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ABSTRACT

X-ray photoelectron spectroscopy (PES) has been widely applied in the field of battery studies. However, the lack of knowledge regarding the
inelastic mean free path (IMFP) for studied systems limits the interpretation of spectroscopic results. In this work, the IMFP of poly
(trimethylene carbonate) (PTMC), poly(e-caprolactone) (PCL), and the solid polymer electrolytes consisting of lithium bis(oxalate)borate
(LiBOB) together with PTMC or PCL has been determined using PES at a photoelectron kinetic energy of 8.7 keV. Additionally, the surface
roughness of these films was investigated by atomic force microscopy and correlated with calculated IMFP values. Our studies reveal that the
IMFP of solid polymer electrolytes is higher than that of pure polymers. The presented IMFPs provide references for future spectroscopic
studies involving these materials.

VC 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0254600

To improve safety and energy density of state-of-the-art lithium-
ion batteries, solid polymer electrolytes (SPEs) have been developed as
an alternative to conventional liquid electrolytes. SPEs eliminate the
hazard of using flammable solvents and offer advantages for flexible
battery systems.1–3 However, similar to liquid electrolytes, SPEs are
limited by their electrochemical stability, leading to inevitable degrada-
tion. Consequently, degradation and solid electrolyte interphase (SEI)
formation at the electrolyte/electrode interface pose critical challenges
for high-energy-density applications.

Polyethylene oxide (PEO), the most extensively studied polymer,
exhibits low Li transference number and limited electrochemical stabil-
ity at high voltages.4 To address these limitations, various polymer
materials and lithium salts have been investigated as alternative
candidates.5

Poly(trimethylene carbonate) (PTMC) and poly(e-caprolactone)
(PCL) have shown higher oxidation potentials (4.5–5V vs Liþ/Li)
compared to PEO.6,7 These polymers are also less hydrophilic than
PEO, reducing the risk of water contamination. Their potential as host
materials in SPEs and their degradation behavior when in contact with
lithium have been previously studied.8–10 In this study, we investigate
PTMC and PCL together with a salt: lithium bis(oxalate)borate
(LiBOB), which has received considerable attention as it promotes

ionic conductivity when combined with some polymers (e.g., PEO) in
SPEs.11

X-ray photoelectron spectroscopy (PES) is used in both fun-
damental and applied research across materials science, electro-
chemistry, and catalysis as a surface analysis technique.
Conventional laboratory-based PES systems typically operate with
soft x rays (<2 keV), while hard x-ray photoelectron spectroscopy
(HAXPES) uses hard x rays (>2 keV), increasing electron kinetic
energy and thereby extending the probing depth.12,13 In lithium-
ion battery studies, the high surface and chemical sensitivity of
PES has made it an important technique for investigating surface
structures and reactions at interfaces. HAXPES further enhances
this capability by providing a probing depth suitable for investigat-
ing buried layers such as the SEI.14,15

The probability of observing a photoelectron from within a solid
depends on atomic photoionization cross section and the probability
of electrons scattering on the way to the surface. Only electrons from a
finite depth can thus contribute to the signal—this makes PES surface-
sensitive. The depth limitation is determined by the effective attenua-
tion length (EAL) of the electron. Here, the EAL is dominated by
inelastic scattering at high kinetic energy.16 The inelastic mean free
path (IMFP) depends on the kinetic energy of the emitted electron and
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properties of the measured material, such as density, molecular weight,
bandgap energy, and number of valence electrons.17,18

PES, together with electrochemical and material characteriza-
tion techniques, has been applied to study different types of SPEs
and their degradation.10,19,20 However, the IMFP for SPEs is gener-
ally unknown, thus adding relatively large uncertainties when
characterizing the depth distribution of different species in the
interface region. The information depth of SPE studies, deter-
mined by the IMFP, is usually obtained by simply using the known
IMFP from other materials or predictive models. With a more
accurate IMFP value, PES analysis can provide thickness informa-
tion and depth profiles for chemical characterization on a more
precise scale. Here, we compare measured IMFPs using the over-
layer method as outlined below, with numbers obtained from the
universal curve and the TPP-2M formula.18,21

