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Inelastic mean-free path and mean escape depth
of 10-140 eV electrons in SiO, nanoparticles
determined by Si 2p photoelectron yields
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We report on photoelectron spectra of SiO, nanoparticles (d = 157 + 6 nm) above the Si 2p threshold in
the photon energy range 118-248 eV with electron kinetic energy 10-140 eV and analyze the photo-
electron yield as a function of photon energy. Comparison of the experimental results with Monte—-Carlo
simulations on electron transport allows us to quantify the inelastic mean-free path and mean escape
depth of photoelectrons in the nanoparticle samples. The influence of the nanoparticle geometry and
electron elastic scattering on photoelectron yields is highlighted. The results show that the previously
proposed direct proportionality of the photoelectron signal to the inelastic mean-free path or the mean
escape depth does not hold for photoelectron kinetic energies below 30 eV due to the strong influence
of electron elastic scattering. The present results deviate for photoelectron kinetic energies below 30 eV
from the previously proposed direct proportionality of the photoelectron signal to the inelastic mean-
free path or the mean escape depth, which is the result of a strong influence of electron elastic
scattering. The presented inelastic mean-free paths and mean escape depths appear to be useful for the
quantitative interpretation of photoemission experiments on nanoparticles and for modeling of the

rsc.li/pccp experimental results.

Introduction

X-ray photoelectron spectroscopy offers an element-specific way
to study the structure of surfaces. Due to their high surface-to-
bulk ratios, the properties of nanoparticles are often dominated
by their surface properties. This makes X-ray photoelectron
spectroscopy a uniquely-suited tool for the characterization of
nanoparticles. Indeed, various types of nanoparticle surfaces
have been successfully characterized using photoelectron
spectroscopy, including magnetic nanoparticles,' nanoparticles
with possible applications in next-generation advanced solar
cells,> nanoparticles relevant for atmospheric chemistry,*
plasmonic applications,® catalysis,”® and nanoparticles with
complex architectures, such as core-shell nanoparticles.”
The surface sensitivity of photoelectron spectroscopy stems
from the fact that only photoelectrons originating from atoms
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close to the surface will be able to leave the sample to be
analyzed. Although photoelectrons can escape the sample in
spite of multiple inelastic scattering events, the signal of
inelastically scattered electrons is mostly structureless, which
makes their spectroscopic analysis challenging.'*'* For quan-
titative X-ray photoelectron spectroscopy, a detailed under-
standing of the electron transport process is needed, which is
influenced both by elastic and inelastic electron scattering. For
nanoscopic samples, the analysis of photoemission results may
further need to take particle size effects into account.'>"®

The high surface sensitivity of photoelectron spectroscopy
was realized before and methods to quantify the surface
sensitivity included overlayer-type experiments, where the
photoelectron signal from an underlayer was studied as a
function of the thickness of the overlayer."” This experimental
approach was used to construct the “universal curve” to
describe the surface sensitivity.'® Early work assumed that the
results of overlayer experiments describe the electron inelastic
mean-free path, i.e., the average distances that electrons with a
given kinetic energy travel between inelastic collisions."® How-
ever, that assumption does not hold, if elastic scattering is non-
negligible."® To account for elastic scattering, an effective
attenuation length (EAL) can be introduced, which is a quantity
that can be used instead of the inelastic mean-free path (IMFP)
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to take elastic scattering into account.?** If elastic scattering is
strong, EAL and IMFP will deviate from each other. However,
there are some crucial differences between both quantities.
While the IMFP is a material property, the EAL depends on the
experimental geometry and the overlayer thickness.'®**??
Thus, a given material can have different EALs for a given
electron energy depending on the specific experiment.*® For
describing the electron transport in terms of an EAL, the depth
distribution function of the photoemission should be exponen-
tial due to the Beer-Lambert law. It has been shown that this
condition is not fulfilled if elastic scattering is strong,>* which
is the case for low energy photoelectrons. To quantify the depth
sensitivity of photoemission experiments when the electron
attenuation deviates from exponentiality, the mean escape
depth can be used. The mean escape depth is the average
depth, normal to the surface, from which the electrons
escape.?’ It is defined for an arbitrary shape of the photoemis-
sion depth distribution function. If elastic scattering is negli-
gible, the mean escape depth (MED) is simply the product of
IMFP and the cosine of the emission angle."®

