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remains one of the central analytical challenges in modern materials science. This
paper reviews the methodology of standing-wave X-ray photoelectron spectroscopy
(SW-XPS), a synchrotron-based technique that combines the chemical and
electronic state sensitivity of XPS with intrinsic depth selectivity, providing non-
destructive access to buried interfaces with nanometer to sub-nanometer depth
resolution across a multilayer stack. Two principal geometries are reviewed: Bragg-
reflection SW-XPS, suited to periodic multilayer systems, and near-total-reflection
SW-XPS (NTR-XPS), applicable to any smooth reflective substrate. Although
originally developed for solid/solid interface characterization, SW-XPS has
recently been extended to solid/gas and solid/liquid interfaces. Through two
illustrative case studies drawn from the authors’ previously published work, Bragg-
reflection SW-XPS applied to a multiferroic heterostructure, and NTR-XPS applied
to EUV lithography photoresist films, the analytical capabilities of each geometry
are demonstrated. This overview is aimed at spectroscopists new to the technique
and at researchers seeking a mnon-destructive, depth-resolved alternative to
established interface characterization methods.

Keywords: X-ray photoemission; standing wave X-ray photoemission; near-total
reflection X-ray photoemission; solid/solid interfaces

1. Introduction
1.1. The Centrality of Interfaces in Modern Materials

The critical role of interfaces in determining the properties and performance of modern materials and devices
was highlighted by Herbert Kroemer, Nobel Laureate in Physics (2000), who declared in his Nobel Prize lecture:
“The interface is the device” [1]. Although originally directed at semiconductor thin films for photonic and
electronic applications, this insight has since inspired interdisciplinary research across materials science, surface
chemistry, and device engineering.
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As functional materials grow increasingly complex, with architectures built around carefully engineered
heterostructures (buried interfaces and nanoscale multilayers), the demand for analytical techniques capable of
probing these interfaces non-destructively, with both chemical and electronic specificity, has grown considerably.
Complex oxide heterostructures exhibit remarkable emergent phenomena at their engineered interfaces, absent in
their constituent bulk materials, such as two-dimensional electron gases, high-temperature superconductivity,
ferroelectricity, and anomalous transport, while electrode—electrolyte interfaces govern the performance of energy
storage and conversion devices. Synchrotron-based investigations of such buried solid/solid interfaces, as well as
electrode—electrolyte interfaces relevant to energy storage, are well-documented in the literature [2—4].

Beyond solid/solid systems, interfaces between solids and gases or liquids are central to catalytic processes,
energy conversion, environmental remediation, and electrochemical charge transfer. Despite their broad scientific
and technological importance, only a limited number of studies have addressed solid/gas and solid/liquid interfaces
owing to significant experimental challenges [5,6]. The in situ and in operando characterization of these interfaces
requires state-of-the-art techniques to correlate structure and properties with system performance. A major advance
in studying such interfaces came with the development of Ambient Pressure X-ray Photoelectron Spectroscopy
(APXPS) [7-9]. Spectroscopic techniques for solid/liquid interfaces are extensively reviewed by F. Zaera [10].
This asymmetry between scientific importance and analytical accessibility makes the development of versatile,
non-destructive depth-profiling techniques a high priority.

1.2. Limitations of Existing Analytical Techniques

No single established technique fully meets the demand for simultaneous non-destructive access, chemical
and electronic specificity, and nanometer-scale depth resolution at buried interfaces. Existing methods are
constrained by one of three limitations: destructive character, insufficient depth selectivity, or the absence of
chemical and electronic state information.

1.2.1. Destructive methods:

Secondary ion mass spectrometry (SIMS) and ion-sputtering Auger electron spectroscopy (AES) offer
excellent elemental sensitivity but introduce artifacts through progressive material removal, atomic mixing, and
chemical state modification [11-13]. Transmission electron microscopy (TEM/STEM-EELS) [14] and energy-
dispersive X-ray spectroscopy (EDS) [15], deliver atomic-resolution structural and compositional images but
require destructive focused-ion-beam sample preparation and yield only localized information.

1.2.2. Non-destructive structural methods:

X-ray reflectometry (XRR) and neutron reflectometry (NR) provide sub-nanometer precision in layer
thickness and interface roughness but yield no direct chemical or electronic state information [16].

Standard XPS and angle-resolved XPS (ARXPS) provide the chemical specificity that reflectometry lacks,
but are confined to the outermost few nanometers. Hard X-ray photoelectron spectroscopy (HAXPES) extends the
probing depth to 10-30 nm without intrinsic depth selectivity, so all layers within the probing volume contribute
simultaneously to the signal [17-21].

Vibrational spectroscopy techniques (FT-IR, Raman, ATR-FTIR, nano-FT-IR, TERS) offer non-destructive
molecular fingerprinting but are surface-confined and lack access to core-level binding energies, oxidation states,
or depth-resolved electronic structure. They are best regarded as powerful complements to XPS-based methods in
a multimodal analytical strategy [22—24].

SW-XPS uniquely overcomes all three limitations simultaneously: it is non-destructive, chemically and
electronically specific, and provides intrinsic depth selectivity with nanometer to sub-nanometer resolution across
the full multilayer thickness, capabilities that no single competing technique can match.

