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Discontinuous tracks in arsenic-doped crystalline Si0.5Ge0.5 alloy layers
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We report the observation of tracks in single-crystalline Si0.5Ge0.5 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 the Si12xGex

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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I. INTRODUCTION

When penetrating solids, swift heavy ions in the ene
range of several hundreds of MeV–GeV slow down due
electronic stopping (Se) which prevail over the nuclear stop
ping (Sn) by a factor of about 103.1,2 Above a material-
dependentSe threshold, the high density of electronic exc
tations and ionizations may produce so-called latent trac2

They are long and narrow cylindrical defect zones of mo
fied structure surrounded by the undisturbed host ma
Tracks formed in polymers or other dielectrics can be u
for the fabrication of nanoporous filters. In many other m
terials, such as semiconductors, metals and alloys, or higTc
superconductors the electrical and/or mechanical prope
can be modified.2

While tracks are routinely formed in numerous dielectri
in some selected metals and amorphous semiconducto2,3

the situation is more complex in single-crystalline semico
ductors. Clear evidence of track formation is reported
some compound semiconductors, e.g., GeS4 and InP.5–8

However, no tracks were found in single-crystalline Ga
and GaP.8,9 No clear correlation of track formation with th
main characteristics of semiconductors~band gapEg , melt-
ing point Tm , electrical properties! exists. For example, un
der identical irradiation conditions, tracks are created in
(Eg51.34 eV,Tm51060 °C), but no tracks are found i
semi-insulating GaAs (Eg51.44 eV,Tm51240 °C).8 To
our knowledge, there is no evidence thatmonoatomic
swift heavy ions produce tracks in single-crystalli
Si (Eg51.12 eV,Tm51412 °C), Ge (Eg50.66 eV,Tm
5937 °C), GaP (Eg52.26 eV,Tm51457 °C), or diamond
(Eg55.46– 5.6 eV,Tm54373 °C).9,10–12 In the case of
single-crystalline Si and Ge, this has been tested for diffe
ion species~oxygen to uranium! in the MeV–GeV energy
range corresponding to energy losses up to 28 keV/nm~Si!
and 38 keV/nm~Ge!. The only defects, observed by dee
level transient spectroscopy~DLTS!,11,12 are similar to those
obtained under the irradiation with electrons or protons13

namely A centers ~vacancy-oxygen complex!, E centers
~vacancy-doping impurity complex!, and divacancies. It ha
also been observed that the irradiation of single-crystalline
with, e.g., 340-MeV Xe ions results in efficient annealing
0163-1829/2002/66~4!/045316~5!/$20.00 66 0453
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defects previously introduced by protons.14 Similar anneal-
ing or ‘‘electronic energy-loss-induced self-recrystallizatio
has been reported for Ge9,10 and Si, C~diamond!, and GaP.9

The situation is different when irradiating single
crystalline Si ~Ref. 15! and Ge~Ref. 16! with accelerated
cluster projectiles because the stopping powers~up to 57
keV/nm! are even larger than in the case of uranium ions.
a length of typically 100 nm, 20–40-MeV C60 fullerenes
produce amorphous tracks with a diameter of about 10
Under the electron beam of the transmission electron mic
scope~TEM!, these tracks are rather unstable and recrys
lize rapidly.15 However, for an adequate interpretation
these results several aspects, such as the contributio
nuclear stopping and the small path length before the clus
components become decorrelated,15,16 have to be taken into
account. In addition, a direct comparison of C60 projectiles
and monoatomic ions is not straightforward because the r
tively low cluster velocity leads to a short range of thed
electrons and therefore the energy is deposited into a sm
volume.

In the present study, the formation of tracks was inve
gated in a single-crystalline Si0.5Ge0.5 alloy, epitaxially
grown on a~001! Si substrate and doped with arsenic. Usi
1.3-GeV U projectiles (Se533.8 keV/nm), we have found
evidence for discontinuous tracks in a group-IV semicond
tor. The experiments were motivated by the prediction5–8

that track formation in crystalline semiconductors requires
least two main criteria, namely local melting along the i
trajectory andimperfectrecrystallization. The latter is pos
sible if the solidification starts from a liquid-solid interfac
containing a large number of defects5–8 or distorted bonds.
For the verification of this idea a Si12xGex alloy seems to be
a good candidate because,~i! the two atom species are dif
ferent in mass and size,~ii ! Si and Ge are fully miscible and
form random substitutional alloys at all compositions, a
~iii ! Si12xGex alloys can be epitaxially grown exhibiting ex
cellent crystalline quality both in strained and strain-relax
modes.17

