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Generalization of the post-collision interaction effect from gas-phase to solid-state systems
demonstrated in thiophene and its polymers
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We demonstrate experimentally and theoretically the presence of the post-collision interaction (PCI) effect
in sulfur KL2,3L2,3 Auger electron spectra measured in the gas-phase thiophene and in solid-state organic
polymers: polythiophene (PT) and poly(3-hexylthiophene-2,5-diyl), commonly known as P3HT. PCI manifests
itself through a distortion and a blueshift of the normal Auger S KL2,3L2,3 spectrum when S 1s ionization occurs
close to the ionization threshold. Our investigation shows that the PCI-induced shift of the Auger spectra is
stronger in the solid-state polymers than in the gas-phase organic molecule. Theoretical modeling within the
framework of the eikonal approximation provides good agreement with the experimental observations. In a
solid medium, two effects influence the interaction between the photoelectron and the Auger electron. In detail,
stronger PCI in the polymers is attributed to the photoelectron scattering in the solid, which overcompensates the
polarization screening of electron charges which causes a reduction of the interaction. Our paper demonstrates
the general nature of the PCI effect occurring in different media.

DOI: 10.1103/PhysRevResearch.5.013048

I. INTRODUCTION

The ionization of atomic inner shells leads to the creation
of intermediate excited states and their subsequent relaxation
via emission of electrons and x-ray photons. The Coulomb in-
teraction between the emitted electrons and the remaining ion
noticeably distorts the electron spectra, and this phenomenon
is known as the post-collision interaction (PCI) effect. The
PCI effect has been thoroughly explored for decades in gas-
phase atoms [1,2] and molecules [3–6]. Fewer studies have
been performed on PCI in condensed media [7–12].
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Meanwhile, understanding the mechanism of PCI and its
manifestation in solids is of significant practical interest.
Methods such as x-ray photoelectron spectroscopy and Auger
electron spectroscopy are widely used in materials science for
analysis of surfaces and interfaces of a vast range of materials.
The accuracy of these methods strongly relies on the careful
description and interpretation of the shape and energy position
of the spectral lines, which can be significantly affected by
the PCI effect. Aiming at the development of a generalized
description of the PCI effect in a variety of media, we have
performed a comparative study in gas-phase thiophene and in
solid thiophene-based polymers.

An observation of the PCI effect was made in atoms bom-
barded by slow ions [13,14]. In the following 20 years, the PCI
effect was studied in a process of electron-impact excitation
of the atomic autoionizing states or in the photoionization of
the atomic inner shells followed by the Auger decay. In the
latter case, ionization is described by the following two-step
process. In the first step, photoabsorption yields a photoelec-
tron and a metastable singly charged ion with an inner-shell
vacancy, which in the next step undergoes relaxation through
emission of an Auger electron leaving the ion doubly
charged.

The PCI effect is reduced in this case to the Coulomb
interaction between three charged particles: the emitted photo-
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electron, the Auger electron, and the remaining ionized atom.
Their interaction results in energy exchange between the two
emitted electrons. Coulomb repulsion between the outgoing
fast Auger electron and the slow photoelectron in the field of
the residual ion accelerates the former and slows down the
latter. In a classical picture, the closer the photoelectron to the
ion at the moment of Auger decay, the larger the energy gain
of the Auger electron and, consequently, the energy loss of
the photoelectron. Thus, close to the ionization threshold, PCI
leads to a substantial distortion and energy shift of both the
Auger electron and the photoelectron spectral lines.

The PCI effect in isolated atoms has been extensively
studied both theoretically and experimentally. On the theo-
retical side, a number of models describing PCI have been
developed on the basis of classical [14,15], semiclassical
[16–19], and quantum mechanical [20–22] approaches. On
the experimental side, several techniques have been devel-
oped, such as photoelectron-ion coincidence spectroscopy
[23], Auger electron spectroscopy [24], and multielectron-
coincidence spectroscopy [25,26], which allow addressing
different aspects of the PCI effect [23–25,27,28].

The first investigations of the PCI effect in molecules
made use of ion time-of-flight mass spectroscopy [3]
and two-dimensional photoelectron spectroscopy [5]. Later,
photoelectron-ion coincidence spectroscopy performed in the
gas-phase OCS molecule revealed the hallmark PCI features
and showed that the magnitude of the PCI shift depends on the
number of electrons emitted during the Auger cascade [6]. In
this paper, the theoretical semiclassical approach, originally
used for the atomic case, was successfully extended to the
molecular case.

For larger and more complex systems, few examples are
found in the literature concerning either experimental or theo-
retical studies [7–11]. These works revealed two competing
mechanisms that affect the PCI in the condensed medium,
namely, screening of the Coulomb interaction and electron
scattering. While screening weakens the Coulomb interaction
and, consequently, suppresses PCI, electron scattering reduces
the distance that the photoelectron can travel from the ion
in the condensed medium before the Auger decay occurs,
and therefore enhances PCI in comparison to the case of an
isolated atom.

