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The transmission of low-energy (<1.8 eV) photoelectrons through the shell of core-shell aerosol par-
ticles is studied for liquid squalane, squalene, and di-ethyl-hexyl-sebacate shells. The photoelectrons
are exclusively formed in the core of the particles by two-photon ionization. The total photoelectron
yield recorded as a function of shell thicknesses (1–80 nm) shows a bi-exponential attenuation. For
all substances, the damping parameter for shell thicknesses below 15 nm lies around 8 to 9 nm and
is tentatively assigned to the electron attenuation length at electron kinetic energies of .1 eV. The
significantly larger damping parameters for thick shells (>20 nm) are presumably a consequence
of distorted core-shell structures. A first comparison of aerosol and traditional thin film overlayer
methods is provided. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4983995]

I. INTRODUCTION

The transport of low-energy (.10 eV) electrons through
thin dielectric films has been studied for almost a century,
with techniques such as low-energy photoelectron transmis-
sion (LEPET) or low-energy electron transmission (LEET)
spectroscopy.1–18 In “substrate-overlayer” studies, the dielec-
tric is deposited on a suitable substrate under controlled condi-
tions (in situ in vacuo, temperature controlled) to produce thin
films with well-defined properties (thickness, morphology).
In LEPET experiments, photoelectrons are produced in the
substrate by photoionization and injected into the overlayer.
The energy and angular distribution of the photoelectrons that
are emitted from the overlayer into vacuum are then recorded.
In LEET experiments, low-energy electrons with well-defined
energy and momentum are injected into the thin film and the
electron current through the film is measured. Information
on various electron transport parameters, such as the elec-
tron attenuation length (EAL), the electron mean free path,
scattering lengths, the escape depth, and angular scattering
properties, can be retrieved from these studies. Various aspects
regarding the influence of the thickness, morphology, phase,
and quality of the films or cooperative and quantum effects
have been addressed.1–4,6–19 These investigations have clearly
revealed the generally complex and substance-specific scatter-
ing behavior of low-energy electrons. Surprisingly, the concept
of a “universal” EAL curve20–23 for dielectrics in this energy
range is sometimes still being discussed even though the results
from these studies clearly refute the concept for low-kinetic
energy electrons.

Recently, liquid microjets, aerosol particles, and molec-
ular clusters were proposed as alternative samples for the
investigation of electron transport in dielectrics.24–40 The depth
of the analysis ranges from phenomenological descriptions,
to the extraction of averaged scattering properties, such as
EALs, to the retrieval of detailed scattering parameters (cross
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sections, energetics, and angular-dependences28,32). In partic-
ular, photoemission studies on liquid microjets and aerosol
droplets finally enabled the experimental investigation of
electron transport properties for volatile liquids such as
water.24–28,32 This was not possible with the traditional over-
layer method since it requires high vacuum conditions, which
are incompatible with compounds with high vapor pressure.
For volatiles, these new approaches have doubtlessly opened
up new avenues. Compared with thin films, however, they
come with the caveat of generally less well-defined sample
properties.

The present work provides a first step toward a comparison
of the traditional substrate-overlayer method using flat films
with an approach we refer to as the “aerosol overlayer method.”
Core-shell aerosol particles are used as the sample, where the
core is the substrate and the shell is the overlayer. Electrons are
produced in the core by photoionization and injected into the
shell. The total yield of photoelectrons ejected into vacuum is
then recorded as a function of the shell thickness d together
with the photoelectron kinetic energy (eKE) and photoelec-
tron angular distribution (PAD). We focus on the damping of
the total electron yield of low-kinetic energy electrons (eKE
< 2 eV) through organic overlayers because a series of similar
studies are available for flat, thin films. Following these previ-
ous investigations, we assume the exponential damping of the
yield with increasing shell thickness d as

Y (d) = Y0(d) exp(
−d
L

). (1)

