-free epitaxial growth.
density and the size of the defects is too small to perform We therefore suggest that the quality of the crystal lattice
electron diffraction and/or x-ray microanalysis. However, inreconstructed during the melt solidification is a critical pa-
accordance with more recent investigationshese defects rameter for track formation in crystalline semiconductors. In
can be ascribed to GeAs precipitates. Additional support fothe case of a defect-free single-crystalline Si or Ge matrix,
this assumption is given by the Moifdnge contrast re- molten tracks are surrounded by a perfect crystal and epitax-
solved, e.g., in Fig. @) with a fringe spacing similar to that ial recrystallization can occur during quenching of the ther-
in Ref. 19. mal spike. Undistorted covalent bonds fixed at the tetrahedral

angles ensure good quality of the epitaxial regrowth of the
IV. DISCUSSION track. However,_ at h_igh regrowth velociti_es, the recon-
structed crystal is obviously not perfect but includes a num-

Summarizing our experimental observation, clear evi-ber of defects as, e.g., registered by DI!f$?The situation
dence is found that GeV U ions induce track formation inis different if the crystal matrix contains already a large num-
semiconducting 3isGe&) 5 layers. This is in contrast to the ber of defects; then the recrystallization at the track interface
inhibited track formation in pure Si and Gél'?|f the ther- may be hindered and the liquid is quenched as amorphous
mal spike and the melting mechanism dominates the trackhase(see, e.g., Refs. 53.8A crystalline matrix consisting
formation process, then the melting temperature should bef atoms of very different masses, size, and type or length of
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the atomic bonds can also be considered as strongly defectegiproach for controlled creation of quantum de@D’s).*
because the foreign atoms change the atomic order in thRegular arrays ofequidistant semiconductor islands of
host matrix. In this case, the quality of the reconstructedsphericalshape anddenticalsize can be achieved by apply-
lattice will be affected by differences in the atomic structureing the following two steps(i) MBE growth of a multilayer
of the melt and solid phase, which may depend on the comsystem consisting of several-nm thir, §6e, 5 layerssuper-
position of the given alloy. In $i,Ge,  alloys, X-ray- saturatedby As and alternated by equilibrium layers§i)
absorption fine-structuréXAFS) measurements of strained irradiation of the multilayer system with swift heavy ions.
and relaxed alloys MBE-grown on $001) substraté$?°  Due to the long ion range, even three-dimensional arrays of
have recently confirmed the dominaf®0-71% Bragg- QD’'s may be produced. In addition to the number of layers,
Pauling character of the composition dependence of the boritie density of the precipitates can be controlled by the irra-
length. The strain in crystalline Si,Ge, alloys is obviously  diation fluences up to 6-10"2 cm™2. Their size is deter-
mainly accommodated by a change of the bond angle rathenined by the track diametétypically around 5—-10 ninde-
than bond lengt/® In addition, for relaxed single-crystalline pending on the ion species and energy loss. The density and
Si;_,Ge, alloys, the composition significantly influences the size characteristic of such precipitates are optimal for most
bond length of Si-Ge and Ge-G&2°In contrast to crystals, type of quantum dot¥ Moreover, the nucleation and growth
the bond length and the angles do not depend much on thef the precipitates in the sample volume dictates their near
composition if the Si_,Ge, alloy is in the amorphous spherical shape which is advantageous compared to
state?®3° Assuming similar behavior of amorphous and lig- pyramide- or hut-shaped islands usually obtained with the
uid phases, a significant change of bond length and angleStranski-Krastanov growth mod®.In copper oxide glass,
should occur during track solidification accompanied by amucleation of Cu clusters induced by MeV ion irradiation has
increased probability of incorporating defects into the re-recently been reported by Valenét al*° However, the clus-
grown lattice. This assumption is in good agreement withter formation did not occur by room-temperature irradiations
experimental data of solid-phase epitaxial growth ofbutrequired a post-irradiation thermal annealing process. Al-
Si;_,Ge, alloys®~33In particular, the nonmonotonic com- though MeV ion irradiation seems to trigger nucleation of
positional dependence of both the activation energy and theanoclusters? any direct correlation with individual tracks
pre-exponential factor of the solid-phase crystallizationis not clear. It should be emphasized that in our case, we
velocity***?was interpreted by the presence of “microscopicobserve nanoprecipitates directly created inside the ion
strain” due to differences of the actual bond length and theracks.
natural bond lengti at the interface of the amorphous and
crystalline Sj_,Ge, alloy. V. SUMMARY

The formation of ion tracks will also be affected by other . . . .

) . __In conclusion, by using transmission electron microscopy

processes such as segregation of the dopant and/or Creatlf?ri]s demonstrated that 1.3-GeV U ions create discontinuous
of a new phase. It was demonstrated that 3¢ alloys tracks in single-cr stalliné i,Ge alloys. The composition
grown by nonequilibrium methods have ordered regitiris, gle-cry $1,Ge; alloys. P

where Ge-Ge and Si-Si dimers are preferentially arranged o?é];g;eo? {hfzo‘?”%gnd g‘ﬁ dae:tsoenqli((:: 235';&2‘%? tﬁg L?;lclzjks
various planes. During epitaxy, the formation ok2 or- P 9y '

dered structures can be formed due to segregation of Ge gttrong indications are presented that track formation in semi-

: . 5 s : conductors is linked to the quenching of a melt phase and

the Si/Ge interfacé® Similarly, a surface segregation of ; L
T ; : .- _subsequent imperfect recrystallization.
common dopants in Si and SiGe alloys occurs during epitax-
ial growth® The presence of arsenic on tt@1) surface of
Si also has the deleterious effect of reducing the regrowth
rate®’ The authors are grateful to J. Lundsgaard Hansen for
Swift heavy ion induced formation of 5-10-nm large MBE growth. The study was supported by NATO CLG

GeAs precipitates in the §iGey s regions heavily doped Grant No. 976564 and the Danish Strategic Material Re-
with As [Figs. 4b) and (d)] can probably be used as an search Program.
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