The thickness of an overlayer film on a substrate can be estimated
by Ref. 22

d ¼ �k cos h ln 1þ IO=SO
IS=SS

� �
; (1)

where d is the thickness of the film, k is the IMFP of the photoelec-
trons, h is the emission angle, IO and IS are measured peak intensities
from overlayer and substrate, and SO and SS are sensitivity factors for
the specific core-level. k equaling IMFP in this equation assumes that
elastic scattering in the material is negligible. The effective attenuation
length should be used if this assumption does not hold. Using EAL in
the expression above instead of k to estimate the overlayer thickness is
referred to as the overlayer method.16,22 Previous studies have experi-
mentally determined EAL at high photon energies.23,24

In this work, the overlayer method is applied in reverse to deter-
mine the EAL of the photoelectrons in the film with a known thick-
ness. The elastic scattering effects are negligible if the kinetic energy of
the photoelectrons is high enough (>2 keV). In the present case, the
EAL is identical to the IMFP.16 It is, therefore, possible to estimate the
IMFP of the photoelectrons when probing the overlayer with a high
photon energy x-ray source.

Surface roughness affects spectral intensity measured by photo-
electron spectroscopy, as the local surface normal deviates from the
average surface normal.25,26 Atomic force microscopy (AFM) allows us
to investigate the impact of surface roughness on the estimated IMFPs
obtained.

Using the overlayer method, the IMFP of two polymers, PTMC
and PCL, together with two polymer electrolytes containing 25wt. %
LiBOB: PTMC:LiBOB, and PCL:LiBOB, are determined using an in-
house HAXPES (Ga Ka, h� ¼ 9:25 keV), manufactured by Scienta
Omicron.27 The chemical structures of the polymers and LiBOB are
shown in Fig. 1. All the polymer and SPE films were spin-coated on
Au substrates.

In the HAXPES experiments, the angle between the Ga Ka source
emission axis and the analyzer axis is fixed at 90�. The electron emis-
sion angle—defined as the angle between the analyzer axis and the sur-
face normal—was varied by tilting the sample to obtain different
surface sensitivities.28 In our experiments, 2� corresponds to a grazing
incidence condition and 22� gives a more surface-sensitive condition.
Figure 4 shows an illustration of the experimental geometry.

The recorded photoelectron intensity from a solid depends on
factors such as atomic photoionization cross section, rx , and the mean

free path of electron scattering, e.g., inelastic and elastic. These factors
along with other parameters related to quantitative PES are compre-
hensively reviewed by Jablonski.29 The photoionization cross section
for unpolarized light can be described by Ref. 30

drx
dX

¼ rx
4p

1� b
4
ð3 cos2H� 1Þ þ c

2
sin2Hþ d

� �
cosH

� �
; (2)

where rx is the total cross section,H is the angle between the incidence
light and the direction of electron analysis, b is the asymmetry parame-
ter, and c and d are the parameters for describing non-dipole effects.
In our experimental configuration (H ¼ 90�), the cross section is cal-
culated as rx=4pð1þ b=4Þ.

The reference samples: bare Au, infinitely-thick PTMC, PCL,
PTMC:LiBOB, and PCL:LiBOB films, were measured under the

FIG. 1. The chemical structures of PTMC, PCL, and LiBOB.

FIG. 2. (a) C 1s and (b) O 1s spectra of the PTMC and PTMC:LiBOB reference
samples. (c) C 1s and (d) O 1s spectra of the PCL and PCL:LiBOB reference
samples.
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same photon energy (9.25 keV) and pass energy (500 eV) as the
examined samples. The reference films were prepared sufficiently
thick to make sure that the photoelectrons detected by the spec-
trometer were emitted only from the films during the HAXPES
measurements. The examined samples include thin PTMC, PCL,
PTMC:LiBOB, and PCL:LiBOB films on Au substrates, with two
thicknesses of film for each type.

The C 1s and O 1s spectra of reference samples are shown in
Fig. 2. The PTMC- or PCL-related features are marked as green and
the signals from the LiBOB salt are presented as a dashed line. Detailed
descriptions of the spectra can be found in the supplementary material.
The relative intensity of alkane/hydrocarbon (C-C/C-H) compared to
other C 1s features reflects the expected chemical composition of
PTMC or PCL, suggesting negligible hydrocarbon contamination, i.e.,
the bulk composition of the reference samples is nearly identical to the
surface composition.

