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Abstract

For establishing a fundamental understanding of the emerging properties of two-dimensional

(2D) materials, a reliable determination of the crystallographic structure is essential, as we demon-
strate in this work for the specific case of the quantum spin Hall insulator bismuthene. Diffraction-
based methods are widely used for structure determination, however, they suffer from a funda-

mental shortcoming, the phase retrieval problem, that is the inability to directly measure the phase

of scattered waves. The normal incidence x-ray standing wave (NIXSW) technique circumvents
this problem by introducing a Bragg-generated x-ray standing wave field throughout the sample,
relative to which any atomic species can be localized. In essence, a single NIXSW measurement
captures the complex scattering factor (amplitude and phase) corresponding to one single Bragg
reflection. Collecting data for multiple reflections enables a three-dimensional reconstruction of
the scattering density as the Fourier sum of all measured scattering factors. Here, we utilize this
technique to reveal the mechanism of a reversible switching process that has been reported for a
2D Bi layer recently (Tilgner et al 2025 Nat. Commun. 16, 6171). In this prominent example, the
Bi layer is confined between a 4H-SiC substrate and an epitaxial graphene layer, and can be revers-
ibly switched between an electronically inactive precursor state and the bismuthene state. In our
NIXSW imaging experiment, we clearly identify the change of the adsorption site of the Bi atoms,
caused by H-saturation of one out of three Si dangling bonds per unit cell, as the key feature lead-
ing to the formation of the characteristic band structure of the 2D bismuthene honeycomb.

1. Introduction

Resolving the structure of surfaces, interfaces and
thin films at the atomic scale is a fundamental pre-
requisite for understanding the properties and func-
tionalities of almost any physical system or device.
Prominent examples in this context are stacks of
two-dimensional materials and van der Waals hetero-
structures, in particular novel materials with emer-
ging properties, which are in the focus of intense

© 2025 The Author(s). Published by IOP Publishing Ltd

research since the discovery of graphene about two
decades ago. For the detailed structure determina-
tion in these (and many other) fields, various dif-
fraction methods play a crucial role. However, it
is well known that any diffraction experiment suf-
fers from the fact that it can only determine the
amplitudes of the scattering factors, since the meas-
ured intensities represent the absolute squares of the
complex scattering factors, while the phases are lost.
If amplitudes and phases of the structure factors
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were available, a simple and straightforward Fourier-
backtransformation would be possible, resolving the
atomic structure of the system in unrivaled clearness,
without the necessity of any structural model refine-
ment, and hence without the remaining uncertainty
of whether or not the unique ‘best structure’ has been
found in the refinement.

While in the past significant effort was invested
in developing suitable workarounds for the phase
problem, such as ab initio approaches (so called ‘dir-
ect methods’ see [1-6] and references therein) or
the Patterson method [7, 8], there is one very eleg-
ant way of determining amplitudes and phases of
the scattered waves in crystalline samples, namely
the normal incidence x-ray standing wave (NIXSW)
technique [9-13]. This technique exploits the inter-
ference pattern created by incident and Bragg reflec-
ted x-rays, which represents a standing wave field with
a period corresponding to the Bragg plane spacing
of the used reflection. The atoms within the struc-
ture can then be localized with respect to this stand-
ing wave field, since they absorb differently strong
from the standing wave depending on their positions.
The absorption yield is detected via photoelectrons or
fluorescence. More details on the NIXSW technique
are given in the Methods section.

NIXSW, as described so far, allows the localiza-
tion of the atomic species in one direction, namely
perpendicular to the Bragg planes used to generate
the standing wave, i.e. in the direction of the scatter-
ing vector H = (hkl). In most of the recent NIXSW
based studies on atomic and molecular adsorbates
at surfaces [14-27] and on 2D material heterostacks
[28-35], a reflection normal to the surface was used,
in order to investigate vertical distances between
adsorbates or layers and the substrate. These vertical
distances were then interpreted in terms of bonding
distances, revealing valuable insights into the nature
of chemical interactions at surfaces (e.g. covalent or
van der Waals). In some favorable cases, it was pos-
sible to obtain also some lateral information, by util-
izing reflections with a scattering vector not normal
to the surface. This allows, e.g. to determine adsorp-
tion sites through triangulation [36-39]. However,
this technique is often not feasible, in particular for
systems with different surface terminations or mul-
tiple adsorption sites.