Y (d) is the total electron yield of a core-shell particle with
shell thickness d. Y0(d) is the total yield of photoelectrons
injected from the core into the shell, which generally depends
on d as discussed below. L is the exponential damping param-
eter and is often interpreted as the average electron attenuation
length EAL. We have also recorded velocity map photoelec-
tron images (VMIs), which provide information on eKEs and
PADs.41,42 However, as we have demonstrated in our previ-
ous VMI aerosol work,32,33 a reliable analysis of these data is
only possible in combination with a detailed scattering model.
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Corresponding thin film data that would allow a direct com-
parison with the aerosol overlayer results are unfortunately
not available. A main goal of the present study is to deter-
mine whether or not general trends found in the damping
behavior of electron yields in flat, thin layers are recovered
in aerosol overlayers. We would also like to mention that
aerosol overlayers have previously been used to investigate
electron impact charging properties of particles and to probe
organic shells on aerosol particles by secondary electron yield
studies.30,31

II. EXPERIMENTAL SETUP AND MODELING
OF AEROSOL OPTICAL PROPERTIES
A. Experimental setup

A sketch of the experimental setup is shown in Fig. 1.
Aerosol samples were generated by atomizing Na-benzoate
(NaB;>99.5%, Sigma-Aldrich) solutions (10–20 mM) in H2O
with a constant output atomizer (model TSI 3076). A frac-
tion of the atomizer output flow (1.5 l/min) was collected and
passed through a diffusion dryer (Topas DDU 570L) to remove
excess humidity from the aerosol. Relative humidity (RH) lev-
els were continuously monitored (RH sensor, Fig. 1) at the
dryer outlet and were maintained in the 0%–5% range. The
polydisperse aerosol then passed an electrostatic classifier (TSI
3080 and Differential Mobility Analyzer TSI 3081) to select
samples with narrowly defined mobility diameters between
∼70 nm and 150 nm. The fraction of larger, doubly charged
particles exiting the classifier was minimized by selecting sizes
from the large diameter edge of the size distribution. The num-
ber fraction of the doubly charged particles was estimated to be
typically 15%–20%. Size-selected, dry aerosol particles were
then introduced into a home-built “aerosol coating device”
based on the Sinclair-La Mer aerosol generator,43 which served
to grow layers of low vapor pressure coating substances onto
the NaB cores. Squalane (C30H62, >99%, Fluka), squalene

(C30H50, >99%, Acros), and di-ethyl-hexyl-sebacate (DEHS;
C26H50O4, >97%, Aldrich) were used as coating substances.
In the coating device, the incoming flow of the core particles
was gradually heated to ∼250 °C and mixed with a coating
vapor-laden N2 flow, generated by bubbling a precise N2 mass
flow (mass flow controller, MFC, Alicat Scientific) through
a temperature controlled container with liquid coating mate-
rial. Upon cooling in a laminar flow, super-saturated vapors
of the coating substance condense onto the Na-benzoate par-
ticles which serve as nuclei for heterogeneous condensation.
The particle size can be adjusted by regulating the tempera-
ture of the coating substance and the mass flow of the coating
vapor introduced into the coating device. Particle sizes were
probed with a second Scanning Mobility Particle Sizer (SMPS,
TSI 3938), from which the core (∼38–75 nm) and shell thick-
nesses (∼1–80 nm) could be deduced. A Condensation Particle
Counter (CPC, TSI 3775) positioned downstream of an addi-
tional dilution stage was employed to continuously monitor
the particle number concentration at the outlet of the coating
device.

A portion of the aerosol output from the coating device
was introduced into vacuum by means of a home-built
aerodynamic lens (ADL) system.44,45 The resulting continu-
ous aerosol beam traversed a differential pumping chamber
before entering the detection chamber which was held at
≤1 × 10�6 mbar during the experiment. The imaging setup
used for this study is similar to the ones we have previously
described in detail.32,33,46 The NaB cores were photoionized
by resonant two-photon absorption of the 266 nm (4.66 eV)
laser radiation from ∼8 ns pulses (Quantel Ultra) at a rep-
etition rate of 20 Hz at pulse fluences between 1015 and
1017 photon/(cm2 pulse). The threshold ionization energies
IEth of NaB, squalane, squalene, and DEHS are ∼7.5 eV (this
work), ∼8.4 eV,47 ∼6.9 eV,47 and ∼8.4 eV,47 respectively. All
coating materials are transparent at 266 nm (see the refrac-
tive index data provided at the end of Sec. II B). Without
the resonance enhancement, two-photon absorption is several