In the O 1s spectra of the reference samples, the intensity
ratios between the polymer and LiBOB features are used to fit the
examined samples. The O 1s and Au 4p3/2 core-levels are selected
to investigate the contributions from the overlayer (polymer or
SPE film) relative to those of the Au substrate. Since the electrons
emitted from these core-levels have similar kinetic energies, the
differences in the energy dependence of inelastic scattering behav-
ior can then be considered negligible. Also, the transmission func-
tion for the spectrometer is then the same. Signals from the two
core-levels were measured in the same data acquisition process to
eliminate variances in instrumental settings.

Figures 3(a)–3(d) shows the O 1s and Au 4p3/2 spectra of the
examined samples with the Tougaard background subtraction,

measured at electron emission angles of 2� and 22�. A broad spectral
feature at approximately 546 eV originates from the Au substrate. As
the angle increases to 22�, the relative intensity of the Au 4p3/2 peak to
O 1s peaks decreases.

To calculate the IMFP using Eq. (1), the area ratio of the O 1s
peaks in the overlayer reference films and the Au 4p3/2 peak area in the
Au substrate reference sample were used as the ratio of sensitivity
factors, SO=SS. The Au 4p3/2 peak area and the sum of the O 1s
peak areas obtained from the thin samples were used as IS and IO.
The thickness d for each sample was measured by a surface pro-
filer with a resolution of 6 Å. Figure 4 shows the calculated IMFPs
of the polymers and SPEs, and Table I lists the average IMFP val-
ues and average deviation. Detailed values can be found in Table
S1. In general, the estimated IMFPs for the PTMC:LiBOB are
larger than those for the PTMC. Similarly, the PCL:LiBOB exhib-
its a larger IMFP than the pure PCL.

Our results show a decrease in the average IMFPs at the higher
emission angle, which corresponds to a change in the intensity ratio
between the O 1s and 4p3/2 features. Photoelectron intensities of the
core-levels depend on the respective photoionization cross sections,
which are affected by the asymmetry parameter b in our experimental
geometry, as previously discussed. To account for angular dependence,
the effective asymmetry parameter, beff , should be considered instead:
the correction parameters Qx and beff can be described by simple
expressions,31

Qx ¼ ð1� xÞ1=2Hðcos h;xÞ; (3)

beff ¼
ð1� xÞb

Qx
; (4)

FIG. 3. O 1s and Au 4p3/2 spectra of the (a) 12 nm PTMC, (b) 23.4 nm PTMC:LiBOB, (c) 9 nm PCL, and (d) 21.5 nm PCL:LiBOB films on Au substrates measured at two emis-
sion angles, h ¼ 2� and h ¼ 22�.
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where x is the single scattering albedo, and Hðcos h;xÞ is the
Chandrasekhar function,32 which can be approximated as33

Hðcos h;xÞ ¼ 1þ h cos h

1þ h cos hð1� xÞ1=2
; h ¼ 1:907 81: (5)

The single scattering albedo depends on the transport and inelas-
tic mean free paths, not generally known. We use the empirical equa-
tion [Eq. (9) in L�aszl�o34] to estimate x at 8718 eV—the mean kinetic
energy of electron emitted from O 1s (overlayer). b values at 9 keV are
taken from Trzhaskovskaya and Yarzhemsky.35 Based on these values,
beff ð2�Þ is calculated to be 1.888, 1.892, and 1.454 for PTMC, PCL,
and Au, respectively.36 The variations in beff between 2� and 22� are

less than 0.2& for the polymers and 2& for Au. These small varia-
tions are negligible and therefore do not contribute to the observed
intensity ratio changes.

It is known that surface roughness affects spectral intensity mea-
sured by photoelectron spectroscopy.25,26 For a surface that is not flat,
there are local variations in surface normal on the sample. Thus, elec-
trons collected by the analyzer are actually electrons emanating from a
distribution of emission angles. Also, surface roughness introduces
shadowing effects on emitted electrons. Certain emitted electrons are
shadowed by the rough features on the surface on their way to the ana-
lyzer. This effect is more pronounced at larger emission angles. These
two effects lead to systematic uncertainties in the IMFP determined by
the overlayer method.

To investigate the surface roughness of the spin-coated polymer
and SPE films, AFM measurements were conducted following the
HAXPES measurements. Figures 5(a)–5(d) show the AFM images and
corresponding line profiles for the 12nm PTMC, 23.4 nm PTMC:
LiBOB, 9nm PCL, and 21.5nm PCL:LiBOB films, with a measurement

TABLE I. The average IMFPs of the films at emission angles of 2� and 22�. The
average deviation represents the deviation of the estimated IMFP value to the mean,
which is calculated by 1

N

PN
i¼1 jxi � �x j � 1

�x � 100%.