Nonetheless, the fundamental advantage of this
approach is that every single of these ‘one dimen-
sional’ NIXSW measurements on the scattering vec-
tor H in fact provides two parameters, namely amp-
litude and phase of the H® (complex) structure factor
Fu of that atomic species, the absorption yield of
which was recorded. Since the structure factor Fgy
in turn represents the H" Fourier component of the
three-dimensional atomic distribution, a sufficiently
complete set of individual NIXSW measurements on

N Tilgner et al

different (inequivalent) Bragg reflections H opens the
way to a Fourier analysis of the structure [12, 13, 40,
41]. Hence, the atomic density in the crystal can be
reconstructed, simply by calculating the Fourier sum
of all experimentally available structure factors. This
Fourier-based reconstruction is called ‘NIXSW ima-
ging), since it represents a model-free approach yield-
ing a three-dimensional image of the atomic arrange-
ment within the unit cell with sub-Angstrom resolu-
tion. NIXSW imaging is capable of revealing intric-
ate structural details in cases when conventional dif-
fraction or microscopy methods may struggle to yield
sufficient information, as we will demonstrate for the
prominent example of bismuthene on SiC in the fol-
lowing. Note that, although this technique was sug-
gested more than two decades ago [41], it was hardly
used owing to the fact that in-vacuum high-precision
goniometers for reliable and reproducible sample ori-
entation are required, but were not available until
recently.

In this paper, we report an NIXSW imaging
experiment on a 2D heterostack consisting of a
graphene layer on an intercalated Bi layer on 4H-
SiC(0001), a system which at present attracts much
attention in the 2D materials community since it
is discussed to form the 2D material bismuthene.
The quantum spin Hall insulator bismuthene is a
potential candidate for next-generation applications
in the field of quantum transport or quantum com-
puting, mainly since it exhibits a very large topo-
logical band gap that might enable applications at
room-temperature [42, 43]. The structural results we
obtain in our NIXSW imaging study in fact allowed
us to identify the structural key feature that turns the
intercalated Bi layer into the 2D honeycomb structure
bismuthene.

Contemporary research on confinement het-
eroepitaxy of Bi beneath epitaxial graphene on
SiC(0001) identified two different Bi phases that
are formed by intercalation of the graphene buffer
layer [28, 44] (which is often referred to as zeroth
layer graphene (ZLG) since it is hybridized with the
substrate [45—47]). In the intercalation process per-
formed by Bi deposition on the sample surface and
sequential annealing at elevated temperatures, at first
the Bi « phase is formed with monolayer coverage
and, in relation to the substrate’s surface unit cell,
(1 x 1) periodicity [28, 44]. At higher temperatures,
the Bi density decreases and the (v/3 x /3)R30°-
reconstructed 3 phase is formed.

The latter is the topic of the research presented
here. So far, the atomic configuration of the 5 phase
has not yet been determined. On a hexagonal surface,
the three most plausible adsorption sites are the on-
top site T; and the hollow sites Ty, and Hj, which
correspond to sites above the Si atoms of the first,
second, and third SiC bilayer, respectively. Note that
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the index refers to the number of next-by neighbors.
For the T; (short for tetrahedral 1-fold) and the Hj
(hexagonal 3-fold) sites this is obvious, they have one
and three Si surface atoms as next neighbors, respect-
ively. The T site also has three Si next neighbors, and
additionally the uppermost C atom of the first SiC
bilayer as a close-by neighbor, therefore it is called
T, (short for tetrahedral 4-fold). It was initially sug-
gested that Bi adsorbs on the H; hollow sites (Sohn
et al [44]), resulting in a structure with only one Bi
atom per (v/3 x v/3)R30° unit cell, i.e. 1/3 monolayer
coverage. But one might also expect a structure sim-
ilar to that obtained by Reis et al [48], who repor-
ted the formation of a Bi honeycomb on a hydro-
gen terminated SiC surface, which the authors discuss
in terms of a bismuthene layer. Our own work [43]
shows that hydrogen indeed plays an important role
in the formation of bismuthene. While the 3 phase, as
prepared from the o phase, shows no electronic fea-
tures that would be indicative of 2D bismuthene (as
seen in angle resolved photoelectron spectroscopy),
the situation changes when the sample is annealed in
hydrogen atmosphere. In this case, some of the sur-
face Si dangling bonds, which before hydrogenation
can only be saturated by Bi, now become saturated
by hydrogen. This changes the electron configuration
in the Bi 3 phase layer and triggers the formation of a
honeycomb structure that shows all characteristic fea-
tures of the quantum spin Hall insulator bismuthene.
The decisive aspect in the structure of the Bi layer is a
change of the Bi adsorption site from a T, hollow to
a T top site above the Si atoms, which is detected in
our NIXSW imaging study and discussed in detail in
this paper.

2. Results and discussion

2.1. Normal incidence x-ray standing wave

The NIXSW technique is element-specific, since the
absorption yield can be measured separately for each
atomic species (either by fluorescence or x-ray pho-
toelectron spectroscopy (XPS)). Owing to a relatively
high energy resolution of modern synchrotron pho-
toemission beamlines one can even separate identical
species in different chemical environments. This is
essential in our case, because we need to separate
bulk-carbon from graphene-carbon. However, a very
careful and detailed fitting of the XPS data is required
for a proper separation of the individual species. In
figures 1(a)-(d) we show representative XP spectra
for the three relevant atomic species, namely C Is,
Si2s and Bi4f;/, core levels. Note that the latter two
were measured in a single spectrum, due to their
similar binding energies. Panels (a) and (b) show
the data for the S phase (‘5’), panels (c) and (d)
for bismuthene (hydrogenated (8 phase, ‘0+H’). For
both phases, different fitting models have been used,

N Tilgner et al

according to different configurations of the samples.
Note that the fitting models for the XP spectra,
in particular that for C1s, were developed in well-
established procedures based on spectra with much
higher resolution than those measured here at rel-
atively high photon energies. Further details on the
models used can be found in Wolff et al [28] and
(regarding the ZLG) in Emtsev et al [49].