Data on inelastic mean-free paths, effective attenuation
lengths, and mean escape depths that can be used for quanti-
tative interpretation of XPS can be obtained from databases
published by NIST for electron kinetic energies above 50 eV.>>2°
The data in the databases are applicable to bulk solids. If they
are to be used to interpret XPS of nanoparticles, corrections
need to be made to take the particle geometry into account."®*’
For electron kinetic energies below 50 eV, data on the surface
sensitivity of XPS are notoriously scarce. In the present work, Si
2p yields from soft X-ray ionized spherical SiO, nanoparticles
are reported for the photon energy range 118-258 eV (kinetic
energy range 10-140 eV). The photoelectron yields are inter-
preted along with Monte-Carlo simulations that take elastic
and inelastic scattering into account to allow us to retrieve
inelastic mean-free paths and mean escape depths in the
studied kinetic energy range.

Experimental

The experiments were performed at the UE56/2 undulator
beamline of the synchrotron radiation facility BESSY II at
Helmholtz-Zentrum Berlin (Germany) during single bunch
operation of the electron storage ring. The soft X-rays were
monochromatized by a plane grating monochromator. For
these experiments, the monochromator exit slit was set to
500 pm, leading to a photon bandwidth of 120 meV at a photon
energy of 106 eV.

The SiO, nanoparticles were prepared using the Stober
method,”® which was coupled with a seeded growth
approach.?® Fig. 1 shows a typical electron micrograph of the
SiO, nanoparticle sample which reveals a mostly spherical
shape and a diameter of 157 + 6 nm, as determined by
scanning transmission electron microscopy (STEM) using a
Hitachi SU8030 electron microscope. An ethanolic dispersion
of the nanoparticles (1 g L") was sprayed into ambient air by a
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Fig. 1 Typical electron micrograph of the sample SiO, nanoparticles. The
diameter is found to be 157 + 6 nm with the uncertainty reflecting the
standard deviation of the size distribution measured by STEM.

commercial atomizer (TSI model 3076). The spray yields dro-
plets which contain on average no more than one nanoparticle
so that the formation of aggregates is avoided. After evapora-
tion of the solvent and passing the particles through a diffusion
dryer the nanoparticles were transferred into the high vacuum
(base pressure: 10”7 mbar) via an aerodynamic lens and a
differential pumping stage.*** The aerodynamic lens system
generates a beam of nanoparticles with a full-width-at-half-
maximum of approximately 500 um.>* The porous surface layer
of the isolated silica nanoparticles may contain solvent residues
to a maximum depth of a few nanometers.*> However, supple-
mentary photoemission studies in the O 1s regime indicate that
the solvent cannot be probed.*® This implies along with the
known absorption cross section of ethanol in the energy regime
under study (¢f. ref. 36) that the Si 2p photoemission will not be
affected by remaining solvent on the particle surface. Further-
more, in the data analysis a background of the pure gas phase
spectrum was subtracted using a HEPA filter in the tubing,
which only removes the nanoparticles from the gas stream.
Note that this gas phase contribution does not affect the kinetic
energy regime of the Si 2p signal since the gas phase signal is
only due to valence shell ionization.

The nanoparticle beam is crossed at right angle with the soft
X-rays and the photoemission is recorded by a home-built
magnetic-bottle time-of-flight electron spectrometer which is
based on the design of Chesnovsky et al.>” This spectrometer
has previously been described elsewhere.?®*°

The Monte-Carlo simulations of electron transport in the
nanoparticles were performed using the “Simulation of Elec-
tron Spectra for Surface Analysis” (SESSA) software.’® SESSA
can be used to simulate photoelectron spectra with or without
electron elastic scattering. For the simulations with elastic
scattering turned ‘“on”, the differential elastic scattering cross
sections of Yates were used.*" The nanoparticles were modeled
as spheres with a diameter of 150 nm. The reported density of
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2.0 g em ™ for SiO, nanoparticles generated by the Stober
method is used for the simulations.”” For the simulations,
the angular anisotropy parameter f is set to zero for all photon
energies to account for the absence of angular information in
the experiment due to the large collection angle of the magnetic
bottle electron spectrometer. The validity of this simplifying
assumption was checked by a comparison with simulations
using the B reported by Yeh and Lindau,*® but using a simu-
lated spectrometer opening angle of w, indicating that the
results were indistinguishable from each other.