Film h (�)
Average

IMFP (nm)
Average

deviation (%)

PTMC
2 16.756 0.19 9.25
22 13.606 0.12 25.74

PTMC:LiBOB
2 18.156 0.09 10.19
22 17.106 0.16 8.19

PCL
2 18.106 0.11 0.55
22 16.656 0.52 8.71

PCL:LiBOB
2 19.906 0.18 8.04
22 19.806 0.13 9.09

FIG. 4. The estimated IMFPs of PTMC, PTMC:LiBOB, PCL, and PCL:LiBOB with
different film thicknesses at emission angles of 2� (solid circles) and 22� (hollow
circles). ~k2� and ~k22� indicate the average IMFPs. Error bar is obtained by propa-
gating the error in peak intensity from curve fitting. IMFPs calculated by the univer-
sal curve and TPP-2M formula are marked by arrows.

FIG. 5. AFM images and line profiles of the (a) 12 nm PTMC, (b) 23.4 nm PTMC:
LiBOB, (c) 9 nm PCL, and (d) 21.5 nm PCL:LiBOB films on Au substrates. (e) The
root mean square (RMS) roughness values of the films with different thicknesses.
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area of 20� 20lm2. Additional AFM images and line profiles of the
samples with different thicknesses are provided in Fig. S1. Figure 5(e)
shows the root mean square (RMS) roughness values of all polymer and
SPE films, which were calculated from the line profiles.

Spherical bumps in nano-scale can be observed in the
12 nm PTMC film. The height of these bumps ranges mainly
between 2 and 5 nm, as indicated by the line profile, which gives a
lower root mean square roughness value compared to other samples.
These nano-structures are absent in the thicker PTMC film and the
PTMC:LiBOB films.

In the PCL-based films, domains in different orientations are
observed, with crystal-like branches growing within these domains.37

This lamellar structure aligns with the semi-crystalline property of PCL
at room temperature.38 The PCL:LiBOB films exhibit thicker branches
with less density compared to the PCL films. This indicates a reduced
crystallinity of the polymer matrix in the PCL:LiBOB films, which can
be attributed to the addition of LiBOB in the polymer matrix. Nano-
scale pits are present in both the 9 and 11nm PCL, with a depth of
roughly 5nm. In the AFM images of the PCL:LiBOB films, there are
irregular nano-particles distributed across the surface. As shown in
Fig. 5(e), the PCL-based films, especially the PCL:LiBOB films, exhibit
slightly higher roughness than the PTMC-based films.

In both the PTMC and PCL cases, the estimated IMFP of SPE is
greater than that of the pure polymer. According to the predictive equa-
tion first proposed by Tanuma et al., the IMFP of electrons increases as
the density of the material decreases.17,18 In the case of PCL:LiBOB, the
crystallinity of the polymer matrix is reduced by dissolving LiBOB in it.
As the amorphous region increases in the polymer matrix and the poly-
mer chains become more loosely packed, this could result in a lower
density than the pure polymer. This reduction in density explains the
observed trend of increased IMFP in SPEs compared to pure polymers.

The surface morphologies of the PCL-based films exhibit
higher roughness compared to the PTMC-based films. In the
PCL-based films, the domains and branches in different orienta-
tions result in higher RMS roughness values. Also, the irregular
nano-particles observed in the PCL:LiBOB film, which could be
precipitated or undissolved LiBOB crystals, further contribute to
high surface roughness in PCL:LiBOB films. In contrast, the
PTMC:LiBOB films are more homogeneous without LiBOB crys-
tals remaining or forming.

According to the study on the measured IMFP by Powell et al.,
the mean deviation of IMFPs measured by elastic-peak electron spec-
troscopy to a function fitted to all such IMFPs was 12.3%.39 This gives
an indication of the uncertainties in estimating IMFP with the elastic-
peak electron spectroscopy technique. In our work, the average devia-
tion of the estimated IMFPs ranges from 0.55% to 25.74%. If the sam-
ples were perfectly flat, no difference between emission angles in the
estimated IMFP would be expected. In our case, surface roughness
influences the uncertainty of the estimated IMFP. The shadowing
effect (predicted to be more prominent at higher emission angles25,26)
in our experiments is minimized when the films’ surface normal is
nearly parallel to the analyzer axis. However, variations in local elec-
tron emission angles still play a role in systematic uncertainties.