When preparing the Bi § phase from an « phase
sample, a partial de-intercalation cannot be avoided
[28]. This leads to the coexistence of the desired
Bi-intercalated quasi-freestanding graphene (QFG)
domains with non-intercalated areas, in which only a
Z1G is present. These ZLG regions are visible in both
C 1sand Si 2s spectra. In the C 1s spectra (figure 1(a)),
two side peaks C?'C (red and orange) appear next to
the main graphene peak CgiFG (blue), and also next to
the C 1s bulk peak (C3i!, magenta) a side peak CHik
(cyan) is seen. Also in the Si 2s spectrum the core level
splitting caused by the different structures of ZLG and
QFG above can be seen (red and dark green curves in
figure 1(b)) [28, 47]. For fitting the Bi 4f;/, core level,
a single symmetric profile was used, representing the
confined insulating Bi layer of the 5 phase [28, 44].
Further details of these fitting models are discussed
in section 1 of the Supplementary Material.

The hydrogenation performed to transform the Bi
B phase into bismuthene also affects the ZLG regions
of the sample. The ZLG in these areas undergo hydro-
gen intercalation [45], which transforms them into
H-intercalated QFG, and causes significant changes in
both the C 1s and the Si 2s spectra. The C*'“ compon-
ent is replaced by a CgF G peak, now at a lower bind-
ing energy than that of the CgiFG peak, and the bulk
carbon appears as one single peak since the difference
in the surface band bending between the bulk under-
neath QFG and the bulk underneath bismuthene can-
not be resolved. Furthermore, it is noteworthy that in
contrast to the /3 phase before hydrogenation, the Bi
4f;/, peak is now asymmetric, reflecting the metallic
nature of the Bi layer after hydrogenation [43].

In an NIXSW scan, the photon energy is varied in
a range of a few eV around the Bragg energy of the
applied reflection, in this case the 4H-SiC(0004). In
addition to the XP spectra, the Bragg-reflected intens-
ity (so-called ‘reflectivity’) is also recorded at each
energy step during the scan, and typical profiles are
plotted as the bottom curve in figures 1(e) and (f). In
the photon energy range with non-zero reflectivity,
a standing wave field is formed by the interference of
the incident and the Bragg-reflected wave. During the
scan through the Bragg condition, the phase of this
standing wave field changes by 7, causing the stand-
ing wave to shift by half of the Bragg plane spacing
through the crystal. This in turn causes a modulation
of the x-ray intensity at the position of any atom in the
crystal (and at its surface), which manifests itself as a
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Figure 1. (a), (b) and (c), (d) Representative XP spectra of C 1s, Si 2s and Bi4f;, of the 8 phase before, and the bismuthene phase
after hydrogenation (8 +H), respectively. The spectra were measured at a photon energy ~5 eV below the the Bragg energy of the
4H-SiC(0004) reflection (hvpragg = 2.4634 keV). All peaks relevant for the NIXSW analysis are labeled, and further details on the
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fitting models discussed in section 1 of the Supplementary Material. (e), (f) Corresponding absorption yield curves and typical

reflectivity curves of the (0004) reflection for both phases.

modulation of the photoelectron yield. Consequently,
recording XP spectra near the Bragg energy and plot-
ting the partial photoelectron yields (for all relev-
ant components) as a function of the photon energy
provides photoelectron yield curves that are charac-
teristic for the positions of the corresponding atoms
relative to the Bragg planes. In figures 1(e) and (f)
we display the yield curves for the two phases under
study.

In a conventional NIXSW data analysis, the yield
profiles are fitted, together with the reflectivity curve,
and two structural parameters are obtained, the so-
called coherent position P and the coherent fraction
FH, both taking values between 0 and 1. The former
represents the (averaged) position of the considered
species w.r.t. the H = (hkl) Bragg planes and in units
of the Bragg plane spacing dg, while the latter indic-
ates the quality of order of the species. Ff = 1 indic-
ates the case of perfect order (all relevant atoms at the
same distance to the Bragg planes), while a value of
0 usually corresponds to complete disorder. In cases
when a species obtains several well-defined positions,
the situation is more complicated, as will be discussed
below.

It should be mentioned that the fitting paramet-
ers P and F are obtained without any modeling, but
are a direct result of the experimental data. For inter-
pretation and illustration, they are often displayed
as complex numbers F exp (ZWin) in a polar dia-
gram, the so-called Argand diagram. Figure 2(a)
shows this diagram for the NIXSW results of the

phase obtained from the experiment on the (004)
Bragg reflection ((0004) in the notation for hexagonal
lattices, (hkil), with i = —h — k). Each data point rep-
resents one individual measurement. We have recor-
ded several data points for each species on different
locations on the sample surface. Hence, the small scat-
tering of the data for each species indicates a high
sample homogeneity.