Results and discussion

Fig. 2 shows typical photoelectron spectra of isolated, single
SiO, nanoparticles prepared in a particle beam and subse-
quently ionized by soft X-rays above the Si 2p absorption edge
for different photon energies. The photoelectron spectra are
dominated by a smooth background due to secondary elec-
trons, which result from inelastic scattering. In addition to the
smooth signal due to secondary electrons, a distinct feature is
found at a binding energy of 108 eV, which is assigned as
emission of Si 2p electrons.*®** No spin-orbit splitting is
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Fig. 2 Photoelectron spectra of SiO, nanoparticles (d = 157 + 6 nm) at
several photon energies above the Si 2p absorption edge. The dashed blue
curve is an extrapolation of the smooth background due to secondary
electrons to highlight the sharp feature assigned to Si 2p emission. The
spectra are normalized with respect to the photon flux and the decrease of
the Si 2p yield is interpreted as being due to energy dependent modula-
tions of the absorption cross section and the transport properties of
photoelectrons in the nanoparticles.
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observed, which is in agreement with other studies on photo-
emission from both bulk amorphous Si0,*® and SiO,
nanoparticles,®*® where the lack of a doublet structure was
attributed to the disorder of the material.*® To quantify the Si
2p photoemission as a function of photon energy, the spectra
shown in Fig. 2 were normalized to the photon flux and the
transmission of the magnetic-bottle electron spectrometer. The
yield of Si 2p photoelectrons is taken as the area under the
discrete feature in the photoelectron spectra. The Si 2p yield is
shown in Fig. 3(a) as a function of photon energy (lower
horizontal scale) and Si 2p kinetic energy (upper horizontal
scale).

The Si 2p signal shown in Fig. 3(a) displays a decrease with
increasing photon energy, corresponding to increasing electron
kinetic energy, which can be attributed to the variation of the
photoabsorption cross section and the electron scattering
properties in the nanoparticles prior to escape from the surface.
In order to distinguish the effect of varying cross section and of
attenuation from electron transport, we show in Fig. 3(b) the
imaginary part of the complex refractive index of bulk SiO,
reported by Filtova et al*® to explore whether the sharp
decrease in Si 2p direct ionization intensity can be ascribed
to a drop in Si 2p photoabsorption cross section. The broken
line in Fig. 3(b) shows an extrapolation of the pre-edge con-
tribution to account for valence shell absorption, which is non-
negligible in the investigated photon energy range. A compar-
ison of the photoelectron yield curve shown in Fig. 3(a) and the
photoabsorption cross section depicted in Fig. 3(b) indicates
that the drop in photoelectron yield cannot be explained solely
by variations in Si 2p absorption cross section. This leads to the
conclusion that the observed variations in yield are evidently
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Fig. 3 (a) Yield of Si 2p photoelectrons from SiO, nanoparticles as a

function of the photoelectron kinetic energy normalized to the incident
photon flux when tuning the photon energy in the range 118-248 eV, (b) Si
2p absorption cross section of SIO, taken from the work of Filatova etal,*®
the Si 2p absorption threshold is marked by an arrow.
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influenced by electron transport properties of the nanoparticles
(i.e., elastic and inelastic electron scattering). To quantify the
influence of electron transport on the Si 2p yield, we normalize
the curve shown in Fig. 3(a) to the Si 2p absorption cross
section (cf. Fig. 3(b)). The results are shown as the red circles
in Fig. 4(a). We interpret the variations in the photoelectron
yield after accounting for the photoabsorption cross section to
be due to electron kinetic energy dependent transport proper-
ties in the bulk of SiO, nanoparticles. The result of this analysis
qualitatively resembles the “universal curve”,'® displaying a
minimum of the yield at 30-50 eV accompanied by a sharp
increase towards lower kinetic energies of the emitted electrons
and an increase of lower slope towards higher kinetic energies.

We conducted Monte-Carlo simulations on photoionization
of SiO, nanoparticles in order to explore the information
contained in the experimental results regarding electron trans-
port in SiO, nanoparticles. This information can be retrieved
from the cross section-normalized Si 2p yield. Here, we focus
on the yield of unscattered Si 2p electrons while ignoring Si 2p
electrons that have been scattered inelastically as well as any
other electron emission channels. Fig. 4 shows the results from
Monte-Carlo simulations for the Si 2p photoelectron. These
apply to a particle diameter of d = 150 nm, where the absorption
cross section in the simulations has been set to be identical
for all electron kinetic energies and only the elastic and
inelastic mean-free paths are varied. As a result, kinetic energy
dependent modulations in the simulated yields are assigned
to changes in electron transport properties, similar to the
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Fig. 4 (a) Si 2p yield from SiO, nanoparticles in the electron kinetic

