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Highlights

¢ Non-destructive XPS method provides depth and width of implanted atom profiles
¢ Measurement of plasmon peak intensities vs photoelectron emission angle

¢ Analytical model for Gaussian, triangular and rectangular depth distributions

¢ Model assumes that energy losses are dominated by extrinsic plasmon excitation

¢ Application to the ArJ Al system and comparison with Monte Carlo simulations



ABSTRACT

A non-destructive spectroscopic method based on core level photoelectron energy loss spectra
(PEELS) measured at variable emission angle is proposed for depth profiling of implanted atoms in a
solid matrix. Extrinsic plasmon excitation during the photoelectron path to the solid surface being
the dominant loss mechanism and neglecting elastic scattering, analytic relations are obtained for
several depth profiles (Gaussian, triangular, square) between calculated relative intensities of first-
order and second-order plasmon excitation peaks and the distribution characteristics (average depth
and width). This method is illustrated by PEELS analysis of a model system, namely shallow
implantation of argon ions (Eon = 2.0 keV, 35° incidence, 3 ML) into Al(001) matrix. The average
depth (dpgers = 2.0£0.1 nm) of subsurface Ar bubbles obtained from energy loss spectra of Ar 2p
photoelectrons (inelastic mean free path IMFP = 2.15 nm at Ex;y = 1011 eV) is significantly smaller
than the average depth of the distribution calculated from SRIM code (dsgiv = 3.8 nm). This
discrepancy, found for all model depth profiles, is attributed to significant sputtered thickness (= 1.7
nm) of Al, as well as some possible diffusion of argon-vacancy complexes towards the surface

during Ar ion implantation.



1. Introduction

lon interaction with solids has considerable importance in surface physics as analytical probes, in
fundamental understanding of irradiation damage mechanisms (e.g. walls of fusion devices) and in
device technology for optimizing semiconductor doping profiles and tailoring thin film growth [1-5]. In
surface analysis, erosion of solid surfaces by collisional ion beam sputtering is performed to clean
samples using chemically inert noble gases (NG) in ultra-high vacuum (UHV) environment [6, 7].
Surface patterning induced by NG ion / solid interactions is well documented in a number of systems
(8, 9].

The physics of ion impact has been described by a thermal spike model [10, 11], where transient
melting of the substrate may be followed by some uncomplete recrystallization. As a consequence,
disordered configurations and vacancies may trap implanted atoms and some amount of NG is often
retained within the deposited thin film or sputtered metal target (Figure 1). Since noble gas atoms do
not form bonds with the metal matrix, precipitation of NG aggregates (clusters, bubbles) is energetically
favorable [12-16]. Above some threshold fluence, heavy NG (Ar, Kr, Xe) precipitates are reported to be

in the solid phase with epitaxial alignment with the metal matrix [13, 17-19].

Experimental and simulation tools have been developed to understand the complex interplay
between displacement and sputtering of target atoms, formation of vacancies and NG-vacancy
complexes, NG implantation and nucleation of precipitates [13, 20-24]. As far as the depth profile of
embedded NG atoms is concerned, it follows a nearly Gaussian distribution, with steeper outward slope
due to the escape of shallow implanted atoms to the vacuum chamber; both projected range (average

depth) and straggle (width of the distribution) increase with ion beam energy Eon.

Since typical penetration depth of low-energy (Eion < 5 keV) ions is comparable with the inelastic
mean free path of photoelectrons [22], recent experiments were focussed on the ability of X-ray
photoelectron spectroscopy (XPS) to follow the evolution of NG aggregates ; the kinetic energy of core
level photoelectrons emitted by embedded atoms being very sensitive to shielding by conduction band
electrons of the host material (final state effect), the measured binding energies (BE) give valuable
insight in local environment and average bubble size. For the Ar|Al model system, it was shown that

the bubble diameter increases with ion energy (Ejon) in the range 1-2 nm [13-16, 22, 23].

In XPS, core level peak intensity carries little information on the total amount of material as well as
on the depth distribution of atoms, in contrast with photoelectron energy losses [25, 26]. On the one

hand, some progress has been made recently to obtain depth profiles from zero loss peak (ZLP)
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intensities in angle resolved XPS measurements, however additional stoichiometric constraints are
critical for successful recovery of relative concentration profiles [27, 28]. On the other hand, the
intensity of the surface and bulk plasmon excitations has been used as a signature of microstructure and
material growth mechanisms [29]. In the case of dilute emitter atoms embedded in a solid matrix,
besides angular dependence of the host / matrix relative core level peak intensities, used previously
[22], in this work complementary information is gained from energy losses experienced by
photoelectrons emitted from NG atom core levels along their path through the metal matrix to the
sample surface (Figure 1). The excitation of bulk and surface plasmons within the host Al metal has
been observed previously for Ar emitters located in subsurface nanobubbles and the bulk plasmon

intensity was correlated to E oy through the average depth distribution of Ar emitters [30].

This Photoelectron Energy Loss Spectroscopy (XPS-PEELS) approach is developed to obtain more
guantitative insight in the depth profile of emitter atoms embedded in metal matrix by considering the

relative intensities of first-order and second-order plasmon excitation peaks, (I,(E, a)/1,(E,,c)) and
(IZ(EO,a)IIO(EO,a)), measured at variable emission angle «. The characteristic length scale is
L(E,)= A(E,)cosa where the inelastic mean free path (IMFP) related to plasmon excitation, A(E,), at
Kinetic energy E, :

ME,) ™ = [ K(Ey, hw).dhw (1)

is related to the energy loss function (ELF) for electrons travelling through an infinite medium. The
differential inverse inelastic mean free path (DIIMFP) is the probability density per unit path length,
K(E,, hw), of losing an energy hw:

q+
dq

K(E,, hw) =
(Eo, hw) maoE, q
-

ml
m c(w)
where ay is the Bohr radius, q is the wave vector transferred from the electron with limit values (¢~, g*)

given by energy and momentum conservation during inelastic scattering, and e(w) is the dielectric
function of the solid [31-33].