1.3. Standing-Wave XPS: Bridging the Analytical Gap

Standing-wave XPS (SW-XPS) addresses these limitations by integrating the chemical and electronic state
sensitivity of XPS with the intrinsic depth selectivity of a standing X-ray wave generated within the multilayer
stack itself. By scanning the photon energy or incidence angle across a Bragg reflection condition, the nodes and
antinodes of the standing wave sweep through the sample with sub-nanometer precision, selectively enhancing the
photoemission signal from specific depths. This yields non-destructive, chemically specific, and depth-resolved
information across the full multilayer thickness, including deeply buried interfaces inaccessible to all other surface-
sensitive techniques. Recent methodological advances have extended SW-XPS to solid/gas and solid/liquid
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systems, considerably broadening its analytical scope. Through representative studies of solid/solid interface depth
profiling and chemical characterization, we illustrate the capabilities of this integrated approach and demonstrate how
it yields structural and compositional insights at buried interfaces inaccessible to conventional analytical methods.

This paper presents a methodological overview of SW-XPS aimed at spectroscopists new to this technique
[19,25-27].

SW-XPS has been applied across a range of research groups and material systems. Foundational contributions
by Batterman [28], Bedzyk [29], and Fadley [30,31] established the theoretical and experimental framework of
the technique. Zegenhagen et al. [32] developed SW-XPS extensively for surface structure determination at single-
crystal interfaces. Woicik and coworkers [33] applied hard X-ray SW-XPS to semiconductor and oxide thin films.
More recently, Nemsak, Fadley, and Bluhm demonstrated SW-XPS under ambient-pressure conditions for
solid/gas and solid/liquid interfaces [34], while Abrufia [5] and Karslioglu [35] pioneered its application to
electrochemical systems. The application of SW-XPS to solid/gas and solid/liquid systems is not addressed here,
comprehensive treatments of these contributions are available in the review literature already cited [34,35].

1.4. Paper Organization

Section 2 describes the principles of SW-XPS, covering the Bragg and NTR geometries, a comparison of
their characteristics and a discussion of practical limitations.

Section 3 presents one illustrative case study: Bragg-reflection SW-XPS applied to a BFO/LSMO
multiferroic heterostructure, (Bragg geometry).

Section 4 presents a second illustrative case study: NTR-XPS applied to EUV photoresist films, (NTR

geometry).
Section 5 provides conclusions.

2. Principles of Standing-Wave X-ray Photoelectron Spectroscopy (SW-XPS)
2.1. Basic Principles

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique based on the photoelectric
effect: when a material is irradiated with X-rays of sufficient energy, core electrons are ejected from atoms near
the surface, and their measured kinetic energies uniquely identify the elements present as well as their chemical
bonding states. Because emitted photoelectrons lose energy through inelastic collisions as they travel through the
solid, only those generated within the topmost few to tens of nanometers can escape and be detected [17,18]. This
finite inelastic mean free path (IMFP) [36] both defines and limits the probing depth of XPS.

The accessible probing depth scales with the excitation energy: soft X-rays (below ~2 keV) sample only the
outermost few nanometers, whereas tender (2—5 keV) and hard X-rays (above 5 keV) extend the escape depth to
several tens of nanometers. Even so, in a conventional XPS experiment all layers within the probing volume
contribute simultaneously to the detected signal, and there is no inherent mechanism to isolate the response of a
specific buried layer or interface.

SW-XPS overcomes this limitation by exploiting X-ray interference. When a coherent X-ray beam is
reflected from a suitable medium, a single crystal, an engineered multilayer mirror, or a smooth planar surface, it
interferes with the incident beam to produce a spatially periodic modulation of the electromagnetic field intensity:
an X-ray standing wave. The nodes (intensity minima) and antinodes (intensity maxima) of this standing wave are
fixed in space relative to the reflecting planes, but can be swept continuously through the sample by varying the
angle of incidence or the photon energy. Because the photoelectron yield from any given depth is proportional to
the local X-ray field intensity at that depth, sweeping the standing wave through the sample selectively enhances
or suppresses the signal from successive layers. Recording XPS intensities as a function of angle or energy encodes
depth-resolved chemical and electronic information non-destructively [19,25,26,37].

Two principal geometries are employed to generate the standing wave, each suited to different sample
architectures and depth ranges. Bragg-reflection SW-XPS exploits first-order reflection from a periodic layered
structure, a superlattice, a synthetic multilayer mirror, or single crystal, and provides a standing wave period
matched to the bilayer repeat, typically in the 2—10 nm range. Near-total-reflection SW-XPS (NTR-XPS) uses
grazing-incidence reflection from any sufficiently smooth planar surface near the critical angle, generating a
standing wave with a much longer period (tens of nanometers) without requiring a specialized periodic substrate.
Both approaches are described in detail below [38].
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2.2. Standing Wave Generated at the Bragg Reflection

The X-ray standing wave method in the Bragg geometry was first described and experimentally demonstrated
by Batterman more than fifty years ago using a laboratory X-ray source [28]. The underlying principle is: a
collimated, monochromatic X-ray beam incident on a periodic reflective medium, such as a single crystal, a
superlattice, or an engineered multilayer mirror, undergoes constructive interference between the incident and the
specularly reflected beams, producing a stationary standing wave whose periodicity matches the lattice plane
spacing or bilayer repeat dwi of the reflecting structure [25,26,30,31,38].

For effective standing wave generation, the multilayer or superlattice must consist of alternating layers of
materials with appreciably different electron densities (refractive indices), conventionally achieved by pairing
high-atomic-number (high-Z) and low-Z elements. The first-order Bragg reflection condition is:

//{’x = 2dML Sin(eina) (1)

where 4 is the incident photon wavelength, dy; is the bilayer period of the multilayer, and 6, is the angle of
incidence. The period of the resulting standing wave, Asw, is:

A
Agy (E]) = Zoim(g )~ )
so the standing wave period closely tracks the bilayer spacing. By selecting an appropriate dy, the experimenter
can engineer the standing wave period to match the depth scale of interest, and position the field antinode at any
target depth within the stack.

