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Abstract. We report on an X-ray diffraction study performed on Xe agglomerates obtained by ion implan-
tation in a Si matrix. At low temperature, Xe nano-crystals were formed in Si with different average sizes
according to the preparation procedure. High resolution diffraction spectra were detected as a function of
the temperature, in the range 15–300 K, showing evidence of fine structure effects in the growth mode
of the Xe nanocrystals. We report the first experimental observation of fcc crystalline agglomerates with a
lattice parameter expanded by the epitaxial condensation on the Si cavities, whereas for small agglomer-
ates randomly oriented evidence of a contracted lattice was found. For these nanocrystals, a solid-to-liquid
transition temperature, size dependent, was detected; above the transition temperature, a fluid phase was
observed. Neither overpressurized clusters were detected at any temperature, nor preferential binary size
distribution as reported for a metal matrix.

PACS. 61.10.Nz X-ray diffraction – 61.46.-w Nanoscale materials – 81.07.Ta Quantum dots

The confinement of rare gas clusters into a solid matrix
can be easily obtained by ion implantation. In the last two
decades, in fact, such agglomerates were observed [1–15]
often in a pressurized solid phase, even at room tem-
perature. For these observations, several techniques were
adopted, including X-ray absorption spectroscopy [3–5],
X-ray diffraction (XRD) [9,14], and transmission electron
microscopy [12,13].

At temperatures lower than the solid rare gas melt-
ing point, the main features of these clusters appear well
established when the host matrix is a metal [16]; in fact,
nanocrystalline clusters of Kr in Al were observed by XRD
with an apparent dual size distribution [14]; in contrast,
mainly for Kr and Xe in a Si matrix, many controversial
issues were recently raised. Actually, X-ray absorption fine
structure (XAFS) investigation of as-implanted Kr in Si
and Be did not show any evident XAFS structure [5] al-
though clear evidence of clustering was obtained.

In the past, precipitates of Xe in a Si matrix were de-
tected in crystal phase only after annealing [3,12]; this
result was ascribed to the strong influence due to the sub-
strate, since the implantation process at ambient tempera-
ture amorphizes a semiconductor but not a metal, and the
thermal process favors the rare gas agglomeration. How-
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ever, it is still uncertain whether a thermal treatment is
necessary to produce cluster segregation and confinement
in as-implanted semiconductors; in particular for Xe im-
planted in Si, around and beyond the melting point, there
is contrast between the earlier interpretation of XAFS
data [3] and recent XRD investigations [9]; in fact, at room
temperature, the XAFS measurements showed a very low
coordination interpreted as the coexistence of small solid
clusters and large gas-like bubbles; in contrast, XRD data
found evidence of a fluid phase with coordination 6 times
larger. Additional questions are related to the evolution of
the clusters [17], their phase transition as a function of the
temperature, the size dependence of the physical param-
eters, the eventual coexistence of different phases and/or
multiple cluster size distributions.

In more details, the most important questions which
motivate a deep investigation of this topic concern: (i)
whether solid overpressurized Xe bubbles are present, in a
Si matrix, at temperatures larger than the solid Xe melt-
ing point; (ii) whether Xe clusters agglomerate with a pref-
erential (dual) distribution; (iii) the differences induced by
a thermal treatment of the Si matrix in the growth of the
Xe nanocrystals.

For the previous reasons we revisited the Xe cluster-
ing in a silicon matrix, measuring high resolution XRD
spectra as a function of the temperature. Clusters of 45
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and 340 Å (in as-implanted silicon), 140 and 340 Å (in an
annealed matrix) revealed the following surprising char-
acteristics:

(i) fcc solid agglomerates in crystalline phase were found
for temperature under the individual melting point.
Fine structural effects were discovered in the Xe fcc
diffraction pattern; in fact, in as-implanted samples,
for spherical randomly oriented Xe clusters with ra-
dius r = 22.5 Å the influence of the surface tension
2γ/r determined a lattice contraction; on the contrary,
in annealed samples, for 70 Å clusters an expansion
was discovered due to the epitaxial alignment induced
by the Xe condensation on the Si matrix cavities. This
is the first experimental observation of a strain contri-
bution expanding the Xe lattice parameter up to the
transition temperature;