In this work, extrinsic plasmon excitation during the photoelectron path to the solid surface is
assumed to be the dominant loss mechanism, as compared to intrinsic plasmon excitation due to the
sudden appearance of the core hole. This result has been established for photoemission from NG
nanobubbles in Al [30]. For the ideal case of a single plane of emitters embedded at depth d in a semi-

infinite matrix, simple relations hold for



(1,(Ey, )/ 1(Eq,))=d /Acosa  (1,(Ey )/ 1,(Ey ))=d/2Ac0sax . (3)

For real depth profiles, more complex relations are expected between relative intensities of first-order
and second-order plasmon excitation peaks and the distribution characteristics, i.e. the normalized depth

(d/4) and width (W /A1) of the distribution. Analytic relations have been obtained for several depth

profiles (Gaussian, triangular, square) considered in Appendix A in order to estimate the robustness of
the method and tentatively discriminate physically acceptable model distributions. This work shows
that this XPS-PEELS method is weakly sensitive to the exact shape of the distribution, hence the
analysis is focused on a Gaussian distribution which matches predictions of the SRIM code (Stopping

and Range of lons in Matter) in homogeneous solids.

This method is evaluated using XPS-PEELS data for the model system Ar|Al with low
implantation energy (Eion = 2.0 keV) and low Ar ion fluence (3 ML) in a crystalline AI(001) matrix.
Surface preparation, implantation conditions and experimental characterizations are detailed in Section
2. Analysis and modelling of XPS-PEELS data, including the ZLP line shape of Ar 2p core levels and
the energy loss function (ELF) of Al metal are reported in Section 3. Some hypotheses proposed for
data analysis are discussed in Section 4, and the depth distribution derived from XPS-PEELS is
compared with Monte-Carlo based calculations using the SRIM (Stopping and Range of lons in Matter)
code [1, 34, 35].

2. Experimental

2.1 Surface preparation

A crystalline AI(001) disk (2 cm diameter) has been used after extensive sequences of Ar ion
bombardment, resulting in a rough topography. Three successive stages of surface preparation have
been characterized by XPS-PEELS: a) oxide-free surface after Ar ion etching (stage #1), b) slightly
contaminated surface after UHV annealing at 500°C (2 hours) (stage #2), c) oxide-free surface after 3
ML Ar ion implantation (Eon = 2.0 keV) near room temperature (stage #3). The surface topography
has been imaged after stage #3 by Scanning Electron Microscopy (JEOL JSM-6610LV) and by Atomic
Force Microscopy (SPM 9700, Shimadzu) in the phase mode with a silicon nitride tip.

The argon ion gun (SPECS, IQE 11/35) was operated at 2.0 keV energy with 35° off-normal
incidence; this implantation angle away from channelling directions is expected to enhance the Al
sputtering yield per incident argon ion (see section 2.3) [20]. The argon pressure measured in the

preparation chamber was adjusted at 7.5x10™ Pa to obtain full coverage of the substrate holder (3 cm
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diameter) by the luminescent Ar* beam cross section (10 cm?). Using a rough estimate of current (5x10°
® A), the argon ion flux (3x10* ions.cm™.s™) provides an ion exposure of 3 ML (3.6x10™ Ar ions.cm™)
for 20 minutes irradiation. For the AI(001) surface, one monolayer (ML) is equivalent to 1.2x10%

atoms.cm™.

2.2 XPS analysis

After each preparation stage, the surface was characterized in situ by XPS under UHV (1.4x10® Pa
base pressure) using a non-monochromatized X-ray source (Mg Ka) and photoelectron energy analyzer
HAC 100, with constant pass-energy Epass (22 eV for Al 2p core level, 44 eV for Ar 2p core level and
survey spectra) ; respective full width values (1.04 and 1.30 eV) of the Gaussian instrumental
broadening (including analyzer resolution along with the natural Mg emission line width 0.7 eV) were
measured on the clean Al surface. With Mg Ka. (1253.6 eV) excitation, the kinetic energy of Ar 2p (Al
2p) photoelectrons is E,= 1011 eV (1183 eV) and A(E;) = 2.15 nm (2.43 nm) in the Al matrix [36].

Zero-loss core level peak and energy loss distribution were measured over a broad area (0.3-0.6 cm?)
at variable emission angle « between 0° and 75° with respect to the surface normal. Before data
simulation, the spectra were numerically monochromatized using the main satellites of the Mg source
(Kos/Kay 2 = 0.08 and Kawy/Kay.2 = 0.04) [37, 38]. Mathematical analysis of the Ar 2p core level peaks
was performed using purely Gaussian line profile, with a doublet separation of 2.12 eV between the
Ar2p3/2 and Ar2pl/2 peaks. The bulk ELF of the Al matrix was simulated by an asymmetric
Lorentzian with half width T}, =1.6-1.7 eV on the low-energy loss side and half width I, =1.8-2.1 eV
on the high-energy loss side. Surface plasmon excitations were described by a symmetric Lorentzian
with half width Ty, = 2.1-3.5 eV (first order SP) and I, = 4.6-4.8 eV (second order, due to
photoelectrons which have excited one bulk plasmon and one surface excitation). Photoelectrons which

have excited two surface plasmons are neglected in the decomposition.

2.3 SRIM code simulations

The depth distribution of Ar ions implanted in the Al(001) target has been obtained using the SRIM-
2013 (Stopping and Range of lons in Matter) code [1, 34, 35]. SRIM is a Monte Carlo program that
simulates the interactions of energetic ions with amorphous targets. SRIM code calculates energy loss
and range of ions into matter using a full quantum mechanical treatment of ion-atom binary collisions.
The ion has long range interactions with the target creating electron excitations and plasmons within the

target. SRIM code provides the depth distribution of knock-on events, recoiled Al atoms, Al vacancies,
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and final positions of implanted argon atoms, along with the branching ratio for the different energy

dissipation channels.

Using default values for the aluminum lattice displacement energy (25 eV) and binding energy (3
eV), about 37.4 vacancies are produced per implanted Ar ion in our experimental conditions (Eon = 2.0
keV, 35° incidence). A quasi-Gaussian distribution of Ar atoms is found with a projected range
(average depth) dsrim = 3.8 nm, straggling (square root of the variance) Ad = 1.9 nm, along with higher
order moments (skewness 0.496, kurtosis 3.08). Interestingly, broad distributions of Al recoils and
vacancies are found respectively near 2.3 nm and 2.1 nm, i.e. shallower than the Ar implantation depth,

d5R||\/| =3.8 nm.