To extract depth-resolved information, the nodes and antinodes must be translated perpendicular to the
sample surface. This is accomplished by slightly varying the incidence angle around the Bragg peak (0. + A6),
which shifts the phase of the standing wave and sweeps its antinodes through approximately half the bilayer period.
As 6, is scanned across the Bragg condition, the high-intensity antinode moves continuously through the layer
stack, successively amplifying photoemission from each depth (Figure 1). Two alternative approaches, slightly
scanning the photon energy at fixed angle, or growing the sample on a wedged substrate, provide equivalent
displacements but are experimentally more demanding and rarely employed in practice.
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Figure 1. Schematic illustration of standing wave formation from a multilayer mirror in first-order Bragg reflection,
showing translation of the antinode through the layer stack as the incidence angle is varied around the Bragg peak.
(Reprinted/adapted with permission from Conti et al., J. Micro/Nanopatterning Mater. Metrol. 2021, 20, 034603. [39]).

The modulation amplitude of the standing wave intensity depends on the reflectivity R of the mirror: the
intensity varies between 1 + R + 2VR. Notably, even modest reflectivity is sufficient for practical SW-XPS
experiments: a multilayer with approximately 1% peak reflectivity still yields an intensity modulation of roughly
+20%, which is experimentally resolvable. This relaxed reflectivity requirement considerably broadens the range
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of usable multilayer systems, although the overall structural quality of the mirror remains critical for generating a
well-defined standing wave.

The primary experimental observable in Bragg SW-XPS is the photoemission rocking curve (RC): the XPS
core-level intensity of a chosen element recorded as a function of the incidence angle across the Bragg reflection.
Because chemically identical atoms located at different depths experience different local field intensities as the
standing wave sweeps through, their contributions to the total signal modulate with different phases and
amplitudes. This depth-dependent modulation produces characteristic RC lineshapes that can differentiate and
locate emitters at distinct depths, even when they are chemically identical.

Quantitative depth profiling requires comparison of the experimental RCs with simulated profiles. The Yang
X-ray Optics (YXRO) code [40], developed in Fadley’s group, provides the principal computational framework
for this purpose, combining X-ray optical calculations (incorporating absorption, reflection, and the standing wave
field profile) with photoemission parameters (photoionization cross-sections and electron attenuation lengths).
Structural models, specifying layer thicknesses, compositions, and interfacial roughness, are iteratively refined
until the calculated RCs achieve optimal agreement with experiment, yielding quantitative, depth-resolved
chemical concentration profiles.

A practical consideration in Bragg SW-XPS is that the effective probing depth is ultimately governed by the
inelastic mean free path (IMFP) [36] of the photoelectrons which constrains how deep within the stack a signal
can be detected regardless of how far the standing wave field penetrates. Accessing interfaces buried more than
~5 nm therefore requires tender or hard X-ray excitation to increase the photoelectron escape depth, making
synchrotron radiation with tunable high-energy beamlines the standard experimental platform for this technique.

2.3. Standing Wave Generated at Near-Total Reflection (NTR)

Near-total reflection (NTR) offers an alternative and experimentally simpler route to generating an X-ray
standing wave, as it does not require a multilayer mirror or a superlattice as a substrate. At sufficiently small
grazing angles, typically between 0.1° and 3° from the sample surface, X-rays impinging on any smooth, dense
planar surface undergo nearly complete specular reflection, analogous to total internal reflection phenomena in
optics. The critical angle Ocz below which this near-total reflection occurs depends on the electron density of the
material and the photon energy, and is typically very small. Interference between the incident and reflected beams
in this geometry produces a standing wave field oriented perpendicular to the sample surface.

NTR-XPS was first proposed by Henke in 1972 [41], who demonstrated theoretically and experimentally
that near-total reflection substantially enhances the surface sensitivity of XPS for homogeneous semi-infinite
samples. Fadley and coworkers subsequently extended the approach to layered systems, using NTR-XPS to
determine the thicknesses of carbon overlayers on gold and oxide layers on silicon [42—44]. A key distinction from
the Bragg geometry is that NTR requires no specialized substrate: any sufficiently smooth reflective planar surface
can serve as the standing wave generator.

The period of the NTR standing wave is given by:

2
~ 2sin(0,.) 3)

inc.

where D is the standing wave period and 4 is the X-ray wavelength. Because the grazing angles involved are very
small, D is correspondingly much larger than A. In practice, NTR standing waves have periods in the range of tens
of nanometers, substantially exceeding the few-nanometer periodicity typical of the Bragg-geometry standing
waves making the NTR approach well suited for characterizing thick overlayers, liquid films, and solid/liquid
interfaces. A comprehensive description of NTR-XPS is provided in “X-ray Standing Wave Techniques.
Encyclopedia of Condensed Matter Physics” [45].

By incrementally increasing ;. above 6cg, the standing wave period decreases and the first antinode moves
progressively closer to the surface, allowing tunable depth sensitivity. Below the critical angle, the X-ray field
decays evanescently into the material, rendering the technique highly sensitive to the outermost surface layers.
Above the critical angle, the evanescent character diminishes, transmission into the bulk increases, and sensitivity
to subsurface and buried interface features is enhanced. The characteristic intensity enhancement at fcr, known as
the Henke peak, arises from constructive interference that maximizes the field intensity at the surface; its angular
position can be used to selectively amplify signals from near-surface regions.