(ii) in contrast with XAFS analysis, no overpressurized
solid bubbles were detected at any temperature. In
fact, above the melting point a fluid phase was always
detected.
In contrast with the behaviour of Kr in Al, no dual or
discrete-size distribution was observed in the annealed
samples;

(iii) a fine structure of the (111) fcc peak was discovered,
and the peak was deconvoluted in a triplet showing
evidence of stacking faults;

(iv) the solid-to-liquid phase transition temperature was
determined with a strong dependence on the cluster
size;

(v) expansion of the lattice parameter was accurately ob-
served as a function of the temperature, in each case.

In this letter we report the most important results ob-
tained by XRD, confirmed by extensive measurements us-
ing transmission electron microscopy, small angle X-ray
scattering and X-ray absorption spectroscopy which will
be published in forthcoming papers.

Here, we compare high resolution X-ray diffraction
spectra of two typical Xe/Si samples, the first im-
planted at high fluence (1017 at/cm2 at 200 keV, an-
nealed 1 h at 700 ◦C) labelled Han, the second implanted
at a lower fluence (1016 at/cm2 at 100 keV, annealed
1 h at 700 ◦C), labelled Lan. The retained Xe dose
checked by Rutherford back scattering was respectively
4.8 × 1016 and 1016 at/cm2; other two samples, not an-
nealed, were prepared as above, but with comparable
doses 5 × 1016 at/cm2. The first Has, as implanted, at
high fluence; the second Las at low fluence and somewhat
larger current (corresponding to a substrate temperature
of about 150 ◦C). In these conditions the implantation
profile has a Gaussian shape centered at about 50–100 nm
below the matrix surface.

The experiments were performed at the European
Synchrotron Radiation Facility, on the ID10A station
of the Troika beamline, in the range of temperature
15–300± 0.1 K, at a photon energy 8.079 keV (wavelength
λ = 1.535 Å). The samples were mounted in a closed-loop
displex cryostat sitting on the ID10A four-circles diffrac-
tometer operating in horizontal scattering geometry. Scat-
tering curves as a function of the temperature down to

Fig. 1. (a) Scattering intensity profiles of the sample Han with
D = 340 Å at different temperatures, showing well resolved fcc
diffraction peaks from Xe. Curves have been vertically shifted
for clarity. The simulated fcc pattern for randomly oriented
340 Å clusters at 17.4 K is also shown. (b) Integrated intensity
of the Xe(220) reflection (Q = 2.9 Å−1) as a function of the
temperature showing the sharp melting transition.

15 K have been collected by θs scans, θs being the scatter-
ing angle, with the sample in grazing incidence geometry;
this geometry allows to enhance the signal from the xenon
clusters in the thin layer beneath the surface. The infor-
mation obtainable from scattering measurements concerns
the peak position, intensity and shape. The experimental
resolution ∆Q/Q is smaller than 0.006 (Q being the mo-
mentum transfer, Q = 4π sin θs/λ).

An extensive description of the experimental arrange-
ment can be found in reference [18].

In Figures 1 and 2, the XRD spectra of the samples
Han and Has are displayed for different temperatures;
three main fcc peaks can be easily identified with small
residual background reflections from the Si matrix and
the Be window of the cryostat; after few months, the ex-
periments were repeated at a different photon energy, with
a very nice reproducibility. Similar spectra were obtained
for the other samples.

As clearly visible in the figures, all the peaks and
their evolution as a function of the temperature have re-
vealed, at low temperature, ensembles of solid Xe clusters
in nanocrystalline phase, perfectly matching the fcc con-
figuration. From the peaks, fitted by a pseudo Voight pro-
file, the average cluster size D can be easily determined by
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Fig. 2. (a) Scattering intensity profiles of the sample Has with
D = 45 Å at different temperatures, showing broad diffraction
peaks from Xe. Curves have been vertically shifted for clarity.
The simulated fcc pattern for randomly oriented 45 Å clusters
at 18.6 K is also shown. (b) Integrated intensity of the Xe(220)
reflection (Q = 2.9 Å−1) as a function of the temperature
showing a broad melting transition.

the Scherrer formula D = λ
β cos θs

where λ is the radiation
wavelength and β the full width at half maximum of the
peak located at 2θs.