For further comparison with previous investigations [15], it has been checked that 35° off-normal
ion incidence gives shallower implantation depth (dsrim = 3.8 nm) and stronger sputtering yield (Y =
2.8) as compared with normal ion incidence values (dsgrim = 4.7 nm, Y = 1.4).

3. Results

3.1 Surface topography

A rough topography of the AI(001) disk is observed after extensive sequences of Ar ion
bombardment, for a cumulated time of several tens of hours. After exposure to the ambient, SEM
images (Figure 2) reveal some cone-shaped craters with an average top diameter of about 2 microns,
and a roughened surface with an “orange skin” aspect. In AFM images taken over 2 pm X 2 um area
(Figure 3), this surface shows some broad undulations or ripples ; in other regions, sharp circular

features with micron size diameter were also observed (not shown).

At low fluences used in this work, the Al surface is believed to remain essentially crystalline because
Al 2p intensity in angular XPS measurements shows strong photoelectron diffraction effects after all

three stages analysed in this work (not shown).

3.2 Surface chemistry and binding energies

Typical oxygen atom coverage in optimized conditions at stages #1 and #3 (Figure 4.a) is less than
0.1 ML (8x10™ O at.cm™). At a base pressure of 1.4x10® Pa, the initial oxidation rate of the clean Al
surface is about 0.01 nm/hour, as obtained from evolution of the O 1s peak intensity. After in situ

annealing at 500°C in UHV (stage #2), Figure 4.b shows that the Ar 2p line is completely eliminated,



as expected from previous reports [18, 19], and some contamination attributed to wall outgassing is

revealed by C 1s, N 1s and O 1s peaks in survey spectra.

For all three stages, the matrix core level peaks (Al 2p and Al 2s) do not show significant differences
in shape and intensity (less than 1%); however, a detailed analysis of their loss spectra shows that
surface plasmon losses are attenuated at stage #2 while a slight increase can be detected in the first and
second order bulk plasmon peak intensities (Figure 4.c). The zero-loss Al 2p peak (Figure 5) can be
well fitted with asymmetric line shape, e.g. with a Doniach-Sunjic shape [38, 39] with singularity index
ay = 0.11 as found previously [40, 41]. Overall, excellent reproducibility of the multiple order plasmon

losses is revealed by the comparison of loss spectra at stages #1 and #3.

The binding energies measured on clean Al surfaces are found at Eg(Al 2p3,) = 72.85+0.05 eV and
Es(Ar 2psp) = 242.60+0.05 eV with respect to the Fermi level, giving a difference Eg(Ar 2p) - Eg(Al
2p) = 169.75+0.10 eV. This result will be useful for comparison with previous Ar ion implantation in
Al(111) at normal incidence (section 4) [15, 42].

3.3 PEELS data analysis

XPS-PEELS data obtained for the Ar 2p core level being quite similar at stages #1 and #3 (Figure
4.b), an angular study was performed in the final stage #3, i.e. after annealing and ion bombardment at
35° incidence angle. In the region of Ar 2p and Ar 2s energy losses (located far from the Al 2s and Al

2p lines), a flat background is obtained at stage #2 (Fig. 4.a and 4.b) after driving out the implanted
argon atoms. The plasmon excitation energy, Egp1 = 15.3 eV, is the same for Al 2p (1183 eV) and Ar

2p (1011 eV) photoelectrons (Figure 5), with a broader distribution in the latter case do to the large
spin-orbit splitting. For Ar 2p photoelectrons, the large relative intensity of plasmon peaks with respect

to the zero-loss peak is attributed to a distribution of Ar emitters buried at some average depth d ,

which gives a typical attenuation of the ZLP by a factor F(d) = exp(— ) :
AcCosa

Zero-loss Ar 2p peaks obtained in Ar|Al are well fitted with pure Gaussian line shapes, consistent
with small values of the singularity index, anm = 0 [43] or a v < 0.02 found using similar Ejon = 2.0
keV, [15] as compared with the singularity index found in Al (oM = 0.10-0.12) which results from low
energy excitations within the large density of states around the Fermi level [38, 40, 41]. This indicates
that argon bubbles are large enough for the final state of Ar 2p photoemission to be essentially immune

to screening by conduction electrons of the metal matrix. Analysis of the no-loss Ar 2p peaks shows no

8



evidence of different components, hence a single dominant environment is considered, i.e. aggregates
or bubbles rather than isolated Ar atoms sitting at different matrix defects. The latter would be expected
to appear on the negative energy loss side of the ZLP and contribute to make the line shape more
asymmetric [15].

Energy loss spectra of Ar 2p photoelectrons are stable at room temperature in UHV between 1 hour
and 15 hours after NG implantation. Decomposition of loss spectra is illustrated in Figure 6 for some
intermediate emission angle (52°). Since the symmetric line shape of surface plasmon peaks is a rough
approximation, the main goal of this decomposition is not a perfect adjustment of experimental data but
rather to extract reliable intensity values for n-th order (n = 0-2) bulk plasmon losses.

At the larger emission angles, some significant increase in the width of first order bulk and surface
plasmon ELF is observed, respectively from 3.4 to 3.8 eV and from 4.20 to 6.0 eV. The slight increase
in BP1 width may arise from the strong approximation of a symmetrical SP1 peak. The significant
increase in SP1 width could be related to the large density of internal interfaces (Al / Ar bubble).
Although peak adjustment is less reliable for second order losses, a similar increase is also observed,
from 3.7 to 4.6 eV in the width of second order bulk plasmon distribution.

As emission angle « increases towards near grazing photoemission, a systematic increase in the
relative intensities of bulk plasmon peaks is observed for both first (BP1) and second (BP2) order
losses, by a factor of 1.8 and 2.2 respectively, as reported in Table 1. Systematic variations in

parameters d,/A=cosa (I,/1,) and d,/A=2cose (1,/1,) confirm that the single plane hypothesis is

not valid and reveal a broad distribution width. The surface loss intensity is found to increase faster than

the angular dependence (14, =1/cosa ) expected for a homogeneous solid surface [33, 40].