For all four species (Si and C in the bulk, Bi and
graphene-C at the surface) we find coherent frac-
tions very close to unity. While for the bulk spe-
cies this is to be expected, for both surface spe-
cies, Bi and graphene-C, it indicates the adsorption
of the atoms at a well-defined height, i.e. in a very
flat and unbuckled layer. Hence, the coherent posi-
tions can straightforwardly be interpreted as distances
between the atomic layers, as illustrated in the ball-
and-stick model of the 5 phase shown in figure 2(b).
Most interestingly, we find a vertical spacing of only
2.24(2) A between the bulk-terminating Si atoms and
the Bi layer, a number significantly smaller than the
sum of the covalent radii of the two species (2.67 A
[50]). This distance is not compatible with a vertical
covalent Bi-Si bond, making the on-top adsorption
of Bi above the uppermost Si very unlikely. It might
be compatible with a hollow site adsorption, as will
be discussed below. As a second result, the spacing
between the Bi layer and graphene was determined
to be 3.66(3) A, a value that is in good agreement
with the sum of the corresponding van der Waals radii
(3.77 A [51, 52]), and hence indicates a primarily van
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Figure 2. (a) Argand representation of the NIXSW results for the 8 phase (before hydrogenation), obtained for the (0004) reflec-
tion. Each data point represents a complex number with modulus F# and phase PH. Individual data points for each species
correspond to several measurements on different sample positions, their average is shown as polar vectors with error bars. (b)
Corresponding ball-and-stick model illustrating the vertical distances between the relevant species, derived from the coherent
positions. (c), (d) Same like (a), (b), but for the bismuthene phase after hydrogenation. In (d), bismuthene and QFG regions are

illustrated in the left and right, respectively.

der Waals-like interaction between these two layers.
This is consistent with previous NIXSW studies on
Bi-intercalated graphene and other similar systems
[28-30].

For the bismuthene phase, the Argand diagram is
shown in figure 2(c). The coherent positions of the
surface species discussed for the 3 phase have changed
significantly in the hydrogenation process; both
became larger by almost the same amount, indicating
that the Bi-graphene bilayer moves upwards almost
rigidly. In the left part of figure 2(d) the numbers are
shown. Bi moved up by 0.49 A to 2.73(3) A, a num-
ber very close to the covalent bonding distance, and
graphene is now only slightly closer to Bi, at a distance
of 3.58(3) A.

Furthermore, one additional graphene species has
been identified for the bismuthene sample, originat-
ing from the regions that were originally covered by a
ZLG only; they have transformed into H-intercalated
(QFQG) regions (see discussion above). These regions
represent a minority phase with no impact on the
bismuthene-covered regions. The C1s component

of the QFG minority phase is much smaller than
those of all other species, and hence the corres-
ponding yield curve scatters more strongly. However,
the data can be reliably analyzed and result in a
height of4.41(7) A and a coherent fraction of 0.66(4).
Both values closely match those obtained in previous
NIXSW studies on hydrogen-intercalated graphene
on SiC(0001) (z=4.27 A and F = 0.68 [53, 54]).
The corresponding ball-and-stick model is shown in
the right part of figure 2(d).

The main conclusion of a comparison of the
(0004) NIXSW results for the 8 phase (before hydro-
genation) and the bismuthene phase (after hydrogen-
ation) is the increase of the vertical distance between
Bi and the uppermost bulk Si atoms from 2.24(2) A
t02.73(3) A. This finding is compatible with a change
of the Bi adsorption site from a hollow to the on-top
site, but from vertical distances alone an unambigu-
ous conclusion is hardly possible. There are too many
other factors, as e.g. a possible change in the bond-
ing strength, that may influence the vertical distance.
An unambiguous determination of the adsorption
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site requires additional lateral information, as it is
provided by NIXSW performed on inclined reflec-
tions. In the following section we report such meas-
urements, analyzed using the Fourier-based recon-
struction of atomic densities called NIXSW imaging,
which indeed results in an unambiguous adsorption
site determination for Bi in both phases under study.

2.2. Normal incidence x-ray standing wave imaging
As demonstrated above for the (0004) reflection,
NIXSW enables the precise determination of atomic
positions relative to the Bragg planes with chem-
ical selectivity, since separate measurements for each
atomic species can be performed. In case of a single
adsorption geometry this is straightforward, since the
measured coherent position is directly related to the
vertical position (adsorption height) of the atoms.
But even in more complex situations, i.e. when mul-
tiple adsorption sites are present and this straightfor-
ward interpretation does not apply any more, NIXSW
still allows a clear structure determination in many
cases. The reason for this is that the parameters
obtained from a single NIXSW measurement (using
the Bragg reflection H), that are the coherent fraction
F and position P, are directly related to the struc-
ture factor Fy of the structure under study. Strictly
speaking, the Argand representation of the NIXSW
results corresponds to the normalized species-specific
geometrical structure factor Fg [10-13, 40, 41], i.e.