FIG. 1. Scheme of the experimental
setup consisting of devices for aerosol
formation (aerosol atomizer, aerosol
coating device), devices for aerosol
selection and characterization (SMPS),
the VMI photoelectron spectrometer
with an ADL for the transfer of aerosols
into the spectrometer, and a laser for
photoionization of the aerosol particles.
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orders of magnitude less efficient so that the coating materials
were not photoionized. We checked that droplets of the pure
coating substances do not produce any detectable two-photon
ionization signal at 266 nm at the laser pulse fluences used
in our experiments. The ionizing light was linearly polarized
parallel to the detection plane, as indicated in Fig. 1 by the
double headed arrow at the point of intersection between the
aerosol beam and the laser beam (the direction of propaga-
tion perpendicular to the plane of the figure). Inside a pair of
concentric Mumetal cylinders, the generated photoelectrons
were extracted vertically with respect to the aerosol beam by
a three-plate extractor and collected with a position sensitive
electron detector (Photonis APD 2 40/12/10/8 I 60:1 MGO 6′′

FM P43).
For the study of photoelectron yields as a function of

shell thicknesses, spatial map imaging (SMI) and velocity
map imaging (VMI)41,42 methods of photoelectron detection
were compared. VMI detection produced an intense signal
at the image center spot (near threshold photoelectrons) that
could make the method prone to saturation effects. SMI detec-
tion spreads the photoelectron signal over a larger area of the
detector than VMI. Nevertheless, for the signal levels used
in this work, no saturation effects were observed for either
method. We used SMI detection for the yield measurement
as it produced the highest signal to background levels and
was the least prone to saturation effects. All yield measure-
ments are background corrected. We also recorded VMIs to
retrieve semi-quantitative information on the electron kinetic
energy distributions. Correct, quantitative eKE distributions
can only be extracted from reconstructed VMIs for cylindri-
cally symmetric arrangements.48,49 For aerosol particles, this
symmetry is broken by shadowing and nanofocusing effects
(see Refs. 32 and 33 for details). The usual reconstruction
methods are strictly no longer applicable and can only provide
semi-quantitative information on the true eKE distributions.
An estimate of the falsification of the true eKE distributions
upon reconstruction is provided in Sec. IV. Correct, quanti-
tative eKE information can be extracted from aerosol VMIs
only by means of detailed optical and electron scattering
models.32

B. Modeling of aerosol optical properties

The interaction of aerosol particles with the ionizing radi-
ation is strongly influenced by the finite size of the particles
(see shadowing and nanofocusing in Refs. 32 and 50). These
optical confinement effects can result in a pronounced increase
(nanofocusing) of the volume averaged light intensity inside
the particle compared with flat, thin films and bulk samples.
This is the case in our experiments. The effects strongly depend
on the particle size, architecture, and optical properties. Since
the photoionization probability in the NaB core is proportional
to the square (two-photon process) of the local light intensity I
in the core, the yield of the electrons injected from the core into
the shell is not constant for a fixed core size, but varies with the
shell thickness. These variations introduce substantial correc-
tions to the yield of the bare core, Y0(d), which must be taken
into account for correct relative yields Y (d)

Y0(d) [Fig. 2(a)]. We
have calculated the volume averaged light intensity in the core
for all core radii and shell thicknesses by solving the Maxwell

FIG. 2. Semi-log plot of the relative electron yield Y
Y0

as a function of the
shell thickness d for the example of squalane coatings. (a) Full squares: orig-
inal experimental data assuming a constant core yield, Y0 = Y0(0). Open
circles: experimental data after correction for optical effects in aerosol parti-
cles [Eq. (2)]. (b) Corrected experimental data (open circles); bi-exponential
fit (full line); and fit with two single exponentials (dashed lines).

equations and used these data to properly scale Y0,

Y0(d) = Y0(0)

