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Bimodal distribution of neon nanobubbles in aluminum
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Ne 1s core-level photoelectron spectra from Ne nanobubbles implanted in aluminum exhibit two peaks
whose binding energies and relative intensities change with implantation energy, isochronal annealing, and
sputtering. These changes in the core-level spectra are manifestations of the nanometer size of the bubbles
since the screening of the photohole by the Al conduction electrons depends on the bubble size. Existence of
a bimodal depth and size distribution of Ne nanobubbles is demonstrated in this work: smaller bubbles of about
4 A in radius are formed close to the Al(111) surface while the larger sized bubbles of 20 A in radius exist
deeper below in the beneath subsurface region. A general relation between the radius of the rare-gas bubbles

and their core-level binding energies is established.
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I. INTRODUCTION

The study of low dimensional systems is a subject of cur-
rent research interest because of their intriguing physical
properties and the promise for new technology. Here, we
study a nearly zero dimensional quantum dot-like system
that is formed by a complex process of self-assembly in a
metal matrix. These are rare-gas bubbles of nanometer size
that are produced by implantation of rare-gas atoms in Al.!~10
The nanobubbles exhibit fascinating properties: it has been
reported that overpressurized rare-gas bubbles exist in solid
state at room temperature.' Solid Ar bubbles have been ob-
served to melt at 730 K.? With change in bubble size, tran-
sition between ordered solid and disordered fluid phases has
been observed in Xe.? Evidence of electron interference be-
tween the Al surface and the subsurface Ar bubbles has been
established by scanning tunneling microscopy.* Theoretical
studies relate the bubble formation to the repulsive pseudo-
potential between the rare-gas atoms and the surrounding Al
conduction electrons.> Ne nanobubbles in Al have been stud-
ied by transmission electron microscopy and electron energy
loss spectroscopy, and bubbles of about 13 A in radius were
found to be in fluid state.!

Rare-gas atoms in nearly-free-electron metals provide an
ideal system for studying the response of the conduction
electrons to the photohole generated in the photoemission
final state.®® A decrease in the core-level binding energy
(BE) of the implanted rare-gas atoms with respect to their
gas phase BE was related to the relaxation energy associated
with the screening of the core hole by host-metal
electrons.''~13 In Refs. 8 and 9, we established that the
screening by the Al conduction electrons depends on the size
of the Ar and Xe bubbles. In this work, we apply this concept
to Ne bubbles in Al. Ne being lighter than Ar or Xe, their
mobility and penetration depth would be higher, and this
might result in a different behavior. Indeed, we find a clear
signature of bimodal distribution of the Ne bubble size,
which has not been observed earlier for Ar or Xe.>*89

II. EXPERIMENTAL METHOD

X-ray photoelectron spectroscopy (XPS) has been per-
formed by using an electron energy analyzer from Specs
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GmbH, Germany. The overall energy resolution was 0.8 eV
using 20 eV analyzer pass energy. The base pressure of the
chamber was 4 X 10™"! mbar. Al(111) was cleaned by re-
peated cycles of sputtering using 1-2 keV Ne* and subse-
quent annealing at 723 K to regenerate surface order and to
remove the Ne implanted during sputtering.'* The surface
crystallinity was confirmed by a sharp 1X 1 low energy
electron-diffraction pattern that is characteristic of Al(111).°
Absence of oxygen and carbon contaminations as well as any
remaining Ne implanted during sputtering was checked by
XPS after annealing the specimen to 723 K. Subsequently,
Ne* ions were implanted in situ in normal-incidence geom-
etry at pressure of about 1X 10~ mbar for different dura-
tions at temperatures somewhat higher than room tempera-
ture (=340 K). One monolayer (ML) fluence of Ne atoms
hitting the Al surface is defined to be equal to the number of
Al atoms on the Al(111) surface (1.415X 10'9).%15