3.4 Energy loss modeling with Gaussian distribution of embedded emitters

In order to rationalize the angular dependence of first-order and second-order plasmon loss peak

intensities, Appendix A reports calculation results for several depth distributions. The method proposed

2
in this work is illustrated here with a Gaussian depth profile, G(z) = (z**W)™ exp[_ (%) } , of

implanted emitters centered at depth d. Using L(E,)=A(E,)cosex and attenuation function
F(2) :exp(—fj, the total flux of photoelectrons at kinetic energies E, , E,—Eg,, and E,-2E;;,,

emitted at polar angle « along a rectilinear trajectory is given by
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2

I, (Ey ) = jdz F(2) G(2) , I,(Ey @) j dz( ]F(z) G(2) , 1,(E, ) jdz (ZLZ

jF(Z) G(2)
(4)

For narrow Gaussian distributions, using Eqn A12-A14, a small straggling parameter (W <<d) yields

the approximations:

(B )= (%][1—(%]} 1y(Ey ) (52)
d? W2 W2 w?
o (&) [ b0
Since
I,(E,, ) C(dY (w?
(W}COS@)_(}J (lej(ﬂcos(a)) (6)

parameters (d/4) and (W/A) can be graphically obtained from y-axis intercept (%) and slope

2
(%] in a plot of (M]cos(a) vs (1/cos(@)) (Eqn A19). This narrow distribution limit is
21 IO(E01a)

represented by red dashed lines in Figure 7.
Otherwise, the full equations (Eqn A12-Al4) must be used for parameter adjustment to
experimental data. This procedure gives both d and W, using tabulated IMFP values A(E,) of the

solid matrix, at the kinetic energy of photoelectrons emitted by embedded Ar atoms. Further check for

internal consistency can be obtained from the relative intensities of second order bulk plasmon obtained

at different emission angles (Eqn A20), using a plot of (%Jcosz («) vs (1/cos(a)).
o\Eo, &

From the experimental data for Ar|Al (Figure 7), we obtain the Gaussian distribution parameters
(d/4)=0.95+0.05 and (W/1)=0.75+0.05, which fulfil the hypothesis (W <d). The values of

(d,/ 1) given by the ideal single plane model, found in the range 0.36-0.79 (Table 1), significantly
underestimate the average depth value. Using IMFP values in Al, A(E,)= 2.148 nm atE,= 1011 eV,

reported by Tanuma et al. [36], we obtain absolute values of d = 2.0+0.1 nm and W = 1.6£0.1 nm
(FWHM = 2.7+0.2 nm). In addition, any uncertainty on the IMFP value will also affect error bars on d

and W values.
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As discussed further in Section 4, the distribution of implanted Ar ions determined from XPS-
PEELS data is significantly shallower and broader (dpge s = 2.0£0.1 nm, FWHM = 2.7+0.2 nm) than
that obtained from SRIM code simulation (dg,,, =3.8 nm, 4d = 1.9 nm).

4. Discussion

This new analytical method based on photoelectron energy loss spectroscopy is expected to be more
robust than the usual angular dependence of core level peak intensity to address the depth distribution
of implanted atoms; in particular, analysis of bulk plasmon loss intensities gives both the distribution
depth and width of implanted atoms in a straightforward way. In this work, the shallow implantation

depth of 2 keV Ar ions in Al corresponds nearly to the inelastic mean free path, (d /4)=0.95+0.05, of

Ar 2p photoelectrons in Al using soft (Mg Ko X-rays. Deeper implantation depth may be better
characterized using Hard X-ray Photoelectron Spectroscopy (HAXPES) [44, 45].

In the following, the robustness of the XPS-PEELS method is evaluated (section 4.1) along with
implanted argon bubbles characteristics (section 4.2). Energy loss peak intensity is discussed in relation
with the physics of plasmon excitation (section 4.3). Possible limitations of the SRIM code and
molecular dynamics insigths in Ar atom and vacancy diffusion will be considered to tentatively
rationalize the observed discrepancy between PEELS analysis and SRIM simulations (section 4.4).

4.1 Robustness of the XPS-PEELS method

It is well known that the probability for higher order plasmon excitation increases with depth of
emitter atom and off-normal emission angle «, as observed in this study (Table 1). In contrast, the
intensity of the zero-loss peak is strongly attenuated due to plasmon excitation during photoelectron
transport towards the surface. The angular dependence of the ZLP intensity is not sufficient to

characterize the implanted atom distribution since, for any distribution, the slope of log(l,(E,,c)) vs
1/ A cos(er) depends on distribution width (not shown). Hence both (d /1) and (W /1) parameters need

to be determined simultaneously in order to interpret properly core level peak intensity 1,(E,, o) data.

In this work, a graphical analysis is proposed to estimate the deviation from the narrow distribution
limit, represented by red dashed lines in Figure 7 ; in our model Ar|Al system with shallow and broad
implanted Ar distribution, this approximation does not hold for most emission angles and the full

equations must be used. The distribution width is derived with high precision from the slope
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(—WZ/ 2/12) while the average depth obtained from the y-axis intercept (d//i) is subject to larger

uncertainties due to the extrapolation procedure.

In the following, different sources of error are reviewed. Error bar on the implantation depth values
produced by uncertainty in the photoelectron IMFP in Al is about 12% as estimated from the root-
mean-square deviation between IMFP from TPP-2M and IMFP calculated from optical data for

aluminum [36].

Elastic scattering increases the photoelectron path length before escape at the solid surface. In XPS-
PEELS, this corresponds to some enhancement of the plasmon peak relative intensity by a typical
amount given by the tabulated ratio between the effective attenuation length and the inelastic mean free
path, EAL/IMFP = 0.89 for Al at the kinetic energy of 1011 eV [46]. The value of (d / IMFP) derived
from modeling of the XPS-PEELS data is thus overestimated by about 10% if elastic scattering is

neglected.

This XPS-PEELS model assumes that the inelastic mean free path for bulk plasmon excitation in
AIl(001) is not modified by the presence of Ar bubbles after ion implantation. This assumption is
supported by the absence of any change in line-shape and intensity of the Al 2p core-level peaks for the

bombarded vs annealed Al surface [14].

SRIM simulations indicate that the distribution of implanted Ar atoms is reasonably approximated
by a Gaussian function, with however some skewing towards large implantation depths. In our XPS-
PEELS model, any deviation from a Gaussian depth distribution is not crucial since very similar plots

of first order plasmon loss peak intensity (Il/ Io)cos(a) as a function of (1/cos(oc)) from quite

different (rectangular or triangular) depth distributions, are also adjusted to our data with the same
(d/2) value. Different distribution shapes cannot be discriminated unless photoemission is measured at

grazing angle with very good signal to noise ratio (Figure 7).