A significant reduction of PCI was observed in metal as
opposed to an insulator medium due to a stronger screening
of the Coulomb interaction between the charged particles [7].
A suppression of the PCI effect in photoionization of atoms
deposited on a metallic substrate was reported in Refs. [8,9].
This observation was attributed to polarization screening of
the Coulomb interaction between the charged particles near
the metallic surface that was taken into account by the image
charges. Furthermore, an investigation of the PCI effect in
x-ray photoelectron spectra measured in isolated noble-gas
atoms and atomic clusters showed that the PCI effect in the
bulk of a cluster is reduced compared to that of an atom
[10]. These findings were also explained with the polarization
screening of the bulk medium in the clusters.

The influence of electron scattering on PCI processes was
theoretically studied for L3M4,5M4,5 Auger spectrum in solid-
state copper [11]. Inelastic electron scattering which slows
down photoelectron propagation was shown to amplify the

PCI effect. Recently, an observation of the PCI effect in KLL
Auger spectra of solvated K+ and Cl− ions in aqueous solu-
tion has been reported [12].

In this paper, we develop a general description of PCI
in a condensed medium, thus extending the well-established
quantum mechanical description of PCI for an isolated atom;
namely, we demonstrate the presence of the PCI effect in
sulfur KLL Auger spectra measured for the gas-phase thio-
phene and in solid-state organic polymers: polythiophene
(PT) and poly(3-hexylthiophene-2,5-diyl), commonly known
as P3HT. The choice of these conjugated semiconducting
polymers is motivated by their promising applications in opto-
electronic devices and organic field-effect transistors [29–32].
The advantage of using KLL Auger spectroscopy after S 1s
ionization for PCI investigation is related to the short lifetime
of the S 1s core hole and a well-defined high kinetic energy
of the Auger electron resulting in a strong three-body inter-
action of the charged particles. The PCI effect is manifested
as a distortion and a blueshift of the normal Auger S KLL
spectrum when S 1s ionization occurs close to the ionization
threshold. Our investigation shows that the PCI-induced shift
of the Auger spectra is stronger in the solid-state polymers
than in the gas-phase organic molecule.

Our theoretical approach is based on the well-known
eikonal approximation [20], which allows incorporating ef-
fects of both polarization screening and electron scattering.
The model developed within the framework of the eikonal ap-
proximation provides good agreement with the experimental
observations. The performed analysis demonstrates that the
PCI-based energy exchange between the photoelectron and
the Auger electron in the polymer medium is qualitatively
similar to the case of an isolated atom, although modified
by photoelectron scattering and charge screening. We show
that electron scattering in the polymer has a stronger effect
on the PCI energy shift than the polarization screening, which
effectively results in the enhancement of the PCI effect in the
considered PT and P3HT polymers compared to the isolated
thiophene molecule.

II. THEORETICAL DESCRIPTION

The process of 1s shell photoionization of an isolated sulfur
atom, followed by KLL Auger decay, can be represented by
the following scheme:

γ + S → eph(E0 + i�a/2) + S+∗ → eph + eA + S2+. (1)

In the first step, the incident photon γ ionizes the 1s shell of
the sulfur atom leaving the residual ion S+∗ in a metastable
autoionizing state with the lifetime width of �a= 0.59 eV
[33]. Consequently the emitted photoelectron eph in the in-
termediate state has the complex energy E0 + i�a/2, where
E0 = Eγ − IP is the excess photon energy, Eγ is the incident
photon energy, and IP is the 1s shell ionization potential. Note
that such a complexity of the particles’ energy is usual for the
description of two-step processes, which involve the creation
and decay of metastable states (see, e.g., Ref. [1]).

In the second step, the intermediate autoionizing state of
the S+∗ ion with 1s−1 vacancy decays via KLL Auger transi-
tion to the doubly charged sulfur ion S2+ with two vacancies
in the 2p shell resulting in emission of the fast, 2.1 keV,
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Auger electron eA. In the present paper, the excess photon
energy E0 ranges from nearly zero at the threshold up to
∼210 eV. This means that the photoelectron energy Eph � E0

is smaller than the Auger electron energy EA by at least an
order of magnitude. Hence, the Auger electron instantly leaves
the interaction region at the moment of Auger decay and the
photoelectron experiences a sudden change of the ion field
from the potential of the singly to doubly charged sulfur ion.
Consequently, the photoelectron loses part of its total energy
due to the negative change of its potential energy. Note that
this photoelectron energy loss is not accepted by the residual
ion but transmitted to the outgoing Auger electron. The heavy
ion does not participate in the energy exchange due to its
huge mass. Thus, the actual force responsible for PCI energy
exchange is the Coulomb repulsion between the photoelectron
and Auger electron in the course of their recession in the field
of the doubly charged ion. The outgoing Auger electron as a
faster particle accelerates due to the Coulomb repulsion and
gains additional energy while the photoelectron decelerates
and loses its energy. This energy exchange distorts the res-
pective energy spectra: redshifting the maximum of the pho-
toelectron line and blueshifting by the same value �E the
maximum of the Auger electron line.