To benchmark the obtained IMFP values, we compare them with
calculated IMFPs at a photoelectron kinetic energy of 8718 eV.
According to the universal curve, the IMFP of electron at 8718 eV is
8.12nm, calculated using the coefficient for organic compounds in the

equation, k ¼ 0:087E1=2.21 It is well known that the universal curve
does not hold universally as the IMFP is material dependent. In our
case, the predicted IMFP obtained by the universal curve underesti-
mates the IMFP by more than 50%. The TPP-2M formula proposed
by Tanuma et al. requires parameters including the number of valence
electrons, bulk density, atomic mass, and bandgap energy to calculate
the IMFP at a given energy (using QUASES software40).18 However,
properties like density are sample-dependent, and the bandgap is
unavailable for some polymers and most SPEs, making it impossible to
estimate their IMFPs using this formula. For PTMC and PCL, the cal-
culated IMFP at 8718 eV is 17.62 and 17.85 nm, respectively, with a
bulk density of 1.31 g=cm3 for PTMC and 1.1 g=cm3 for PCL. The
bandgap energy of PCL is 4.712 eV. As no reported value is available
for PTMC, the same bandgap energy is assumed for PTMC.41–43

These calculated IMFPs for the polymers deviate less than 5% from
the IMFPs determined at 2� here.

In summary, we have investigated spin-coated PTMC, PTMC:
LiBOB, PCL, and PCL: LiBOB films with HAXPES (Ga K a) to
determine the IMFPs using the overlayer method for these films.
Overall, the IMFPs of the SPEs are greater than those of the pure
polymers. This increase in IMFP is attributed to the reduction in
crystallinity of the polymer matrix caused by the addition of
LiBOB, which leads to a decrease in overall density. The effects of
surface roughness on the estimated IMFP using the overlayer
method are underlined and should be considered when doing
quantitative thickness analysis. Accurate IMFP values are essential
for reliable depth profile analysis and thickness estimation.
Combining HAXPES and AFM allows determination of IMFPs
and how surface roughness impacts the uncertainty in the process,
not only for these specific materials but also for a broader range of
systems. The method used in this work can be combined with cal-
culation studies to better understand the limitations of this method
and current IMFP models.

See the supplementary material for extra experimental details,
table of calculated IMFP values, and further AFM images and line pro-
files of PTMC, PTMC:LiBOB, PCL, and PCL:LiBOB films.

This research was funded by the Swedish Energy Agency (Grant
No. P2021-90225), Formas (Grant Nos. 2019-01326 and 2023-01607),
the Swedish Research Council (Grant No. 2023-05291 and Project
MINERVA, Grant No. 2021-05932), and the Swedish Foundation for
Strategic Research (Project SOLID ALIBI, Grant No. 139501338).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Yi-Chen Weng: Conceptualization (equal); Formal analysis (lead);
Investigation (lead); Project administration (equal); Resources (sup-
porting); Visualization (lead); Writing – original draft (lead); Writing
– review & editing (equal). Henry Nameirakpam: Formal analysis
(supporting); Investigation (supporting); Resources (supporting);
Visualization (supporting); Writing – original draft (supporting);
Writing – review & editing (equal). Edvin K. W. Andersson:

Applied Physics Letters ARTICLE pubs.aip.org/aip/apl

Appl. Phys. Lett. 126, 181601 (2025); doi: 10.1063/5.0254600 126, 181601-5

VC Author(s) 2025

 11 Septem
ber 2025 10:51:45

https://doi.org/10.60893/figshare.apl.c.7780841
pubs.aip.org/aip/apl


Resources (lead); Writing – original draft (supporting); Writing –
review & editing (equal). Elin Cartwright: Investigation (supporting);
Writing – review & editing (equal). M. Venkata Kamalakar: Funding
acquisition (equal); Supervision (equal); Writing – review & editing
(equal). Maria Hahlin: Funding acquisition (equal); Supervision
(equal); Writing – review & editing (equal). Andreas Lindblad:
Conceptualization (equal); Funding acquisition (equal); Supervision
(equal); Writing – original draft (supporting); Writing – review & edit-
ing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available from
the corresponding author upon reasonable request.

REFERENCES
1J. Li, C. Ma, M. Chi, C. Liang, and N. J. Dudney, “Solid electrolyte: The
key for high-voltage lithium batteries,” Adv. Energy Mater. 5, 1401408
(2014).
2A. Manthiram, X. Yu, and S. Wang, “Lithium battery chemistries enabled by
solid-state electrolytes,” Nat. Rev. Mater. 2, 1–16 (2017).

