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Evidence for a compressed fluid phase of Xe clusters
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Abstract. We report on the formation and detection of a compressed fluid phase of Xe clusters in as-
implanted Si, at room temperature. The simultaneous structural characterization of the Xe clusters and
of the Si matrix was performed by X-ray diffraction at grazing incidence coupled with two-dimensional
detection; in both cases, the nearest-neighbor distance and the coordination were obtained. In order to
investigate the early stage of the atomic inclusion and the cluster segregation, the average compression
and size of Xe fluid clusters within the amorphous Si matrix were explained within the simple Hard Sphere
model.

PACS. 36.40.-c Atomic and molecular clusters – 61.43.-j Disordered solids – 61.25.Bi Liquid noble gases

As it is well known, rare gas clusters can be formed
in a metal or semiconductor by means of ion implanta-
tion [1–11]. These clusters can be found in the solid phase,
often epitaxially aligned with the matrix and therefore
crystalline and overpressurized by the large pressure ex-
erted by the host lattice. Many parameters such as the im-
plant ion fluence and temperature, the thermal treatment
of the implanted sample and the matrix configuration play
an important role in the growth of these agglomerates.
The early phase configuration of the rare gas in the as-
implanted sample is still not clear: whereas for light rare
gases such as Ne or Ar, solid clusters were detected prior
to any annealing [5,7–9], for the heavier ones, Kr and Xe,
many efforts seeking to investigate the initial agglomera-
tion stage in the as-implanted matrices, failed [2,4,10,11].
In these cases, e.g., no EXAFS (Extended X-ray Absorp-
tion Fine Structure) oscillations were detected [2,4], al-
though clear evidence of rare gas clustering was sometimes
obtained [4].

Furthermore, it is also quite controversial whether the
cluster segregation and confinement can be obtained in the
early stage of the atomic inclusion or whether it is driven
only by a thermal treatment in crystalline or amorphous
phase: in fact, the cluster configuration can be dramat-
ically dependent on the matrix phase, whenever the im-
plantation process induces the amorphization of the sub-
strate along the ion path. This is the case of a Si crys-
tal implanted at RT, whereas metals [4] remain in crystal
phase after implantation.
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Of course, the limited experimental resolution can rep-
resent an obstacle towards the detection of subtle effects.
In this paper, we report on a successful investigation of
Xe as-implanted Si: for the first time, we obtained the
X-ray structural characterization of Xe clusters (including
nearest- neighbor (nn) distance and coordination) show-
ing evidence for the formation of a Xe compressed fluid
phase prior to any annealing. Also the Si matrix was si-
multaneously checked and verified to be in an amorphous
phase; here too, nn distance and coordination were mea-
sured. The simultaneous characterization of both the ma-
trix and the Xe inclusions was possible using a new X-ray
diffraction method which combines grazing incidence ge-
ometry, highly collimated, very intense Synchrotron Radi-
ation beams and two-dimensional detection. This method
permitted the maximization of the implanted thin layer
contribution [12–14]. Here, we compare an X-ray diffrac-
tion study of two Si samples, one implanted at high fluence
(1017 at/cm2 at 350 keV, labelled “H”) and the other im-
planted at a lower fluence (1.5× 1016 at/cm2 at 200 keV,
labelled “L”).

In these conditions the implantation profile has a
Gaussian shape centered at about 1000 Å below the ma-
trix surface [15]. In order to maximize the scattering from
the buried layer rich in Xe we used the grazing incidence
geometry near the critical angle for total external reflec-
tion (≈ 0.1◦). The experiments were performed at the Eu-
ropean Synchrotron Radiation Facility on beamline ID09.
An extensive description of the experimental arrangement
can be found in references [12,14]. The grazing angle is
chosen by looking at the reflectivity curve of the sam-
ple. The presence of the rare gas-rich layer is revealed
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Fig. 1. (a) Diffraction image (A) and background (B) of
the sample H: the background (B) obtained from the non-
implanted part of the sample is subtracted from the original
image (A) to obtain the difference image (C). In the difference
image the arrows show the diffuse rings produced by the amor-
phous phases present in the buried implanted layer. (b) Raw
intensity functions I(q) of the investigated samples obtained
from the azimuthal integration of the difference images.