The focus of the present paper is the PCI-induced energy
shift. In the case of an isolated atom, it has been well described
within numerous theoretical approaches [1,2]. For our study,
we chose the eikonal approximation [20] because it provides
a closed analytical expression for the PCI energy shift (here
and throughout the paper, we use the CGS-Gaussian system
of units):

�E = �a

2 h̄

(
e2

vph
− e2

|vA − vph|
)

, (2)

where vph is the photoelectron velocity and vph and vA denote
velocity vectors of the photoelectron and the Auger electron,
respectively. On the other hand, the approximation, which
has been developed for the case of an isolated atom, can be
extended to the case of an atom embedded in the bulk medium
by taking into account both the effect of charge screening and
the effect of electron scattering.

The only drawback of the approximation is its limited
applicability close to the ionization threshold. Equation (2)
can be applied if the PCI energy shift is much smaller
than the photoelectron energy �E � Eph [20] which, accord-
ing to Eq. (2), means that E0 � �2/3

a E1/3
H /2 , where EH =

27.2 eV is the atomic unit of energy. Under this condition, the
approximation provides good agreement with experimental
observations (see, e.g., Ref. [34]). The better this condition
is fulfilled, the higher is the accuracy provided by Eq. (2).
For the ionization process considered in Eq. (1), in the case
of an isolated sulfur atom, �2/3

a E1/3
H /2 � 1 eV. For the excess

energy E0 = 10 eV, Eq. (2) gives the correct PCI energy with
accuracy of 96%, whereas for E0 = 5 eV and E0 = 1 eV
the accuracy is 90% and 67%, respectively. In the case of a
sulfur atom embedded in the polymer, this condition must be
adapted as discussed below.

Let us first consider the applicability of the eikonal ap-
proximation in the case of a molecule. According to Eq. (2),
the PCI energy shift depends on the lifetime width and the

electron velocities, i.e., on the excess photon energy, Auger
transition energy, and kinematics of the electron emission.
In the particular case of the ionization process considered in
Eq. (1), the Auger electron is much faster than the photo-
electron. Therefore, the first term on the right-hand side of
Eq. (2) is the leading one, while the second term with inverse
relative velocity of the Auger electron and the photoelectron
provides a small contribution. Hence, �E depends on two
parameters: �a and vph = √

2Eph/m � √
2E0/m, where m is

the electron mass.
In this case, Eq. (2) for the PCI energy shift has a simple

classical interpretation. The negative PCI energy shift of the
photoelectron spectrum, −�E , equals the sudden change of
ionic potential −e2/r at the moment of the Auger decay,
where r denotes the photoelectron distance from the ion. It
can be demonstrated [14] that the energy exchange between
the two electrons occurs with the largest probability density
at time delay 2h̄/�a after K-shell ionization when the photo-
electron has moved from the ion at the distance r = 2h̄vph/�a.
It leads exactly to PCI energy shift −�E given by Eq. (2)
at vph � vA. Typically, the distance r, where the PCI energy
exchange takes place, is much larger than the Bohr radius,
r � a0 = h̄2/me2, because of small values of the lifetime
width �a � EH . In our case, even at the excess energy E0 =
1 eV one obtains r � 25a0.

Therefore, in the molecular case, the PCI between the
electrons resulting from the atomic inner-shell ionization does
not differ from the case of an isolated atom [6]. On the other
hand, we consider the S KLL Auger transition between the
deep inner atomic shells. It means that the influence of the
molecular environment on the widths and energies of the
initial and final ionic states can be neglected. That is why we
will use Eq. (2) to describe the PCI energy shift of the Auger
electrons emitted from the thiophene molecule.

However, in the case of ionization of a sulfur atom within
the thiophene polymer, Eq. (2) should be modified. Polariza-
tion of the polymer weakens the Coulomb interaction between
the residual sulfur ion, the photoelectron, and the Auger
electron. This effect can be taken into account by means of
polymer dielectric permittivity ε; namely, we will replace the
squared electron charges e2 by their screened values e2/ε as
in Ref. [10].

Generally, the permittivity ε depends on the frequency of
the electric field. To properly account for the charge screening,
the permittivity needs to be computed over a wide frequency
range, which is beyond the scope of the present paper. The
relative permittivity values for P3HT and PT reported in
literature fluctuate between ∼ 3–7, depending on the mea-
surement method and the sample environment [35–39]. In
our experiment, the permittivity can be strongly affected by
such factors as heating of the sample by the x-ray beam,
electric contact with the sample holder, P3HT film thickness
and blending of polythiophene with the conductive graphite
powder. Therefore, in our simulations we use permittivity as a
fitting parameter and obtain ε = 6.5 for both polymers, which
is within the range of values provided in the literature.