II. EXPERIMENTAL PROCEDURE

For our experiments, strain-relaxed, epitaxialp-type
Si0.5Ge0.5 layers were grown by molecular-beam epita
©2002 The American Physical Society16-1
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~MBE! on ~001! silicon wafers using the stepwise compo
tionally grading technique.18 First, a silicon buffer layer 0.1
mm thick was grown, followed by a compositionally grade
buffer layer of an average grading of about 30% Ge/mm. On
top of this, a uniform layer of Si0.5Ge0.5 was grown at a
temperature of 800 °C to a total thickness of 1.3mm @Fig.
1~a!#. Finally, a highly doped 0.3-mm-thick surface layer was
grown at 450 °C byin situ 1-keV As ion implantation at two
different depth intervals~20–80 and 180–280 nm!. They are
partly covered with two 5-nm Si0.6Ge0.4 spikes as shown in
Fig. 1~a!. From the secondary-ion mass spectrometry~SIMS!
depth profile@Fig. 1~b!#, the As peak concentration in th
layer is about 1.131021 cm22, which exceeds the solid solu
bility limit of As in a Si0.5Ge0.5 alloy by about a factor of
10.19 However, the crystalline quality of the layers remai
excellent as evidenced by transmission electron microsc
~TEM!. For reasons which also will be discussed below,
senic was selected as dopant due to its strong tendenc
precipitate in the Si12xGex alloy layers into GeAs nanocrys
tals, as found after rapid thermal annealing.19

The wafers were irradiated at room temperature w
1.3-GeV U238 ions to a fluence of 1010 cm22 at a constant
flux around 23108 cm22 s21. According to TRIM95

calculations,20 the electronic and nuclear stopping powers
Se533.8 keV/nm andSn50.024 keV/nm, respectively. Th
structure of the samples was investigated by TEM usin
Philips CM20 ~200-keV! microscope. The TEM sample
were prepared in both plan-view~PV! and cross-section~X!
geometries using a routine procedure consisting of suc
sive mechanical polishing and ion-beam milling at roo
temperature.

III. EXPERIMENTAL RESULTS

Figure 2 shows a representative bright-field~BF! PV im-
age of a sample inclined in the microscope with respec
the electron beam. Dotlike and elongated dark spots o
average size of about 3–10 nm are aligned along the pro
tile trajectories like a string of pearls running parallel to ea
other. Due to the discontinuous nature of the track, the de

FIG. 1. ~a! Sketch of the MBE-grown sample used in this stud
~b! As depth distribution profile in the sample measured by SIM
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structure and the diameters strongly vary along the ion
jectory. Tracks typically consist of two to five separated do
Some tracks are considerably longer containing even a
tens of dots. However, there are also individual single d
without any close neighboring dots. The density of the is
lated dots together with the discontinuous tracks~consisting
of three or more dots! is estimated to be around (8 – 9
3109 cm22 in good agreement with the applied ion fluenc
In contrast, the total number of extended tracks amounts o
to about (1 – 3)3109 cm22, i.e., 10–30% of all defects.

In most conditions of the BF imaging, the defects a
practically invisible or have a very weak contrast. The ma
mum image contrast of the defects is obtained for two-be
diffraction conditions with a large deviation parameters
@0. This behavior indicates that the core region of the tra
has acrystalline structure. Clear evidence is given by th
high-resolution TEM image~PV! in Fig. 3 presenting a cros
section of a single track in a Si0.5Ge0.5 alloy layer. The inner
track zone~dark! has a diameter of 4–5 nm and exhibi
strong image contrast of the atomic chains. This gives c
evidence of the good crystalline quality of the core regio
The periphery~light! is 10 nm in diameter and shows a rath
smooth contrast most likely due to a large number of po
defects and defect clusters. The boundary between the

.
.

FIG. 2. Bright-field PVTEM image of the structure of th
Si0.5Ge0.5 alloy layer irradiated with swift U ions at room tempera
ture. The arrows indicate the tracks. To demonstrate a poss
depth correlation of the defects, the sample was inclined with
spect to the electron beam.