Fu = Flexp (2miPY). (1)
Since Fy also represents the H"-order Fourier

coefficient of the distribution function p(r) of the
atomic species considered,

]—“H:/ p(r)exp (iH-r)dr. (2)

Equations (1) and (2) imply that p(r) can be recon-
structed from the NIXSW measurements by sum-
ming up the Fourier components [10-13, 40, 41]:

p(r)= Z]'—HeXP(—iH"’)
= ZFerxp (2miP) exp (—iH-7)

=142 Z

H#£0, H#—H

Flcos(2rP¥—H-r). (3)

The last simplification introducing the cosine is valid
due to Friedel’s law, in our case that is F-# = F and
P~H = _PH [41], and due to F? = 1. Of course, only
the infinite sum will result in a complete reconstruc-
tion of the distribution function, which is experi-
mentally not feasible. However, in practice it turns out
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that—depending on the complexity of the investig-
ated system—measurements on a manageable num-
ber of less than 10 symmetrically inequivalent Bragg
reflections are sufficient to solve the structure unam-
biguously. In the present case of the 3 and bis-
muthene phases, we have measured seven independ-
ent reflections, the (0004), (1011), (1011), (1012),
(1012), (1013), and (1013) reflections. Together with
their symmetry equivalent reflections (that are the
(ihkl) and (kihl) reflections), this results in a Fourier
sum of 19 components. For all reflections we have
recorded NIXSW data for all atomic species discussed
above. Corresponding yield curves, Argand diagrams,
and a table summarizing all the resulting data are
shown in section 2 of the Supplementary Material.

2.2.1. NIXSW imaging results for the bulk species

We start the discussion of the results with the bulk
species, since these represent an important reference
for the adsorbate. Figure 3 shows the reconstructed
atomic density distribution for the case that only one
Fourier compound is considered (single component
analysis). By restricting the sum in equation (3) to the
H = (0004) term, a cosinusoidal distribution in z dir-
ection is obtained as can be seen in figure 3(a). The
maximum lies close to zero on the [0001] axis and has
a high amplitude since the coherent position and frac-
tion (phase and amplitude of the cosine term, respect-
ively) were P0% = 0.014(2) and F°*Y =1.031(8)
in the experiment. Further maxima are located at dis-
tances of multiples of 2.52 A, according to the Bragg
plane spacing d(og04). Hence, this plot illustrates the
vertical structure of the bulk Si species with four Si
layers in the unit cell. The density distribution maps
for the other reflections (figures 3(b)—(d)) show sim-
ilar scenarios for their respective direction of the H
vector and the corresponding Bragg plane spacing dy.
Smaller amplitudes (i.e. smaller coherent fractions)
indicate that not all Si atoms lie at the same distance
to the Bragg planes in these directions. Hence, in con-
trast to the case of the (0004) reflection, here we can-
not directly conclude on atomic positions or distances
from the individual plots. However, from these plots
it becomes clear that lateral structural information is
added by the NIXSW measurements on these inclined
reflections.

Extending the Fourier sum to all available terms
(that are the four shown in figure 3 and 15 others
that are not shown) results in the lower right plot
in figure 4(a) (labeled ‘side view (1210)’). This map
represents a cut through the Fourier-reconstructed
density distribution map of the Si bulk species in
the (1210) plane (spanned by the surface normal
[0001] and the [1010] directions). In this plane,
the bulk layers A, B and C are oriented horizont-
ally, but are shifted with respect to each other.
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Figure 3. Density distribution maps (2D cuts in the (1210) plane) of selected individual Fourier terms for bulk Si.” The distri-
butions correspond to single, one-dimensional cosine functions, the amplitudes and phases of which are given by the coherent
fractions and positions obtained for the respective Bragg reflection. The period of the cosine corresponds to the Bragg plane spa-

The other two maps represent perpendicular planes,
namely the (0001) plane (top view onto the unit
cell, upper map) and another side view, the (1010)
plane (left). The dashed orange lines in the (1210)
map indicate the intersection lines of the other two
planes.

The interference of the various cosine terms in
the Fourier sum produces clearly separated maxima.
They indicate the positions of the bulk Si atoms in
three dimensions and reproduce the expected struc-
ture of the 4H-SiC bulk crystal very well (see superim-
posed ball-and-stick model in the (1210) projection).
Also the lateral shift of neighboring layers in [1010]
direction according to the ABCBA stacking is repro-
duced correctly. The same is the case for the bulk C
atoms. Figure 4(b) shows the result obtained from the
NIXSW data recorded for the C 1s bulk component.
In the side views, the patterns of Si and C are very sim-
ilar, but vertically shifted according to the Si-C bond-
ing distances. When comparing the top-view maps of
(a) and (b), one also finds a lateral shift: One species
appears at hollow sites of the other. This is due to the
z-position of the horizontal cuts, which were chosen
within the same bilayer (layer C in this case), as indic-
ated by the dashed orange lines in the (1210) maps.
Note that for silicon the maxima of the B layers appear
slightly weaker compared to those of the A and C lay-
ers, for carbon it is vice versa. This is most likely due
to the finite number of Fourier components used in
the analysis.