Another effect that should be taken into account is elec-
tron scattering which affects electron propagation through
the solid medium. On the one hand, the photoelectron may
lose energy during inelastic scattering processes. On the other
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hand, elastic scattering strongly affects the electron trajectory.
Such changes in the electron propagation direction effectively
reduce the distance that the photoelectron travels in the solid
by the time the Auger decay occurs, resulting in amplifica-
tion of the PCI effect. The electron propagation through the
bulk medium is a very well-studied phenomenon. Regard-
less of the mechanism of electron scattering (intramolecular
scattering [40], electron-phonon collisions [41], scattering
off structural imperfections of the medium [42], etc.), this
process leads to attenuation of the electron beam intensity
I (x) = I0 exp(−x/L), where x is the electron path and L is the
effective attenuation length (EAL).

It should be noted that even in the case of ioniza-
tion of an isolated atom, the photoelectron propagation
is described by the damped wave function |ψ (r)|2 ∝
exp(−r�a/h̄vph) because of the complexity of the photoelec-
tron energy E0 + i�a/2. The eikonal approach employs the
time-dependent representation of the electron wave function
ψ (t ) ∝ exp(−�at/2h̄) [20]. In the case of photoelectrons
propagating through the solid medium, electron scattering
reduces the effective attenuation length, i.e., compared to a
free atom, the distance between the photoelectron and the
ion at the moment of the Auger decay is reduced. This can
be described through an additional contribution �d = h̄ vph/L
to the photoelectron linewidth. Consequently, the effective
photoelectron linewidth that should be used within the eikonal
approach is given by the sum

� = �a + �d = �a + h̄ vph

L
. (3)

Similar to the molecular case, the value of the lifetime
width �a for atomic sulfur can be used also in the case of
polymers due to negligible influence of the molecular en-
vironment on the KLL Auger transition rate. The L values
corresponding to the EAL could be obtained from theoretical
calculations or experimental measurements. To our knowl-
edge, no EAL measurements neither in P3HT nor in PT
polymer samples in the range of the photoelectron energies
relevant for our experimental conditions have been reported
to date. We have therefore used calculated values obtained us-
ing the NIST Electron Effective-Attenuation-Length Database
tools [43,44]. More details on the calculation of the EAL
factors can be found in the Appendix.

Combining the effects of charge screening and electron
scattering in the bulk medium, we replace within the eikonal
approach all Coulomb potentials e2/r by the screened ones
e2/εr and the atomic lifetime width �a by the effective
photoelectron width �. With these substitutions, quantum me-
chanical calculations within the eikonal approach [20] lead
to the following expression for the PCI energy shift in non-
metallic medium:

�E = �

2 h̄ ε

(
e2

vph
− e2

|vA − vph|
)

, (4)

where the effective photoelectron linewidth � is given by the
Eq. (3). Applicability condition of the generalized Eq. (4) re-
mains the same as in the case of an isolated atom: �E � Eph.
However, the restriction for the excess energy changes due to
the renormalization of the electric charge and the modified
photoelectron effective width: E0 � (�/ε)2/3E1/3

H /2.

Furthermore, if under the experimental conditions the
emission direction of the electrons is not fixed, the eikonal PCI
energy shift provided by Eq. (2) or Eq. (4) has to be integrated
over all the photoelectron and Auger electron emission angles
[19–21]. This leads to the final expression for the PCI shift in
solid medium,

�E = �

2 h̄ ε

(
e2

vph
− e2

vA

)
, (5)

which we apply for our sulfur Auger KLL measurements in
P3HT and PT samples.

III. EXPERIMENT

The experiments were performed at the French national
synchrotron facility SOLEIL, GALAXIES beamline [45], on
the high-resolution HAXPES end station dedicated to hard-x-
ray photoelectron spectroscopy [46]. Linearly polarized light
is delivered by a U20 undulator and the photon energies are se-
lected by a Si(111) double-crystal monochromator. Incoming
electrons are analyzed by a large-acceptance angle EW4000
Scienta hemispherical analyzer, whose lens axis is set parallel
to the polarization vector of the incoming beam. A pass energy
of 200 eV and a curved slit of 0.3 mm width were used in
the experiment. The instrumental resolution was estimated at
∼180 meV and the photon bandwidth δE provided by the
beamline was ∼225 meV and ∼380 meV at 2.5 keV and
3.5 keV photon energy, respectively. Note that the photon
bandwidth does not contribute to the experimental resolution
of the normal Auger spectra.

Pure liquid thiophene was purchased from Sigma Aldrich
and was subjected to three freeze-pump-thaw-degassing cy-
cles. Thiophene vapor present in the headspace above the
liquid was slowly injected into a gas cell with the use of a
microleak valve and kept at a constant pressure of ∼10−5

mbar in the experimental chamber, which was sufficiently low
to consider the molecules as isolated.

P3HT purchased from Sigma Aldrich was dissolved in
CHCl3 to a concentration of 5 mg/mL and spin coated on
an indium-tin-oxide substrate at ∼2000 RPM. The obtained
P3HT film was placed on the metal sample holder and kept
in place with carbon tape, which also served as a conductor
connecting the sample to the metal holder.

