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Argon Nanobubbles in Al(111): A Photoemission Study
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Two fundamental manifestations of Al conduction electron response to Ar atom core hole in the final
state of photoemission have been studied in implanted Ar bubbles in Al(111). Ar2p binding energy and
the Doniach—gunjié asymmetry of the core-level line shape vary systematically as functions of Ar*
implantation energy and number of ions bombarded (fluence). The observations are explained by
relating the strength of Al conduction electron screening to the size of the Ar nanobubbles.
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Rare gas (rg) bubbles formed in Al by ion implantation
exhibit several interesting phenomena such as formation
of solid Ar bubbles which are overpressurized and have a
high melting temperature [1-4], formation of He bubbles
with high mass densities [5], and electron interference
between the Al surface and subsurface Ar bubbles [6]. Ar
bubbles in Al is also an ideal system to study the response
of conduction electrons in a nearly free electron metal to
a core hole generated by photoemission in an inert solid
bubble implanted in the metal. An estimate of the bubble
size is of importance in different fields such as sputter
growth of thin films, lifetime of reactor walls, electro-
migration failure in integrated circuits, etc. [7].

Argon bubbles in Al (Ar | Al) have been studied using
different techniques such as transmission electron mi-
croscopy (TEM), electron energy loss, x-ray absorption,
scanning tunneling microscopy, etc. [1-6]. However,
while there are many photoemission studies on physi-
sorbed rg layers [8], x-ray photoemission (XPS) on im-
planted rg atoms are few. There is some early XPS and
theoretical work on the decrease in core-level binding
energy (BE) of the implanted rg atoms with respect to
(w.r.t.) their gas phase BE [9—11]. The decrease in BE was
explained by screening of the core hole by metal con-
duction electrons. Core hole screening is also manifested
through the asymmetric core-level line shape for metals,
quantified by the Doniach—gunjic’ (DS) asymmetry pa-
rameter, « [12]. For Ar | Al, a should be nonzero because
of Al conduction electron screening, but Abbate er al
reported « to be zero for Ar 2p [13]. In this Letter, we
report XPS results on Ar nanobubbles in Al, as a function
of implantation conditions. Variation of Ar 2p BE and « is
related to the strength of Al conduction electron screen-
ing, which depends on the size of the bubbles.

XPS experiments were performed using a commercial
electron energy analyzer (from Specs GmbH, Berlin) and
a nonmonochromatic MgK, source at 6 X 10~ !! mbar
base pressure. An analyzer pass energy of 20 eV was
used with a resolution of 0.9 eV. An electropolished
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Al(111) crystal was cleaned by the standard procedure.
Ar implanted during the cleaning cycles was removed by
annealing at 450 °C. This, as well as the absence of oxy-
gen contamination, was checked by XPS before implan-
tation. Ar" ions were implanted in situ in normal
incidence geometry at an Ar pressure of 1.5 X
1075 mbar for different durations at 75-100 °C substrate
temperature. Since at this temperature Ar is not physi-
sorbed on Al [8], the presence of the Ar 2p signal shows
that Ar is implanted in Al. One monolayer (ML) fluence
(F) is equivalent to 1.415 X 10'5 atoms/cm? [14]. F was
determined by measuring the current through the sample.
The spectra have been fitted with two DS line shapes (Ar
2p3, and 2p; j), convoluted with a Gaussian and a fixed
instrumental resolution related Voigt function, using a
least square error minimization routine based on the
Levenberg-Marquardt algorithm. The peak position, in-
tensity, «, intrinsic lifetime broadening, and Gaussian
width were varied. The last three parameters were taken
to be the same for both spin-orbit peaks; see Ref. [15]
for details.

