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ABSTRACT

Standing wave ambient pressure photoemission spectroscopy (SWAPPS) is a promising method to investigate chemical and potential gradients
across solid-vapor and solid-liquid interfaces under close-to-realistic environmental conditions, far away from high vacuum. Until now, these
investigations have been performed only near room temperature, but for a wide range of interfacial processes, chief among them being heteroge-
neous catalysis, measurements at elevated temperatures are required. One concern in these investigations is the temperature stability of the multi-
layer mirrors, which generate the standing wave field. At elevated temperatures, degradation of the multilayer mirror due to, for example,
interdiffusion between the adjacent layers, decreases the modulation of the standing wave field, thus rendering SWAPPS experiments much harder
to perform. Here, we show that multilayer mirrors consisting of alternate B4C and W layers are stable at temperatures exceeding 600 °C and are,
thus, promising candidates for future studies of surface and subsurface species in heterogeneous catalytic reactions using SWAPPS.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/6.0001353

I. INTRODUCTION

Interfaces govern many important processes in the environ-
ment and technology. While they can be vastly different in charac-
ter, e.g., ranging from solid-solid to solid-liquid to solid-vapor, they
share the basic characteristic of a discontinuity across the interface
in the chemical composition, density, structure, as well as chemical
and electrical potentials. Interfaces play a central role in a wide
range of technological and environmental phenomena, such as
cloud formation,1 the production of important chemicals such as
ammonia,2 the leaching of toxic substances from mining waste,3

and the corrosion of metals.4 For a fundamental understanding of
the interface on the atomic scale, it is essential that the chemical

composition and other properties of the interface and the adjacent
bulk phases are investigated with high spatial resolution in the
direction across the interface, as well as in-plane.

There are a number of different approaches to the investiga-
tion of interfaces with high spatial (angstroms to nanometers) reso-
lution in the direction normal to the interface. Among them are
cross-sectional transmission and scanning electron microscopy5,6

as well as scanning transmission x-ray microscopy.7 These techni-
ques provide information on the atomic positions not only in the
direction across the interface, but also in the plane of the interface.
A downside of these methods is the necessary preparation of the
cross section for examination.8,9 An example for a nondestructive
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method is surface x-ray diffraction,10 which, however, lacks infor-
mation on local variations in the interface properties and averages
over the whole probed volume.

X-ray photoelectron spectroscopy (XPS)11 has been a standard
method for the investigation of interfaces for decades due to its
intrinsic surface and chemical sensitivity and nondestructive
nature. The strong interaction of electrons with matter enables
depth profile measurements at the solid–vapor or liquid–vapor
interfaces through a variation of the electron kinetic energy or
emission angle, since surface electrons are less scattered than those
originating from deeper in the bulk. The resulting measurements
are, however, often ambiguous, due to the convolution between the
dependence of the photoelectron intensity as a function of depth
and the actual chemical or potential depth profile of interest.
Another challenge specific to buried interfaces is the competition
between the weak signal from the narrow interfacial region with
the signal from the bulk phases on either side of the interface.
Thus, depth profiling with XPS is always highly dependent on the
quality of assumptions and models about the depth distribution of
chemical species or potentials, i.e., the very quantity that generates
interest in Ref. 12.

These problems can be tackled through the generation of a
standing x-ray wave field with a known wavelength in the direction
perpendicular to the interface.13 The standing wave is generated by
scattering the x rays under the Bragg condition in the sample sub-
strate. X rays are scattered by the lattice planes of a single crystal or
by the interfaces of a multilayer mirror (MLM) substrate with a
periodicity that can be adjusted to the available x-ray wavelengths,
usually in the range of a few to several nanometers. The relative
position of the standing wave with respect to the interface is varied
by tuning the incidence angle or the energy of the x rays through
the first (or higher) order Bragg angle, resulting in a shift of the
position of the standing wave nodes and antinodes by roughly half
of the standing wave period.