The combination of long standing wave periods, grazing incidence geometry, and the absence of any
requirement for periodic substrates makes NTR-XPS a versatile complement to Bragg SW-XPS. It is particularly
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advantageous for samples deposited on flat, reflective substrates such as polished silicon wafers or gold films, and
for in situ studies of solid/liquid and solid/gas interfaces where the overlayer may be many tens of nanometers thick.

2.4. Comparison of the Two Geometries

Table 1 summarizes the principal differences between the Bragg and NTR geometries. The Bragg approach
provides a standing wave period precisely matched to the bilayer repeat of the multilayer (typically 2—10 nm),
offers high depth precision within that period, and is the method of choice for depth profiling of complex multilayer
stacks and superlattices with well-defined layer sequences. It requires, however, a periodic reflective substrate and
synchrotron radiation with sufficient brightness and monochromaticity to excite a well-defined Bragg reflection.
The NTR approach generates a longer-period standing wave (tens of nanometers), requires no periodic substrate,
and is applicable to any smooth planar sample surface. It is therefore more broadly accessible and particularly
suited to characterizing thick overlayers, surface films, and solid/liquid or solid/gas interfaces. In both cases,
experimental rocking curves are compared with calculated profiles, using the YXRO code [40,46] to extract
quantitative structural and chemical information with sub-nanometer precision.

Table 1. This table summarizes the principal characteristics of Bragg-reflection and near-total-reflection (NTR)
SW-XPS geometries.

Property Bragg Reflection Near-Total Reflection (NTR)
Standing wave period 2—-10 nm (matched to bilayer repeat) Tens of nanometers
Substrate requirement Periodic rpultllayer, Any smooth, reflective planar surface

/superlattice/crystal
Depth precision Sub-nm within bilayer period Lower; suited to thick overlayers
Typical incidence angle Near Bragg angle (several degrees) Below critical angle (0.1°-3°)
Radiation source Synchrotron (tunable, bright) Collimated labosr:&(r)z or synchrotron
Best suited for Multilayer stacks, superlattices Thick films, .sohd/hquld, solid/gas
interfaces
Analysis code YXRO or equivalent YXRO or equivalent

2.5. Technical Challenges of SW-XPS

Despite its unique analytical capabilities, SW-XPS presents several challenges:

Sample or Substrate requirements: Bragg SW-XPS requires a well-ordered periodic multilayer substrate or a
superlattice sample with sufficient reflectivity. NTR-XPS is less restrictive, requiring only a smooth reflective
planar surface, but is limited to shallower depth ranges.

Synchrotron dependence: Bragg-reflection SW-XPS requires a tunable, high-brightness synchrotron source,
limiting accessibility compared to laboratory-based techniques. NTR-XPS is less demanding in this regard and
can in principle be performed with laboratory sources, but better signal-to-noise and inherent collimation of beams
favor synchrotron radiation for quantitative depth profiling.

Data analysis complexity: Quantitative interpretation requires iterative fitting with X-ray optical simulations
(YXRO/SWOPT) [40,46], which involves model-dependent assumptions regarding layer composition, thickness,
and interfacial roughness. The SWOPT optimizer [46] substantially reduces manual effort but does not eliminate
the need for careful model construction.

Radiation Damage: For organic and soft-matter samples, photoresists, polymer films, biological interfaces,
prolonged synchrotron exposure can induce beam-driven chemistry: bond scission, crosslinking, desorption, and
oxidation. Careful dose management, use of attenuating filters, and spectral monitoring for beam-induced changes
are essential in such systems, as illustrated in the EUV photoresist case study in Section 4.

Community Adoption and Concentration of Expertise: Perhaps the most significant limitation of SW-XPS as
a widely applicable platform, this technique requires a concentration of expertise, from multilayer mirror design
and fabrication, to operation of dedicated tender/hard X-ray photoemission beamlines, to the use of specialized
standing wave simulation software [26,29,30,40,46].

Despite these challenges, SW-XPS remains a uniquely powerful method for non-destructive interface
characterization. By providing an accessible, self-contained description of the SW-XPS methodology, covering
physical principles, experimental implementation, data analysis, and representative applications, this paper aims
to lower the barrier to entry and encourage broader independent adoption of the technique across the interface
science community.
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The following sections illustrate the methodology through two case studies: Bragg-reflection SW-XPS
(Section 3) and NTR-XPS (Section 4).

3. Standing Wave X-ray Photoemission Generated at the Bragg Reflections: Multiferroic Heterostructures
3.1. Introduction: Materials and Background

A multiferroic is a material that simultaneously exhibits two or more of the following ferroic order
parameters: ferromagnetism, ferroelectricity, and/or ferroelasticity. The most technologically significant
manifestation of multiferroic behavior is the magneto-electric effect, whereby an applied electric field can control
magnetic properties and vice versa [47,48].

Ferroelectric Bismuth Ferrite BiFeOs; (BFO) and ferromagnetic Lanthanum Strontium Manganite
Lag7Sro3sMnO; (LSMO) are complex perovskite oxide materials that can be integrated as thin-film
heterostructures, in which their intrinsic order parameters, ferroelectricity in BFO and ferromagnetism in LSMO,
become intimately coupled at the interface [49,50]. These interactions give rise to a variety of novel magnetic
effects, including interface-induced magnetization in the BFO layer and modifications to the magnetic behavior
of LSMO driven by epitaxial strain, electronic charge transfer, and lattice coupling. BFO/LSMO heterostructures
therefore represent an archetypal hybrid multiferroic system in which BFO’s ferroelectric behavior coexists with
LSMO’s ferromagnetism within a single integrated structure. The quality of the interface plays a decisive role: even
subtle variations in atomic intermixing and interdiffusion create distinct nanoscale chemical and electronic
environments that govern the emergent functional properties. These heterostructures are regarded as promising
candidates for advanced non-volatile memory devices, magnetic sensors, and next-generation spintronic applications.