Ar 2p core-level spectra for 1 ML are shown in Fig. 1.
For implantation energy (E;) of 0.3 keV, the Ar2p;, peak
is at 242.3 £0.05 eV BE w.rt Ep, with a spin-orbit
splitting of 2.1 = 0.1 eV. An interesting observation in
Fig. 1 is the 0.6 eV shift of the Ar 2p main peak between
0.3 and 3 keV. A similar shift of 0.5 eV is also observed for
Ar 2s. In contrast, the corresponding Al 2p spectra do not
exhibit any change [15]. The spectra have been recorded
for 37 different E; (0.3 to 3 keV) and F (0.025 to 3 ML)
combinations. The core-level shift is represented by AEp,
which is the difference of Ar 2p;/, BE in Ar | Al from
that of the gas phase (248.45 eV) [16] [both w.rt. the
vacuum level of Al(111) with work function 4.2 eV]. For
small E; and F, AEjy is large (2.2-2.3 ¢V) (Fig. 2), while
for large E; and F it is small (1.4-1.5 eV). The overall
variation of AEp is =0.9 eV.

Ar bubbles in Al are reported to be in the solid phase at
room temperature and are overpressurized to about
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FIG. 1. Background subtracted Ar 2p core-level spectra
(open circles) normalized to the same height and the fitted
curve (thin solid line), as a function of E; for 1 ML. The
deconvoluted DS line shape (short dashes) and the spectral line
shape including the Gaussian broadening but excluding the
instrumental broadening (long dashes) are shown below each
spectrum. The residual for the fit (for 0.3 keV spectrum) is
within the experimental scatter. The inset shows the calculated
projected range (d) as a function of E; (open circles) and fitted
curve (solid line); bars show the straggle.

60 kbar [3,4]. Hence, it is possible that the observed

variation in Ar 2p BE might result from the compression
of core electron wave functions, particularly because the
radius of the bubble was found to be inversely propor-
tional to pressure [3]. In order to examine the possible
effect of pressure on AE, we have performed relativistic
ab initio full potential linear augmented plane wave (FP-
LAPW) calculations with generalized gradient approxi-
mation using the WIEN97 code [17]. Since the lattice
constant of solid Ar (¢ = 5.26 A at 4.2 K and standard
pressure) has been experimentally determined as a func-
tion of pressure [18], we have performed the calculations
by contracting the fcc lattice at steps of 2% to a maximum
of 12% (a = 4.629 A) corresponding to a pressure of
~60 kbar [18]. An energy cutoff for the plane waves
expansion of 13.7 Ry and [, = 12 has been used [15].
Between standard and 60 kbar pressure, we find a small
change of 0.1 eV in Ar 2p;3,, BE; in contrast, the Ar
valance band exhibits considerable shift and broadening.
This is not surprising because the core-level wave func-
tions (2p) are highly localized compared to the outer
levels (3s, p). Hence, the calculated small change
(0.1 eV) in Ar 2p core-level BE due to overpressure
cannot explain the experimentally observed shift of
0.9 eV.

In previous theoretical studies on implanted rg atoms,
the decrease in BE w.r.t. gas phase, i.e., AEp was related
to the relaxation energy (AER) [9-11]. AE} arises because
of the extra atomic screening by host metal conduction
electrons in the final state of photoemission. AEp was
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FIG. 2 (color online). AEjy variation as functions of E; and F.
In the gray scale (rainbow for color), the darkest (violet)
contour: 2.3 eV, the lightest (yellow) contour: 1.4 eV.

shown to be inversely proportional to the effective radius
(R,) of the rg atom, using a linear response relaxation
model [9]. AE} for Ne, Ar, Kr, and Xe are reported to be
4.8, 4.0, 3.8, and 3.5 eV, respectively [10], which varies
linearly with 1/R,. In fact, this is a general result which
can be explained by a simple image potential model,
which gives AEg to be /2R, [11]. Thus, for Ar bubbles
in Al

AEB:CI/R+C2, (1)

where R is the average effective radius of the bubble and
¢, is the proportionality constant. ¢, represents contribu-
tions to AEg which are independent of R; e.g., the physi-
cal state of Ar (since solid Ar has lower BE than gaseous
Ar), the intra-atomic relaxation effect, and the electro-
static shift [9-11] (due to the dipole barriers at the Al
surface and at the bubble-Al interface).