energy range 10-140 eV. The data were normalized with respect to
photon flux and absorption cross section ¢. Red dots correspond to the
experimental data. Full and broken curves are obtained from Monte—Carlo
simulations, corresponding to simulated Si 2p yields from SiO, nano-
particles with electron elastic scattering turned “off” and “on” during the
simulations, respectively, (b) ratio of simulated Si 2p yield from SiO,
nanoparticles when elastic scattering is turned “on” and "off”, respectively.
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experimental results when normalizing the yield of emitted
photoelectrons to the absorption cross section. Fig. 4(a) shows
simulated yield curves with elastic scattering turned ‘“on”
(black full curve) and turned “off” (black broken curve) during
the simulations to study the influence of elastic scattering.
For these simulations, the recently published inelastic mean-
free path of SiO, reported by Astasauskas et al.*” was used,
which made use of an algorithm developed by Penn.*® For the
simulations with elastic scattering turned “on”, the elastic
scattering cross sections of Yates*' were used. The experimen-
tally obtained yield curve shown in Fig. 4(a) has been multiplied
by an arbitrary factor to align it with the simulation results with
the elastic scattering turned “on” (dashed curve in Fig. 4(a))
with the experimental results at 100 eV. This facilitates a
comparison between the experimental and simulated results.

The data shown in Fig. 4 indicate that the simulated electron
yield is lower when elastic scattering is turned “on” than when
it is turned “off”’. To quantify the influence of electron elastic
scattering on the Si 2p yield, the ratios of simulated Si 2p yields
when elastic scattering is turned “on” and “off” are shown in
Fig. 4(b). A ratio of 1 would thus imply that elastic scattering
does not influence the Si 2p yield. While the simulated photo-
electron yield with elastic scattering “on” is lowered by a
modest amount of 15% at Eyi, = 100 €V, i.e., in a regime where
elastic scattering is weak, the difference is more pronounced
for low energy electrons, where elastic scattering is significantly
stronger. This result indicates that considering electron elastic
scattering is indispensable for a quantitative interpretation of
photoemission of low energy electrons, since elastic scattering
is stronger for slow electrons.

Having established that the transport properties of photo-
electrons in nanoparticles influence the photoelectron yield, we
study in greater detail what information can be extracted from
the electron energy dependent Si 2p yield emitted from SiO,
nanoparticles. We first explore the interpretation of Kostko
et al.," who argue that the photoelectron yield from nano-
particles is directly proportional to the electron inelastic mean-
free path of the sample. In a similar experiment to the present
one, these authors studied the C 1s photoemission from
squalene nanoparticles and argue that if the photoabsorption
cross section can be accounted for, the relative photoelectron
yield is directly proportional to the inelastic mean-free path. In
contrast to this, the present results from simulations indicate
that when elastic scattering is included in the simulations, the
yield is lowered compared to simulation results with the elastic
scattering “off” (see Fig. 4(b)). Notably, the lowering of the
simulated yield is not constant over the entire energy range
studied, such that direct proportionality between the photo-
electron yield and the inelastic mean-free path is not evident.
Thus the conclusion can be drawn that the interpretation
proposed by Kostko et al.* is applicable only in the limit of
negligible elastic scattering.

Another conclusion that can be drawn from the present
results shown in Fig. 4 is that the simulated Si 2p yields using
literature parameters fail to reproduce the experimental yield.
Evidently, the simulations greatly overestimate the yield for low

This journal is © the Owner Societies 2023
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(a) Simulated Si 2p yield of SiO, nanoparticles as function of the inelastic mean-free path. The photoabsorption cross section is kept constant for

these simulations, so that variations in the yield are due to the changing electron transport properties, (b) The differential elastic scattering cross sections

used for the simulations.

energy electrons when using the reported IMFP.*” In order to
explain the experimental electron yields we then simulated the
Si 2p yield for various settings of the inelastic mean-free path
and for the electron kinetic energy range that was studied in the
present experiments. Typical results of such simulations are
shown in Fig. 5(a). Simulated Si 2p yields with elastic scattering
turned “off” (green curve) and turned “on” are shown for
electron kinetic energies 20 eV (black curve), 50 eV (blue curve),
and 100 eV (red curve), respectively. The differential electron
elastic cross sections used for the simulations for 20 eV, 50 eV,
and 100 eV are shown in Fig. 5(b) and were computed by the
method of Yates.”' The photoabsorption cross sections has
been set to be identical for all cases so that differences in yield
can be interpreted as being due to differences in electron
transport properties.