BFO is the most prominent room-temperature multiferroic material, exhibiting both ferroelectric and
antiferromagnetic order [51], with a ferroelectric Curie temperature of Tc = 1100 K and a Néel temperature of Ty
=640 K. However, the electrical and magnetic performance of BFO is significantly compromised by Bi** volatility
during synthesis and by associated oxygen vacancy formation, which induces Fe valence fluctuations (Fe** —
Fe?"), increased leakage currents, and degraded ferroelectric switching.

LSMO, by contrast, is a doped manganite perovskite exhibiting near-half-metallic ferromagnetism [52,53]
with a Curie temperature of Tc = 370 K and colossal negative magnetoresistance (CMR) [54]. Its magnetic and
electronic transport properties are highly sensitive to film thickness, epitaxial strain, growth technique, and
deposition conditions, making precise control of the LSMO layer essential for achieving predictable
heterostructure behavior [55,56].

Although BFO/LSMO heterostructures have been extensively studied using conventional spectroscopic
techniques and first-principles theoretical approaches [57], obtaining depth-resolved experimental information
remains a significant challenge. A fundamental open question concerns whether novel electronic or magnetic states
emerge at the atomic-scale BFO/LSMO interface, and what physical mechanisms underlie these emergent
properties. Interfacial interdiffusion plays a critical role in this regard, as interface morphology, ranging from
atomically abrupt to progressively intermixed, dramatically affects the resulting magnetic behavior. Given BFO’s
inherent chemical instabilities and LSMO’s highly anisotropic properties, advanced depth-sensitive
characterization techniques such as SW-XPS are essential for accurately determining the depth-resolved electronic
structure at the surface, bulk, and buried interfaces of these systems. In the follow section, we report the work
previously published by Rault [58] and Martins [59] presenting a detailed SW-XPS characterization of
BFO/LSMO superlattices, combining Bragg-reflection and near-total-reflection geometries to achieve sub-unit-
cell depth resolution.

3.2. Experimental

All experimental data were acquired at the NIMS Contract Beamline BL15XU, SPring-8 synchrotron facility,
Hyogo, Japan [60,61]. Spectra were collected at a photon energy of hv = 5953.4 eV with a total energy resolution
of approximately 240 meV, provided by a Si(111) double-crystal monochromator in combination with a Si(333)
channel-cut post-monochromator. At this photon energy, the inelastic mean free path (IMFP), estimated using the
TPP-2M predictive formula of Tanuma, Powell, and Penn [36], yields an electron information depth of 5070 A,
corresponding to approximately the first three bilayers of the superlattice and encompassing ~95% of the total
photoemission signal. Rocking curves were acquired by scanning the incidence angle 6 from 0° to 1.84° in steps
0f 0.01°, centered on the first-order Bragg angle 6 = 1.35°.
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3.3. Data Acquisition and Analysis

Figure 2 shows a schematic of the BFO/LSMO superlattice consisting of ten bilayer repetitions of 6 unit cells
(u.c.) of BFO deposited on 6 u.c. of LSMO for ten repetitions ([BFOgy.c/LSMOgy.c ]x10), With the experimental
parameters. Depth-resolved XPS measurements are obtained by scanning the incidence angle 8, across the first-
order Bragg reflection, where the period of the standing wave electric field matches the superlattice periodicity
dmr. As the incident angle 6;,. is scanned, the standing wave field undergoes a phase shift that translates the
antinode positions vertically through the sample by one-half period across the full angular range. This selective
redistribution of the electric field intensity enhances or suppresses the photoemission yield from specific depths
as a function of angle. The core-level and valence-band spectra acquired at each 6,,. are integrated and plotted as
a function of 8, to generate photoemission rocking curves (RCs). The phase information encoded in these RCs
directly reveals the depth distribution of all elements within the probed volume.

' Photoelectron

Incident
X-ray

Figure 2. Experimental geometry and the structure of the ([BFOgu.c/LSMO¢u.c.]x10)-with key parameters defined
for a standing-wave study using the multilayer as the standing-wave generator. (Reproduced/modified with permission
from Martins et al., arXiv:2012.07993.).

Figure 3a shows representative hard X-ray core-level spectra of the multilayer acquired at an off-Bragg
incidence angle: Bi 5dsp, O 1s, and Sr 2psn». To extract the rocking curves, the core-level spectrum of each
elemental species was fitted at every incidence angle. Shirley background [62,63] subtraction was applied to all
datasets, followed by Voigt-lineshape peak fitting using KolXPD software (Kolibrik.net, s.r.o., Czech Republic)
[64]. The fitting consistently revealed two spectral components for each core level: a lower binding energy (LBE)
peak and a higher binding energy (HBE) peak, attributable to chemically or structurally distinct atomic
environments within the heterostructure. Figure 3b displays the RCs of the LBE and HBE components for Bi 5dsy,,
O 1s, and Sr 2p3/», obtained by plotting the integrated intensity of each fitted peak as a function of incidence angle.
The LBE and HBE components exhibit clearly distinct modulation patterns, confirming that they originate from
different depths within the superlattice. To determine the absolute depth distribution of each spectral component,
an iterative optimization approach based on X-ray optical and photoemission simulations was employed. A
structural model was fitted using the SWOPT black-box optimization program which integrates the Yang X-ray
Optics (YXRO) simulation framework with a computationally efficient optimizer to automate the iterative
refinement of structural parameters [40,46]. Layer thicknesses and interfacial interdiffusion lengths at each
interface were systematically varied to minimize the residual between calculated and experimental RCs for all
measured core levels simultaneously.