The Ne 1s core-level spectra have been fitted by using a
least-squares error minimization routine based on the
Levenberg-Marquardt algorithm'® with two Doniach-Sunji¢
(DS) (Ref. 17) line shapes. The DS lines are characterized by
the peak position, intensity, intrinsic lifetime broadening
[half width at half maximum (HWHM) (=7)], and the asym-
metry parameter («). « and 7y have been taken to be the same
for both lines. To avoid unphysical values of « and resulting
problems with the convergence of the fitting routine, we con-
strained it to be greater than or equal to zero. 7 is constrained
to be =0.135 eV since this is the minimum value for Ne 1s
measured with high resolution in the gas phase.'® In order to
account for the instrumental factors (i.e., the analyzer and the
photon source related broadenings), the DS line shape has
been convoluted with a Voigt function. This Voigt function
can be regarded as the characteristic of the instrument, and is
dependent on photon source and analyzer settings for the
measurements. The parameters defining the Voigt function
(for example, the Lorentzian and Gaussian broadenings)
have been obtained from fitting of the Al 2p core-level spec-
trum of clean Al(111), for which the intrinsic lifetime broad-
ening (2y=30 meV) and « (=0.1) are known from high-
resolution Al 2p core-level studies.'” The Ne 1s spectra have
been collected with the same analyzer settings and hence the
same broadening parameters, as determined for clean Al 2p,
were used. But the rare-gas core-level spectra could not be
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fitted using the instrumental broadening parameters, and it
was obvious that there is an extra broadening. So, both the
Lorentzian and Gaussian broadening parameters were al-
lowed to vary, and only the Gaussian parameter increased
quite substantially from the instrumental value. Hence, it is
clear that the Ne 1s core level has an extra component of
Gaussian broadening over and above the instrument related
Gaussian broadening. The full width at half maximum
(FWHM) (=w,) of this extra Gaussian was varied while the
instrumental Gaussian broadening was kept fixed. w, varied
between 0.6—0.8 eV for the different Ne 1s spectra. It may be
noted that the quality of the fitting is good, as depicted by the
residual, which is within the statistical scatter of the experi-
mental data for all cases.

III. RESULTS AND DISCUSSION

The Ne 1s core-level spectra in Fig. 1(a) exhibit two clear
peaks. This is unexpected because an s level has no spin-
orbit splitting and generally exhibits a single peak. We de-
note these peaks, separated by about 1.2 eV, as Ne 1s, and
1sp. What is even more surprising is that the relative inten-
sities of these peaks change with the implantation energy
(E;). The intensity of Ne 1s, decreases while that of Ne 1sp
increases with E;. For example, at E£;=0.3 keV, the 1s,:1sp
intensity ratio is about 2 while at 5 keV it is 0.4 [inset of Fig.
1(a)]. The intensity ratio decreases sharply up to 3 keV.

The BE of Ne ls, at E;=0.3 keV is 863.5 eV with re-
spect to the Fermi level [lowest spectrum in Fig. 1(a)]. This
is about 2.6 eV smaller in magnitude than the gas phase
value.?”® On the other hand, Ne 1sz has 1.3 eV lower BE
compared to the gas phase. However, with different implan-
tation conditions (E; and fluence), BE shift of both Ne 1s,
and lsp peaks is observed. This is shown by the contour
plots in Figs. 1(b) and 1(c), where AEg is defined as the
difference between the Ne 1s BE in the gas phase and for the
bubble. The shift is also evident from the spectra in Fig. 1(a):
both peaks shift by about 0.4 eV toward higher BE between
0.3 and 5 keV. The shift in BE with implantation conditions
has also been observed for Ar and Xe nanobubbles in Al%°
and its implication for Ne bubbles will be discussed later.

In order to understand the origin of the two peaks in the
Ne ls spectra, we note that the growth of rare-gas bubbles
occur via thermally activated processes such as thermal va-
cancy absorption, migration, and coalescence of the
bubbles.2! So, we have studied the Ne nanobubbles im-
planted with E;=1.5 keV, as a function of isochronal anneal-
ing temperature (7). With isochronal annealing, an overall
increase in BE of about 0.4 eV is observed for both 15, and
lsg [Fig. 2(a)], which indicates increase in bubble size due to
the above mentioned thermally activated processes. This has
also been observed earlier for Ar and Xe bubbles.”?! The
overall Ne concentration (as defined in Ref. 9) decreases
from about 1.3%-0.1% between 200 and 545 K [Fig. 2(c)],
which also shows the increased mobility of Ne atoms at
higher temperature that results in increased desorption rate.
Most important is the significant change in the intensity ratio
of the two Ne ls peaks [Figs. 2(a) and 2(b)]. For T,
=440 K, Ne 1s, has higher intensity compared to 1sz. The
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intensity ratio is about 1.2 at 340 K, and shows a small
decrease up to 440 K. However, above this temperature, the
ratio decreases sharply and at 545 K, where Ne 1sj is clearly
more intense, it is about 0.5. Thus, it is evident that anneal-
ing influences the two Ne ls peaks differently. The relative
decrease in Ne 1s, intensity with increasing 7, indicates that
the corresponding Ne bubbles may be residing close below
the surface (subsurface), and thus the desorption rate would
be higher compared to the other species (Ne 1sg) that might
occur deeper below (beneath subsurface).