It is evident from the simulation results shown in Fig. 5(a)
that, for a given IMFP, the photoelectron yield increases as the
electron kinetic energy increases. This can be explained by the
greater influence of elastic scattering for slow electrons. Sec-
ondly, only in the case of simulations with the elastic scattering
turned “off” there is a linear proportionality between the
inelastic mean-free path and the Si 2p yield (see straight green
line in Fig. 5(a)). However, if elastic scattering is included the
slope of the Si 2p yield decreases as a function of the mean-free
path. This result indicates that it is not possible to directly
obtain the inelastic mean-free path of electrons from a photo-
electron yield curve if elastic scattering has a non-negligible
contribution. The reason for this behavior is evidently the
increased influence of electron elastic scattering for lower
kinetic energies of the emitted electrons.

Inelastic mean-free paths

Having shown that the simulated Si 2p yields presented in
Fig. 4(a) fail to reproduce the experimental Si 2p yields, we
determine in the next step which inelastic mean-free paths are
able to explain the experimentally observed yields. Here, the Si
2p yield is simulated for the kinetic energy range studied in the
experiments (10-140 eV). For each electron kinetic energy, the

This journal is © the Owner Societies 2023

IMFP is varied in the simulations until agreement is found
between the simulated and experimental Si 2p yields. The
photoabsorption cross section in the simulations is set to be
identical for all photon energies, which is similar to the
experimental data which are normalized to the photoabsorp-
tion cross section. Since the yield scale of the simulations is
arbitrary, one fixed point is needed to connect the experimental
and simulated yields. We used for this procedure parameters,
which provides agreement with the modeled curves at 100 eV
kinetic energy, i.e., an inelastic mean-free path value of 7.8 A at
Eyin = 100 eV. This value was obtained from the TPP-2M
formula of Tanuma, Powell, and Penn®® using a band gap of
9 eV and a density of 2 g cm>.** The inelastic mean-free paths
obtained from this procedure are presented in Fig. 6 (red dots).

Results from several theoretical studies of the inelastic
mean-free paths of electrons in SiO, are shown in Fig. 6 in
comparison with results derived from the experimental data
(red dots). The theoretical values show a large disagreement to
the experimental results for low electron kinetic energies,
where the relative differences can reach several hundred per-
cent. In addition, there are also significant differences between
the results derived from theoretical studies. These discrepan-
cies underscore the need for reliable experimental data on low
energy photoelectron transport in nanoparticles. It is also of
interest to compare the present results to earlier experimental
data of Seiffert et al.”® who determined the inelastic mean-free
paths of 20-30 eV photoelectrons in SiO, nanoparticles after
valence shell ionization. This previous study covered a narrower
energy range and was performed using a different experimental
approach, namely attosecond chronoscopy.”® At 20 eV, there is
fair agreement between the presently derived inelastic mean-
free paths and those obtained by Seiffert et al.>° The results of
Seiffert et al., however, indicate an almost constant inelastic
mean-free path in the electron kinetic energy range of 20-30 eV.
Contrary to this, the present results indicate that a drop in
inelastic mean-free paths over this electric kinetic energy range,
which is qualitatively similar in slope to what is shown in the
theory curves and what the ‘“universal curve” predicts, which
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Fig. 6 Electron inelastic mean-free paths (IMFP) in SiO,. The red symbols
correspond to IMFP derived from the Si 2p yield of SiO, nanoparticles (see
Fig. 4). Various inelastic mean-free paths based on theory taken from the
literature are shown for a comparison, as taken from: Astasauskas et al.
(grey and magenta curves)*’ Ashley and Anderson (green curve)®
Tanuma et al. (red curve),>? and the NIST database (blue line).2® The grey
data points are experimental values taken from Seiffert et al.°° The
modeled curves are in agreement with the experimental data for Eyjng >
100 eV, but there is a large spread in the results for low energy electrons
and deviations from the experimental data (see text for further details).

means that there is a drop in inelastic mean-free path from
20 eV to 30 eV.