The main difficulty of the method resides in an accurate decomposition of PEELS spectra, since
some approximations must be made on bulk and surface plasmon peak shapes to make the problem
tractable. For Ar-implanted Al, asymmetric Lorentzian distributions give reasonable description of the
ELF shape [37]. At larger emission angle, some significant increase in the width of first order surface
plasmon ELF is observed; this could be attributed to the statistical distribution of bubble radii around
their mean value, R, along with some increased interaction of the photoelectron with several bubbles

along its outgoing path.
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In a crystalline solid, the photoelectron flux may be increased along dense atomic rows (focusing)
due to many-body coherent elastic scattering; however this forward focusing effect is lost beyond a few
atomic distances (defocusing) [47, 48]. In the Al(001) matrix, this photoelectron diffraction mechanism
modulates the relative intensity of plasmon excitation peak relative to the no-loss Al 2p peak, on the
order of 10-20 % (e.g. for 0° and 45° directions). Since some epitaxial alignment between solid Ar
precipitates and Al matrix has been reported above a threshold implantation dose, [13, 17-19] some
focusing might occur at short distances for Ar 2p photoelectrons but it can be reasonably neglected here

because defocusing effects likely dominate for argon bubbles buried at about 2 nm depth.

4.2 Argon concentration and bubble size

In this section, density of implanted argon ions, bubble size and bubble density are estimated in
order to check for the validity of this XPS-PEELS analysis. In particular, since formation of very large
bubbles of noble gas atoms would change the effective IMFP, this situation would not be consistent
with the hypothesis of the XPS-PEELS models developed in Appendix A. It is thus quite important to
obtain some calibration of average bubble size and to check that a distribution of few-atom complexes,

rather than a few large bubbles, is obtained in our implantation conditions.

In our experiment, a typical value of the apparent Ar content, corrected for photoemission cross
sections, gives an atomic ratio [lo (Ar 2p) o (Al 2p) / Iy (Al 2p) o (Ar 2p)] = 0.030£0.002. Taking into
account the shallower average implantation depth at 35° incidence, this value is comparable with some
values, in the range 0.018 - 0.022, reported for Ar implanted at normal incidence in Al [22, 23]. As a
matter of fact, for a buried Gaussian distribution of Ar atoms, a geometrical correction factor,

h(d,W,a, 1)= 0.342 at & =0°, given by Eqn A11, must be applied to obtain the Ar atom density per

unit area, Ng(Ar) :

Al 1183ev ) o(Al) (1,(Ar)
NS = W) A {IO(AI)J )

with oAl 2p)=0.11 and o(Ar 2p,,)=0.42. The total Ar concentration, Ng(Ar) = 1.32x10'® Ar

atom.cm™), derived from XPS peak intensity ratio lo(Ar 2p) / Io(Al 2p), corresponds to an average

density of 0.3x10%® Ar atom.cm, taken over a typical depth of 4 nm. NS(Ar) being smaller than the Ar

ion fluence (3.6x10™ Ar.cm™), this relatively low retention (37 %) indicates that some dynamic
equilibrium is probably established between ion implantation and exodiffusion of argon atoms.
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Typical argon bubble radius (R) in Al has been evaluated [15] as a function of the ion implantation
energy, Ejon, using the variations of the apparent binding energy E_ (Ar 2p) which results from some
shielding of the interaction of Ar 2p photoelectron and Ar 2p positive core hole by conduction band
electrons of the host material. Noble gas atoms being less polarizable than the metal matrix, this final-
state contribution to the shift in binding energy comes mostly from the host electronic relaxation upon
core ionization of the NG [21]. Assuming a power law increase of bubble radius with ion energy,
R~E,, " and considering extra atomic relaxation energy due to conduction electrons of the metal with
(1/R) variation, exponent n~0.5+0.2 was obtained for normal implantation conditions. Absolute R

values were derived using the van der Waals Ar atom radius, R, =0.188 nm, in the limit of isolated Ar

atoms, as obtained experimentally at low fluence and low ion energy. In this latter case, the Ar 2p

binding energy was Eg(Ar 2ps2) = 241.95 eV with respect to the Fermi level [15].

For 35° off-normal implantation (3 ML) at Ejon = 2 keV, a much larger binding energy Eg(Ar 2ps/)
= 242.60+0.05 eV is found, hence the hypothesis of isolated argon atoms can be clearly discarded.
Within experimental error, our experimental value compares very well with Biswas et al. results [15]
for normal incidence Ar ion implantation in Al(111) at the same energy and fluence values, Eg(Ar 2p) =
242.65 eV, which corresponds to a bubble radius R~ 0.48 nm. It is emphasized that the relevant
parameter here is ion energy (through the bubble size value as discussed above) rather than fluence
value, since for 2 keV argon ions, the steady state BE value is reached for Ar ion fluence of only a
fraction of ML [15, 22].

Previous studies of heavy noble gas atom bubbles indicate that, whatever the fluence, the pressure in

solid bubbles is always close to the equilibrium pressure [13]; hence in this study, P. ~2y/R= 4.6

GPa, is estimated from the Al surface tension (= 1.1 J.m) and argon bubble radius R ~ 0.48 nm. The
lattice parameter of solid argon bubbles, deduced previously from diffraction experiments [11], gives a
typical molar volume V,, ~ 19.4 cm?®.mol™; hence the average number of argon atoms is about 14.4 per
bubble, with most argon atoms located at the interface with Al matrix. Neglecting the distribution in
bubble radius, a typical nano-bubble density, Ng (Ar) = 2x10% bubbles.cm, is derived from implanted
Ar concentration and aggregate size, over some depth of 4 nm, giving a typical inter-bubble distance of

1.7 nm. Similar results were reported previously for low energy Ar ion implantation in Al matrix [30].

In conclusion of this section, the model developed in Appendix A for small subsurface Ar

aggregates can be safely used in this XPS-PEELS analysis. Furthermore, since Ar 2p core level reveals
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a single dominant environment with symmetrical line shape, the contribution of isolated Ar atoms in the

depth distribution can be neglected.