Note that the above discussed origin of the double peak
structure of Ne 1s also explains their relative intensity varia-
tion with E; [inset of Fig. 1(a)]. We have calculated the mean
implantation depth (d) using the Monte Carlo based [trans-
port of ions through matter (TRIM)] method?? considering
Ne atoms impinging on Al in normal-incidence geometry.
The results presented in Fig. 1(d) show that d increases with
E;, and similar behavior has been obtained earlier for Ar and
Xe.? This implies that the number of Ne atoms in the sub-
surface region would be smaller than the beneath subsurface
region for higher E;. Thus, the intensity of the subsurface
related Ne 1s, peak decreases because more bubbles are
formed in the beneath subsurface region at the expense of the
subsurface bubbles. In the subsurface region, the probability
of the Ne atoms diffusing out through the surface would be
naturally larger than for the deeper lying bubbles. So the
concentration is less and only a fraction of the Ne atoms will
form bubbles of smaller size. The Ne concentration de-
creases as E; decreases: from 4% at 5 keV to 0.05% at 0.3
keV [Fig. 1(e)].

Further evidence that Ne 1s, is subsurface related comes
from the following experiment: the Al surface with im-
planted Ne nanobubbles was sputtered using 0.5 keV Ar ions
for a time period that would remove about 1 ML of Al
Surprisingly, after sputtering, Ne 1s, decreases drastically
while Ne lsz remains essentially unchanged (Fig. 3). This
effect is clearly evident in Fig. 3, where implantation has
been done with low E;(=0.3 keV) so that most of the
bubbles are formed in the subsurface region and Ne ls, is
dominant before sputtering. Relative decrease in Ne 1s, is
also observed for other implantation conditions, such as E;
=1.5 and 3 keV. Thus, although Ar ion sputtering is intended
to remove only one monolayer of Al, it causes a large de-
crease in the Ne 1s, peak intensity. This indeed signifies that
the Ne 15, related bubbles are formed close to the surface.

From the above discussion, a bimodal depth distribution
of the Ne bubbles is evident. This observation is supported
by previous theoretical studies by Busse et al.'> They calcu-
lated the vacancy distribution created by 1 keV Ne and Xe
bombardment on Al using molecular-dynamics (MD) simu-
lation. The MD simulations showed that the ion bombard-
ment locally melts the Al surface through formation of a
thermal spike,?® and the molten region recrystallizes after a
few picoseconds and formation of adatoms and vacancies
occur. Busse et al.'® found that even though a slightly larger
number of molten Al atoms are produced in Ne compared to
Xe, for Ne the molten Al atoms cool faster than for Xe and
this was related to the diffuse shape of the spike produced for
Ne. Moreover, while the vacancy distribution produced by
Xe is symmetric around mean depth, for Ne the first maxi-
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FIG. 1. (Color online) (a) Ne 1s core-level spectra (open circles)
and the fitted curve (thick solid line) as a function of the implanta-
tion energy (E;) for 3 ML fluence. The experimental spectra have
been normalized to the same height. The deconvoluted DS line
shape (short-dashed line), the spectral line shape including the
Gaussian broadening (w,) but excluding the instrumental broaden-
ing (thin solid line), and the inelastic Tougaard background (dot-
dashed line) are shown. The spectra are staggered along the vertical
axis. The residue for the 0.3 keV spectrum is shown in the bottom.
The intensity ratio of Ne 1s, and lsp is shown in the inset. AEp
variation in (b) Ne 1s4 and (c) Ne 15 with E; and fluence. For 1s,
(Isp), in the rainbow color scheme (gray scale), the violet (darkest)
contour represents 2.6 (1.3) eV, while the red (lightest) contour is
2.2 (0.9) eV. (d) The calculated mean implantation depth (d) (filled
circles) and the fitted curve (solid line); the bars show the straggle.
(e) Concentration of implanted Ne in Al, where the violet contour
represents 4% while the red is 0.05%. (b), (c), and (e) The dots in
the contour plots show the different E; and fluence combinations for
which the experiments were performed.
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FIG. 2. (a) Ne 1s core-level spectra (open circles) normalized to
same height and the fitted curve (thick solid line) as a function of T4
for the nanobubbles formed with E;=1.5 keV and 1 ML fluence.
The other line types have the same meaning as in Fig. 1(a). (b) The
intensity ratio of 1s4 and lsg, and (c) concentration of Ne.