The full 3D structure of the 4H-SiC crystal is
obtained when the reconstructed density distribu-
tions for both species are combined. In figure 4(c)
we present top and side views (the (0001) and (1210)

7 Note that we use the four-index notation to indicate both the
Miller-Bravais indices (hkil) and the crystallographic directions in
direct space [uvtw]. For direct space directions the commonly used
three-index scheme is obtained as [ (u-t) (v-t) w ].

planes, respectively), with the distributions of both
species superimposed, Si in red and C in black. The
intensity scaling is chosen in a way that only clear
maxima of the individual density distributions are
visible. Furthermore, for the side view not only the
density in the (1210) plane is shown, but additionally
from a parallel plane with an offset of a/2. This pro-
duces the characteristic ‘3-dimensional’ side view of
4H-SiC, with all atoms within the unit cell being dis-
played. The varying sizes of the maxima only reflect
the intensity differences in the individual density dis-
tribution maps reported above, but have no physical
meaning.

2.2.2. NIXSW imaging results for Bi

So far we have used the NIXSW data set recorded for
the bulk species in order to explain the principle of the
NIXSW imaging technique and to demonstrate that
the SiC structure can be unambiguously reconstruc-
ted by this model-free approach. Now we report the
determination of the atomic sites occupied by Bi. In
figure 5(a) we show the result obtained for Bi, based
on NIXSW imaging data recorded from the Bi4f;,
core levels. As in figure 4(a), the atomic distribution
in the (1210) plane is shown for the 3 phase prior to
hydrogenation. The two strongest maxima that can
be seen are located close to the maxima found for the
Si bulk species, at coordinates (0.67, 0.22) and (0.67,
0.72) in units of the SiC unit cell, and are labeled
‘T4 These positions must be interpreted as follows:
Since NIXSW imaging is based on the bulk Bragg
reflections, it is only possible to determine atomic
positions within the periodicity of the bulk unit cell.
Atoms within a superstructure are therefore projec-
ted into the bulk unit cell. For a surface species, the
surface termination of the bulk crystal has to be con-
sidered additionally, in order to interpret the obtained
positions correctly. In our case, the (0001)-oriented
surface of the 4H-SiC bulk exhibits two dominant
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Figure 4. Geometric structure of 4H-SiC as determined by NIXSW imaging. In (a) and (b) selected cross-sectional views of the
determined atomic distribution for Si and C, respectively, are shown. The main image (bottom right) displays the (1210) plane,
whereas the left and top image show cuts in perpendicular directions as indicated by the orange dashed lines. The superimposed
ball-and-stick models demonstrate an excellent agreement between the expected atomic positions and the maxima of the determ-
ined atomic distribution. In (c) a combined illustration of the maxima from (a) and (b), color coded as red and black for Si and
C, is presented. Note that for the lower image, maxima of an additional plane offset by a/2 were included, to resemble the typical

side view of 4H-SiC often shown in ball-and-stick models.

terminations, namely the so called S2 and S2* ter-
minations, which are characterized by the A and C
planes forming the surface plane, respectively. Both
terminations are indicated by orange dashed lines in
figure 5(a). The obtained positions of Bi have now to
be interpreted with respect to these surface termin-
ations, which makes clear that the lower of the two
Bi peaks must be understood as an adsorbate on the
S2 terminated surface, while the upper Bi peak indic-
ates an adsorbate on the S2* termination. Comparing
these positions of Bi with those of the bulk species
reveals that they are horizontally aligned with the
Si atoms in the B layers, hence, they correspond to
T, hollow sites with a distance of 2.24(2) A above
the bulk-terminating Si plane. Note that there are
additional maxima visible in the distribution map,
weaker, but still with significant intensity, almost
coinciding with the A and C plane. Whether these

are merely artifacts resulting from the limited num-
ber of Fourier components, or correspond to Bi atoms
on Ty sites above the (parasitic) S1/S1*-terminated
areas cannot be unambiguously clarified. But the fact
that for some of the Bragg reflections, namely the
(1011), (1011), (1013), and (1013) (and their equi-
valent reflections), the measured coherent fractions
were quite small (see section 2 of the Supplementary
Material) speaks for the former since this reduces the
number of Fourier terms with relevant amplitudes to
only seven in this case.

Figure 5(b) illustrates the Bi-based NIXSW ima-
ging results on the bismuthene phase (i.e. after hydro-
genation) in a density plot similar to figure 5(a). Here,
the primary peaks are clearly shifted, horizontally
by precisely + 1/3 of the unit cell, and also slightly
upwards. The new positions (0.00, 0.27) and (0.33,
0.77) correspond to on-top sites of the terminating Si
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atoms, i.e. T adsorption sites. The vertical distance
between the peak and the surface plane has increased
t0 2.74(2) A.