Interface-sensitive measurements using standing waves have
been performed for many decades using, e.g., fluorescence yield
detection14,15 at the solid–liquid interfaces, revealing the relative
positions of ions in solution with respect to the interface. Fadley
and co-workers recognized the opportunities that the combination
of the standing wave technique with XPS provides for the investiga-
tion of interfaces, especially buried ones, with high chemical
and spatial sensitivity and carried out the first experiments using
this method.16,17 The main upside of this combination of methods
is that the known periodicity of the x-ray standing wave
provides an intrinsic “ruler” in the direction perpendicular to the
interface. This ruler overcomes the uncertainties in the value for
the electron mean free path and, thus, increases the spatial resolu-
tion in the direction perpendicular to the interface to the sub-
nanometer scale.

The expansion of standing wave XPS into the domain of in
situ and operando techniques became possible via its combination
with ambient pressure XPS (APXPS).18,19 APXPS has now become
a routine method for the investigation of surfaces under realistic
conditions,20–22 which is important in areas as diverse as environ-
mental science, electrochemistry, and heterogeneous catalysis.
Some of the important questions in these experiments are the role
of subsurface species in heterogeneous interfacial reactions as well

as chemical and potential gradients across the interface under reac-
tion conditions. Standing wave ambient pressure photoemission
spectroscopy (SWAPPS) was established to probe the interface
compositional and potential gradients with high spatial resolution.
This method was first used to investigate the relative position of
hydrated cesium and sodium ions with respect to a hematite/water
vapor interface.23 SWAPPS was also employed to study the corro-
sion of Ni in the presence of a KOH solution.24 In both cases, the
samples of interest, FeOx and Ni, were grown on a multilayer
mirror (MLM) to match the energy range of the x-ray sources
(beamlines 11.0.2. and 6.0.1 at the Advanced Light Source in
Berkeley, CA) to achieve the formation of a standing wave. Both
experiments were carried out near room temperature to maintain a
stable solid-liquid interface.

One area of research where SWAPPS could address important
research questions, such as the distribution of subsurface species, is
heterogeneous catalysis, which in the overwhelming number of rel-
evant reactions, requires elevated temperatures. So far, the limited
number of SWAPPS measurements have been performed only at
room temperature. For heterogeneous catalysis, the most important
interface is that of a gas with a solid, which can be evaluated using
soft x rays and electron kinetic energies below 1 keV for moderate
pressures in the mbar range. Under these conditions, the genera-
tion of standing waves using multilayer mirrors is preferential to
that of using the natural lattice spacing in single crystals since the
standing wave period of several nanometers matches the typical
width of interfacial regions.

Artificial multilayers with periodicities in the nm range are
commonly utilized as mirrors for soft x-ray instruments and in
EUV lithography, where they are exposed to high radiation and
heat load. The performance of an MLM depends strongly on
factors such as interface roughness and interdiffusion between
layers, which may be affected adversely by changes in temperature.
For investigations of chemical changes at surfaces at elevated tem-
peratures, MLMs with high thermal stability are, thus, required. A
material combination that is known to be stable at relatively high
temperatures is B4C and W.25 The thermal stability of B4C/W
MLMs has been characterized by techniques that are sensitive to
physical properties such as layer thickness, interface roughness, and
crystallinity.26–29 Since the current applications of these mirrors
rely mainly on their physical properties, the chemical properties of
the surface have not been the main focus of investigations so far.
For studies of interfacial chemistry, such as in the area of heteroge-
neous catalysis, a thorough characterization of the chemical proper-
ties of these MLMs under elevated temperatures is required.

The purpose of this work is to explore the applicability of
B4C/W MLMs to heterogeneous catalytic reactions at elevated tem-
peratures. In particular, we studied the surface properties of B4C/W
MLMs as a function of annealing temperature in UHV using x-ray
photoelectron spectroscopy (XPS) with synchrotron radiation.
Our results demonstrate that the first few nanometers of the
surface (B4C-termination) are partially oxidized. In addition, we
show that, in agreement with previous studies, the ML mirror
quality is preserved at least up to 700 °C, which is more than suffi-
cient to generate a usable standing wave pattern for SWAPPS
experiments of model heterogeneous catalysts under realistic
thermal conditions.
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II. EXPERIMENT

The B4C/W multilayers were prepared by magnetron sputter-
ing on a 4-in. Si(100) substrate by the Center for X-ray Optics at
Lawrence Berkeley National Laboratory (sample No. CX150831B).
The fabrication parameters were set to a period of 3.38 nm, 60
bilayer repeats, and a W-thickness ratio of 32%, i.e., the nominal
thickness of each W layer was 1.08 nm and that of each B4C layer
was 2.30 nm. The termination layer was B4C. The samples were
stored in air before the XPS measurements.