4.3 Physics of plasmon excitation

This XPS-PEELS model assumes that plasmon excitation by photoelectrons in the host material is
essentially extrinsic in nature and its intensity is directly related to the geometrical path of the
photoelectron towards the surface. This hypothesis is reasonable for the rather large bubble radius
obtained at Ejon = 2.0 keV, as shown by the bubble radius dependence of extrinsic and intrinsic
plasmon intensities derived by Dhaka et al. [30] but it might not be justified for isolated noble gas
atoms embedded in a metal host (as obtained from low fluence and low ion energy implantation), where
the intrinsic losses becomes more significant.

A major difference between XPS-PEELS data analysis by different groups lies in the treatment of
the spectral background. In line with previous work, [49] we consider that all energy losses above the
flat background on the low binding energy side of the ZLP should be assigned to bulk and surface
plasmon excitations. In contrast, a broad background subtraction has been imposed [30] on measured

Ar 2p energy loss spectra, giving smaller relative intensity, b(a) ) , values of the BP1 peak ; at normal

1p
emission (« = 0°), a scaling factor of about 5/3 would reconcile both data analysis methods, giving here
for the decomposition of first order plasmon intensity into its intrinsic and extrinsic components

blay,) =byur +ber = B =0.50%(E,ey) °° (byyr being thus negligible for Ar nanobubbles formed at

2 keV). Similarly, the intensity ratio between second order and first order bulk plasmon peak intensities

is larger in our data analysis, blw, , )/b(e,, )=0.65+0.1 , as compared with 0.45 in reference [30].

Interestingly, if we would assume that some inelastic background, distinct from surface or bulk
plasmon excitation, must be subtracted from the raw data, giving in first approximation some angle
independent scaling factor SF < 1 for the relative loss intensities, then the graphical representation of

angle-dependent relative plasmon intensity (Fig. 7) would provide reduced values of the intercept
(SFd/2) and slope (— SF WZ/ZAZ) with two consequences: (i) the decreased dpees value would
depart even more from the SRIM simulation (dsgim), (i) the condition W <d might no longer hold.

As far as the surface plasmon peak (centered at 10.6 eV) is concerned, our results reveal a strong
increase (i.e. faster than the (1/cosa) dependence expected for a semi-infinite solid) of its intensity

with increasing off-normal emission angle; previous observation of similar effect for Ne and Xe

subsurface nanobubbles in Al was attributed to some significant excitation and coupling of bubble
15



surface plasmons (BSP) excited at the noble gas bubble / Al matrix interface [30]. The large bubble
density and small inter-bubble separation distance found in this work also support this interpretation
and may contribute to the large width of surface plasmon excitation peaks.

4.4 Discrepancy between XPS-PEELS and SRIM implanted depths

The average depth of argon atoms implanted into Al(001) matrix (Ejon = 2.0 keV, 35° off-normal
incidence, 3 ML) obtained from XPS-PEELS analysis of Ar 2p photoelectrons (dpgers = 2.0£0.1 nm) is
significantly smaller than that obtained from SRIM code simulation (dsrim = 3.8 nm). Since the XPS-

PEELS method robustness was discussed above, we consider here ion implantation modeling issues.

SRIM simulations are very reliable for high energy ion implantation (above 1 keV) provided that
displacement energy is adequately selected. For 2 keV argon ions in Al, SRIM results are comforted by
Molecular Dynamics study of ion implantation dynamics, which confirms an average defect depth at
2.0 nm [50]. In contrast, the relative inaccuracy of SRIM for shallow implantation of noble gases
emphasizes the interest of non-destructive analytical tools such as XPS-PEELS, X-ray diffraction,
electron microscopy and positron annihilation [12, 17, 24, 30, 50] to address depth profiling. However,
a limitation of SRIM simulations, as compared with e.g. molecular dynamics, is that a statistical
average of cascade phenomena in a virgin target is considered, thus overlooking cumulative effects
[51].

The first explanation for the observed discrepancy is due to the large sputtering yield (Y = 2.8) for
35° off-normal implantation of argon ions; about 1.7 nm of the Al surface atoms are removed during the
overall irradiation process, meaning that the surface is dynamically receding as ion implantation
proceeds. Hence, Ar ions implanted at the beginning of the process end up at near-surface locations.
Some modification of the Gaussian depth distribution towards a more square-shaped distribution is

expected from this dynamical effect, which would account for about 50% of the discrepancy.

In addition, SRIM is limited to as-implanted damage and neglects any long term and temperature
dependent effects such as vacancy and atom diffusion which might affect both distributions. Detailed
Molecular Dynamics (MD) studies were recently performed to understand the dynamics of implanted
argon atoms and vacancies in Aluminum [52]. In Al, noble gas atoms are unstable at interstitial
positions as compared with substitutional positions. Although formation energies for vacancy and
divacancy in Al, 0.61 eV and 1.38 eV, are rather small, out-of-equilibrium mechanisms due to argon

ion energy loss are likely dominating near room-temperature, during ion implantation (37 vacancies per
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incident Ar ion at 2 keV, as given by the SRIM code). A small energy barrier, Ep(V) = 0.31 eV, has

been calculated for vacancy diffusion by jumping to the first neighbor position.

A substitutional Ar atom may act as a sink for mobile free vacancies, to form some Ar-vacancy
complex, which could diffuse with a small barrier, Ep(Ar)= 0.85 eV [52]; considering an attempt-to-
escape frequency on the order of Al phonon frequency (33.6 meV, 0.8x10" s?) [53], migration of
argon-vacancy complexes is expected to occur within minutes at room temperature. Hence a possible
scenario would be some diffusion of argon-vacancy complexes at ambient temperature, through the
vacancy-rich near-surface region, resulting in smaller average depth of final argon atom positions;
exodiffusion of argon atoms nearest to the surface and release from the surface to the vacuum is also

expected from this scenario.

5. Conclusion

A robust analytical method based on photoelectron energy loss spectroscopy (XPS-PEELS) has
been developed to obtain both depth and width of implanted atom profiles. This model assumes that

plasmon excitation by photoelectrons in the host material is essentially extrinsic (rather than intrinsic)
and that the inelastic mean free path is not modified by ion implantation. Simple distribution shapes,
addressed in this work, cannot be discriminated unless photoemission is measured at grazing angle with
very good experimental signal to noise ratio. Small error bars have been obtained for the model
parameters, (d/4) and (W/1), however the accuracy of the absolute depth and width values depends on
the uncertainty of the IMFP value for the investigated system and the validity of the rectilinear motion
approximation. If the elastic scattering mechanism is not negligible, the correction on depth and width
of the profile is given by the ratio (EAL / IMFP).

