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We report the first experimental investigation of Xe bubbles in Si single crystals by extended
x-ray-absorption fine-structure (EXAFS) spectroscopy. Measurements have been performed on
the Xe L3 edge at 70 and 300 K, on both as-implanted and annealed samples. Implanted doses
up to 10'7 atoms/cm? have been investigated. The as-implanted samples did not show any EX-
AFS structure, revealing that the gas is randomly diffused in the host matrix either in an atomic
configuration or in small gaslike aggregates. By way of contrast, annealed samples show an EX-
AFS structure due to the presence of Xe bubbles in the fcc crystalline phase. The observation of
a temperature-dependent average Xe-Xe nearest-neighbor distance in the bubbles is shown to be
related to the overpressure on the bubbles due to the host matrix. These results are in excellent
agreement with independent thermodynamic calculations.

Rare gases introduced in a metallic or semiconducting
solid matrix by ~ 100-keV ion implantation are not misci-
ble with the matrix and hence tend to agglomerate in clus-
ters or bubbles.! ~!2 To date, the properties of these ag-
glomerates have been studied mainly by transmission elec-
tron microscopy (TEM),*~7 energy-loss spectroscopy,’
small-angle x-ray scattering, !> and Doppler-shift attenua-
tion'® techniques, as a function of preparation conditions,
implanting dose and energy, annealing temperature, and
time. The most investigated rare gases are the lightest
ones such as He, Ne, and Ar. In particular, for Ar-
implanted samples at a dose of 6 10'> atoms/cm?, bubble
formation occurs during the implantation process; the
cluster dimensions grow considerably during annealing
with microtwins development.® At lower doses no bubble
formation has been detected even after annealing. For
heavier rare gases (Kr) no bubble formation occurs in
both as-implanted samples and in samples annealed at
525°C for 180 min;’ a higher annealing temperature is
necessary before small bubbles become detectable. The
fraction of gas in a solid, liquid, or gaslike phase strongly
depends on the implanting dose. For Ne implanted in Al,
bubbles have been found in liquid phase, while 2 at. % Ar
in Al is solid at room temperature.! Recent TEM investi-
gations on various metals and semiconductors implanted
with Ar, Kr, and Xe show solid fcc noble-gas clusters epi-
taxially grown in the metal.'> ™3 Moreover, the Xe lattice
parameter has been found to change with the host matrix,
and to increase during annealing. Assuming this lattice
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expansion is related to the pressure acting on the bubble,
then the Ronchi equation of state'? is no longer valid and
this implies that there is a large uncertainty on the
effective overpressure produced by the host matrix on the
cluster.

The large phenomenology associated with these systems
strongly motivates us to investigate the conditions under
which clusters are formed, their phases, and the relation
between their lattice parameter and the size-dependent
overpressure on the bubbles.

To clarify this situation we measured the extended x-
ray-absorption fine structure (EXAFS) on Xe-implanted
Si single crystals. The site specificity and the local struc-
ture sensitivity of this technique '*! are used to determine
the interatomic distances, coordination numbers, and
Debye-Waller factors of the Xe atoms. Such a direct
measurement of the Xe-Xe first neighbor distance has al-
lowed the temperature-dependent overpressure of the Si
host on the Xe bubbles to be determined.

Si(111) single crystals were implanted with Xe at 100
keV or at 300-200-100 keV with doses ranging from 10"
atoms/cm? up to 10'7 atoms/cm?. At the maximum dose
the implanted ions penetrate about 400 A with a spread of
about 400 A. At the implanting temperature 7=300 K
the matrix is amorphized by the projectiles. All samples
were studied as implanted and after annealing at 600°C
for 30 min. The doses of samples were checked by using
Rutherford backscattering analysis.

X-ray-absorption spectra (XAS) were registered on the
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Puls x-ray beam line at the Frascati Synchroton Radia-
tion facility. The radiation was monochromatized with a
Si(111) channel-cut crystal. The spectra were recorded in
the energy range 4780-5100 eV by monitoring the Xe L3
fluorescence yield. During the measurements the implant-
ed samples were oriented at a few degrees with respect to
the x-ray beam to maximize the area contributing to the
absorption. The samples implanted with higher doses
were measured both at room temperature (RT) and at 70
K. XAS spectra were also recorded on Xe gas at RT. In
what follows a Xe L3 XAS spectrum recorded at 5 K, re-
ported in the literature,'® will be used as reference com-
pound in our EXAFS data analysis.