〈
I2(d)

〉
〈
I2(0)

〉 . (2)

The calculations, which were performed with the Amsterdam
Discrete Dipole Approximation (ADDA) package,51 require
the refractive index data for both the core and shell. The
real (n) and imaginary parts (k) of the complex refractive
index of NaB, squalane, squalene, and DEHS at 266 nm
were derived by the Kramers-Kronig inversion52 from ultra-
violet/visible (UV/VIS) spectra we recorded for all four sub-
stances. This resulted in the following values of the complex
index of refraction n + i · k: NaB: 1.70 + i · 0.03; squalane:
1.55 + i · 10�5; squalene: 1.61 + i · 10�4; and DEHS: 1.63
+ i · 10�5. The values for squalane, squalene, and DEHS agree
with previous literature values.53,54 Since a barrier at the core-
shell interface might reflect some electrons back into the core,
we do not include the bare core (d = 0) in the analysis of
the decay curves of the relative yield as a function of shell
thicknesses.

III. RESULTS

The full squares in Fig. 2(a) show the experimental rela-
tive electron yield Y (d)

Y0
as a function of squalane shells with

thicknesses 1 . d . 80 nm for seven different NaB core radii
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TABLE I. Exponential damping parameters Lthin and Lthick for three dif-
ferent coating materials. Model 1: Single exponential fits in the regions
d < 15 nm (Lthin) and d > 20 nm (Lthick), respectively. The value in parenthe-
ses is one standard deviation. The parameter Lthin is tentatively assigned to the
EAL at eKEs . 1 eV, while Lthick describes the less effective damping by very
thick layers, presumably as a consequence of distorted core-shell structures
(see the text). Model 2: Bi-exponential fit. The subscript and superscript rep-
resent the range of uncertainties (correlated lower and upper bounds). “>>x”
indicates values much larger than the thickest coating. The subscripts provide
an estimate of the lower bound for Lthick (see the text).

Material Model Lthin/nm Lthick/nm

Squalane M1 8.4(0.5) 30(3)
M2 7.19.0

5.0 47>>80
20

Squalene M1 9.2(0.6) 68(17)
M2 8.110.0

5.4 >>60>>60
30

DEHS M1 8.4(0.6) 25(6)
M2 5.99.0

3.8 30>>60
20

r between ∼38 and 75 nm and assuming a constant core yield,
i.e., Y0 = Y0(0). Similar results were obtained for squalene
and DEHS coatings (Table I). Obviously, the data for similar
d scatter pronouncedly. A closer inspection of the data points
reveals a correlation between the relative electron yield and
the substrate core size r, that is, Y (d)

Y0
is smaller for larger r.

This correlation is expected for small aerosol particles because
the average light intensity in the core where the electrons are
formed sensitively depends on the overall particle size (r + d),
its architecture ( d

r ), and the optical properties of the core and
coating.32,33,50 In contrast to flat substrate-overlayers, where
such optical finite-size effects do not occur, the yields Y0 of
aerosols particles need to be corrected for these optical effects.
To account for this, we solved Maxwell’s equations for all
aerosol particles (Sec. II B and the next paragraph) to deter-
mine the correct core yield according to Eq. (2). The corrected
relative yields are shown as open circles in Fig. 2(a). The scat-
ter in the data is significantly reduced and the quality of the fit
(full line in Fig. 2(b)) confirms the above discussion. The corre-
lations with the core size observed in the raw data are no longer
present in the corrected data. The remaining scatter (0.01) in
the data serves as a measure of their reproducibility. It mainly
arises from background variations, the limited accuracy of the
particle radii (size-selection), and uncertainties in their num-
ber density (transmission through the ADL system into vac-
uum). The comparison of the uncorrected and corrected data in
Fig. 2(a) reveals that the data for thick overlayers could only be
recorded because the overall photoelectron yield increased to
viable signal levels as a consequence of the light enhancement
in the core.