The PT sample was prepared as a blend of pure PT powder
and graphite powder in approximately equal amounts, both
purchased from Sigma Aldrich. Preparation of the blend,
denoted as PTC in the following, allowed us to tackle the
space-charge buildup, which can shift and distort the energy
distribution of the Auger electrons [47]. Equivalent amounts
of polythiophene and graphite powders were finely ground to-
gether until a homogeneous blend was obtained. The resulting
powder was deposited on the carbon tape, ensuring the entire
surface was covered, and fixed on the metal sample holder.
Additionally, carbon tape was placed along the perimeter of
the PTC blend, improving the electric connection between the
surface of the sample and the sample holder.

P3HT and PTC samples were placed in the preparation
chamber of the HAXPES end station and subsequently trans-
ferred to the main chamber. To avoid radiation damage to the
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samples, intensity filters were introduced in the beam and the
samples were continuously moved during the measurements.

Auger S KLL electron spectra were measured in gas-phase
thiophene, P3HT film, and PTC powder blend at the photon
energies from 2475 eV to 3500 eV with variable steps, de-
scribed in the following: A low-excess energy data set, from
∼0 to 5 eV above threshold with an energy step of 0.5 eV.
A mid-excess energy data set, from ∼5 to 20 eV above the
ionization threshold, with an energy step of 1 eV. A high-
excess energy data set from ∼20 to 200 eV above threshold,
with an energy step of 10 eV. In addition, two measurements
were performed at ∼500 eV and ∼1000 eV above threshold
to assert an incident photon energy where the PCI shifts are
absent. The electron kinetic energy and the photon energy
were calibrated using the argon LMM Auger and argon 2p−1

and 1s−1 photoelectron spectra [48,49] measured under the
same experimental conditions.

Note that in the gas-phase experiments, the kinetic energy
of the detected electron is naturally measured with respect to
the vacuum level [50]. However, in solid-state experiments,
the electrons ejected from the sample must overcome an ad-
ditional potential barrier at the surface, known as the sample
work function, which results from the energy difference be-
tween the vacuum level and the Fermi level (FL). If the sample
and the spectrometer are in good electric contact (as is the case
in our experiment), an electron exchange between them results
in a common FL. The kinetic energy of the electron ejected
from the sample and propagating to the analyzer is further
modified by the spectrometer work function φSP [50]. In our
calibration measurement using the Au 4 f7/2 photo line, we
obtained φSP = 4.90(1) eV. Therefore, in P3HT and PTC, the
electron kinetic energy referenced to the FL is shifted by the
latter amount toward higher values with respect to the kinetic
energies measured by the spectrometer.

It is convenient to trace the evolution of the PCI energy
shift as a function of the excess energy E0, which is defined
above in the atomic case as the difference between the incident
photon energy and the S 1s IP. Therefore, in the gas-phase
measurements, the reference photon energy Ere f

γ , where the
excess energy E0 = 0 eV, equals the S 1s IP.

The S 1s IP in thiophene was determined using sulfur 1s
photoelectron spectra recorded at 2700 eV photon energy. The
obtained value IP=2478.6(3) eV is in good agreement with
the 2478.4(5) eV value reported in earlier investigations for
the gaseous thiophene [51].

In solid samples, the IP, generally measured with respect to
the FL, lies below the near edge x-ray absorption fine structure
(NEXAFS) features. Therefore, for a consistent comparison to
the gas-phase measurements, we define the reference photon
energy E ref

γ in our solid samples by adding the term value
of 5.0(3) eV, found for the first S 1s NEXAFS feature in
gaseous thiophene [51], to the energy of the equivalent S 1s
NEXAFS feature in PT [52] and P3HT [53]. The obtained
reference photon energy values, where the excess energy E0

= 0 eV, are E ref
γ = 2477.6 eV for PT and E ref

γ = 2478.2 eV for
P3HT.

To extract the position of the Auger S KLL line as a
function of the photon energy, the Auger spectra were fitted
using the SPANCF fitting suite for Igor Pro [54]. At photon
energies where peak distortion caused by the PCI effect was

FIG. 1. 2D maps of S KL2,3L2,3 Auger spectra recorded in (a) :
thiophene, (b) : P3HT. Red horizontal lines show the reference pho-
ton energy E ref

γ , where the excess energy E0 = 0 eV. Multiplet
lines corresponding to the 1S and 1D terms of the 2p−2 final-state
configuration are labeled in the 2D maps. Red ticks and adjacent
labels correspond to the E0 scale. Insets show the 1S term with
intensity scaled by a factor of 7.4 and 3.2 for thiophene and P3HT,
respectively.

deemed negligible, the spectra were fitted with Voigt profiles
and a Shirley background, where necessary. The width of the
Lorentzian component in the Voigt function was fixed to the S
1s−1 core-hole lifetime broadening of 0.59 eV [33]. At photon
energies close to E ref

γ , the Auger electron spectra were fitted
with asymmetric PCI profiles based on Ref. [19].