In figures 5(c) and (d) we have combined the
NIXSW imaging results for bulk and surface species.
For the case of an S2* terminated surface the upper-
most SiC bilayers are shown in a side view in red
and black, similar to figure 4(c). The corresponding
Bi adsorption sites are added as blue maxima, and
the graphene layer is shown as a black bar at the top.
For the latter, no lateral positions can be determined,
since this layer is incommensurate with the substrate.

These two images clearly illustrate the change of
the Bi adsorption site in the phase transition, from the

T, site in the 3 phase (above the 2“d—1ayer Si atoms)
to the T; site in bismuthene (above the 1%-layer Si
atoms). This change of the adsorption site is the decis-
ive structural feature enabling the formation of truly
2D bismuthene (see below and reference [43]). The
3D density maps also allow a straightforward calcula-
tion of bonding distances. On the T} site, when each
Bi atom saturates three Si dangling bonds, we find
a length of the inclined Bi-Si bond of 2.83 A. This
value is significantly larger than the sum of the cova-
lent radii for Si and Bi, 2.67 A [50]. After hydrogena-
tion, when Bi sits on the T on-top site, the Si-Bi bond
is stronger with its length reduced to 2.73 A, close to
the expected covalent bond length.
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3. Conclusion

The main result of our comprehensive study of the
graphene-protected 3 and bismuthene phases on the
(0001) oriented 4H-SiC surface is the determination
of the adsorption site of Bi in both phases. We find
that it changes from the T, hollow site in the 5 phase
to the T, on-top site in bismuthene. This change
implies a different coordination of Bi with the under-
lying top-most Si atoms. At the T, hollow site, each
Bi atom has three equidistant Si neighbours and thus
saturates three dangling bonds. But in the hydrogena-
tion process, Bi is depleted from the hollow site, since
hydrogen, with its higher electron affinity, saturates
one third of all dangling bonds of the Si atoms. At
the same time, Bi moves to an on-top site and forms
only one bond to the Si atom underneath (T; on-
top adsorption site). The single Bi-Si bond moves the
p. orbital of Bi, one of its five valence orbitals, away
from the Fermi edge. This so-called orbital filtering
allows an in-plane hybridization of the remaining
four valence orbitals, leading to the formation of a flat
honeycomb structure with a graphene-like inplane
bonding configuration and to the distinct Dirac-like
bands that we observe [43]. This structure is energet-
ically very stable since (i) all Si dangling bonds are sat-
urated by covalent single bonds, 1/3 of them by H, the
other 2/3 by Bi, and (ii) the orbital filtering enables the
formation of the graphene-like Bi-honeycomb struc-
ture. Most likely, this also prevents the system from
fully depleting Bi from the Si on-top sites. In case
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of a full hydrogenation of the SiC surface, i.e. when
all Si bonds were saturated by H, a freestanding Bi
layer might be able to form. Theoretical studies sug-
gest that such a freestanding bismuthene layer has
a buckled bilayer structure, not a graphene-like in-
plane bonding configuration [55]. However, freest-
anding bismuthene in a flat honeycomb arrangement
has never been reported and does not seem to be a
stable configuration. We conclude that the orbital fil-
tering of Bi and the associated change of the adsorp-
tion site represent the fundamental mechanism that
leads to the formation of bismuthene.

The key finding of this study was obtained from
NIXSW imaging, a method that was suggested more
than two decades ago, but hardly applied since then.
Unlike all standard diffraction methods, NIXSW can
retrieve not only the amplitudes but also the phases
of the structure factors [40, 41], and hence allows
the precise localization of atomic sites relative to
the Bragg planes, independently for all atomic spe-
cies. The technique is model-free, i.e. no model
refinement has to be performed, and hence is not
prone to false predictions due to local minima in the
goodness-of-fit function, as it is in principal the case
for any structure refinement technique. Instead, the
element-specific, three-dimensional atomic distribu-
tion is obtained simply as the Fourier-sum of the
complex structure factors (amplitudes and phases)
that were experimentally obtained for a certain set
of Bragg reflections. In general, the reconstruction
is the better the more Fourier components can be



10P Publishing

2D Mater. 12 (2025) 045020

obtained, and is limited to the bulk unit cell since it is
based on bulk Bragg reflections. The latter limitation—
in practice—is not a crucial shortcoming, as long as
the superstructure unit cell of the investigated sur-
face structure is not too large (see section 4 of the
Supplementary Material for details). Under this con-
dition, NIXSW imaging is a very useful, reliably and
unique tool for (surface) structure determination, as
we demonstrated here for the prominent example of
the QSHI bismuthene.