We observed two general trends in the influence of opti-
cal confinement effects. The first is the above-mentioned core
size dependence for a given shell thickness. The corrections
are typically larger (up to a factor of ∼2–3) for smaller NaB
cores because particles with larger d

r ratios couple light more
efficiently into the core compared with the bare (uncoated)
core. The second trend arises from a general increase in
the average light intensity in the NaB core with increasing
coating thickness. As a consequence, more electrons (higher

core yield Y0) are formed in a core with a thicker coating
than in the same bare core alone; corrections thus tend to be
larger for thick coatings than for thin ones (up to a factor of
∼2–3). For example, a coating of thickness d ∼ 3 nm on a
core of r = 74 nm hardly changes the electron yield Y0 of
the core compared with the bare core case, so that essen-
tially no correction is required. A 77 nm shell, by contrast,
increases Y0 of the coated core compared with the bare core
by a factor of ∼2.5. The latter case is illustrated in Fig. 3,
which shows the square of the light intensity (two-photon ion-
ization) in a plane through the center of the particle spanned
by the directions of propagation and polarization of the light.
The upper panel shows the bare core, and the lower panel
shows the coated particle. The example visualizes the situa-
tion where the average light intensity in the core is increased
in the coated particle mainly because of nanofocusing by the
shell, which produces a hot spot of the light intensity in the
right half of the particle. The systems studied here exhibit a
general propensity for overall larger particles (r + d) to col-
lect more light than smaller particles (see also discussion on
nanofocusing in Ref. 32). Note that such general trends depend
on the specific optical properties and the sizes of the core and
shell so that a simple generalization for other particles is not
possible.

Figure 2(b) shows the experimental relative yield Y (d)
Y0(d)

corrected for optical effects according to Eq. (2) and com-
pares it with two different fits assuming exponential damp-
ing by the shell [Eq. (1)]. The non-linear behavior of the

FIG. 3. Square of the local light intensity I2 relative to the square of the
light intensity I2

0 of the incoming light (not shown) for the 266 nm light in a
plane through the center of the particle that is spanned by the directions of
polarization (y) and propagation (x) of the light. Note the logarithmic color
scale. Upper panel: bare NaB core with r = 74 nm. Lower panel: NaB core
with r = 74 nm coated with a squalane shell of d = 77 nm.
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experimental data in the semi-log plot shows that a sin-
gle exponential function is not sufficient to describe the
damping behavior over the whole range of shell thicknesses.
Two exponential functions are required to describe the data.
We use two models, which we refer to as model M1 and model
M2, respectively. Model M1 uses two single exponentials to
describe the average damping in the regions d < 15 nm and
d > 20 nm, respectively [dashed lines in Fig. 2(b)]. The cor-
responding damping lengths are referred to as Lthin and Lthick,
respectively. Model M2 is a bi-exponential fit with damp-
ing constants Lthin and Lthick. The fit results for the different
coating substances squalane, squalene, and DEHS are summa-
rized in Table I. For model M2, we have performed a detailed
sensitivity analysis for Lthin and Lthick, which accounts for
uncertainties in the recorded electron yields, the particle sizes,
the refractive index data used to correct for optical effects,
and the influence of doubly charged particles generated in the
SMPS (Sec. II A). The resulting limiting values for Lthin and
Lthick are indicated in Table I as subscripts and superscripts,
respectively. We note that this analysis does not account for
sources of systematic errors, such as non-spherical particles
and incomplete coatings, which are currently impossible to
quantify.

IV. DISCUSSION

The general trends observed in Fig. 2(b) for aerosol over-
layers agree well with those previously found for the total
photoyield measurements on flat, thin films.1,4,13–16,55,56 The
yield Y0 measured for a bare core is higher than the correspond-
ing yield Y0

∗ extrapolated by the exponential damping models.
The same behavior was observed for thin, flat films and was
explained by scattering at the substrate-film interface.4,15 The
presence of the shell leads to the reduction of the electron yield
emitted by the coated core (Y0