The XPS measurements were performed at beamline 11.0.2 of
the Advanced Light Source30 at the Lawrence Berkeley National
Laboratory using the APXPS-1 endstation.19 The vacuum chamber
had a base pressure of better than 1 × 10−8 mbar. A small sample of
approximately 1 cm2 in size was cut from the MLM wafer and used
for the measurements. The sample was mounted on a commercial
alumina encapsulated button heater (HeatWave Labs) which can be
operated in an atmosphere of 1 mbar O2 at temperatures of up to
1000 °C. The sample was affixed to the holder by two stainless-steel
clips. Under the clips, small alumina pieces were placed for electri-
cal isolation. A K-type thermocouple wire was placed under one of
the alumina pieces, in contact with the surface of the sample. The
thermocouple was used both for temperature measurements and
for measuring the sample current resulting from photoemission.
The sample current was used to calibrate the Bragg angle in the
standing wave measurements, which were performed by changing
the incident angle of the x rays on the sample using a rotational
stage on the sample manipulator. The sample was oriented with its
normal in the plane of the synchrotron.

The multilayer sample was measured in vacuum at room tem-
perature and afterward heated from 300 °C to 700 °C in 100 °C
steps to test its thermal stability. It was kept at each target tempera-
ture for 15 min before cooling down and acquiring the XPS spectra
near room temperature.

The binding energy (BE) scale was calibrated using the Fermi
edge (Eb = 0). The combined beamline/analyzer resolution was
better than 0.35 eV. For spectra acquired around 200 eV electron
kinetic energy (KE), a transmission-function correction was

applied, which was a linear function of KE. This was necessary due
to the significant loss of intensity at lower kinetic energies. The cor-
rection function was obtained as an average from survey spectra
taken with 850 and 880 eV photon energies, which had flat back-
grounds in that region.

The electron spectrometer was mounted under the magic
angle (54.7°) with respect to the incident photon beam. The
rocking curves in the standing wave experiments were taken
around the first order Bragg angle (12.5° grazing incidence) at an
incident photon energy of 850 eV. The XPS spectra for the charac-
terization of the surface chemistry were taken around 14° grazing
incidence. The detection angle in the XPS measurements between
sample normal and photoelectron spectrometer was, thus, about
45°. The approximate probing depths for electrons with a given KE
are reported as three times the inelastic mean free path (λ) in pure
boron, as calculated by the TPP-2M formula, and under consider-
ation of the detection angle.31 The XPS data were analyzed using
the KolXPD software.32 Simulations of electric field strength and
photoemission signal intensity as a function of incidence angle
(so-called rocking curves) were performed using the YXRO soft-
ware.33 Only W 4f and B 1s spectra were collected for standing-
wave analysis.

III. RESULTS AND DISCUSSION

We first discuss the core level spectra and their evolution as a
function of temperature before turning our attention to the stand-
ing wave properties of the MLMs. These measurements provide
information on the stability of the MLMs at elevated temperatures.

A. Analysis of the surface chemistry from XPS

XPS measurements of the surface composition of the
as-prepared B4C/W MLM were performed at a constant KE of
200 eV to maintain the same probing depth for all core levels. The
termination layer in our MLM is B4C with an expected thickness of
2.3 nm. The probing depth for 200 eV KE electrons in the present
experimental geometry is approximately 1.8 nm, which means that

FIG. 1. Core-level spectra from the as-prepared B4C/W MLM sample in the B 1s, C 1s, W 4d, O 1s, and N 1s regions. In all cases, the photoelectron kinetic energies are
in the range of 200 eV to have the same probing depth for all the elements. The y axes cover the same cps range to allow for a direct comparison of peak heights.
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the signal is expected to originate almost exclusively from the B4C
layer. B 1s, C 1s, W 4d, O 1s, and N 1s spectra from the
as-prepared state of the sample are shown in Fig. 1. In addition to
boron and carbon, which were deposited during preparation, there
is also oxygen and nitrogen on the surface. The oxygen component
originates most likely from the oxidation of boron during the
storage of the MLM in air prior to the measurements. The source

for the presence of nitrogen at the surface is unclear, and possible
causes are contact with N-containing organic contaminants during
transfer through air or impurities in the sputtering target during
deposition. Some W is also observed. The low intensity of W in the
W 4d spectrum suggests that it is indeed buried under the B4C
layer and has not diffused out significantly.