This method has been illustrated by a model system, namely shallow implantation of low energy
argon ions into Al(001) matrix. Deeper implantation depth may be better characterized using hard X-
ray photoelectron spectroscopy (HAXPES). In this Ar|Al system, the average depth obtained from
PEELS of Ar 2p photoelectrons is significantly smaller than the average depth of the distribution
calculated from the Monte Carlo SRIM code. This discrepancy is attributed to a shallow implantation
depth (dsriv = 3.8 nm) at 35° incidence angle and a significant erosion of surface Al atoms (thickness =~
1.7 nm) due to the large Al sputtering yield ; additional effects such as some diffusion of argon-vacancy

complexes towards the surface during Ar ion implantation deserve more detailed studies. This result
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illustrates the strong complementarity between Monte Carlo or Molecular Dynamics modeling and

experimental insight derived from photoelectron energy loss characteristics.
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APPENDIX A—- Modelling energy loss peak intensity of photoelectrons emitted by
implanted atom distributions

Photoelectron intensities of the zero-loss peak (1), first order (I,) and second order (1,) bulk
plasmon peaks are derived as a function of emission angle, o, for several implantation profiles
(Gaussian, rectangular and triangular depth distributions) and compared with an ideal single plane.
Exact analytic equations for the relative intensities (I,/1,) and (1,/1,) are displayed as a function of
(1/cos(a)) in Figure 7 in order to estimate the departure from the narrow distribution limit which

allows graphical determination of relative depth (d /1) and relative width (W /1) parameters.

In this calculation, we assume that plasmon excitation by photoelectrons moving along rectilinear
trajectories in the host material is purely extrinsic and that the inelastic mean free path is not modified

by the presence of argon bubbles after ion implantation. If the IMFP is the same at Kinetic energies
Eo, Ey — hw, Ey — 2hw | variation of the outgoing photoelectron fluxes 10(z Eo), 11(z, Ey — hw),

I(z,Ey — 2hw) in off-normal direction « through a thin slab of thickness dz at depth z, writes:

(%) Lo (A1)
dz Acosa
(%j=+ b L (A2)
dz AcCosSa AcCOSa
I -
z Acosa Acosa
Hence,
z
1.(2)= I,(z A4
=[] 1 (A)
| (z)—( . j 1.(2) (A5)
2 2icosa )
The outgoing fluxes depend on the depth distribution of emitter atoms D(z) through:
Io(Eg, @) = [, dz F(2)D(z) (A6)
L(E, — hw,a) = fooo dz (%) F(z)D(z) (A7)
1) 72
I,(Ey — 2hw,a) = [ dz (E) F(z)D(2) (A8)
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where F(z) = exp(— Ej is the attenuation function related to the inelastic mean free path A(E,), and

L(E,) = A(E, )cosa . Here photoemission cross section and surface plasmon excitation are omitted.

a) Single plane (Dirac profile)
For an ideal plane of emitters located at depth d, with Dirac profile, D(z) =(d) and unit atom

concentration, from Eqgns. A4-A5,

IO(EO,a):eXp( —dj Il(EO,a)_( d j IZ(EO,a)_( d j (A9)

Acosa I,(E,) \Acosa I,(E, ) \24cosa

b) Gaussian depth distribution

For a Gaussian density distribution of implanted emitters centered at depth d, with full width

FWHM =2W(Ln2)" and unit integrated density:

2
G(z) = ("W)™ exp|:— (%) } (A10)
the analytic expression for 1,(E,, @)
1 d w? d w
IO(EO,O{):E exp(—E+EJ |:1+ erf (W_Z):| (All)

shows that the ZLP intensity decreases (increases) with increasing average depth d (increasing width

W ) of the Gaussian. The relative intensities (1,/1,), (1,/1,) and (1,/1,) are obtained using the
d-z

W2

1, (Ey @)= [[%)—(%ﬂ I,(Ey ) +77° GV_LjeXpli_(V%] } (Al12)
d W2 d) (w? o (W3 dy
| 2 (EO , a) = (ZJ | l(EO y O{) +(Ej|:1— (Ej + [Tj:| IO (EO y a) — 7T (WJ eXp|:— [Wj :| (Al3)

Using Eqn A12,

2d2+W2) (dw?) (w* o (Wd W@ d
Iz(Eo’a):{( e J_£ E ]+£8LAJ} lo(Ey ) +7 (E‘@jexp{_(v_\/} :l (Al4)
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derivative of the Gaussian distribution, G'(z) = 2[ JG(Z) and an integration by parts procedure:




For small Gaussian width (W <d ), and « not too large, the last exponential term in Eqns. 12, 13, 14

is negligible, hence:

1, (Ep )= (%){1_(\2/\;:_}} o (B, ) (A15)
IZ(EO,a):(zd—lel(Eo,a) +(%j|:l—(dtj+(%ﬂ I, (Eq, @) (Al6)

Inserting Egn A15 into Eqn A16, exact analytic formulae are obtained:

d? W2 W 2 w*
1, (E,, )= (T) Ku 2d2J_(dLj+(4d2L2ﬂ o (Eq, ) (A7)
[(L_l}MW“
d d 2dL
—j 1+

2L (2dL -w?)

1,(Ep, )= [ j 1, (Ep ) (A18)

Eqgn A9 is recovered in the narrow distribution approximation (W — 0). As expected, Eqn Al5
- . I(E . : T .
shows that the relative intensity % of the first bulk plamon peak is reduced with increasing
o\Ep, &
1,(Ey, @)
Il(EO’a)

may be either increased (d < Acosa) or decreased (d > Acosa) by the effect of the distribution

width of the Gaussian distribution. However, Eqn A18 reveals that the relative intensity

width, depending on the value of the implantation depth, d , relative to the inelastic mean free path. In

. . L(E . _ . . .
addition, the ratio Mcos(oz) Is expected to decrease with increasing (grazing) emission angles.

\Eg, &

For a small width of the Gaussian profile, plotting first order plasmon loss peak relative intensity
times cos(x) as a function of (1/cos(a)) gives a linear dependence, in the narrow distribution

approximation:

(M] cos(a) = [9] - (W—Zj(ll cos(@)) (A19)
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2

Graphical determination of y-axis intercept (%) and slope ( 7 j yields the Gaussian distribution

parameters provided that the IMFP, A, is known for core level photoelectrons of implanted atoms
travelling through the matrix.