Photoemission depth distribution and mean escape depth

The high surface sensitivity of photoelectron spectroscopy is
useful for materials characterization, using, e.g., depth profil-
ing. For quantitative interpretation of nanoparticle photoelec-
tron spectroscopy, it is imperative to be able to quantify the
depth distribution of photoemission, i.e., the depth of the thin
surface region that contributes to the photoemission signal.
For macroscopic samples with planar surface in the absence of
elastic scattering, the electron attenuation is often modeled by
an exponential function,'® with the probability of photoelec-
trons reaching the surface diminishing if they are generated
deep in the bulk. If elastic scattering is non negligible and/or
the surface of macroscopic samples is not planar, this model
may not be applicable. In the present case of SiO, nano-
particles, the geometry of the samples and elastic electron
scattering may modulate the photoemission depth profile and
thus influence the interpretation of results. We investigate in
the following what the present energy dependent Si 2p yields
coupled with Monte-Carlo simulations of electron transport
can reveal about the surface sensitivity of the experimental
results. This requires to simulating the depth distribution of
photoemission. For these simulations, the Si 2p emission from
a 0.1 A layer in d = 150 nm SiO, nanoparticles is monitored.
These simulations were repeated while moving this layer dee-
per inwards towards the center of the spherical nanoparticles.
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The emission of electrons which does not originate from this
specific thin layer is disregarded in this simplified analysis.
Note that this approach is inspired by previous work on
simulating photoelectron depth distributions.*®>* For the
simulations of the photoemission depth distribution, the
inelastic mean-free paths shown in Fig. 6 and the elastic
mean-free path of Yates were used.*’ The obtained depth
distribution functions (DDF) are shown in Fig. 7. The magni-
tude of the DDF indicates the probability of emitted electrons
originating from this depth layer and the integral over the
entire curve corresponds to the photoelectron yield. Shown are
typical depth distribution functions for the electron kinetic
energies 20 eV and 100 eV, respectively. These energies are of
interest to a comparison with the experimental data, since the
Si 2p yield is similar to within 3% for these two energies (see
Fig. 4(a)) whereas the effect of elastic scattering is expected to
be enhanced at 20 eV compared to 100 eV (see Fig. 5(b)).

Fig. 7(a) and (b) shows on a linear and logarithmic scale,
respectively, the simulated depth distribution functions of Si 2p
photoemission from SiO, nanoparticles when elastic scattering
is turned “off”” during the simulations. The depth distribution
functions shown in Fig. 7(a) and (b) indicate that, in contrast to
the expectation for emission from planar samples using a
negligible acceptance angle, that the depth distribution func-
tion is non-exponential even in the absence of elastic scatter-
ing, i.e., the slopes of the curves plotted on a logarithmic scale
in Fig. 7(b) are not constant. This can be understood as a result
of the spherical shape of the nanoparticle samples on photo-
emission. For a macroscopic sample with a planar surface
using a negligible acceptance angle when elastic scattering is
also negligible, the depth distribution function (DDF) can be
considered to be DDF oc exp(—2z/4 cos a), where 4 is the inelastic
mean-free path, o is the emission angle with respect to the
surface normal, and z is the depth.” Due to the curvature of the
surface of spherical nanoparticles investigated in the present
experiments, the emission angle o varies across the surface,
from o = 0 at the pole of the spheres facing the spectrometer to
o = m/2 at the equator of the spheres. Effects of the polarization
of the soft X-rays are not expected to be of importance due to
the large collection angle of the used magnetic-bottle-type
electron spectrometer. The recorded photoemission thus stems
from locations with different emission angles with respect to
the surface normal. This leads to a depth distribution function
of the recorded signal, which is a sum of exponential functions
covering different values of cos o, which cannot be described by
a single exponential function. Effective attenuation lengths,
which are often used to characterize surface sensitivity of
photoemission experiments,> can be used if the depth dis-
tribution is exponential, which is evidently not the case for
nanoparticles. Since the effective attenuation length (EAL) is
not a suitable way to quantify the surface sensitivity for the
present samples, we quantify the mean escape depth (MED) of
photoemission instead. The red (20 eV) and black (100 eV)
arrows in Fig. 7 mark the mean escape depths of photoelec-
trons, which are defined by the expectation value of the depth
from which the detected photoelectrons originate, given by

This journal is © the Owner Societies 2023
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Fig. 7 (a) Simulated depth distribution functions of Si 2p electrons from d = 150 nm SiO, spherical nanoparticles. Only electrons that escape without

undergoing inelastic scattering are considered. The signal amplitude from deeper surfaces is lowered due to attenuation of electron emission. Although
the yield for the two considered energies (20 eV and 100 eV) is identical to within 3% (see Fig. 4), the depth distribution of the signal is significantly
different. The arrows mark the electron mean escape depth, (b) Same as (a), but plotted on a logarithmic vertical axis, (c) Same as (a) but with the elastic
scattering turned “on"” for the simulations, (d) Same as (c) but with a logarithmic vertical axis.