IV. RESULTS AND DISCUSSION

The S KL2,3L2,3 Auger spectra for thiophene and P3HT are
presented in Fig. 1 as 2D maps showing Auger electron kinetic
energies as a function of the incident photon energy. The
intensity is represented by a color scale. The maps are nor-
malized to the integrated intensity. In PTC, the measurements
were limited to selected photon energies, which explains the

013048-5



NICOLAS VELASQUEZ et al. PHYSICAL REVIEW RESEARCH 5, 013048 (2023)

TABLE I. Position of the S KL2,3L2,3(1D) spectral line in the
Auger electron spectra in thiophene, P3HT and PTC, measured at
high excess photon energy E0 where PCI shifts are absent. Uncer-
tainties in E0 and Ekinetic estimated from photon and kinetic energy
calibration procedures.

Sample E0 (eV) Ekinetic (eV)

Thiophene 1000.0(3) 2101.60(1)
P3HT 1000.0(3) 2111.80(1)
PTC 200.0(3) 2111.90(1)

absence of a 2D map. The shown Auger spectra were recorded
at photon energies varying with a step of 0.5 eV around the
reference photon energy E ref

γ , which is marked on the maps
with a red horizontal line. The Auger spectra observed at the
photon energies below E ref

γ correspond to the relaxation of
the intermediate states resulting from resonant excitation to
the densely lying unoccupied orbitals, which in the case of
polymers form a conduction band. In Fig. 1(b), the Auger
electron kinetic energy is shown with respect to the FL as in
the previously reported Auger S KLL spectra in P3HT [53].
The S KLL Auger spectrum consists of three multiplet lines
corresponding to the 1S, 1D, and 3P (not shown in the maps
due to low intensity) terms of 2p−2 final-state configuration.
Our analysis is focused on the strongest 2p−2(1D) multiplet
line. We expect identical results for the less intense 2p−2(1S)
and 2p−2(3P) lines.

The PCI effect can be observed in the 2D maps as a dis-
tinctive blueshift of the 2p−2(1D) spectral line as the photon
energy decreases and approaches E ref

γ . The S KLL Auger
spectra zoomed in around the 2p−2(1D) line are shown in
Fig. 2 for thiophene, P3HT and PTC for selected excess
photon energies. Again, the Auger electron kinetic energy
of the polymers is shown with respect to the FL. The black
vertical dashed line marks the maximum of the 2p−2(1D)
line in the Auger spectra measured at high E0 values, where
alteration induced by the PCI effect is absent (see Table I for
the position of the black lines). Red vertical dashed lines show
the 2p−2(1D) spectral line maximum in the spectra measured
at the lowest E0 value for each system, where the line dis-
tortion and magnitude of the PCI shift �E are the largest.
In the following, the Auger electron kinetic energy values
summarized in Table I will serve as a reference for calculating
the PCI shift with respect to the unshifted spectral line. In
thiophene [Fig. 2(a)], we observe the PCI-induced distortion
of the Auger line, resulting in a strong asymmetry toward high
kinetic energies as the E0 decreases. This distortion is less
pronounced in P3HT and PTC [Figs. 2(b) and 2(c)], which is
probably related to the significant inhomogeneous broadening
of the Auger line in the polymer samples compared to the
gaseous thiophene.

The PCI shift �E observed at the lowest E0 value with
respect to the position of the unshifted Auger line (marked by
the black dashed line), has approximately the same magnitude
in thiophene (�E = 0.7 eV) and in both polymers (�E =
0.8 eV and 0.7 eV for P3HT and PTC, respectively). However,
the evolution of the PCI shift with the excess photon energy
E0 is different. In thiophene, at E0 = 120 eV and above, the

FIG. 2. Experimental S KL2,3L2,3(1D) Auger line profiles for
selected excess photon energies E0 for thiophene (a), P3HT (b),
and PTC (c). Vertical dashed lines show the position of the spectral
line at the highest (black) and at the lowest (red) values of E0. The
magnitude of the PCI shift measured at the lowest E0 value is shown
for each system.

asymmetry is imperceptible, and the line shift is close to zero.
In contrast, in P3HT and PTC, the PCI shift is still appreciable
at E0 = 120 eV.

The experimentally measured PCI shift of the S
KL2,3L2,3(1D) Auger line �E as a function of excess photon
energy in thiophene, P3HT, and PTC is shown in Fig. 3 to-
gether with the theoretical results obtained within the eikonal
approximation outlined above. Error bars correspond to the
statistical error with a confidence interval of 95%. The inset
shows the E0 = 0 –25 eV range in greater detail. Remarkably,
apart from the threshold energy region, both P3HT and PTC
polymers clearly show a stronger PCI line shift compared
to the gas-phase thiophene molecule up to E0 = 150 eV. At
higher excess photon energies, �E gradually converges to
zero for all systems. A close proximity of the results for
the two polymer samples can be attributed to their similar
density and dielectric permittivity. Different morphology of
the samples in the form of powder (PTC) and a film (P3HT)
has no apparent effect on the PCI shift.
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FIG. 3. Measured (thiophene: red filled triangles, P3HT: blue
filled squares, PTC: green filled circles) and calculated (red continu-
ous lines for thiophene, blue for P3HT, green for PTC) PCI shift of
the S KL2,3L2,3(1D) Auger line �E as a function of excess photon
energy above the S 1s ionization threshold. Horizontal dotted line
corresponds to �E = 0. The inset shows the 0–25 eV range in detail.
Error bars on measured data correspond to statistical error with a
confidence interval of 95%.