The implanted Ar atoms form bubbles because of
repulsive pseudopotential and negative heat of solution
of rg atoms in Al Inglesfield and Pendry theoretically
showed that it is energetically most favorable for the rare
gas atoms to coalesce into bubbles [19]. Schmid
et al. found a correlation between the number of bubbles
and the amount of implanted Ar [6]. Many different
experimental and theoretical studies [1-6,20,21] show
that most of the implanted Ar atoms equilibrate into
bubbles with a symmetric size distribution. For ex-
ample, Rossouw et al. [2] report R = 13.5 £ 2.5 A for
Ar | Al with 50 keV and 10! atoms/cm? fluence while,
for He | Al, R = 7.5 = 3.0 A has been reported [20].

To understand how R could depend on E;, we note that,
if the projected range (d, i.e., the average depth of Ar
atoms in Al) increases, a greater number of diffusion
steps would be required for an Ar atom to reach
the surface and desorb [22]. Since the mechanisms of
bubble formation are vacancy absorption, coalescence,
and emission of dislocation loops [20], for larger d the
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probability that Ar atoms would absorb vacancies or
coalesce would increase resulting in larger R. To find d
(E;), we have performed Monte Carlo calculations using
the TRIM code [23]. d increases from 16 to 60 A, following
an empirical relation d « E%® (obtained by fitting the
TRIM results and is in agreement with literature [24])
(inset of Fig. 1). Hence, R should increase with E;.
Furthermore, voids formed during bombardment can act
as trapping centers for Ar atoms and nucleate the forma-
tion of bubbles through absorption and coalescence. The
volume of these voids can be inferred from Eq. (1) of
Ref. [14] to be proportional to the energy available for
nuclear collisions (E,,.), which is about 92% of E; (from
TRIM calculations) in this ion energy range [15]. Hence,
their radius would be approximately proportional to E,1 3,
The above arguments indicate that R would increase with
E;, based on which we propose a relation between R and
E;: R = c3E7, where c; is the proportionality constant
and n is the exponent. Substituting this in Eq. (1), we get

AEg = ¢|/E! + ¢, )

Since AEjy variation with E; is similar for different
fluences above 0.025 ML, we fit these data with Eq. (2)
(Fig. 3). The parameters n, ¢|(= c;/c3), and ¢, are varied
freely. The data is weighted by 1/0, where o is the
standard deviation. We obtain n = 0.5 £ 0.2, ¢} = 0.4 =
0.2 X 1073 keV”*V and ¢, = 1.4 + 0.2 eV. The value of
reduced y? is close to 1 (1.19), which indicates a reason-
ably good fit. The prediction bands show the region where
the experimental data, considering random errors, would
fall with 90% probability. No systematic deviation of the
data from Eq. (2) is observed from the residuals. These
indicate the validity of Eq. (2) in modeling the experi-
mental data, implying that the variation of Al conduction
electron screening strength related to the change in R
explains the observed Ar 2p BE shift.

Although c; cannot be separately determined from the
above fitting, relative variation of R with E; can be
obtained. If we assume R to be R, for E; = 0.3 keV, we
find R to increase from 1.3 £ 0.15R, (for 0.5 keV) to
3.2 = 1.8R, (for 3 keV). It should be noted that there is
little change in Ar 2p BE in the small F region (Fig. 2).
For example, for 0.025 ML AEjy is 2.05, 2.25, 2.05, and
2.15 eV for 0.5, 1, 1.5, and 2 keV, respectively. This is
because at small F and E;, since the implanted Ar atoms
are few and far apart and d is small, the probability of
coalescence to form bubbles is very small. Hence, the Ar
atoms are mostly isolated and we can take R, =~ 1.88 A,
which is the Ar van der Waals radius [25]. Thus, we find R
(E)tobe 2.4 =03 A (0.5keV),3.4 0.9 A (1 keV), and
6 + 3.4 A (3 keV). Although this method of determining
R is indirect and approximate, the trend is in agreement
with TEM [2,3] and this further supports our explanation
for the BE variation. The reported value of R = 13.5 =
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FIG. 3. AEj as a function of E; for different fluences with

fitted curve (solid line) and 90% prediction bands (dashed
lines). Residuals are shown at the top of the graph.