As well known, being our Xe agglomerates polycrys-
talline, the Scherrer formula gives the average nanocrystal
size of the entire distribution; a more detailed analysis of
the diffraction peaks could derive also the eventual pres-
ence of strain.

For the above mentioned samples we obtain the fol-
lowing average sizes of the Xe nano-crystals:

for Han, D = 340 Å; for Lan, D = 140 Å;
for Has, D = 45 Å; for Las, D = 340 Å.

The obtained cluster size of the annealed samples is due
to the different retained dose. In the as-implanted cases
the higher size is related to the higher substrate tempera-
ture, not high enough however to avoid the amorphization
of the matrix. For all the samples, it can be excluded the
presence of binary size distributions, because the shape of
the peaks could not be deconvoluted in two components
having different width. For comparison in the figures a
simulated spectrum at low temperature for a spherical fcc
Xe cluster of the same size is reported, with the corre-

Fig. 3. Temperature dependence of the lattice parameter of
Xe nanocrystals with the specified size. The size of the symbols
gives the error bar for each point. The highest temperature in
each plot indicates the phase transition limit. The lines are a
guide to the eye.

sponding intense contributions for the (111), (200), (220)
and (311) peaks. The comparison with the corresponding
simulations shows evidence of polidisperse agglomerates
with a spread evaluated, for the annealed samples, in the
order of about 20%. An obvious intensity mismatch is the
signature of strong preferred orientation effects with epi-
taxial alignment with the matrix induced by the thermal
treatment in the annealed samples.

The angular positions of the most intense peaks (220)
and (311) can been accurately determined; they demon-
strate the contribution of Xe fcc nanocrystals with the
mentioned sizes expanding with increasing temperature;
they also permit a precise localization of the solid-to-liquid
transition temperature.

In Figure 3 we show the temperature dependence of the
lattice parameter resulting from fitting the peak positions
of the diffraction lines. By monitoring the integrated in-
tensities, the correspondent solid-to-liquid transition tem-
perature could be easily determined as well.

We find that in the annealed samples the larger
nanocrystals (D = 340 Å) melt at T = 157.5 ± 2.5 K,
the smallest (D = 140 Å) at T = 117.5 ± 2.5 K; in the
as-implanted samples, for D = 340 Å, T = 117.5± 2.5 K,
for D = 45 Å, T = 130 ± 10 K. The range in the temper-
ature indicates the presence of narrow hysteresis effects.
These values compare with the bulk Xe crystal melting
point (161.4 K) at ambient pressure.

Above the transition temperature no detectable
diffraction lines could be revealed and only a smooth in-
tensity distribution with very broad features is left, con-
firming the absence of whatever small cluster in solid
phase.

Note also that for the annealed sample with
D = 340 Å, the lattice parameter is nearly constant at low
temperature, with a value (6.15 ± 0.01 Å) between that
of bulk xenon at 0 K (6.132 Å), and the measured one of
bulk Xe at 50 K (6.166 Å) [19]; near the melting point,
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this value reaches 6.307±0.005 Å, somewhat less than the
value 6.346 Å, deduced from the molar volume predicted
by the equation of state for bulk Xe (38.49 cm3/mol) [20].

For the as-implanted sample having smaller clus-
ters (45 Å), the lattice constant at low temperature is
6.118± 0.005 Å. As the temperature increases a linear lat-
tice expansion is observed and the lattice constant reaches
the value 6.283±0.007 Å, at 135 K well below that of bulk
Xe [20,21].

We discuss now the obtained results, distinguishing the
as-implanted samples from the annealed ones.