∗) compared with the yield emit-
ted by the bare core (Y0) because of the partial back-reflection
of electrons into the core at the core-shell interface. In agree-
ment with flat, thin films,15 we also find that two exponentials
are required to reproduce the experimental data over the whole
range of coating thicknesses: one that describes the damping
for thin (Lthin) and another one that describes the damping
for thick coatings (Lthick). This was explained to arise from
the more efficient elimination of “higher” energetic electrons
(eKEs in the range of a few eV) in the first few monolayers of
the film compared with the “lower” energetic electrons (eKEs
on the order of ∼0.4 eV), which experience substantial damp-
ing only in thick films. Lthin and Lthick were thus interpreted to
represent the EALs for higher and lower energetic electrons,
respectively. The energy-dependent damping was rationalized
as follows.5,15,57,58 Electrons that are emitted from the sub-
strate into the overlayer are distributed over a range of initial
eKEs covering both lower and higher eKEs. The more efficient
losses in the thin layers were explained by energy losses of the
higher energetic electrons of the initial eKE distribution to high
frequency intramolecular vibrations, and thus Lthin was inter-
preted as the EAL of higher kinetic energy electrons. These
intramolecular scattering processes are comparatively efficient
with an average loss per scattering event on the order of typ-
ical intramolecular vibrational energies (e.g., CH-stretching,

vibrational quanta ∼0.35 eV). As a result, the higher ener-
getic electrons reach energies below typical intramolecular
vibrational energies after passing only a few monolayers,
where they have been converted to lower energetic electrons.
Lthick was interpreted to correspond to the EAL of such lower
energetic electrons with energies below typical intramolecu-
lar vibrations. The dominant scattering mechanisms for these
electrons occur through intermolecular vibrations and elastic
processes. Typical intermolecular vibrational energies are on
the order of 0.01 eV. Many phonon collisions are thus required
to reduce the kinetic energy of these electrons to thermal ener-
gies (0.025 eV at room temperature). This explanation is qual-
itatively consistent with larger values of Lthick compared with
Lthin.

The qualitative agreement of our aerosol data with the
results from flat, thin films might suggest a similar explana-
tion for the damping behavior of aerosol overlayers; namely,
the values of Lthin and Lthick extracted for model M1 in Table I
represent the EALs at “higher” and “lower” eKEs, respec-
tively. While this interpretation appears reasonable for the
former (Lthin), it turns out to be questionable for the latter
(Lthick) as discussed further below. The subscripts in Table I
obtained from the bi-exponential fit of model M2 provide firm
estimates of the lower bound for Lthick and thus of the cor-
responding EAL. These lower bounds are consistent with the
average values Lthick of model M1. Model M2 also reveals a
strong correlation between Lthin and Lthick so that Lthin does
not directly compare to the thin coating parameter of model
M1. While model M2 does approach model M1 in the limit
of thick coatings, model M2 describes a gradual change of the
effective damping length in the range of thin coatings. Only
the average value would correlate with Lthin of model M1. A
rough estimate of what “higher” and “lower” electron kinetic
energies mean in the aerosol case can be obtained from an
eKE spectrum of bare NaB cores. Figure 4 shows the eKE
spectrum of bare cores (thick black line) retrieved from a
reconstructed VMI image. Even though it is not possible to
determine accurate eKE distributions from such reconstructed
VMIs of aerosol particles (Sec. II A and discussion below)
they still provide useful semi-quantitative information on the

FIG. 4. eKE distributions of bare NaB cores (thick black line) and NaB par-
ticles with a 20 nm coating of squalane (thin red lines). The dashed red line
is the unscaled spectrum, and the full red line is the scaled spectrum.
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eKE distribution. Figure 4 shows that the NaB cores emit elec-
trons over an eKE range from∼0 to 1.8 eV. The majority of the
emitted electrons, however, have eKEs .1 eV and the num-
ber of electrons with eKEs >1.5 eV is negligible. From the
general scattering behavior of electrons with sub-electronic
kinetic energies (previous paragraph), one would thus ten-
tatively assign the term “higher” eKEs to the range around
∼0.5–1 eV, while “lower” eKEs would approximately cover
eKEs . 0.4 eV. To test whether thicker layers indeed lead to
a depression of the fraction of higher eKEs, we have recorded
eKE spectra for different layer thicknesses of up to 40 nm. For
all thicknesses, we find almost unchanged distributions, i.e.,
damping of the electron signal that hardly depends on the eKE.
As an example, Fig. 4 compares the eKE distribution recorded
for a bare core with that resulting from the same core coated
with a 20 nm shell. It clearly visualizes the unchanged eKE
distribution. In fact, the coated particle shows a distribution
slightly shifted to higher eKE values, which could in princi-
ple indicate a slightly more pronounced depletion of low eKE
electrons (note that the distributions are normalized to their
maxima). This might be the result of the reflection of low-
kinetic energy electrons at the core-shell interface (see the end
of Sec. II B). However, such a small effect must not be overin-
terpreted in view of the reconstruction issues discussed above
(Sec. II A). As explained in the next paragraph, the fact that
the shape of the eKE distribution hardly varies with the shell
thickness questions the interpretation of Lthick as a low-eKE
EAL.