2.5 A [2] is larger than our values because of higher E;
(50 keV), F being similar [15].

We now turn to the discussion of AEjp variation as a
function of F. For E; = 0.5 keV, AEg(F) clearly de-
creases [i.e., from 2.15 eV (0.025 ML), 1.7 ¢V (0.5 ML),
and 1.6 eV (3 ML) for 2 keV]. This decrease in AEjy is
related to increase in bubble size with F' [3]. For E; =
0.5 keV, AEj is almost unchanged as a function of F
(Fig. 2); e.g., for 0.5 keV it is 2.05, 2.0, 2.0, 1.95, and 2.0
for 0.025, 0.25, 0.5, 1, and 3 ML, respectively. This is
because for small E;, desorption of the implanted Ar
atoms will dominate over coalescence independent of F,
since the implanted atoms can reach the surface in a lesser
number of diffusion steps [22]. The decrease in AEjg
above 0.5 keV is observed up to a certain F (0.25, 0.5,
and 1 ML for 1, 1.5, and 3 keV, respectively) above which
change is small. The concentration of Ar in Al in the
implantation region (determined from Ar to Al 2p ratio
considering photoemission cross sections) varies from
0.3%-0.6% for 0.025 ML to a maximum of about 3%
for 3 ML. Ar concentration initially increases with F" and
varies little above a certain F, similar to those mentioned
above. This indicates that Ar concentration reaches an
equilibrium and R does not increase, which is probably
why the AEp change is small beyond such F.

From Fig. 1, the Gaussian width of Ar 2p is 0.6 eV
FWHM for E; = 0.3 keV, and increases to 1.2 eV for
3 keV. This substantial broadening (over and above the
lifetime and instrumental broadening) arises due to the
statistical distribution of bubble radii around R [2,20].
Besides, different locations of the photohole in the bubble
could contribute to the width. The increase in broadening
with E; is possibly related to a larger width of R
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FIG. 4 (color online). « variation as functions of E; and F. In
the gray scale (rainbow for color), the darkest (violet) contour:
0.074; the lightest (yellow) contour: 0.01.

distribution, and is supported by the TRIM calculations
which show larger straggle in d (inset of Fig. 1).

The screening of a core hole by conduction electrons
causes infinitesimal electron-hole excitations across Eg
due to the scattering of the conduction electrons by a
sudden creation of the core hole. This causes an asym-
metric line shape for metals, quantified by « [12]. « is
related to the core hole potential (V) by [26]

e 5 Vol NO

q<2qr IG(QJ O)lz qUuF ’

3

where N(0) is the density of states at Er and € is the
dielectric function. From FP-LAPW calculations, the
band gap of solid Ar varies from 8.9 to 9.6 eV between
normal and 60 kbar pressure. Hence, for solid Ar, « is
expected to be zero because of the band gap. In contrast,
for Ar | Al, we find « to be sizable: 0.06 = 0.007 (com-
pare to & = 0.11 for Al [15,16]). This is in disagreement
with Ref. [13], who used the Ar 2s data with worse
statistics for fitting [15]. We find « to vary between 0.01
to 0.06, depending on E; and F. « is nonzero because of
the Al conduction electron response to the Ar core hole
potential, V. There is an overall similarity in the varia-
tion of @ and AEg (compare Figs. 2 and 4). This demon-
strates that both of these effects are related to the same
physical phenomenon. In fact, it has been theoretically
shown [9] that BE shift due to screening depends on the
square of hole charge density, which is related to Vé on
which a depends [Eq. (3)]. An asymmetry observed in Ne
s for Ne implanted in Cu has been related to screening
induced BE shift due to formation of Ne clusters, and the
authors state that the number of these Ne clusters would
increase with E; [11]. In Ar | Al, this explanation is ruled
out because in that case asymmetry would increase with
E; and F. Instead, we find that, for large E; and F, « is
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small (0.01) (Fig. 4), while for small E; and F (i.e., small
R), « is large (0.06). This is because for small R the Al
conduction electron screening cloud is more compact, and
as R increases a decreases because of reduced screening.

In conclusion, we demonstrate that Ar 2p BE and
Doniach—éunjié asymmetry vary systematically as func-
tions of E; and F due to change in Al conduction electron
screening (which depends on R) in response to the Ar core
hole in the photoemission final state. The variation of
both BE and a with implantation conditions is similar.
We show that overpressure cannot explain the observed
BE shift. R is determined as a function of E;, which might
have important technological applications.
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