by a step above the critical angle for the air-Si interface.
Here, we set the grazing angle and we collected the diffrac-
tion pattern onto flat imaging plates (IP) placed at normal
incidence at 344 mm from the sample with an integration
time of two minutes. The working X-ray wavelength was
λ = 0.4618 Å. The quantity of implanted material corre-
sponds to few monolayers in equivalent thickness, there-
fore, the diffraction patterns consist of the weak scattering
signal from the Xe-rich layer superimposed on the scat-
tering from the single crystal matrix, i.e. Bragg spots,
Thermal Diffuse Scattering (TDS) and Compton radiation
(image A in Fig. 1a). This highly patterned background
is subtracted directly in the image by taking a reference
background pattern of the non-implanted part of the sam-
ple in the same grazing incidence condition (image B in
Fig. 1a). The result is shown in image C of Figure 1a
for sample H. In the background image the main feature
is the hexagonal distribution of diffuse radiation coming
from the (acoustic) phonon scattering. Since the intensity
of the TDS has a linear dependence on the volume we have
scaled the background pattern in order to obtain a differ-
ence image with the minimum TDS contribution. The ex-

tra features still visible in the difference image are mainly
coming from saturated regions of the IP. The difference
pattern shows diffuse rings at q ≈ 2 Å−1 and q ≈ 4 Å−1

(q being the exchanged momentum 4π sin(θ/2)/λ at the
scattering angle θ) which are produced by the amorphous
phases formed in the buried layer damaged by the ion
bombardment [16]. An azimuthal integration is then per-
formed in order to obtain the intensity function I(q) after
having masked the residual extra features in the difference
image. These are shown in Figure 1b for both samples.
The intensity functions are remarkably different in the
two samples; in particular, the first peak is much higher
than the second one in sample H. This fact suggests ei-
ther a strong structural change in the amorphized Si phase
when implanted at higher doses or more likely the appear-
ance of a disordered phase related to the implanted Xe.
To test these hypotheses we applied the standard analy-
sis for X-ray scattering data from disordered systems (see,
e.g., Ref. [17]) supposing at start the presence of the Si
amorphous phase (a-Si) only. This procedure consists in
converting the elastically scattered part of the scattering
intensity into electron units, Ieu , calculating the structure
function S(q) from:

S(q) =
Ieu − f2(q)
f2(q)

(1)

where f(q) is the Xe atomic scattering factor. The S(q)
contains already all the structural information we are look-
ing for, but very often a Fourier Transform is performed
to obtain the pair correlation function G(r) which gives
direct access to the structural information such as coordi-
nation distances and coordination numbers, i.e.,

G(r) = 1 +
1

2π2rρ0

∫ ∞
0

qS(q) sin(qr)dq (2)

ρ0 being the site density of the material.
Both functions S(q) and G(r) can be used to struc-

turally characterize a disordered system, depending on the
q-range and quality of the data as well as on the system
itself. In the limited q-range (qmax ≈ 7 Å−1) the functions
G(r) can be efficiently used to extract accurate structural
parameters especially by comparison with literature data.
The functions S(q) and G(r) for both sample are shown
in Figure 2. The G(r) has often a spurious peak at small r
values caused by small “low frequency” errors in S(q) pro-
duced in the data treatment (normalization, background
subtraction, etc.) A very effective method to correct for
such errors is a refinement procedure based on a Fourier
transform where G(r)− 1 is reinverted with a cut-off at a
fixed r value to give the corrected S(q). This method was
applied to sample L where the a-Si phase is clearly rec-
ognizable, whereas for sample H the unrefined S(q) and
G(r) are presented. In both cases the data were extrapo-
lated in the missing region around q = 0. The S(q) and
G(r) obtained with the refining procedure described above
are compared with literature X-ray data derived from ref-
erence [18], as shown in Figure 2. The comparison clearly
demonstrates the presence of the a-Si phase character-
ized by a 3-dimensional random network of tetrahedrally
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Fig. 2. Experimental functions (a) S(q), (b) G(r) obtained by
considering the presence of the a-Si phase only. The curves of
the sample L are compared with the a-Si phase obtained from
reference [18].