Figure 2(a) shows the C 1s spectra from the as-prepared
sample, taken with 490 and 850 eV photon energies, which corre-
spond to ∼200 and ∼560 eV KE, and probing depths of ∼1.8 and
∼3.4 nm, respectively. The main difference between the spectra is
the component at the lowest BE, which is stronger for the spectrum
taken at the higher photon energy. This indicates that the corre-
sponding chemical species is located deeper in the sample than in
the other C species. The peak fitting analysis [Fig. 2(b), basic fit
with a minimum number of peaks] reveals a BE of 282.6 eV for
this component, consistent with C in B4C, as reported earlier by
Yang et al. for a similar MLM.35,36 For an oxide-free B4C surface,
Jimenez et al. reported two C 1s peaks at 281.8 and 283.7 eV with
an intensity ratio of 2:1, respectively, corresponding to C in a CBC
chain (281.8 eV) and in an icosahedral motif (283.7 eV) in the B4C
structure.34 It is likely that the same two peaks are present in our
spectrum at 282.6 and 284.5 eV, with the 284.5 eV peak overlapping
with the peak at 284.4 eV, which we associate with adventitious
carbon. Using this information, we add another peak into the
fitting at 1.9 eV higher BE with respect to the lowest BE peak,
with the corresponding 2:1 intensity ratio. The result is shown in
Fig. 2(c) as an alternative fit. This analysis indicates that most of
the C 1s signal originates from adventitious carbon.

The B 1s spectra from the as-prepared sample are displayed in
Fig. 3. In Fig. 3(a), B 1s spectra taken with 395 and 850 eV photon
energy are shown. These correspond to electron KEs of ∼200 and
∼655 eV, and probing depths of ∼1.8 and ∼3.8 nm, respectively,
comparable with the values used for the C 1s spectra. The main dif-
ference between the two spectra is observed in the shape and posi-
tion of the low BE feature at around 189 eV, which is ascribed to B
in B4C.

34 The peak fitting analysis [Fig. 3(b)] indicates that the low
BE side of the signal can be fit with two peaks, one at 189.5 eV and
the other at 188.4 eV. The intensity of the 189.5 eV peak relative to

FIG. 2. C 1s spectra of the as-prepared MLM: (a) at photon energies of 490 and 850 eV, with the spectra normalized to their maximum intensity after the subtraction of a
Shirley background. (b) Peak fitting analysis for the spectrum taken at a photon energy of 490 eV using the minimum necessary number of peaks, and (c) using the con-
straints put forward by Jimenez et al. in Ref. 34, i.e., a 1:2 intensity ratio and 1.9 eV BE difference for the B4C-related C 1s peaks in the low-BE region.

FIG. 3. B 1s spectra of the as-prepared MLM: (a) at photon energies of 395
and 850 eV. The spectra are normalized to their maximum intensity after the
subtraction of a Shirley background. (b) Peak fitting analysis for the spectrum
taken at a photon energy of 395 eV.
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that of the 188.4 eV peak increases with increasing photon energy,
indicating that the 188.4 eV component is on average located
deeper than the 189.5 eV component. The peak at 192.7 eV is likely
due to B2O3, based on its binding energy and the significant
amount of oxygen observed in the O 1s region. The 190.7 eV com-
ponent might originate from B2+ species, which probably would
have oxygen coordination.34 Another interpretation of this compo-
nent is that it is due to a B–N compound such as BN. The support-
ing evidence for this interpretation is the observed BE difference
between this B 1s component (190.7 eV) and the N 1s peak
(∼398.5 eV) being in the range of the reported values for BN in the
literature (207.5–207.8 eV). The intensity expected for the B 1s
component based on the N 1s intensity and the photoemission
cross sections of the two core levels yields a consistent fit for the
heating series. Therefore, we follow this interpretation for our
analysis.