FIG. 3. High-resolution~HR! TEM image of a 1.3-GeV U irra-
diated Si0.5Ge0.5 alloy layer showing the typical atomic structure o
the track. The image was obtained in plan-view geometry.
6-2
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and the periphery of the track is rather sharp and~111! fac-
etted while it is diffuse between the periphery and the mat

We also imaged the cross section of different regions
the samples by BF XTEM~Fig. 4!. No tracks could be dis-
covered in the Si substrate, whereas in the entire Si0.5Ge0.5
layer, U ions created more or less homogeneously distribu
individual dotlike defects. When the trajectories of the p
jectiles pass through the two As-doped bands of Si0.5Ge0.5
@the corresponding track segments are indicated by arrow
Figs. 4~a!–~c!#, the probability of defect formation increase
significantly and tracks of discontinuous character are c
ated. In this layer there is a clear tendency of separated s
to transform into continuous or elongated track segments
addition to the tracks, some areas show larger circular
fects @indicated as ‘‘P’’ in Fig. 4~b!# in the As-doped layers
They have a spherical shape with a diameter of about 10
In two-beam diffraction conditions, they exhibit a sha
black-white contrast. In micrographs taken far away fro
any diffraction vector, the deformation contrast disappe
and the defects are seen as circular or slightly facetted s
with a dark uniform contrast. Such a behavior indicates t
the defects are inclusions involving atoms of higher mas
than in the surrounding matrix. Unfortunately, the numb
density and the size of the defects is too small to perfo
electron diffraction and/or x-ray microanalysis. However,
accordance with more recent investigations,19 these defects
can be ascribed to GeAs precipitates. Additional support
this assumption is given by the Moire´-fringe contrast re-
solved, e.g., in Fig. 4~d! with a fringe spacing similar to tha
in Ref. 19.

IV. DISCUSSION

Summarizing our experimental observation, clear e
dence is found that GeV U ions induce track formation
semiconducting Si0.5Ge0.5 layers. This is in contrast to th
inhibited track formation in pure Si and Ge.9,11,12If the ther-
mal spike and the melting mechanism dominates the tr
formation process, then the melting temperature should

FIG. 4. Bright-field XTEM images of the structure of th
Si0.5Ge0.5 alloy layer irradiated with swift U ions taken from differ
ent regions of the sample. The small arrows indicate the tracks~P!
shows GeAs precipitate,~d! shows enlarged image of a 11.5-n
GeAs precipitate.
04531
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one of the most critical parameters. For a Si12xGex alloy, the
melting temperature increasesmonotonically from 938 °C
~Ge! to 1412 °C~Si!. Thus as a consequence we should e
pect track formation in pure Ge or in Ge rich alloys. Anoth
discrepancy concerns the thermal resistivity of Si12xGex .
According to Refs. 17 and 21, the thermal resistivity
Si12xGex alloys at room temperature reaches a maximum
the compositional range ofx50.2– 0.4. Layers of such a
composition are located in the buffer layer of our sample
contain only few dots. Finally, there is also an importa
argument in favor of the thermal spike mechanism given
the ~111! facetted structure of the track core~Fig. 3!: Assum-
ing that the thermal spike is followed by quenching of
liquid phase,1–3 we have to consider recrystallization pro
cesses. It is well known for Si and Ge that the solid-pha
epitaxial growth rate strongly depends on the crysta
graphic orientation being fast for the~100! and slow for the
~111! orientation.22 A very similar observation is also re
ported for ultrafast melting by laser pulses where the liqu
phase growth velocity ofn is larger than 10 m/s.23–27 In this
case the ratio of the growth velocities is found to be ab
n100/n11151.65.24 Different values ofn100 and n111 are re-
lated to two individual interface morphologies and solidi
cation mechanisms, one within 15° of the@111# orientation
and a second for the remaining orientations.25,26 In the first
case, the morphology of the liquid-solid interface is atom
cally smooth and the melt solidifies via two-dimension
nucleation followed by ledge motion.25,27 This results in an
undercooling of the melt of about 35 K.26 For interfaces
more than 15° from the@111# orientation, the undercooling
value is about 22 K and the interface is atomically rough.25,26

There is strong evidence in this case that the solidification
a laser-induced melt occurs via lateral passage of$111%
planes.27 Thus the solidification of the melt inside the trac
starts with a nearly circular interface and gradually tra
forms to a~111! facetted shape with simultaneously decre
ing solidification rate. At the beginning of the recrystalliz
tion process, atomically rough interfaces and the h
solidification rate produce a large number of point defe
and defect clusters preferably at the periphery of the tra
When the regrowth slows down, the~111! interface is finally
reconstructed and the steady-state regime of solidifica
leads to a nearly defect-free epitaxial growth.