mum is at the surface layer (see Fig. 10 of Ref. 15). A mini-
mum in vacancy distribution was observed in the second
layer that separated the two maxima of the vacancy distribu-
tion. The sputter yield was also found to be high for Ne. The
physical explanation for the different behavior of Ne com-
pared to Xe was related to the efficient energy transfer be-
tween Ne and Al atoms because of their similar masses, as a
result of which the energy deposited in the surface region is
high for Ne bombardment.'3

The MD simulation considered individual ion impact
events on Al, and thus did not study the bubble formation
phenomenon. However, on the basis of existing MD results
discussed above, we suggest that the bimodal depth distribu-
tion of vacancies is the origin of the bimodal depth distribu-
tion of the Ne bubbles since the vacancies are the likely
nucleating points for bubble formation.® A large fraction of
the bombarded Ne atoms after being implanted in Al would
have sufficient energy to undergo diffusion, scattering, and
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FIG. 3. Ne s core-level spectra (open circles) for bubbles (im-
planted with E;=0.3 keV and fluence of 1 ML) before and after Ar
ion sputtering. The line types have the same meaning as in Fig. 1(a).

desorb out through the surface. Due to the efficient energy
coupling between lighter Ne and AlL'> Ne atoms that reach
the surface will have less energy in an average than heavier
Xe atoms. Thus, the probability that Ne would form bubbles
nucleating at the vacancies would be larger compared to de-
sorption by overcoming the surface binding energy. This ex-
plains the occurrence of bimodal depth distribution in Ne in
contrast to Xe or Ar. Interestingly, bimodal distribution has
been observed for He bubbles in metals under hot implanta-
tion conditions.?*

Next, the reason for the large BE difference of 1.2 eV
between ls, and lsz needs to be understood. As mentioned
in Sec. I, in previous theoretical studies on implanted rare-
gas atoms in metals, AE; was related to the relaxation
energy,!!~13 which arises because of the extra atomic screen-
ing by the metal conduction electrons. The relaxation energy
was found to vary inversely with the effective radius of the
implanted rare-gas atom.”!? The other factors on which the
BE can depend are the intra-atomic relaxation effect, change
in pressure, physical state of the rare-gas atoms, and dipole
barrier at the bubble interface. Pressure change can shift the
core levels but we showed through explicit calculations in
Ref. 9 that pressure effects only the valence band and shal-
low levels but not the deep core levels such as Ar 2p (242.3
eV BE). Ne Is is a deeper core level (BE=~864 €V) than
Ar 2p and so change in pressure is highly unlikely to affect
the BE. The intra-atomic relaxation, the physical state (solid
or fluid), or the dipole barrier does not explain the systematic
change in BE of Ne ls with implantation conditions. The
effect of the physical state (solid or fluid) on Ne 1s BE is
discussed later.

In Refs. 8 and 9, we have shown that, as the size of the
bubble increases, the extra atomic screening of the photohole
by Al conduction electrons in the final state of photoemission
becomes weaker and the rare-gas core-level BE increases.
Thus, higher AEj, i.e., lower BE would indicate smaller
bubble size for Ne ls, compared to lsz. We fit AE; of
Ne 1s, with E; using Eq. (2) of Ref. 8, which gives n
=0.27. Assuming that for smallest E; the bubble radius (R,)
corresponds to the Van der Waals radius of Ne, we find R to
be about 4 A at 5 keV. To calculate the width of the size
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FIG. 4. Bubble radii of Ar, Xe, and Ne plotted as a function of
AEpg. The bubbles in the solid state are represented by filled sym-
bols. The fitted curve (line) for the solid bubbles is extrapolated as
dashed line.

distribution the following may be noted: since the BE of the
Ne s core level depends on the bubble size, a symmetrical
distribution of bubble size will result in a symmetrical dis-
tribution of the core-level peak positions around the mean
position. Such symmetrical distribution of the rare-gas
bubbles in Al has been reported from transmission electron
microscopy studies for Ar, Xe, and He.2725:26 From our fit-
ting, we find the extra Gaussian broadening (discussed in
Sec. II) to be w,=0.8 eV in this case. Using this w, value
and the general relation between AE, and bubble radius in
Fig. 4, we find the width of the size distribution of the bubble
to be +2 A.