We now turn our attention to the discussion of the core level
spectra as a function of temperature. Figure 4 shows C 1s, B 1s, W
4f, O 1s, and N 1s spectra after each heating step. The initial W 4f
spectrum shows two main doublets, with the 4f7/2 components at
31.45 and 36.0 eV, which we assign to metallic W and WO3, respec-
tively.37 The presence of WO3 is probably the result of exposure to

air. Based on the very low signal in the W 4d region (see Fig. 1),
WO3 is not expected to be on the surface, but rather at the B4C/W
interface. This means the oxidation of W took place via the diffu-
sion of oxygen through the B4C layer. The WO3 component
decreases with each heating step and is mostly gone after heating to
600 °C. Similarly, the O 1s spectrum loses intensity on the low BE
side (WO3, O 1s∼ 531 eV) and gains intensity on the high BE side
(B2O3, O 1s∼ 532.5 eV). This suggests that WO3 reacts with B4C to
form W and BOx, which also explains the increase in the ∼192.7 eV
B 1s signal. This will be shown in more detail below in the peak
fitting analysis of the B 1s and O 1s regions.

The compositions of the as-prepared MLM surface and the
surface after the last heating step at 700 °C are shown in Fig. 5. The
core levels B 1s, C 1s, N 1s, O 1s, and W 4d have been measured
with different photon energies that correspond to 200 eV KE,
which translates to a probing depth of ∼2.5 nm. For calculating the
atomic fractions, a homogeneous mixture through the probing
depth was assumed and the intensities were normalized for photon
flux and photoemission cross sections. Even though there is no
drastic change in composition, a decrease in carbon fraction from
0.27 to 0.22 is observed along with an increase in the fractions of
other elements, which can be explained by the desorption of some
adventitious carbon from the surface. It is indeed clear that the C
1s intensity above ∼286 eV diminishes already after heating to
300 °C (Fig. 4). The oxygen fraction does not decrease—in fact it
increases slightly—consistent with an earlier work on the thermal
stability of the oxides on B4C where the O 1s signal disappears at
∼1230 °C.34

Peak-fitted B 1s spectra for the heating series are shown in
Fig. 6(a). The fitted components are labeled BA to BE from low to
high BE. The fraction and intensity of each component is plotted
as a function of treatment in Figs. 6(b) and 6(c), respectively.

The reported B 1s binding energies in the literature for fully
oxidized boron compounds such as B2O3 and H3BO3 are typically
in the range of 192.4–193.5 eV.34–42 The B 1s–O 1s peak separation
in these compounds, which is independent of sample charging, is
∼339.7 eV.42–44 Since H3BO3 decomposes to B2O3 and H2O at
330 °C,45 we assume that the BE peak is solely due to B2O3, at least
after heating at 400 °C. B2O2 has a B 1s BE that is ∼1 eV lower
than that of B2O3 and a B 1s–O 1s peak separation of
∼340.7 eV.46,47 Lower oxidation states of boron (B+x, 0 < x < 1) in

FIG. 4. Spectra after heating to increasingly higher temperatures, with the
spectra acquired after cooling down to near room temperature. B 1s, C 1s, and
O 1s spectra are displayed after a Shirley-background subtraction. The spectra
are offset along the y axis for clarity.

FIG. 5. Surface composition of the B4C/W MLM, as prepared and after anneal-
ing at 700 °C in UHV. All core levels were measured with 200 eV KE, thus the
probing depth is ∼2.5 nm.
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binary boron oxides are reported to have significantly lower BEs, in
the range of 188–189 eV.39,41 In light of these information, we can
assign peaks BE and BD to B2O3 and B2O2, respectively. As we will
discuss in the following paragraphs, the total oxygen content of the
sample does not change appreciably after the heating treatments.
This leads us to postulate that B in B4C acts as a reducing agent in
the formation of B2O2 via the reaction 2B2O3 + 2B→ 3B2O2.