bonded atoms. The first and second neighbor distances
are R1 = 2.38(1) Å and R2 = 3.78(1) Å respectively, very
close to those reported in reference [18] (R1 = 2.36 Å,
R2 = 3.77 Å by using the same fitting procedure). The
small deviations observed mainly in the S(q) can be likely
ascribed to the different sample preparation and/or to the
influence of the Xe in the damaged Si matrix. The results
show a remarkably different situation for the sample im-
planted at higher dose. The I(q) and S(q) show both a
redistribution of the intensity and a change of the peak
positions (see Fig. 1). This causes in the G(r) a notice-
able decreasing amplitude of the peaks at 2.3 Å and 5.7 Å
and a displacement of the second peak closer to 4 Å (see
Fig. 2). Since Si and Xe are non-miscible, we are actually
observing the coexistence of two phases: the previous a-Si
phase plus a disordered condensed phase of the implanted
Xe. To prove such hypotheses we have subtracted the a-Si
phase as obtained from the sample L in the intensity func-
tion of the sample H in order to minimize the peaks in
the G(r) at 2.3 Å and at 5.7 Å which should be ascribed
to the a-Si only. The result of the subtraction is shown
in Figure 3 where we can easily recognize a simple-liquid
like intensity function. The intensity function obtained for
the Xe phase was treated in the same way as previously

Fig. 3. The extraction of the intensity function of the Xe phase
as obtained by subtracting the a-Si phase of the sample L from
the sample H. For clarity the curves H and L are vertically
shifted.

described to get the S(q). Since in rare gas systems the
interaction is of Van der Waals type, the S(q) was inter-
preted in terms of the Hard-Sphere model and compared
with literature data. A known solution of this model is
the Percus-Yevick integral equation which gives a simple
form of the liquid structure factor for a system of spheres
of diameter D which depends only on the effective packing
density of the fluid (see Ref. [19] and references therein),

S(q) + 1 =
1

1− ρ0Z(q)
(3)

where Z(q) is given by

Z(q) = −4πD3

∫ 1

0

s2 sin(sqD)
sqD

(a+ bs+ cs2)ds (4)

a, b and c are functions of the packing density parameter
η, the fraction of the total fluid volume occupied by the
spheres:

η = (π/6)ρ0D
3

a = (1 + 2η)2/(1− η)4

b = −6η (1 + η/2)2/(1− η)4

c = −(1/2)η (1 + 2η)2/(1− η)4. (5)

We have firstly applied the model to X-ray data for liquid
Xe near the triple point obtained from reference [20]. In
Figure 4 is shown the fit of the structure function with
equation (3) having D and η as free parameters. With
spheres of D = 4.094 Å which occupy a volume frac-
tion η = 0.478 we can reproduce the main features in
the S(q) (Fig. 4a) and account for the pair correlation
function having ≈ 9 first neighbors at a distance about
4.37 Å (Fig. 4b). We attribute the apparent sharper mod-
ulations of the model mainly to the lack of momentum
resolution in the literature data. The same model applied
to our structure function is shown in Figure 4c.

The HS model reproduces the experimental S(q) even
better than in the previous example with significantly
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Fig. 4. The HS model applied to the S(q) for (a) liquid Xe at the triple point (data from Ref. [20]), (b) the correspondent
G(r). (c) and (d) as above, for our data.

Table 1. Comparison of the structural parameters as obtained from a Gaussian fit of the 1st peak in the 4πr2G(r) and from
the Hard-Sphere model.

1st neigh. dist. [Å] 1st coord. n. D [Å] η

Liquid Xe 4.37 ± 0.01 9± 1 4.094 (0.005) 0.478 (0.005)

Xe clusters 4.22 ± 0.01 6± 1 3.837 (0.005) 0.377 (0.005)

smaller values for the sphere diameter (D = 3.837 Å)
and the volume fraction η = 0.377. These reduced val-
ues confirm the presence of a Xe fluid phase. A smaller
sphere diameter and a reduced volume fraction (Tab. 1)
account for a G(r) having a broader first peak at a shorter
distance of about 4.22 Å (Fig. 4d). A reduced first neigh-
bor distance implies an overpressurized state related to
nanometer sized particles.