Figure 4a shows the resulting experimental (dots) and simulated (lines) RCs for the full set of core levels of
the ([BFOgu.c/LSMOegu.c ]x10) heterostructure: Bi 5d (HBE and LBE), O 1s (HBE and LBE), Fe 2p, Sr 2p (HBE and
LBE), La 3d, and Mn 2p. The excellent agreement between experiment and simulation enables precise
determination of the chemical structure and composition of the heterostructure. Figure 4b presents the optimized
depth-concentration profile of the top three bilayers (probing depth 50-70 A as determined by the IMFP) [36],
including vacuum/BFO surface interface, the bulk BFO and LSMO layers, and the two chemically distinct
interface types: BFO-on-LSMO and LSMO-on-BFO. Color gradients at the interfaces represent the interfacial
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interdiffusion profiles. Notably, the two interface types exhibit asymmetric interdiffusion behavior, demonstrating
the power of SW-XPS to distinguish chemically inequivalent buried interfaces at sub-unit-cell depth resolution.
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Figure 3. Standing-wave photoemission spectroscopy of the ([BFOeu.c/LSMO¢u.c.]x10) multilayer measured at hv =
5953.4 eV. (a) Representative core-level spectra: Bi 5dsi2, O 1s, and Sr 2ps3/2 (dots: experimental data). The solid black
line is the total curve fit, displaced below the data for clarity; colored lines denote the lower binding energy (LBE) and
higher binding energy (HBE) components. (b) Photoemission rocking curves of the HBE and LBE components of Bi
5d5/2, O 1s, and Sr 2p3/2 as a function of incidence angle. (Reproduced and modify with permission from Martins et al.
[arXiv:2012.07993).
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Figure 4. (a) Experimental (dots) and simulated (lines) rocking curves for the complete set of measured core levels:
Bi 5d (HBE and LBE), O 1s (HBE and LBE), Fe 2p, Sr 2p (HBE and LBE), La 3d, and Mn 2p. (b) Optimized
depth-concentration profile of the top three BFO/LSMO bilayers, including the vacuum interface, surface BFO

layer, BFO/LSMO interface regions, and bulk BFO and LSMO layers. Color gradients represent interfacial
interdiffusion profiles. (Reproduced/modified with permission from Martins et al., arXiv:2012.07993).
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3.4. Results and Discussion

The optimized depth profiles, as discussed in Martins et al. [59], revealed a pronounced asymmetry between
the two interface types within the superlattice.

The BFO-on-LSMO interfaces are atomically sharp, within the resolution limit of the SW method, whereas
the LSMO-on-BFO interfaces exhibit significant interdiffusion extending over approximately 4.8 A (1.2 u.c.). This
asymmetric interdiffusion behavior is consistent with prior neutron reflectometry and magnetometry studies of
analogous BFO/LSMO superlattice systems [65]. Furthermore, the sharp BFO-on-LSMO interfaces were found
to be Sr-enriched. These interfacial Sr species were attributed to the higher binding energy (HBE) component
observed in the Sr 2p core-level spectra, and are spatially confined within approximately 4.2 A (~1 u.c.) of the
interface. This localized Sr accumulation likely modifies the local electrostatic potential and orbital hybridization,
thereby influencing the electronic coupling between the BFO and LSMO layers.

The depth distribution of Bi species also provides important chemically information. The Bi 5d core-level
spectrum of the top BiFeOs layer is dominated exclusively by a HBE component attributed to surface oxidation
occurring during air exposure prior to measurement. In contrast, Bi 5d core -level of the Bi atoms in all buried
BFO layers contribute exclusively to the lower binding energy (LBE) component, consistent with Bi in the
standard ** valence state of bulk BiFeO:;.

Building upon the depth-resolved core-level results, the SW-XPS approach was extended to characterize the
valence band, providing depth-resolved electronic structure information across the BFO/LSMO interfaces.
Distinctive valence band features were resolved for bulk BFO, bulk LSMO, and the interfacial regions, revealing
clear depth-dependent variations in the electronic structure. Martins et al. [59] interpreted these observations as
direct spectroscopic evidence for emergent interfacial electronic states in the BFO/LSMO system. Complementary
first-principles calculations based on the Korringa—Kohn—Rostoker (KKR) Green’s function method could provide
further insight into the origin and character of these interfacial electronic states [66,67].

3.5. Summary

Martins et al. [59], demonstrated layer-resolved chemical and electronic characterization of the BFO/LSMO
hybrid multiferroic heterostructure, establishing a clear methodological benchmark for the field. SW-XPS uniquely
combines non-destructive depth profiling with simultaneous sensitivity to both compositional and electronic-
structure information at buried complex-oxide heterointerfaces, capabilities that are uniquely difficult to replicate
with other techniques at this level of depth resolution. Without requiring cross-sectional sample preparation, it
provides artifact-free access to interfacial properties in the as-grown state. These attributes make SW-XPS a
particularly powerful and versatile tool for the characterization of functional oxide interfaces across a broad range
of complex oxide heterostructures.

4. SW-XPS Generated at Near-Total Reflection (NTR-XPS): EUV Photoresist Characterization
4.1. Introduction: Background and Materials

As semiconductor manufacturers actively optimize photoresist formulations and processing conditions to
meet the requirements of industrial-scale fabrication, accurate characterization of the physical and chemical
properties of resist films at each processing stage remains a critical challenge [68,69]. To demonstrate the
analytical capabilities of NTR-XPS, this section presents a study of an organic photoresist designed for extreme
ultraviolet (EUV) lithography, previously reported in literature by Martins et al [39,70].