Theoretical results obtained using Eq. (2) for thiophene
(continuous red line) and Eq. (5) for P3HT (continuous blue
line) and PTC (continuous green line) are shown in Fig. 3. A
very good overall agreement between the experimental data
and the theoretical results is observed.

For gas-phase thiophene, the divergence from the exper-
iment visible at E0 < 10 eV (see inset), is related to the
limitation of the eikonal approximation close to the ionization
threshold (see Ref. [1] and discussion in Sec. II), and therefore
we do not show calculations below E0 = 5 eV. Nevertheless, a
reasonable agreement at higher E0, demonstrates the validity
of our model using the eikonal approximation for the PCI
effect in relatively large organic molecules.

Regarding the polymers, the calculations are limited to
the E0 > 50 eV range due to a limitation imposed by the
NIST Electron Effective-Attenuation-Length Database tools
[43,44]. Nonetheless, excellent agreement obtained at the ac-
cessible range of excess photon energies corroborates our
model proposed to describe the PCI effect in a solid medium
[see Eq. (5)].

Propagation of a slow photoelectron in the polymers is
strongly influenced by elastic scattering affecting the electron
trajectory and thus reducing the distance that it can travel be-
fore the Auger decay occurs. Furthermore, inelastic scattering
may lead to electron energy loss. Both types of scattering
result in the enhancement of the PCI effect. On the other
hand, the dielectric medium efficiently screens the electron
charges and thus affects the Coulomb interaction between the
photoelectron and the Auger electron, leading to a reduction
of the PCI effect. Therefore, the resulting PCI shift depends
on the interplay of the two competing effects of the solid
environment on the interacting electrons.

The PCI shift observed in the 10 � E0 � 120 eV region
is on average approximately two times larger in the polymers
than in thiophene molecule. According to Eqs. (2) and (5),
amplification is given by the ratio (�a + �d )/�aε. On the one
hand, the damping width �d is in the order of ∼7–8 eV over
the considered E0 region, whereas �a=0.59 eV, leading to PCI
shift amplification by about a factor of 13 due to electron
scattering. On the other hand, dielectric screening reduces
the shift by a factor of 6.5. A combination of both effects
ultimately doubles the PCI shift in polymers.

At E0 < 10 eV, the difference between the PCI energy
shifts in polymers and the molecule decreases and eventually
disappears at the photoionization threshold. Despite the lack
of calculations for EAL and the corresponding values of �d

for E0 < 50 eV, the observed trend implies a reduction of the
electron damping width �d in this energy region.

A strong reduction of the PCI effect previously observed
in XPS spectra of rare-gas clusters, compared to the isolated
atoms, was interpreted by dielectric screening of the electron
charge propagating in the cluster bulk [10]. However, a possi-
ble effect of electron scattering on the PCI effect had not been
considered. One can assume that in a relatively small-size
medium such as clusters with mean size 〈N〉 ≈ 1600 as con-
sidered in Ref. [10], photoelectron scattering does not play an
essential role for the PCI shift, whereas polarization screening
has a dominant effect on PCI. In contrast, in extended solid
media, such as the polymers considered in our paper, both
elastic and inelastic electron scattering play a preponderant
role in the PCI effect and overtake the diminishing effect that
polarization screening may have.

V. CONCLUSION

In this paper, we present an investigation coupling ex-
perimental and theoretical results of the PCI effect in
thiophene and thiophene-based polymers. We have studied
the S KL2,3L2,3 Auger decay spectra in gaseous thiophene
and in solid-state organic polymers polythiophene and poly(3-
hexylthiophene-2,5-diyl).

The PCI between Auger electron, photoelectron, and resid-
ual doubly charged ions has been observed in all samples. The
interaction manifested itself as a significant distortion and a
blueshift of the Auger spectral lines close to the ionization
threshold. The PCI shift, reaching a value close to ∼1 eV
just above the ionization threshold, is gradually reduced with
increasing photon energy. However, it remains visible up to
∼150 eV above the ionization threshold.

Furthermore, we have shown that in solid-state samples,
the PCI effect is significantly larger between 10 � E0 �
120 eV compared to the gas-phase molecule. We propose a
model for the PCI in condensed matter, based on the eikonal
approximation, which takes into account the effect of the
polarization screening of the electron charges in the dielectric
medium and the effect of photoelectron scattering. While
the dielectric permittivity of the medium screens the electron
charges and reduces the PCI effect, electron scattering
counterbalances this reduction, decreasing the travel distance
of a slow photoelectron in the medium, thus enhancing the
PCI effect.
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Apart from these findings, very good agreement be-
tween experimental and theoretical results in thiophene
demonstrates the validity of the eikonal approximation for the
PCI description in relatively large organic molecules.