The interpretation of Lthin as an average EAL for electrons
with eKEs . 1 eV still seems reasonable. It is also plausi-
ble that almost identical values result for the three different
compounds (Lthin in Table I) because of the similar struc-
tures with high fractions of CH moieties, which presumably
dominate scattering in this eKE range. Even though a direct
comparison with other room temperature data for the present
coating substances is not possible, Lthin is of similar magni-
tude as corresponding values for solid hydrocarbon films.15

The interpretation of Lthick as the EAL at very low eKEs is
definitely questionable. From Fig. 4, it is clear that the slower
damping by thick shells does not simply reflect an increase
of the effective EAL at lower eKEs. Furthermore, compared
with corresponding values for other solid hydrocarbon lay-
ers, the Lthick values determined in the present work seem
rather large (note, however, that they are not very well deter-
mined). Here, we just mention two potential phenomena that
could falsify the true EALs and lead to such artificially large
values. Since our coatings are liquid, it is not clear whether
the core is really positioned in the center of the particle. This
is particularly problematic for very thick shells (d & r). For
pronouncedly off-centered core positions, one would expect
to measure higher electron yields compared with nicely cen-
tered cores, resulting in too high EAL values for the assumed
coating thickness. Similar effects could arise when the bar-
rier that the electrons have to overcome to escape into vacuum
is smaller than or similar to the thermal energy (∼0.025 eV).
Thermal electrons, which cannot only lose but also gain kinetic
energy in scattering events, have an average constant kinetic
energy and are transported by diffusion. For low escape barri-
ers (i.e., low or negative electron affinities), they can escape by

diffusion and produce a small photoelectron “background” that
would dampen the decay of the total yield as a function of
coating thicknesses and result in artificially high EALs. The
escape barriers for the particles studied here are not known, but
given the negative electron affinities of some hydrocarbons,4

the diffusive escape of thermal electrons might contribute to
the photoelectron signal measured for very thick coatings. For
the 20 nm shell shown in Fig. 4, this contribution seems to be
less significant, since the measured eKE distributions do not
appear to be distorted by thermal electrons (near eKE = 0). In
principle, we cannot exclude a complicated interplay of various
energy-dependent scattering contributions as an explanation
for the observed double-exponential behavior. But, at present,
we consider imperfections of the core-shell architecture as a
plausible explanation for the less effective damping by thick
coatings.