The peak fitting analysis of the O 1s region is shown in
Fig. 7(a). From the W 4f, C 1s, and B 1s spectra, we already expect
to see signatures of WO3, –COx, and B2O3. In addition, a small
peak above 533 eV is necessary to account for the intensity in that
region. Thus, the broad O 1s envelope is best fitted with four
peaks. From values in the literature for W 4f–O 1s and B 1s–O 1s
peak separations, OA (WO3) and OC (B2O3) can be placed at
530.8 eV and ∼532.5 eV, respectively.42,48 We do not attempt to
perform a rigorous analysis of the contribution of carbonaceous
contamination to the O 1s spectrum; however, a peak around
531.4 eV (OB) is used to account for at least some of the oxygen
that originates from this source. The origin of OD is not immedi-
ately clear. If we assign the BD peak to B2O2, the corresponding O
1s peak would be at ∼532.5 eV,46,47 which overlaps with OC. If OD

is assigned to B6O, the corresponding B 1s peaks would appear at
189.2/187.4 eV,39,49 which is inconsistent with the observed B 1s
spectra. An alternative explanation is that OD is the energy loss
feature of OC. The loss energy, which is estimated to be ∼0.9 eV, is
consistent with the reported bandgap values for B4C (0.77–1.80 eV,
depending on carbon content) and boron (0.88–1.6 eV, depending
on factors such as crystal quality and purity).50–57

In Fig. 7(b), the intensities after each treatment are given for
the four O 1s components and their sum total. The total O 1s
signal changes very little, about −10% between the as-prepared to
the sample annealed at 700 °C, which indicates that the changes in
the intensities of the individual components are mainly due to the
transfer of oxygen from one compound (WO3) to the other (B4C).

B. Standing-wave analysis

The four components that make up the B 1s spectrum can be
further analyzed via x-ray standing-wave photoemission. We first
consider the calculated electric field map generated by the MLM
under investigation, shown in Fig. 8. The electric field map was cal-
culated assuming nominal growth thicknesses of the respective
mirror layers, B4C termination, no interdiffusion between the B4C
and the W layers, and perfectly flat interfaces. Although we know
that the actual termination is somewhat different, and there must
be a finite roughness/interdiffusion between the layers, for a quali-
tative analysis this a good approximation. Horizontal cuts of the
electric field map at certain depths, which correspond to the calcu-
lated rocking curves, are shown as traces to the right of the 2D map
in Fig. 8 and demonstrate how the measured rocking curves are
expected to change as the standing wave field moves vertically
through the MLM. The calculated rocking curve inside the W
region shows first a minimum and then a maximum with increas-
ing angle. As we move into the B4C termination layer and toward
the surface, the incidence angle at which the maximum intensity is
observed shifts to lower values. We will use the calculations shown

FIG. 6. Peak fitting analysis of the B
1s region: (a) B 1s spectra for the B4C/
W MLM, as prepared and after heating
in UHV to increasing temperatures.
The spectra are fit with five compo-
nents, denoted BA–BE. Fractions (b)
and intensities (c) of the components
BA–BE after each treatment.
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in Fig. 8 to determine the ordering of the species with respect to
the vacuum interface that give rise to the four peaks in the B 1s
spectrum.

Figure 9 shows the core-level intensity profiles as a function of
incidence angle (i.e., the rocking curves) for the B 1s components
BA–BE and the W 4f components W and WO3. Based on the peak
positions from the as-prepared sample, the relative depths of the
species are in the order (from deepest to shallowest): W → WO3 →
BA → BB. The presence of WO3 in between B and W indicates the
diffusion of oxygen to the B4C/W interface, as opposed to diffusion
of W to the surface. This also suggests that oxidized boron is likely