Further check for internal consistency can be obtained from the second order bulk plasmon loss
peak intensity times cos’(«) obtained at different emission angles. For a narrow Gaussian profile,
plotting angular results for second order plasmon losses should also give a linear dependence as a
function of (1/cos(a)):

(%]co# () = [Zd ;}W 2 J —(dZVX: ](1/ cos(a)) (A20)

This plot using the relative intensity of second order bulk plasmon allows to compare the measured y-

. 2d% +W? dw 2 w* dw?) . :
axis intercept | ————| and slope | ——— [+| —; ~| ——— |, with the respective values
41 24 84" cosa 24

calculated using previously determined (d /1) and (W /1) parameters.

c¢) Triangular depth distribution

For a symmetrical triangular distribution buried between depths (d —V) and (d +V) with unit area

(height 1/V ), integration by parts gives exact analytic formula:

d) (21 Vv
I,(Epy ) = exp[— Ej (V—Zj {—1+ cosh(tﬂ (A21)
d)(2L)\|1 Vv . (V
IL,(Ey, @)= eXp[_Ej [Vj{v(2L+d) (—l+ COSh(IB_Smh(IJ} (A22)

I,(Ey @) = exp(— df} {\%(GLZ +4Ld +d2) (—1+ cosh(\{jj+cosh(\{]—\%(d +2L)sinh(\{j}

(A23)

with power law expressions in the narrow distribution approximation (V <<L):

I,(Eyy @) = V exp(— dﬂ(u 1\2 ;J (A24)
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1,(Eg. @) _ (9) (Ve (A25)
l,(Epy) L 3Ld

1,(Eq, @) _ (dz]{l_[VZ]_(Wzﬂ (A26)
I,(E,,a) | 2L 3d? )\ 3Ld

d) Rectangular depth distribution

For a rectangular distribution buried between depths (d —U) and (d +U) with unit area (height

1/2U ) and width 2U , integration by parts gives exact analytic formula:

I, (E,, o) = (Uij exp(— dtjsinh(utj (A27)
L(Ep @) _ (d i LJ —(Bjcoth(gj (A28)
I,(Ey, @) L L L
2 2
L(Epa) _fd+l 0" +Y —(Ej(u 9} coth{gj (A29)
1,(Ey @) L 2L L L L
with power law expressions in the narrow distribution approximation (U <<L):
d u?
IO(EO,a) zeXp(— Ej (1"‘ WJ (A30)
2
LTINS (Qj -0 (A31)
I,(Ey @) L 3Ld
2 2 2
IZ(Eo,oc)z d2 1+U2—2U (A32)
I,(Ey, @) 2L 3d® 3ud
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Table 1 : Decomposition of Ar 2p photoelectron energy loss spectra for Argon nanobubbles embedded
in Al metal matrix. Typical error bars were estimated at +1% for ZLP area, £10% for BP1 area, +25%
for BP2 area. Relative intensities of first order and second order bulk plasmon peaks (normalized to
ZLP area) were used to calculate apparent emitter depths, d,/A=cose (I,/1,) and

d,/A=2cosa (1,/1,), within the ideal single plane model (columns 5 and 6). The last column shows

large surface plasmon intensity at 65° emission angle.

Angle | ZLParea | BPlarea | BP2area | cosa (I,/1,) | 2cose (1,/1,)| cosa xlg,
(degree) (a.u.) (a.u.) (a.u.) (a.u.)
0 1 0.786 0.470 0.79 1.20 0.26
52 1 1.01 0.708 0.62 0.87 0.28
65 1 1.39 1.04 0.59 0.63 0.45
75 1 1.39 1.04 0.36 0.39 0.26
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FIGURE CAPTIONS

Figure 1: Schematic representation of subsurface noble gas precipitates (nanobubbles). Photoelectrons
produced by X-ray photoionization of Ar 2p core levels experience energy losses due to bulk and
surface plasmon excitation, as they cross the Al matrix towards the surface. Both apparent ZLP
binding energy and plasmon peak intensities are influenced by the geometrical parameters (depth and

width of the distribution, average bubble radius) of the argon precipitates.

Figure 2: Scanning electron microscope image (x 15000) of the AlI(002) surface after extensive Ar ion

bombardment sequences showing an “orange skin” aspect and 2 micron width craters.
Figure 3: Contact-mode AFM image (2x2 um?) of the Al surface (color code height 3.1 nm).

Figure 4: XPS characterization at normal emission angle (« = 0°) of the Al(001) surface at stage #1
(Ar-implanted), stage #2 (annealed) and stage #3 (Ar implanted, 3 ML) : a) Survey spectra, b) Ar 2s,
Ar 2p and C 1s peaks, c) Al 2p core level and multiple plasmon excitation peaks. The Al surface is

oxygen-free at stages #1 and #3.

Figure 5: XPS-PEELS at variable emission angle (a = 0°, 52°, 65°) of Ar 2p core level and multiple
plasmon excitation peaks (peak labeling, see Fig. 6). Reference spectrum for plasmon excitation by Al

2p photoelectrons was obtained at normal emission (« = 0°) and smaller instrument broadening.

Figure 6: Decomposition of XPS-PEELS data for the Ar 2p core level at « = 52°, into first order and
second order bulk and surface plasmon peaks. Peak BP2 (30.8 eV) is due to photoelectrons which
have excited two bulk plasmons. Peak SP2 (25.7 eV) is due to photoelectrons which have excited one
bulk plasmon and one surface excitation. Photoelectrons which have excited two surface plasmons are

neglected in the decomposition.

Figure 7: Emission angle dependence of the relative intensities of first-order (a) and second-order (b)
plasmon peaks for Ar|Al (Eion = 2.0 keV, 35° incidence, 3 ML). Using the full equations (Appendix
A) for Gaussian (G), Rectangular (R) and Triangular (T) depth distributions, the average depth and
width are adjusted to the data for each model depth distribution (inset). The influence of distribution
width (W) is evidenced by the departure of data from the red dashed line, obtained by injecting the

adjusted depth and width values into the narrow Gaussian limit (Egn 5).
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Figure 3
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Figure 4
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Figure 5
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