Chemically amplified resists (CARs) constitute the prevalent class of EUV photoresists [71,72]. A typical
CAR formulation contains three key constituents: a polymer resin matrix; a photoacid generator (PAG) that confers
sensitivity to ultraviolet radiation; and a dissolution inhibitor that governs resist solubility before and after
exposure. Following spin-coating onto a substrate, CARs are processed through four sequential stages: (1) post-
application bake (PAB) which removes residual solvent and moisture from the film; (2) patterned EUV exposure;
(3) post-exposure bake (PEB); (4) wet chemical development.

During EUV exposure, selected regions of the photoresist film are irradiated with photons at a wavelength
of 13.5 nm. Absorption of these photons generates high-energy photoelectrons that undergo elastic and inelastic
scattering throughout the resist matrix, transferring energy to neighboring molecules. In CARs, these energy-
transfer processes drive polymer chain scission and/or crosslinking reactions. NTR-XPS is particularly well-suited
for identifying and characterizing this radiation-induced chemical damage.
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4.2. Experimental

Commercial CAR films were spin-coated onto Si-terminated [Mo/Si]eo multilayer mirror substrates to an
initial thickness of approximately 14 nm and subsequently subjected to a post-application bake (PAB) following
standard EUV photoresist fabrication procedures, which reduced the resist thickness to approximately 10 nm.
Although NTR characterization requires only a smooth, reflective substrate, a [Mo/Si]eo synthetic superlattice
mirror, consisting of 60 alternating Mo and Si layers with a nominal periodicity of 10 nm, was used to enable
complementary Bragg-reflection SW-XPS analysis on the same sample [39,70].

Photoemission experiments were performed at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory, Berkeley, California, using incident photons at 3 keV with an energy resolution better than
500 meV. Experimental data were analyzed and fit using the YXRO package for X-ray optical and photoemission
simulations [40]. Depth-profile optimization was carried out using SWOPT (Standing Wave Optimizer), a global
optimization algorithm integrating a surrogate model with a black-box optimizer [46].

Schematic illustrations of the CAR processing steps and the sample’s layered architecture are shown in Figure
Sa,b, respectively.

a) Pre-Bake
SAR Chemically
Substrate Amplified
Expose Photoresist
EUV C.AR
C.AR
Substrate
Post Bake
P.E.B.

C.AR.

Developed

LLLLLLI

Figure 5. (a) Schematic of the standard processing protocols of EUV exposure steps of the chemically amplified

photoresist (CAR); (b) Sample schematics deposited on a Si substrate. (Reproduced/modified with permission from
Martins et al., J. Phys. D Appl. Phys. 2021, 54, 464002).

The post-application bake induced a thickness reduction of the photoresist from approximately 14 nm to 10 nm.
The NTR-XPS experiment reported in ref. [70] was designed to characterize the structural and chemical
properties of the CAR films in this post-baked state.

4.3. Data Acquisition and Analysis

The NTR experiment involves acquiring core-level spectra at systematically incremented incidence angles,
spanning from 0° (grazing incidence) to a few tenths of a degree beyond the critical angle (6.). Figure 6a shows
hard X-ray photoelectron spectra and their corresponding fits for the S Is, C s, and F 1s core levels of the CAR
film and the Si 1s core level of the underlying substrate. A Shirley background was subtracted from all spectra
before fitting, and pseudo-Voigt functions were used to fit each peak component [62—64].
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Figure 6. (a) XPS core levels spectra of the CAR film after PAB: S 1s, F 1s, C 1s; and Si 1s from the substrate. (b)
NTR rocking curves, experimental (solid lines) and simulated (dots) (Reproduced/modified with permission from
Martins et al., J. Phys. D Appl. Phys. 2021, 54, 464002).

Both the S 1s and F 1s core levels exhibit two well-resolved peaks, corresponding to distinct chemical
environments. The C 1s spectrum is similarly decomposed into two components: a lower binding energy (LBE)
contribution attributed to C—C and C-H functional groups, and a higher binding energy (HBE) contribution
associated with C=0, C-O, and C-F functional groups. The Si 1s spectrum displays two well-separated peaks,
corresponding to elemental Si° from the silicon substrate and Si** from the native oxide overlayer. The integrated
intensities of these core-level peaks are plotted as a function of incidence angle in Figure 6b, yielding element-
and species-specific rocking curves.

The NTR rocking curves (RCs) in Figure 6b show experimental data as solid lines and simulated curves as
dots. The sequence of low-angle intensity onsets and peak maxima directly encodes the elemental depth profile,
confirming the layered sample architecture from surface to substrate. Starting from the surface, the S s signal
(red) appears first, followed by the HBE C 1s (black) and F 1s (blue) contributions at intermediate angles, and then
the LBE C 1s (gray) near 0.55°. The Si 1s signal from the native oxide (light brown) emerges at 0.80°, followed
by that from the Si° substrate (green) at 0.84°. The simulated RCs closely reproduce the experimental progression,
validating the assigned layer ordering from surface to substrate.

These rocking curves were compared with simulated profiles calculated using the YXRO [40] and SWOPT
[46] codes, following the iterative optimization procedure described in Section 3.3.