present throughout the B4C layer. The peak position of BB in the
rocking curve is always at lower incidence angles than that of BA,
indicating that BA is nearer to W than BB. The BC signal is rela-
tively weak, and, therefore, small differences in peak fitting may
change the shape of its rocking curve considerably. It is, thus, diffi-
cult to draw a strong conclusion about the BC location based on
the position of the rocking curve maximum. The BD signal
increases considerably at high temperatures so that a reliable
rocking curve for this species can be obtained after annealing to
600 °C and above. Based on its rocking curve peak shape, BD is
nearer to the surface than BA or BB. For the as-prepared sample,
the BE intensity shows a sloping background and no clear
maximum. Earlier, we assigned BE to B2O3, and the slope in the
rocking curve of the as-prepared sample (which is measured from
high to low angles) might be a temporal effect and the result of
x-ray beam-induced oxidation of B4C by residual H2O (or possibly
O2) in the chamber. This change in the B2O3 thickness during the
acquisition of the rocking curves may explain the weak standing
wave effect, in addition to a broad distribution of oxygen within
the B4C layer. After 700 °C annealing, the rocking curves of BC, BD,
and BE become very similar, with identical peak positions at a
lower angle than BA and BB, indicating the formation of a mixed
layer containing B, O, and N on the surface. The rocking curve
amplitude of BB increases after annealing at 600 °C, concomitant
with a decrease in the XPS intensity of the BB component. Both
trends are consistent with a thinning of the BB layer. A reverse
trend is observed after annealing at 700 °C. A similar trend can also
be observed for the intensity of the BA component [Fig. 6(b)], but
its rocking curve amplitude remains relatively unchanged (Fig. 9).
This suggests that the BA and BB species are spatially distributed in
a relatively similar volume. Additionally, judging by the slight
change in the position of the RC maxima, on average, both BB and
BA components appear to migrate toward the surface during the
annealing process.

The peak-to-peak amplitude of the W rocking curves (lower
traces in Fig. 9) decreases significantly after annealing to 500 °C but
remains approximately constant between 500 and 700 °C. This is in
line with the reduction of WO3 to W, which should increase the
thickness of the W layer, resulting in a smaller peak-to-peak ampli-
tude. The shape of the W rocking curve changes only slightly
between 500 and 700 °C, indicating only minimal changes in the
position of the topmost W layer with respect to the periodic
interfaces.

To provide more quantitative information on the morphologi-
cal changes during the annealing process, we used the same
nominal definition of the superlattice as for the electric field
strength calculations (Fig. 8) and simulated the influence of the
interdiffusion between W and B4C layers on the shape of the pho-
toemission rocking curves. Figure 10 shows a series of simulations
of total B 1s and W 4f intensities as a function of incidence angle,
assuming linear interdiffusion profile with increasing length
between 0.0 and 1.0 nm.

For perfectly flat interfaces with no interdiffusion, the calcu-
lated rocking curve modulation (maximum–minimum, normalized
to 1 at an off-Bragg angle) is ∼80% for W 4f and ∼60% for B 1s.
This difference in modulation is caused by the different thicknesses
of the W and B4C layers (W is nominally only half as thick as

FIG. 7. Peak fitting analysis of the O 1s region: (a) O 1s spectra for the B4C/W
MLM, as prepared and after heating in UHV to increasing temperatures. The
spectra are fitted with four components, denoted OA–OD. Photon energy is
850 eV. (b) Fractions of the components OA–OD after each treatment.
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B4C). With increasing interdiffusion, the SW modulation for W 4f
gradually decreases to ∼60% at 0.6 nm and ∼40% at 1.0 nm. The B
1s rocking curves follow the same trend, with the SW modulation
dropping to ∼40% at 1 nm interdiffusion. Based on a comparison
of the simulated (Fig. 10) and the experimental data of the W 4f
rocking curves modulation (Fig. 9), one can conclude that the
interdiffusion between W and B4C layers in our sample increased
from ∼0.6 to 0.8 nm when annealing the “as-prepared” sample to
700 °C. In this case, rocking curve amplitude analysis serves as a
sufficient approximate quantification, since one can conclude that
even at high temperatures, the multilayer produces a sufficiently
strong standing wave (as demonstrated by strong modulations of B
1s and W 4f rocking curves). The full analysis that also compares
shapes and position of the rocking curves maxima and minima
would yield more precise results, however, for the cost of much
heavier computational efforts.