Turning to Ne lsp, we note that its BE is larger by about
1.2 eV than 1ls4 at 0.3 keV. This would imply that the be-
neath subsurface Ne bubbles corresponding to 1sz would
have sizable radius even at 0.3 keV and cannot be approxi-
mated by the Van der Waals radius. This is not surprising
since they occur at considerable depths varying from 20 to
120 A [Fig. 1(d)]. If the implantation depth is large, the
probability of the Ne atoms to backscatter out of the Al sur-
face will be less since more number of diffusion steps would
be required for the Ne atoms to reach the surface and
desorb.?” So, most of the Ne atoms will precipitate into
bubbles of larger size. Here, we take R, for lsgz (where
AEz=1.3 ¢V at E;=0.3 keV) to be equal to the radius of the
Ar bubble (9 A) that has the same AEy value.® From the
variation in AEy with E;, we find the radius of the beneath
subsurface Ne 1sz bubbles to be about 20 A at 5 keV. The
width of the distribution is found, as discussed above, to be
+6.5 A. Thus, we find that the bimodal depth distribution of
the Ne bubbles also translates to a bimodal distribution in the
bubble sizes with two different mean radii (20*+6.5 and
4+2 A, corresponding to Ne lsg and 1s, peaks, respec-
tively).

The subsurface bubbles (4 A radius) are expected to be in
solid state for the following reason: x-ray diffraction studies
on solid Ne as a function of pressure show that above 48.3
kbar Ne solidifies at room temperature.”® Assuming the va-
lidity of the standard relation between pressure and radius of
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a bubble,? the pressure experienced by the subsurface
bubbles (R=4 A) is calculated to be about 200 kbar. This is
larger than the threshold pressure (48.3 kbar) indicating that
these bubbles are in solid state. On the contrary, the beneath
subsurface bubbles would be in fluid state since the corre-
sponding pressure is 40 kbar. Experimentally, 13 A Ne
bubblles have been reported to be in fluid state by Felde
et al.

For calculating R for Ne lsp bubbles, the implicit as-
sumption in finding the value of R is that the dependence of
R on BE is similar between the different rare gases. This is
indeed shown to be so in Fig. 4, where we plot R with AEj
for all the rare gases studied by us (Ar, Xe, and Ne).®? R has

been obtained based on the relation AE B=%+c2 [Eq. (1) of
Ref. 8] for the individual rare gases. ¢, and ¢, are variable
fitting parameters, the significance of which is discussed in

Ref. 8. Reverting this equation, we get R=ﬁ that is used
to fit the data in Fig. 4 for the solid bubbles and extrapolated
for the larger fluid Ne bubbles. Thus, a single expression can
describe the R variation with BE for all the rare gases, and
the fitting parameter values are c¢; (=3.8) and ¢, (=0.9).
While the fit is good for the solid bubbles, the fluid Ne
bubbles seem to follow the trend, albeit with more scatter.
This may be related to the change in BE due to the fluid
state.?" It is also possible that the simple relation given above
that holds for small bubbles needs modification for larger
bubbles. Indeed, it is clear that the above expression will not
hold for AEz=c,, where R becomes unphysical.

Finally, it may be noted that, while the present work es-
tablishes and explains the existence of two peaks in Ne ls
for Ne nanobubbles in Al and the quality of the data fitting is
good indicating likely absence of more peaks due to our
limited resolution, it is possible that finer features in the
Ne s spectral line shape might have remained undetected.
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For example, Ne atoms at the Al-bubble interface might have
slightly different BE compared to those inside the bubble.
So, future experiments using undulator based beamlines in
third generation synchrotron sources that provide high pho-
ton flux with improved energy as well as spatial resolution
will be interesting to perform. For bubbles embedded in the
bulk region (depth in order of microns), bulk sensitive high
energy photoemission experiments using synchrotron radia-
tion would be useful.

IV. CONCLUSION

The Ne 1s core level for Ne nanobubbles in Al exhibit a
double peak structure that changes in relative intensity with
the implantation conditions, isochronal annealing, and sput-
tering. By analyzing these photoelectron spectroscopy data,
we conclude that a bimodal depth and size distribution of Ne
nanobubbles exists. The smaller sized subsurface bubbles of
4+2 A radius occur close to the Al surface while the bigger
sized bubbles (20 6.5 A radius) occur deeper beneath the
surface. Such a bimodal distribution of bubbles has not been
observed for Ar or Xe. By calculating the pressure experi-
enced by the bubbles, we propose that the smaller bubbles
are in solid state while the bigger bubbles are in fluid state.
We further show that it is possible to estimate the bubble
radii for a rare-gas bubble in Al from the core-level binding
energy shifts.
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