MED = ["zDDF(x,z)dz/ [;"DDF(x,z)dz, where « is the emis-
sion angle and z is the depth.”® The MED, in contrast to
the EAL, is thus also well-defined for non-exponential depth
distributions. For the two photon energies considered in
Fig. 7 with inelastic mean-free paths of 9.1 A (20 eV) and
7.8 A (100 eV), respectively, the MEDs are found to be lowered
compared to the IMFP, even in the absence of elastic scattering
(see arrows in Fig. 7(a)). This shortening of the MED compared
to the IMFP in the absence of elastic scattering is caused by the
spherical nanoparticle geometry. Thus, the spherical shape of
the nanoparticles causes a lower mean escape depth. Shard
et al. proposed that the mean escape depth is shorter in spheres
compared to planar bulk solids by a factor of 0.67, and was
termed as “topofactor” in ref. 10,27. This estimate seems
reasonable, as the MED/IMFP is found here to be 0.69 for
Eyin = 20 eV and 0.60 for Ey;, = 100 eV.

We next discuss the influence of electron elastic scattering
on the photoemission depth distribution function. Fig. 7(c) and
(d) show simulated depth distribution functions, when the
elastic scattering is included in the simulations (turned “on”
on a linear and logarithmic scale, respectively. It is evident
from the depth distribution functions in Fig. 7(c) and (d) that
the emission originating from atoms closest to the surface, i.e.,
at small depths, is enhanced relative to the simulations when
elastic scattering is “off”’. In addition, the probability of escape
for electrons created at shallow depths is enhanced for 20 eV
compared to 100 eV, whereas the signal from surface emission
shows no kinetic energy dependence when elastic scattering is
neglected during the simulations (see Fig. 7(a) and (b)).

The effect of the elastic electron scattering on the photo-
emission depth distribution function can be understood by
considering two separate effects by which the elastic scattering

This journal is © the Owner Societies 2023

influences the depth distribution. These are: (i) elastic back-
scattering, which increases the signal from small depths since
photoelectrons that otherwise would be emitted away from the
surface and not get detected are backscattered towards the
surface and may escape the nanoparticles, and (ii) the longer
the pathlength traveled by photoelectrons caused by elastic
scattering, the higher is the reduction in signal since the
probability of inelastic scattering is increased. For shallow
depths, effect (i) evidently dominates, while for deeper depths
effect (ii) dominates.”” This result is qualitatively similar to
previously reported observations for bulk samples, if elastic
scattering is strong.>* The mean escape depths for 20 eV and
100 eV are indicated by arrows in Fig. 7(c) and (d). Even though
the photoelectron yield is similar for both energies, the MED is
shorter for 20 eV electrons due to elastic backscattering of
electrons. This demonstrates that the relationship between
yield, IMFP, and MED becomes complex when elastic scattering
is strong, as is the case for slow electrons. Ottosson et al.”® and
Suzuki et al.>® reported energy dependent O 1s photoelectron
yields from water in a liquid microjet. They argue that the
photoelectron yield is directly proportional to the effective
attenuation length (EAL) of the photoelectrons, which is the
case if the depth distribution function can be described by an
exponential function of the form exp(—EAL/d) where d is the
depth below the surface of the sample and EAL is energy
dependent. This assumption is only valid if the depth distribu-
tion function is sufficiently close to an exponential, ie., if
elastic scattering is weak. The data shown in Fig. 7(c) and (d)
indicate that this assumption may not hold if elastic scattering
is non-negligible, since strong elastic scattering causes the
MED to be different although the photoelectron yield is
identical.
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is shown in the energy range > 50 eV, which is the lowest energy covered
by this database.?®

Fig. 8 shows the mean escape depths of Si 2p photoelectrons
from SiO, nanoparticles for the electron kinetic energy range
10-140 eV extracted from DDF curves similar to those shown in
Fig. 7(c) and (d). For a comparison, Fig. 8 also includes mean
escape depths computed using the NIST EAL database® for a
macroscopic planar sample and normal emission covering the
kinetic energy range above 50 eV (dark green curve). To account
for the surface curvature effect occurring in spherical nano-
particles, the MED results from the NIST database have been
multiplied by a “topofactor” of 0.67 as suggested by Shard
et al.'®®” For the energy range where the NIST database is
applicable (Ey, > 50 eV), there is agreement between the
present results and the data from the NIST database if the
“topofactor” is taken into account. For kinetic energies below
50 eV, a direct comparison with the data from the NIST
database is thus not possible. The observed increase in the
MED towards low kinetic energies indicates that the surface
sensitivity of the experiment is decreased for lower electron
kinetic energies. In order to assess if the increase in escape
depth towards lower energies is directly proportional to the Si
2p yield, as was hypothesized for photoemission from water in
a liquid microjet,>®>° it is necessary to display the escape depth
and the Si 2p yield in a single Figure for a comparison, which is
done below.