We therefore suggest that the quality of the crystal latt
reconstructed during the melt solidification is a critical p
rameter for track formation in crystalline semiconductors.
the case of a defect-free single-crystalline Si or Ge mat
molten tracks are surrounded by a perfect crystal and epi
ial recrystallization can occur during quenching of the th
mal spike. Undistorted covalent bonds fixed at the tetrahe
angles ensure good quality of the epitaxial regrowth of
track. However, at high regrowth velocities, the reco
structed crystal is obviously not perfect but includes a nu
ber of defects as, e.g., registered by DLTS.11,12The situation
is different if the crystal matrix contains already a large nu
ber of defects; then the recrystallization at the track interf
may be hindered and the liquid is quenched as amorph
phase~see, e.g., Refs. 5–8!. A crystalline matrix consisting
of atoms of very different masses, size, and type or length
6-3
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the atomic bonds can also be considered as strongly defec
because the foreign atoms change the atomic order in
host matrix. In this case, the quality of the reconstructe
lattice will be affected by differences in the atomic structur
of the melt and solid phase, which may depend on the co
position of the given alloy. In Si12xGex alloys, X-ray-
absorption fine-structure~XAFS! measurements of strained
and relaxed alloys MBE-grown on Si~001! substrates28,29

have recently confirmed the dominant~60–71%! Bragg-
Pauling character of the composition dependence of the bo
length. The strain in crystalline Si12xGex alloys is obviously
mainly accommodated by a change of the bond angle rat
than bond length.28 In addition, for relaxed single-crystalline
Si12xGex alloys, the composition significantly influences th
bond length of Si-Ge and Ge-Ge.28,29 In contrast to crystals,
the bond length and the angles do not depend much on
composition if the Si12xGex alloy is in the amorphous
state.29,30 Assuming similar behavior of amorphous and liq
uid phases, a significant change of bond length and ang
should occur during track solidification accompanied by a
increased probability of incorporating defects into the r
grown lattice. This assumption is in good agreement wi
experimental data of solid-phase epitaxial growth o
Si12xGex alloys.31–33 In particular, the nonmonotonic com-
positional dependence of both the activation energy and
pre-exponential factor of the solid-phase crystallizatio
velocity31,32was interpreted by the presence of ‘‘microscop
strain’’ due to differences of the actual bond length and th
natural bond length33 at the interface of the amorphous an
crystalline Si12xGex alloy.

The formation of ion tracks will also be affected by othe
processes such as segregation of the dopant and/or crea
of a new phase. It was demonstrated that Si12xGex alloys
grown by nonequilibrium methods have ordered regions,34,35

where Ge-Ge and Si-Si dimers are preferentially arranged
various planes. During epitaxy, the formation of 231 or-
dered structures can be formed due to segregation of Ge
the Si/Ge interface.35 Similarly, a surface segregation o
common dopants in Si and SiGe alloys occurs during epita
ial growth.36 The presence of arsenic on the~001! surface of
Si also has the deleterious effect of reducing the regrow
rate.37

Swift heavy ion induced formation of 5–10-nm large
GeAs precipitates in the Si0.5Ge0.5 regions heavily doped
with As @Figs. 4~b! and ~d!# can probably be used as an
w
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approach for controlled creation of quantum dots~QD’s!.38

Regular arrays ofequidistant semiconductor islands o
sphericalshape andidenticalsize can be achieved by apply
ing the following two steps:~i! MBE growth of a multilayer
system consisting of several-nm thin Si0.5Ge0.5 layerssuper-
saturatedby As and alternated by equilibrium layers,~ii !
irradiation of the multilayer system with swift heavy ion
Due to the long ion range, even three-dimensional arrays
QD’s may be produced. In addition to the number of laye
the density of the precipitates can be controlled by the ir
diation fluences up to 1011– 1012 cm22. Their size is deter-
mined by the track diameter~typically around 5–10 nm! de-
pending on the ion species and energy loss. The density
size characteristic of such precipitates are optimal for m
type of quantum dots.38 Moreover, the nucleation and growt
of the precipitates in the sample volume dictates their n
spherical shape which is advantageous compared
pyramide- or hut-shaped islands usually obtained with
Stranski-Krastanov growth mode.38 In copper oxide glass,
nucleation of Cu clusters induced by MeV ion irradiation h
recently been reported by Valentinet al.39 However, the clus-
ter formation did not occur by room-temperature irradiatio
but required a post-irradiation thermal annealing process.
though MeV ion irradiation seems to trigger nucleation
nanoclusters,39 any direct correlation with individual tracks
is not clear. It should be emphasized that in our case,
observe nanoprecipitates directly created inside the
tracks.

V. SUMMARY

In conclusion, by using transmission electron microsco
it is demonstrated that 1.3-GeV U ions create discontinu
tracks in single-crystalline Si12xGex alloys. The composition
of the Si12xGex alloy and the arsenic doping have an infl
ence on the morphology and atomic structure of the trac
Strong indications are presented that track formation in se
conductors is linked to the quenching of a melt phase a
subsequent imperfect recrystallization.
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