The results of the rocking curve and photoemission data anal-
ysis are summarized in Fig. 11, where the left panel represents the
ideal MLM structure right after growth (not measured by us), and
the middle and right panel denote the sample structure as deter-
mined from our experiments, both before (as-prepared) and after
the heating cycles, respectively. It is obvious that the top layer of a
W/B4C MLM is to a large degree oxidized, including the buried W
top layer. This needs to be kept in mind when further layers are

grown as samples of interest on top of the MLM. Based on these
findings, it is clear that O diffusion through the B4C layer is a sig-
nificant issue that has to be taken into consideration for catalysis
studies with these MLMs. For example, studying the catalytic prop-
erties of an oxide layer grown on a B4C-terminated MLM is likely
to suffer from diffusion of oxygen into B4C at temperatures exceed-
ing 300 °C, complicating the interpretation of the results, and possi-
bly affecting the performance of the MLM. To circumvent this
problem, a barrier layer can be prepared between the sample layer
and B4C, which could, in principle, prevent oxygen diffusion and
protect the MLM. An example to this approach was shown to be
feasible for preventing V and Ti diffusion through TiO2 by using a
Ta + TiO2 barrier layer.

58,59

Studying the catalytic properties of a metal layer would
require other considerations. An oxidized B4C layer with carbon
contamination is unlikely to be the ideal substrate for a metal
sample layer. Ideally, the sample layer should be deposited right
after the multilayer deposition in the same chamber, without inter-
mittent exposure to ambient air. Nonetheless, this alone may not
be sufficient to obtain a metallic catalyst layer that would be stable
at temperatures of interest. Processes such as de-wetting and diffu-
sion of the surface layer under study through the MLM capping
layer (or vice versa) should be examined for each sample configura-
tion. Deposition of adhesion layers might be necessary to prevent

FIG. 8. Calculated electric-field map
within the top B4C/W layers (left) and
slices of the map taken at 0, 5, 10, 15,
20, 25, and 30 Å depth into the sample
(right). The calculation was performed
using the YXRO package assuming no
interdiffusion/roughness between the
layers of the MLM.
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FIG. 9. Rocking curves from B 1s and W 4f photoemission components of the B4C/W MLM as prepared, and after annealed in UHV at 500, 600, and 700 °C. WO3 is
present only in the as-prepared sample, whereas the BD component has a significant intensity only after annealing to 600 °C. The peak position of the BA rocking curve is
indicated with a vertical line for reference. Each rocking curve is normalized to the signal at the lowest incidence angle for that rocking curve. All data are plotted with an
offset in y for better visibility.

FIG. 10. Calculated rocking curves for total signal of B 1s and W 4f at different degrees of interdiffusion. For details, see text.
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de-wetting, but this could lead to more problems such as contami-
nation of the surface. In any case, well-planned and executed future
work would be necessary to tap into the potential of this powerful
method for the study of catalytic surfaces.

IV. CONCLUSIONS

A B4C/W multilayer with B4C termination was tested for
thermal stability in UHV in view of its surface composition and
x-ray standing-wave generation characteristics. In the as-prepared
state, i.e., after prolonged exposure to air, the top B4C layer con-
tained about 30% of the B in the form of B2O3/H3BO3. Some WO3

was also observed at the interface between B4C and W, indicating
diffusion of oxygen through the B4C capping layer. Annealing up
to 700 °C in UHV did not lead to any significant change in the
total O 1s intensity, but the oxygen redistributed between W and
B4C. Between 400 and 600 °C, WO3 and B4C reacted to form more
oxidized boron (B3+ and B2+). From the data it is not possible to
determine if the initially present WO3 was reduced during the
thermal treatment to W metal, a boride, or a carbide, since the W
4f binding energies of all these compounds are similar. Although
the O 1s signal decreased at 700 °C, the B 1s signal increased,
which suggests that O at the surface diffused into the bulk. The
appearance of the B 1s peak at ∼191.8 eV is related to the forma-
tion of B2O2 via the reaction of B2O3 with B.

Despite the chemical changes, the overall reflectivity and con-
sequently the capability of these MLMs to act as SW generators
stayed largely unaffected, as revealed by the rocking curve modula-
tions of the boron species. B4C/W MLMs are, thus, promising sub-
strates to study catalytic systems at elevated temperatures with high
depth precision. The excellent depth selectivity of the SW measure-
ment can be used to specifically investigate surface and/or buried
interface(s), relevant for particular catalytic systems. As an outlook,
the chemical stability of these MLMs will be studied in different
reactive gaseous environments, such as O2, CO, and H2O, while

chemical changes of individual layers can again be monitored using
SWAPPS.
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