3J. Kalhoff, G. G. Eshetu, D. Bresser, and S. Passerini, “Safer electrolytes for
lithium-ion batteries: State of the art and perspectives,” ChemSusChem 8,
2154–2175 (2015).

4J. Mindemark, M. J. Lacey, T. Bowden, and D. Brandell, “Beyond PEO—alter-
native host materials for Liþ-conducting solid polymer electrolytes,” Prog.
Polym. Sci. 81, 114–143 (2018).

5D. Brandell, J. Mindemark, and G. Hern�andez, Polymer-Based Solid State
Batteries (Walter de Gruyter GmbH & Co KG, 2021).

6B. Sun, J. Mindemark, K. Edstr€om, and D. Brandell, “Polycarbonate-based solid
polymer electrolytes for Li-ion batteries,” Solid State Ionics 262, 738–742 (2014).

7A. Bergfelt, M. J. Lacey, J. Hedman, C. Sångeland, D. Brandell, and T. Bowden,
“e-caprolactone-based solid polymer electrolytes for lithium-ion batteries:
Synthesis, electrochemical characterization and mechanical stabilization by
block copolymerization,” RSC Adv. 8, 16716–16725 (2018).

8J. Mindemark, B. Sun, E. T€orm€a, and D. Brandell, “High-performance solid
polymer electrolytes for lithium batteries operational at ambient temperature,”
J. Power Sources 298, 166–170 (2015).

9B. Sun, J. Mindemark, K. Edstr€om, and D. Brandell, “Realization of high per-
formance polycarbonate-based Li polymer batteries,” Electrochem. Commun.
52, 71–74 (2015).

10E. K. Andersson, C. Sångeland, E. Berggren, F. O. Johansson, D. K€uhn, A.
Lindblad, J. Mindemark, and M. Hahlin, “Early-stage decomposition of solid poly-
mer electrolytes in Li-metal batteries,” J. Mater. Chem. A 9, 22462–22471 (2021).

11G. Appetecchi, D. Zane, and B. Scrosati, “PEO-based electrolyte membranes
based on LiBC4O8 salt,” J. Electrochem. Soc. 151, A1369 (2004).

12C. Kalha, N. K. Fernando, P. Bhatt, F. O. Johansson, A. Lindblad, H. Rensmo, L.
Z. Medina, R. Lindblad, S. Siol, L. P. Jeurgens et al., “Hard X-ray photoelectron
spectroscopy: A snapshot of the state-of-the-art in 2020,” J. Phys. Condens.
Matter 33, 233001 (2021).

13J. C. Woicik, Hard X-Ray Photoelectron Spectroscopy (HAXPES) (Springer,
2016), Vol. 59.

14I. K€allquist, R. Le Ruyet, H. Liu, R. Mogensen, M.-T. Lee, K. Edstr€om, and A. J.
Naylor, “Advances in studying interfacial reactions in rechargeable batteries by
photoelectron spectroscopy,” J. Mater. Chem. A 10, 19466–19505 (2022).

15B. Philippe, M. Hahlin, K. Edstr€om, T. Gustafsson, H. Siegbahn, and H.
Rensmo, “Photoelectron spectroscopy for lithium battery interface studies,”
J. Electrochem. Soc. 163, A178 (2016).

16A. Jablonski and C. J. Powell, “Relationships between electron inelastic mean
free paths, effective attenuation lengths, and mean escape depths,” J. Electron
Spectrosc. Relat. Phenom. 100, 137–160 (1999).

17S. Tanuma, C. J. Powell, and D. R. Penn, “Calculations of electron inelastic mean
free paths for 31 materials,” Surf. Interface Anal. 11, 577–589 (1988).

18S. Tanuma, C. J. Powell, and D. R. Penn, “Calculations of electron inelastic
mean free paths. V. Data for 14 organic compounds over the 50–2000 eV
range,” Surf. Interface Anal. 21, 165–176 (1994).

19E. K. Andersson, L.-T. Wu, L. Bertoli, Y.-C. Weng, D. Friesen, K. Elbouazzaoui,
S. Bloch, R. Ovsyannikov, E. Giangrisostomi, D. Brandell et al., “Initial SEI for-
mation in LiBOB-, LiDFOB-and LiBF4-containing PEO electrolytes,” J. Mater.
Chem. A 12(15), 9184–9199 (2024).