Fig. 9 shows a comparison of the relative values for the Si 2p
photoelectron yield, the inelastic mean-free path, and the mean
escape depth for SiO, nanoparticles obtained from the present
work. The data shown in previous Figures have been normal-
ized to take the value of unity for Ey;, = 100 eV. This normal-
ization facilitates the comparison of the relative changes
and allows for testing the assumptions proposed by other
authors that IMFP or MED are directly proportional to the
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Fig. 9 A comparison of relative IMFP, MED, and Si 2p photoelectron yield
over the studied kinetic energy range. The quantities have been multiplied
by an arbitrary factor to align them to unity at Ey;, = 100 eV. For Eyin, < 50 eV,
the curves increasingly diverge, indicating that using photoelectron yields to
directly infer IMFP or MED can lead to large errors for low kinetic energies,
where elastic scattering is strong.

photoelectron yield.***®°° It is evident from the data presented
in Fig. 9 that an assumption of direct proportionality between
the photoelectron yield and the inelastic mean-free path or the
photoelectron escape depth is reasonable above ca. 50 eV. For
lower energies, however, such assumption leads to increased
errors. The lack of direct proportionality is attributed mainly to
the effect of elastic electron scattering, as discussed in detail
above. Thus, for photoelectron spectroscopy using photoelec-
trons below 50 eV, a more thorough analysis of photoelectron
spectra is needed if quantitative information about, e.g., sam-
ple elemental composition is to be obtained. We have demon-
strated that Monte-Carlo simulations of electron transport can
be utilized to extract IMFP and MED from experimentally
obtained photoelectron yields taken at different photon ener-
gies. In the context of the previously proposed direct propor-
tionality between IMFP and electron yields in nanoparticles*’
or the direct proportionality between photoelectron yield and
EAL in water,’® we can conclude that neither assumption is
correct for SiO, nanoparticles for electron energies below 50 eV
because of the strong and energy dependent influence of elastic
scattering.

Conclusions

In conclusion, we have presented Si 2p photoelectron yields
from SiO, nanoparticles in the kinetic energy range 10-140 eV
generated by photoionization by 118-248 eV soft X-rays. The Si
2p photoelectron yields display a pronounced dependence on
the electron kinetic energy, which are attributed to the energy
dependence of the absorption cross section and the photoelec-
tron transport properties (i.e., elastic and inelastic electron
scattering). By normalizing the results to the photon flux and
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the absorption cross section, the effect of the electron transport
is quantified.

By a comparison with Monte-Carlo simulations of the
electron transport in the nanoparticles we obtain the inelastic
mean-free paths of 10-140 eV photoelectrons in the nanopar-
ticle sample, in an energy region where experimental IMFPs are
notoriously scarce. The comparison with published IMFPs from
theoretical predictions indicates that the published studies
overestimate the IMFP for low energy photoelectrons. Further-
more, fair agreement is found with the experimental estimate
published by Seiffert et al.>® who studied a narrower electron
kinetic energy range.

Simulations of the depth distribution of the photoemission
showed that the photoelectron yield is directly proportional
neither to the inelastic mean-free path nor to the escape depth
of the photoelectrons, which is contrary to previously published
interpretations of energy dependent photoelectron yields of
condensed phase samples. The reason for this lack of propor-
tionality is the strong effect of electron elastic scattering for
low energy electrons. Simulations of the photoelectron trans-
port in the nanoparticles reveal that the depth distribution
function of the photoemission is non-exponential, which ren-
ders the use of an effective attenuation length ambiguous.
Instead, we characterize the surface sensitivity of the photo-
emission by the mean escape depth. The mean escape depth is
found to be shortened due to electron elastic scattering and to
be markedly lower than what would be expected for bulk
samples due to the non-planar surface geometry of the sphe-
rical nanoparticles under investigation. We highlight that care
needs to be taken if the methodology for interpreting photo-
emission results used for planar surfaces of macroscopic
solids is to be used to interpret results on curved surfaces of
nanoparticles.
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