4. Methods

4.1. Sample preparation

4H-SiC wafer pieces were purchased from Pam-
Xiamen. The epitaxial graphene synthesis was carried
out using the polymer-assisted sublimation growth,
which is described in detail elsewhere [56]. Bi was
intercalated using an in situ deposition and anneal-
ing approach, as reported in previous studies [28,
44]: The deposition was performed in a dedicated
evaporation chamber with a base pressure below 5 x
10~° mbar, using a custom-built Knudsen cell heated
to 550 °C for 120 min. Subsequent to in-vacuo trans-
fer to the ultra-high vacuum (UHV) analysis cham-
ber, the preparation of the o phase by Bi intercala-
tion was executed by heating the sample to 450 °C
for 30 min. The S phase transformation was accom-
plished by additional annealing to 950 °C for 20 min.
A pyrometer was used to monitor the temperature,
assuming a sample emissivity of 0.9. After brief trans-
port through air, hydrogen intercalation was per-
formed using a contactless infrared heating system
by annealing the sample at 550 °C under ultra-pure
hydrogen atmosphere (880 mbar, 0.9 slm) for 90 min.

4.2. Normal incidence x-ray standing wave

For an NIXSW experiment the sample is positioned
in a monochromatic x-ray beam in a way that the
Bragg condition for a certain reflection H of the bulk
crystal is met. We performed these experiments at a
Bragg angle close to 90° (NIXSW). As calculated from
dynamic scattering theory, the amplitude and phase
of the Bragg-reflected wave (relative to the incid-
ent wave) are plotted in figure 6(a) as red and black
curves, respectively, for the case of the (0004) reflec-
tion of 4H-SiC. In a photon energy scan through the
Bragg condition, as it is performed in an NIXSW
measurement, the amplitude, usually referred to as
reflectivity R(hv) = IH(Ii”’) ,1.e. the normalized intens-
ity of the reflected wave, shows a peak of finite width,
and the phase @ (hv) changes by 7. The standing wave
field, formed by interference of the incoming and the
Bragg reflected wave, is illustrated in figures 6(b) and
(c) for two different photon energies in the left and in
the right of the reflectivity profile, see dashed lines in
(a). The figures illustrate that the change of the phase
between these two energies causes a shift of the stand-
ing wave through the crystal, the maxima move from
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a position between the Bragg planes (panel (b), &(hv)
close to 7) to a position on the Bragg plane (panel (c),
@(hv) approaching zero).

This shift of the standing wave represents the key
for a localization of the atomic species in the crys-
tal and at its surface. The photoabsorption of any
atom scales linearly with the intensity of the standing
wave field at its position. Hence, the absorption yield
Y(hv), which can be measured in a secondary process
as, e.g. photoelectron emission or fluorescence, shows
an photon-energy dependence that is characteristic
for the position of the absorber relative to the diffrac-
tion planes of the used Bragg reflection. Figure 6(d)
shows simulated yield profiles for the bulk species
Si and C atoms: At the photon energy correspond-
ing to (b), the Si atoms lie in a node of the stand-
ing wave field, the yield curve therefore shows a min-
imum, while at the higher photon energy (c), when
the Si atoms lie on antinodes, it shows a maximum.
An animated version of figure 6 is available in the
Supplementary Material. Further details on NIXSW
can be found in section 4 of the Supplementary
Material and in references [10-13, 57, 58].

All experiments presented in this work were per-
formed at the 109 beamline of the Diamond Light
Source Ltd (Didcot, UK) under UHV conditions.
The samples were transported to the beamline under
UHV conditions after being prepared at the TU
Chemnitz. Once the samples were transferred and
outgassed, they were positioned in the x-ray beam in
a way that the Bragg condition for one specific reflec-
tion was met in near-normal-incidence geometry.
Note that in order to separate the back-diffracted x-
ray beam from the incident x-ray beam, the experi-
ments were conducted in a slightly off-normal incid-
ence geometry (3.5°). Then, we scanned the photon
energy within a small energy range of 1.5 eV around
the Bragg energy. For each energy step, the XP spectra
of C 1s, Si 2s, and Bi 4f;/, as well as the intensity of the
back-diffracted x-ray beam were recorded. A Scienta
EW4000 HAXPES hemispherical electron analyzer
was used to detect the photoelectrons. Analyzing the
XP spectra and extracting the intensities of the rel-
evant core level peaks resulted in one photoelectron
yield curve per species. The XP spectra were analyzed
using CasaXPS [59], while the reflectivity and yield
curves were fitted using the NIXSW analysis software
Torricelli [57]. In particular, the yield curves were fit-
ted by the function

Y(hv) = 1+ SgR (hv) +2|Si|\/R (hv)F cos (@ (hv)
—2m P+ ). (4)

Sk and Sy = |Si|e”™ denote parameters for the cor-
rection of nondipolar effects in the photoemission
process, under consideration of the deviation from
normal incidence. For details see [57, 58]. This pro-
cedure was repeated for all selected Bragg reflec-
tions, resulting in a full NIXSW imaging data set,
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the analysis of which is explained in the main text.
The samples were maintained at room temperat-
ure throughout the entire measurements. At normal
incidence to the surface (i.e. for the (0004) reflection),
the x-ray beam spot size was 400 um x 400 ym, and
enlarged according to the respective incidence angle
for the inclined reflections.
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