We emphasize that the lattice contraction is here as-
sumed as a consequence of the overpressurization; strictly
speaking, an overpressure on the clusters should be re-
ferred to the equilibrium pressure, which, for a spherical
particle in a Si matrix, is of the order of 2γ/R where γ is
the silicon surface tension and R the particle radius.

Such compression in small particles due to the sur-
face stress is a very well known effect [21]. The small
size of the particles could also explain the 20% reduction
in volume fraction, i.e., the high surface-to-volume ratio
could be responsible for the reduced average coordination
number with respect to the usual liquid state. We there-
fore believe to have evidence of a disordered condensed

phase for implanted Xe formed by small fluid bubbles in
an overpressurized state. Using the average coordination,
the volume and surface density of solid Xe we can now
estimate the average diameter of these Xe bubbles [22]
as about 20 Å, with a pressure acting on the bubbles of
the order of 1 GPa [11], a value comparable to the pres-
sure at the liquid-solid phase transition at room temper-
ature (0.43 GPa [23]); whereas, assuming for Si the value
γ = 0.625 J/m2 [10] we obtain an equilibrium pressure of
1.25 GPa; note that the non-uniform size of the clusters
causes an uncertainty lower than 10%.

It is certainly true that the Percus-Yevick equation just
describes the random packing of rigid spheres in close con-
tact. Therefore, such approximation should be sufficiently
accurate for the high density systems such as those we are
treating in the present paper. However, for dilute systems
(let’s say η = 0.1–0.2) an attractive potential might be
included for a better description of the S(q).

We have tried to include this attractive term in our
fit by taking as solution for the S(q) the potential given
in reference [24]. The fit model considers two additional
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parameters, i.e. the depth ε of the well (in units of kBT )
and the width δ (in units of D plus 1). The fitted param-
eters are:

D = 3.844 Å; η = 0.370
ε = 0.225; δ = 1.20.

The values found for D and η with the Sharma model [24]
are very close to those obtained with the simple Hard-
Sphere model and therefore the conclusions of the present
manuscript are confirmed.

It is worth pointing out the result of a Xe cluster en-
semble as a condensed disordered phase since the data do
not show any long range order as found, e.g., in crystalline
agglomerates where a second and third coordination shell
is visible; the clusters are therefore fluid (or in an equiva-
lent configuration, amorphous as the Si matrix), and some-
what pressurized since the nn distance results contracted
with respect to a Xe crystal at low temperature. Another
possible interpretation of the present data could suggest
an ensemble of solid Xe crystallites randomly oriented;
in fact, nanocrystallites should give broadened diffraction
rings similar to those observed in the present paper. How-
ever, the diffraction pattern should distinguish a fluid (or
amorphous) phase from that of solid crystallites owing to
some longer range order absent in the fluid.

In conclusion, we studied Xe in as-implanted Si crys-
tals by means of grazing incidence X-ray diffraction and
area detectors. By a proper choice of the grazing angle
it is possible to maximize the scattering from the Xe-rich
buried layer with respect to the matrix contribution. All
the extracted intensity functions come from amorphous
phases. In samples implanted at lower dose we have found
the well known intensity function from the a-Si phase
which is produced by the ion bombardment. In the ”high
dose” implanted sample we have observed an excess in
the scattering which we ascribe to the implanted Xe. By
subtracting the a-Si phase we could extract a liquid-like
structure function which has been interpreted in the frame
of the Hard-Sphere model. The fitted structural parame-
ters show a 3% contraction in the first neighbor distance
and a 20% reduction in the volume fraction with respect
to the Xe liquid phase at the triple point. We interpret the
results as due to a condensed disordered phase of the Xe
formed by an aggregate of nanometer-sized fluid bubbles
in a overpressurized state. This phase constitutes the very
early stage of the agglomeration of the Xe atoms in a con-
densed state which takes place during the implantation
process.

We wish to acknowledge the staff of ESRF for the excellent
assistance during the experiments.
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