4.4. Results and Discussion

Figure 7 reports the depth profiles showing the distribution of each layer as determined by fitting the
experimental RCs to optimized model parameters, revealing clear chemical stratification within the film: HBE
carbon species (C=0, C-O, C-F) are concentrated in the upper portion of the photoresist, while LBE carbon
species (C—C, C—H) extend throughout the entire resist layer to the silicon oxide interface.

Accurate reproduction of the Si*" peak required the inclusion of a sub-monolayer SiOx contamination layer
at the photoresist surface, most likely attributable to adventitious contamination introduced during substrate dicing.

Two independent fits were performed using the HBE and LBE carbon distributions separately, together with
the SiOy layers. The HBE and LBE carbon fits yielded total photoresist thicknesses of 9.4 nm and 10.7 nm,
respectively, both in excellent agreement with the nominal ~10 nm thickness after PAB.

The fitting further identified a ~2.8 nm surface layer composed exclusively of HBE carbon species (C=0, C—
0O, C-F), and a ~2.8 nm interfacial region at the substrate boundary enriched in LBE carbon species (C—C, C-H).
These chemical gradients at the top and bottom interfaces were attributed to two distinct mechanisms. At the air-
exposed top surface, thermal treatment during PAB likely induces partial degradation of the polymer C—C
backbone, depleting LBE carbon species in the uppermost region. At the substrate interface, radiation chemistry
is expected to dominate: low-energy secondary electrons generated from the substrate during X-ray illumination
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modify the resist chemistry through bond scission and oxidation reactions, producing an interfacial region enriched
in LBE carbon at the expense of C=0, C-O, and C-F species.

a) b)

<0.1nm Si0,)

<0.1 nm SiO,|

Chemically
Amplified
Photoresist
CAR

HBE
Carbon

Chemically
Amplified
Photoresist
C.AR

LBE
Carbon

(2.6 nm) (~2.6 nm)

Substrate

Figure 7. Depth profiles showing the distribution of each layer as determined by fitting the experimental RCs to
optimized model parameters: (a) HBE carbon species; (b) LBE carbon species. (Reproduced/modified with permission
from Martins et al., J. Phys. D Appl. Phys. 2021, 54, 464002).

Independent Bragg-reflection SW-XPS analysis [39,70] indicated a total photoresist film thickness of
approximately 9 nm; the ~1 nm discrepancy relative to the NTR result falls within experimental uncertainty.

The two techniques are mutually reinforcing: NTR-XPS provides exceptional sensitivity for chemical depth
profiling, while Bragg-reflection SW-XPS excels at detecting buried interfaces and trace contaminants. Together,
they deliver a level of structural and chemical characterization that neither method can achieve independently

4.5. Summary

Near-total reflection X-ray combined with photoelectron spectroscopy (NTR-XPS) showed approximately
Inm depth resolution at a EUV lithography photoresist/Si—SiO, interface. NTR-XPS resolved two distinct carbon
chemical states: HBE carbon species (C=0, C—F, and C—O) concentrated at the film surface and depleted near the
substrate and LBE carbon species (C—C, C—H) dominating the bulk and depleted at the surface. Layer thicknesses
determined from independent HBE and LBE carbon fits were mutually consistent and in excellent agreement with
the nominal post-PAB resist thickness.

This methodology is broadly applicable to layered or chemically graded material systems and buried
interfaces. Importantly, it delivers standing-wave spectroscopy capabilities without requiring an artificial
multilayer mirror, making it uniquely powerful for in situ and in operando studies of solid/gas and solid/liquid
interfaces. These capabilities complement those of the Bragg-reflection geometry demonstrated in Section 3, and
together establish SW-XPS as a robust and comprehensive platform for non-destructive, chemically specific,
depth-resolved characterization of functional material interfaces.

5. Conclusions

SW-XPS has matured into a uniquely capable platform for the non-destructive, chemically specific, depth-
resolved characterization of buried interfaces, a combination of properties that no single competing technique
achieves. The two geometries reviewed here are complementary by design: Bragg-reflection SW-XPS delivers
sub-unit-cell depth precision within a periodic multilayer, making it the method of choice for complex oxide
heterostructures and spintronic systems where emergent interfacial phenomena are governed by atomic-scale
chemistry; NTR-XPS, requiring no periodic substrate, extends these capabilities to organic films, solid/liquid, and
solid/gas interfaces accessible under realistic in situ and in operando conditions.

The principal barrier to wider adoption is not scientific but practical: the technique demands synchrotron
access, specialized multilayer samples, and expertise in X-ray optical simulation. This is the primary motivation
for the present overview.
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The ongoing development of dedicated multimodal endstations, notably the Ambient Pressure Photo-
Emission and X-ray Scattering (APPEXS) endstation at beamline 11.0.2 of the Advanced Light Source (Lawrence
Berkeley National Laboratory) [73], simultaneously combines ambient-pressure XPS (AP-XPS) with grazing-
incidence X-ray scattering (GIXS) under realistic reaction conditions. The planned integration of Raman
spectroscopy and FT-IR into this endstation suggests a transition from a specialist tool to a more broadly accessible
multimodal platform, capable of simultaneously delivering chemical, structural, and vibrational information with
nanometer depth resolution under operationally realistic conditions, capabilities essential for advancing
heterogeneous catalysis, sustainable energy, and next-generation microelectronics. The open availability of
simulation codes such as YXRO [40] and SWOPT [46] is similarly lowering the barriers to entry. The interface
science community stands to benefit substantially from this wider adoption. Wherever the functional properties of
a material system are determined at a buried interface, in oxide electronics, spintronics, energy storage, catalysis,
or advanced lithography, SW-XPS offers a path to quantitative, depth-resolved, chemically specific answers that
are simply not available by other means.
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