20C. Xu, B. Sun, T. Gustafsson, K. Edstr€om, D. Brandell, and M. Hahlin,
“Interface layer formation in solid polymer electrolyte lithium batteries: An
XPS study,” J. Mater. Chem. A 2, 7256–7264 (2014).

21M. P. Seah and W. Dench, “Quantitative electron spectroscopy of surfaces: A
standard data base for electron inelastic mean free paths in solids,” Surf.
Interface Anal. 1, 2–11 (1979).

22J. Hill, D. Royce, C. Fadley, L. Wagner, and F. Grunthaner, “Properties of oxi-
dized silicon as determined by angular-dependent X-ray photoelectron spec-
troscopy,” Chem. Phys. Lett. 44, 225–231 (1976).

23V. Solokha, T.-L. Lee, A. Wilson, K. Hingerl, and J. Zegenhagen, “Effective
attenuation length of keV photoelectrons in silicon measured by transmission
through thin membranes,” J. Electron Spectrosc. Relat. Phenom. 225, 28–35
(2018).

24J. Rubio-Zuazo and G. Castro, “Effective attenuation length dependence on
photoelectron kinetic energy for Au from 1 keV to 15 keV,” J. Electron
Spectrosc. Relat. Phenom. 184, 384–390 (2011).

25J. Zemek, “Electron spectroscopy of corrugated solid surfaces,” Anal. Sci. 26,
177–186 (2010).

26P. Gunter, O. Gijzeman, and J. Niemantsverdriet, “Surface roughness effects in
quantitative XPS: Magic angle for determining overlayer thickness,” Appl. Surf.
Sci. 115, 342–346 (1997).

27A. Regoutz, M. Mascheck, T. Wiell, S. K. Eriksson, C. Liljenberg, K. Tetzner, B. A.
Williamson, D. O. Scanlon, and P. Palmgren, “A novel laboratory-based hard X-ray
photoelectron spectroscopy system,” Rev. Sci. Instrum. 89, 073105 (2018).

28C. Powell and A. Jablonski, “Surface sensitivity of X-ray photoelectron spec-
troscopy,” Nucl. Instrum. Methods Phys. Res., Sect. A 601, 54–65 (2009).

29A. Jablonski, “Analytical formalism for calculations of parameters needed for
quantitative analysis by X-ray photoelectron spectroscopy,” Comput. Phys.
Commun. 272, 108233 (2022).

30J. Cooper, “Photoelectron-angular-distribution parameters for rare-gas sub-
shells,” Phys. Rev. A 47, 1841 (1993).

31A. Jablonski, “Universal quantification of elastic scattering effects in AES and
XPS,” Surf. Sci. 364, 380–395 (1996).

32S. Chandrasekhar, Radiative Transfer (Courier Corporation, 2013).
33A. Jablonski and S. Tougaard, “Escape probability of electrons from solids.
Influence of elastic electron scattering,” Surf. Sci. 432, 211–227 (1999).

34L. K€ov�er, “X-ray photoelectron spectroscopy using hard X-rays,” J. Electron
Spectrosc. Relat. Phenom. 178–179, 241–257 (2010).

35M. Trzhaskovskaya and V. Yarzhemsky, “Dirac–Fock photoionization parame-
ters for HAXPES applications,” At. Data Nucl. Data Tables 119, 99–174 (2018).

36Estimating b at 9.25 keV by linear interpolation between the values at 9 and
10 keV leads to deviations in beff ð2�Þ of �1&, �1&, and �3& for PTMC,
PCL, and Au, respectively, compared to using b at 9 keV. In our calculations,
we use the b values at 9 keV.

37C. Yu, Q. Xie, Y. Bao, G. Shan, and P. Pan, “Crystalline and spherulitic mor-
phology of polymers crystallized in confined systems,” Crystals 7, 147 (2017).

38J. E. Mark, Polymer Data Handbook (Oxford University Press, 2009).
39C. J. Powell and A. Jablonski, “Evaluation of calculated and measured electron inelas-
tic mean free paths near solid surfaces,” J. Phys. Chem. Ref. Data 28, 19–62 (1999).

40S. Tougaard (2021). “QUASES-Inelastic electron mean free path calculator
(by TPP2M formula),” Zenodo. https://doi.org/10.5281/zenodo.5707501
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