Our paper paves the way toward future investigations of the
interplay between charge screening and electron scattering for
PCI in various media. The general nature of the PCI effect,
showcased in our paper in an isolated organic molecule and
in solid organic polymers, calls for further studies of PCI in
cluster, liquid, and solid media.
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APPENDIX: ELECTRON EFFECTIVE
ATTENUATION LENGTH

To calculate the electron EAL [L in Eq. (3)] [55], we
used the NIST Standard Reference Database tools 71 and 82
[43,44].

To describe photoelectron scattering within the polymer
media, the EAL calculations account for both inelastic and
elastic scattering contributions. Inelastic scattering enters the
EAL in the form of the inelastic mean free path (IMFP), the
average distance between successive inelastic collisions of an
electron moving in a medium with a given energy [56]. Elastic
scattering enters the EAL as the transport mean free path
(TMFP), the average distance that the electron must travel
before its momentum in the initial direction of the motion is
reduced, by elastic scattering alone, to 1/e of its initial value
[57]. As an example, in Table II we show IMFP and TMFP
values for both P3HT and PTC calculated at a photoelectron
kinetic energy of 50 eV.

TABLE II. IMFP and TMFP values for P3HT and PTC calcu-
lated at a photoelectron kinetic energy of 50 eV.

Sample IMFP (Å ) TMFP (Å )

P3HT 4.2 6.6
PTC 3.9 6.9

FIG. 4. EAL as a function of photoelectron kinetic energy cal-
culated for P3HT at z = 1 Å (orange squares) and z = 8 Å (purple
squares).

The EAL depends on the depth from the surface into the
material z, electron emission angle with respect to the surface
normal α, IMFP, and TMFP.

Figure 4 shows a dependence of the EAL on the photo-
electron kinetic energy calculated for P3HT at z = 1Å, and
z = 8Å. The former depth value was also used in the calcu-
lations shown in Fig. 3. The NIST tools set a limitation of
50 eV as a bottom threshold for the electron kinetic energy.
This is because the relativistic TPP-2M (Tanuma, Powell and
Penn) equation used to simulate the IMFP is not reliable in the
optical range below 50 eV [58]. EAL values were calculated
within the ∼50–200 eV photoelectron kinetic energy range,
corresponding to the excess photon energy E0. Sampling was
done every ∼10 eV. The input parameters include the atom
fraction of polymer component, the number of valence elec-
trons, band gap, and density. The atom fractions used are H =
0.56, C = 0.4, and S = 0.04, and a density = 1.1 g/cm3 [59].
The number of valence electrons was set to 2 and the band gap
was set to 2 eV [60].

To demonstrate how each parameter affects the PCI shift,
Fig. 5 shows �E and its dependence on z and ε for P3HT.

FIG. 5. Left: Calculated PCI shift for P3HT at z = 1 Å(orange
squares), z = 8 Å (purple squares). Right: Calculated PCI shift for
P3HT at ε = 3 (green squares), ε = 6.5 (orange squares). Experi-
mental data in black triangles.
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[59] N. Vukmirović and L.-W. Wang, Electronic structure of disor-
dered conjugated polymers: Polythiophenes, J. Phys. Chem. B
113, 409 (2009).

[60] M. A. Ansari, S. Mohiuddin, F. Kandemirli, and M. I. Malik,
Synthesis and characterization of poly(3-hexylthiophene): im-
provement of regioregularity and energy band gap, RSC Adv.
8, 8319 (2018).

013048-10

https://doi.org/10.1063/1.555595
https://doi.org/10.1088/0953-4075/39/5/002
https://doi.org/10.1002/adfm.201801542
https://doi.org/10.1039/C5CP03665H
https://doi.org/10.1088/1367-2630/9/2/040
https://doi.org/10.1016/j.sse.2007.07.007
https://doi.org/10.1016/j.synthmet.2007.04.004
https://doi.org/10.1021/acs.jpca.9b05063
https://doi.org/10.1103/PhysRevB.28.2183
https://doi.org/10.1088/0370-1301/69/1/310
https://doi.org/10.1107/S160057751402102X
https://doi.org/10.1016/j.elspec.2013.01.006
https://doi.org/10.1002/(SICI)1096-9918(199806)26:7<490::AID-SIA392>3.0.CO;2-U
https://doi.org/10.1088/0953-4075/27/17/019
https://doi.org/10.1103/PhysRevA.22.520
https://doi.org/10.1016/j.pmatsci.2019.100591
https://doi.org/10.1063/1.451718
https://doi.org/10.1021/jp312660d
https://doi.org/10.1039/C8RA04629H
https://doi.org/10.1016/S0167-5729(02)00031-6
https://doi.org/10.1021/acs.jpcc.1c05212
https://doi.org/10.1103/PhysRevB.58.16470
https://doi.org/10.1002/sia.740210302
https://doi.org/10.1021/jp808360y
https://doi.org/10.1039/C8RA00555A