As shown in Fig. 1(a), at all doses the as-implanted
samples show no EXAFS signal on the high-energy side of
the L3 edge, thus revealing that the Xe atoms are random-
ly diffused in the host matrix either in gas-phase bubbles
or in atomic form. On comparing Fig. 1(a) with the ab-
sorption spectrum of Xe gas [Fig. 1(b)], we note that the
characteristic gas-phase multielectron excitation at about
12 eV above the L3 edge is absent in the Xe-implanted
spectra. This suggests that interaction of Xe atoms be-
tween one another and/or with the matrix is non-
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FIG. 1. Absorption spectra of Xe near the L3 edge: (a) as-

implanted sample observed at 7=300 K, (b) gas at room tem-
perature, and (c) implanted and annealed samples observed at
T=70 K.

RAPID COMMUNICATIONS

13469

negligible. By providing extra charge needed to screen the
Lj core hole, this interaction causes disappearance of the
multielectron excitation and is also responsible for the
broadening of the white line. By way of contrast, at doses
higher than 5x10'¢ atoms/cm? all the annealed samples
present EXAFS oscillations [Fig. 1(c)]. This implies that
ordered Xe bubbles are present in a condensed phase, ei-
ther liquid or solid. At lower doses no significant EXAFS
signal could be detected, indicating that at such doses only
a small percentage (less than few percent) of Xe atoms
are present in the form of condensed-phase bubbles.

In the following we will concentrate on the EXAFS re-
sults obtained for a typical sample (three-step implanting
energy 300-200-100 keV; implantation dose of 10!
atoms/cm?), measured as-implanted and after annealing.
Standard data analysis was performed for extracting the
EXAFS from the spectra.

Figure 2 illustrates the Fourier transform (FT) of the
spectrum taken at 70 K [Fig. 2(a)l, together with that of
crystalline Xe from Ref. 16 [Fig. 2(b)]. Note how at 70
K the sample shows the presence of higher neighbor
peaks, which correspond to the second and third coordina-
tion spheres of an fcc crystal structure, and therefore indi-
cate that the Xe atoms inside the bubbles are in crystal-
line phase. Quantitative analysis involved only the first
coordination shell using the crystalline Xe spectrum as the
standard. The obtained values are reported in Table I.

We shall discuss the obtained results as follows: (i) in-
teratomic distances, (i) coordination numbers, and (iii)
Debye-Waller factor.

(i) We find (see Table I) that the lattice parameter is
smaller than that in crystalline Xe, indicating that the Xe
bubbles are overpressurized at both temperatures, the host
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FIG. 2. Magnitude of the Fourier transform of Xe EXAFS
spectra: (a) implanted and annealed samples observed at 7 =70
K. The EXAFS spectrum has been weighted by &, and (b) crys-
talline Xe, as reported in Ref. 16.
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TABLE I. First coordination shell Rnn distance in implanted
and annealed samples compared with the value reported in Ref.
16 for crystalline Xe; coordination number N/N, for the first
coordination shell of the bubbles compared with that of crystal-
line Xe; Ao =02 — o is the increase of the Debye-Waller factor
at 70 K with respect to crystalline Xe at S K.

Samples Rnn (R) N/No Ac? (A?)
Xe (300 K) 3.94 £0.05 0.08 -
Xe (70 K) 4.231+0.05 0.28 0.008 +0.001
Xe (crystalline) 4.35%0.01 1 0

pressure being larger at 300 K than at 70 K. The
nearest-neighbor distance (NN) of the sample at RT is
0.41 £0.06 A shorter than in the crystal due to the non-
negligible overpressure on the bubbles. At 70 K the NN
distance contraction is reduced to 0.12 % 0.06 A since the
mean pressure acting on the condensed bubbles decreases
at lower temperature. Using diffraction results of Zis-
man, Alehsandrov, and Stishov,'” and Asaumi'® on pres-
surized Xe crystals and our Xe-Xe measurements, we can
determine the average pressure acting on the bubbles to
be 3.5 GPa at 300 K and 0.55 GPa at 70 K.