In the Has sample (D = 45 Å), at the lowest temper-
ature, the intensity profile shows very broad peaks at the
typical fcc positions of a Xe nanocrystal; as the temper-
ature increases, the diffraction lines shift towards low Q
because of the expansion of the unit cell. The line broad-
ening reflects both the size spread of the Xe agglomer-
ates and the intrinsic single size linewidth. Of course, in
the average of different sizes, weighting factors propor-
tional to the cluster volume play an important role so
that small nanocrystals or diffuse Xe agglomerates have a
minor relative intensity. The spectra of as-implanted sam-
ples show also evidence of a disordered phase even at the
lowest temperature, also due to Xe atoms in fluid phase,
in a kind of network of clusters of various size and of sin-
gle atoms generated by the implantation process. The po-
lidisperse size of the condensed phase does not allow an
unique state and at low temperature only clusters of a
few tens of Å can present the fcc crystal phase. Both the
as-implanted samples show a large melting transition, cor-
responding to a broad size distribution with a melting at
constant volume; here, smaller clusters have smaller lat-
tice parameter because of the effects of the surface tension
T = 4γ/D. This tension can be evaluated: assuming in Si
γ = 0.625 J/m2 [12] we obtain a pressure T = 0.48 GPa,
producing the lattice parameter contraction of 0.06 Å be-
tween the two sizes. As expected, a higher transition tem-
perature corresponds to a smaller lattice parameter.

In contrast with the as-implanted samples, in the an-
nealed ones we obtain well defined and narrower diffrac-
tion lines typical of larger fcc nanocrystals. This confirms
that the annealing favors the agglomeration of larger Xe
clusters, corroborated by the sharp melting transition with
a negligible contribution of surface tension, because of the
larger size. The higher intensity of peaks (220) and (311)
is also the signature of strong preferred orientation effects
induced by the Si matrix, with the xenon epitaxially con-
densated on the wall of the Si cavities. This condensation
explains why smaller clusters have larger lattice parame-
ters, here dramatically influenced by the Si(100) matrix;
we recall that the annealing process has produced the re-
growth of the matrix amorphized by the implantation.
Therefore, in polycrystalline Si cavities, Xe condenses with
a lattice parameter strongly influenced by the lattice mis-
match between Si and Xe. Here too, a higher transition
temperature corresponds to a smaller lattice parameter.

In both annealed and as implanted samples we obtain
(Fig. 3) a Xe lattice parameter expanding as a function
of the temperature; from these data we can then exclude

any compressed or overpressurized phase; such phase, if
present, should increase the melting temperature, as ob-
served for metal matrices; on the contrary, the Xe solid
phase dissolves in a fluid phase already below the bulk
limit. Taking into account that crystalline Si is elastically
a quite stiff material and can withstand large pressures,
we conclude that the observed sharp melting transition
indicates that the volume available for Xe clusters in the
annealed cases is large enough for allowing Xe expansion
without any overpressure.

In the as-implanted samples the shape of the first
diffraction peaks indicates the presence of a dominating
“amorphous” background and suggests the presence of a
large amount of Xe in very small disordered aggregates.

As a matter of fact, these results were confirmed by
wide scans taken with an imaging plate, at low temper-
ature. The imaging plate shows for as-implanted samples
uniform fcc Debye-Scherrer rings due to randomly oriented
Xe clusters; for annealed samples, very textured diffrac-
tion lines are present due to strong preferred orientation
effects, and in addition the (111) line is clearly observed
possessing a fine structure where the main fcc reflection
peak has smaller satellites or shoulders at high and low
Q side. This fact already reported in the literature is re-
lated to stacking faults [22].

Our results confirm that the mechanical equilibrium of
Xe nano aggregates cannot be described only by surface
tension, in agreement with a recent investigation on the
coalescence of Xe nano particles [17].

In conclusion, we reported the first experimental ob-
servation about fine structural modifications in the lattice
parameter of fcc Xe nanocrystals in Si, according to the
growth morphology. In smaller clusters in fact, we found a
lattice parameter expanded by the epitaxial condensation
on the ordered silicon matrix, whereas lattice contraction
is observed for a random orientation of the nanocrystals
in the amorphous silicon matrix; evidence of size depen-
dent solid-to-liquid phase transition was also pointed out,
clarifying the thermodynamical behavior of the Xe aggre-
gates in a semiconductor matrix. Overpressurized phases
have been disproved.

The authors are grateful to ESRF staff for the excellent col-
laboration; thanks are also due to F. D’Acapito for helpful
discussions.
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