Figure 4 might raise the question why we just rely on the
total photoelectron yield. One might be tempted to retrieve the
energy-dependence of the EAL from the damping of the elec-
tron signal recorded at different eKE values. As has been dis-
cussed extensively in the literature, however, such an approach
would be fundamentally flawed as it neglects the cascade of
energy transfer down the eKE scale by scattering.4,56,59 The
exception is the topmost eKE interval from which electrons
can only be lost. Studies on flat, thin films have shown that
accurate data can be extracted from eKE distributions using
this “topmost energy interval” method.4,56,59 Applying it to
the present case is, however, problematic. The reason lies in
the velocity map imaging method we used for this study. As
explained in Sec. II A, reconstructed VMIs of aerosol par-
ticles do not allow one to retrieve true and, thus, accurate
eKE distributions because of symmetry issues. As a result,
reconstructed images are distorted compared with the true dis-
tributions and thus do not provide accurate electron yields as a
function of the eKE. We have performed simulations on model
aerosol particles using a detailed scattering model28,32 to quan-
tify these effects. These simulations reveal that the damping
of the electron signal as a function of the eKE derived from
reconstructed images can systematically deviate by a factor of
up to 2 from the true values. Consequently, the EALs derived
by the topmost energy interval method would be correspond-
ingly uncertain. For this reason, we only use the total yield
information, which is not biased by reconstruction. However,
we would also like to add here that the information contained
in the raw VMIs, i.e., not reconstructed, is in principle very
detailed and useful. But, it can only be extracted by means of
a sophisticated scattering model that accounts for all different
scattering processes, their cross sections, energetics, and
angular-dependences. We have successfully demonstrated
such an approach for VMIs of liquid water droplets.32 How-
ever, this would be a very demanding task which goes far
beyond the present goal of the first evaluation of the aerosol
overlayer method.

Even though a direct comparison of our aerosol approach
with traditional substrate-overlayer studies for the same com-
pounds is not possible, we can already make a first gen-
eral comparison of the two methods at this point. The
electron yields of our aerosol approach [Fig. 2(b)] scatter
more pronouncedly than typical yields extracted from flat
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overlayers,4,15,59 which hints at a poorer reproducibility of the
aerosol approach. The way how the coated aerosol particles are
formed (atomizer, aerosol coating device), size-selected, and
characterized (ex situ with an SMPS) and the way how they
are transferred into vacuum (ADL) are very likely to result in
less reproducible samples compared with thin layers, where
comparatively high control and thus high reproducibility is
achievable. The limited control over the sample properties also
results in less accurate values of parameters such as EALs. Not
only the determination of the exact particle number concen-
tration and the exact size of the core and shell can be an issue
here but also the missing information on the particles’ shape
and architecture. For example, it is by no means clear whether
the particles are indeed spherical as assumed here or whether
the core is symmetrically surrounded/enclosed by the shell. In
addition, aerosol particles have a very high, size-dependent
curvature—an issue that does not arise for flat, thin films.
This could lead to structural modifications of the coating and
thus alter the EAL. Similarly, the generation methods used for
aerosols are more prone to impurities than the generation meth-
ods for thin films (in situ in vacuo). Impurities might also alter
the damping properties. Finally, photoexcitation needs careful
corrections of the complicated optical effects that arise from
the finite size of particles. We have demonstrated that such
corrections are possible, but their quality relies on accurate
information about size, shape, and refractive indices.

V. SUMMARY

We have studied the attenuation of low-kinetic energy
photoelectrons through thin aerosol coatings for the three liq-
uid hydrocarbons: squalane, squalene, and DEHS. The liquids
form overlayers on solid Na-benzoate core particles, which
act as the photoelectron source. The ionization of the cores by
two-photon ionization at 4.66 eV photon energy ensures that
no electrons are formed in the overlayers, which are transpar-
ent at this photon energy. The finite size of aerosol particles
results in a strong enhancement of the light intensity and thus
the electron yield in the core. This signal enhancement allows
us to investigate also very thick layers (several ten nanome-
ters). An average electron attenuation length of ∼8 to 9 nm at
the electron kinetic energy of ∼0.5–1 eV is determined from
the exponential damping in thin layers (<15 nm). The less effi-
cient damping in thick layers seems to be the result of distorted
core-shell structures.

On the one hand, the aerosol overlayer approach seems
less accurate and reproducible compared with the traditional
thin, flat film overlayer method, mainly a consequence of
the more limited control over sample preparation and the
more difficult characterization of aerosol samples. On the
other hand, the aerosol approach is comparatively simple.
Furthermore, it could principally provide very detailed infor-
mation about the underlying scattering processes when it
is combined with angle-resolved photoelectron spectroscopy
(velocity map imaging). However, as we have shown in the
previous studies on water aerosol droplets, this requires the
help of detailed scattering models that explicitly consider all
different scattering channels, their cross sections, energetics,
and angular-dependences.28,32
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