(ii) Table I also lists the values of the relative coordina-
tion number N/Ny, N and Ny being the coordination
number of the Xe atoms in the bubbles and in the crystal,
respectively (Vo =12 since Xe crystallizes in the fcc struc-
ture). We believe that the low-NN values obtained consti-
tute evidence that only a fraction of the total Xe atoms
are in condensed phase, the most being still present in the
form of gas-phase bubbles. In fact, a mixture of gaseous
Xe and solid Xe bubbles will both contribute to the ab-
sorption coefficient but only the latter will show an EX-
AFS signal. Accordingly, the apparent coordination num-
ber measured by EXAFS, i.e., N/No=a., is closely relat-
ed to the atomic percentage of Xe in the condensed phase.
We recall that even in the crystalline phase, small clusters
have a high surface-to-volume ratio and this may consid-
erably reduce the number of Xe atoms with bulk coordi-
nation. The fact that at 70 K the relative intensities be-
tween the first, second, and third shells are comparable to
those of crystalline Xe indicates that the distortion intro-
duced by the surface atoms is small. The size distribution
of the bubbles in the matrix does not allow an absolute
determination of the real percentage of atoms in crystal-
line phase, but the relative increase of a. at 70 K clearly
indicates that only a small fraction of Xe is crystalline at
room temperature. On lowering the temperature from RT
to 70 K, the number of Xe atoms in crystalline phase in-
creases, even though the pressure of the Si host decreases.

(iii) The data quality of the spectrum recorded at 70 K
is good enough to allow reliable evaluation of the
difference o?—o2=(8+1)x10"3 A? between the
Debye-Waller factors of the implanted sample, o2, and
that of 5-K Xe crystal, 2. To find the absolute value o2,
we have estimated oZ in the Debye approximation, using
the known Debye temperature for crystalline Xe (8p =64
K): the value obtained is 62=7.5x10 "> A2, and there-
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fore 02=(15.5+1.0)x10 "> A2, This value is almost a
factor of 2 lower than that expected for Xe at atmospheric
pressure and 7 =70 K, which in the Debye approximation
is24x10 3 A%

This last result gives a measure of the hardening of the
Xe lattice due to the overpressure. The experimental
value of o can be accounted for by increasing the Debye
temperature of the overpressurized bubbles: for a 8p =80
K the calculated Debye-Waller factor (15.7x10 73 A2) is
in fact in agreement with the experimental one
[(15.5%1.0)x10 ~3 A2]. Such an increase in 6p is also
in agreement with previous work on Ar in Al, by Rossouw
and Donnelly,? who found that the Debye temperature is
increased by the overpressure from the bulk value of 70 K
to one of about 140 K due to the overpressure.

A quantitative estimate of our increased 6, is obtained
by using the thermodynamic relation

- alnep
dlny ’

where y¢ is the Griineisen constant and V the volume; the
isothermal compressibility 8 with respect to the pressure P
is given by

_ 0lnV
p oP

Resolving these two equations for 8p, we obtain

-YG

QD(P) =91)(P0)6Xp [fP:}’GﬂdP] s

where Py is the atmospheric pressure and 8p(Py) =64 K.

Assuming the values reported by Asaumi'® of §=0.13
GPa and y; =2.61, we get 8p =78 K for Xe bubbles at
0.55 GPa, in very good agreement with 6p =80 K es-
timated from the NN distance.

We emphasize that in calculating 8p for the bubbles,
two uncorrelated experimental quantities (NN distance
and Debye-Waller factor) have been used. Such internal
consistency gives us confidence in the reliability of our in-
terpretation.

In conclusion, we have used EXAFS spectroscopy to ex-
tract clear evidence that crystalline Xe bubbles are
present in a Si matrix. We have shown that these bubbles
are overpressurized; from the lattice parameter contrac-
tion we have calculated the mean value of the pressure
acting on them. Using thermodynamic relations, we have
also shown that the overpressure on the bubbles causes an
increase in their Debye temperature.
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