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Abstract

Atomically thin hexagonal boron nitride (h-BN) layers on metallic supports represent
a promising platform for the selective adsorption of atoms, clusters, and molecular
nanostructures. Specifically, scanning tunneling microscopy (STM) studies revealed
an electronic corrugation of h-BN/Cu(111), guiding the self-assembly of molecules
and their energy level alignment. A detailed characterization of the h-BN/Cu(111)
interface including the spacing between the h-BN sheet and its support - elusive to
STM measurements - is crucial to rationalize the interfacial interactions within these
systems. To this end, we employ complementary techniques including high-
resolution non-contact atomic force microscopy (nc-AFM), STM, low-energy electron
diffraction (LEED), X-ray photoelectron spectroscopy (XPS), the X-ray standing wave
method (XSW), and density functional theory (DFT). Our multi-method study yields a
comprehensive, quantitative structure determination including the adsorption height
and the corrugation of the sp? bonded h-BN layer on Cu(111). Based on the atomic
contrast in AFM measurements, we derive a measurable — hitherto unrecognized —
geometric corrugation of the h-BN monolayer. This experimental approach allows to
spatially resolve minute height variations in low-dimensional nanostructures, thus
providing a benchmark for theoretical modeling. Regarding potential applications,
e.g., as template or catalytically active support, the recognition of h-BN on Cu(111)

as a weakly bonded and moderately corrugated overlayer is highly relevant.
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force microscopy (AFM), adsorption height, corrugation.



Two-dimensional hexagonal boron nitride (h-BN) grown on various transition metal
substrates has attracted tremendous interest in the scientific community due to its
fascinating properties like, e.g. inertness, high mechanical strength and an electronic
bandgap, which are complementary to those of graphene and other two-dimensional
materials.'-® Especially the structural similarity of h-BN monolayers to graphene,
reflected in a small lattice mismatch of 1.6 %,* makes these materials compatible for
applications in vertically stacked van-der-Waals heterostructures and in hybridized
atomically flat layers.>° Moreover, single-layer h-BN has shown its potential as a
template to steer the adsorption of atoms, molecules and nanostructures with control
of their spin and energy level alignment.'®-'® In addition, it has been demonstrated
that metal-supported h-BN layers might serve as catalysts for oxygen reduction

reactions.17-20

Depending on the interaction with the metal substrate, one can categorize the h-BN
layer adhesion as strong [such as on the Rh(111), Ni(111) and Ir(111) surfaces] or
weak [on the Pt(111), Cu(111) and Ag(111) surfaces].?"?” The strength of the
interaction, together with the lattice mismatch between h-BN and support determines
the corrugation of the system, which forms a nanomesh in case of h-BN/Rh(111) and
a flat overlayer with a minute height difference between boron and nitrogen in case of
h-BN/Ni(111).2127.28 Cu(111) is a particularly interesting substrate as it features both
a small lattice mismatch and a weak interaction with h-BN. Furthermore, the use of
Cu foils as a support can be an economic route to large-scale h-BN synthesis via

chemical vapor deposition (CVD).323.29

However, to realize the myriad of applications for this layer, and to integrate it into

real devices via the bottom-up approach, a proper knowledge of the precise structure



of the h-BN is crucial. Density functional theory (DFT) calculations have, to date,
struggled to describe the experimentally realized h-BN/Cu system in detail.
Specifically the adsorption height of the h-BN layer, the key structural parameter in
such a layered system, has been predicted to take a gamut of values, from 2.65 to
3.34 A.17.19.30-33 Therefore, determining this parameter experimentally to serve as an
unambiguous benchmark is a necessary step towards predictive-level DFT

calculations in this field.

Previous quantitative studies of the geometric structures of hA-BN/Ir(111) and
h-BN/Ni(111) have been pursued by X-ray standing waves (XSW) and X-ray
photoelectron diffraction (PhD), respectively.?#?® In case of the former system, a
significant modulation of the h-BN layer was observed and modeled by two distinct
h-BN species located at 2.20 + 0.02 and 3.72 + 0.02 A, respectively, above the
surface, a marked difference in adsorption height of ~1.5 A.?* The latter study,
addressing h-BN/Ni(111), instead reported a uniform adsorption height of the entire
h-BN layer above the outermost layer of Ni atoms of 2.11 £ 0.02 A, i.e., 0.1 A closer
to the substrate than even the lower adsorption height of the h-BN on Ir.2¢ Although
the corrugation of the h-BN/Ni(111) was a fitting parameter, no values were quoted.
Now, by contrast to Ni(111) and Ir(111), Cu(111) is a comparatively noble substrate
and, although a strong moiré pattern has been observed by STM, it was concluded

that this reflects purely electronic modulations.?334

While the lateral structure of two-dimensional layers is usually analyzed by means of
scanning tunneling microscopy (STM), atomic force microscopy (AFM), standard low-
energy electron diffraction (LEED) and PhD, a determination of the adsorption height,
as well as the corrugation of two dimensional layers is notoriously difficult to obtain,

even by high-resolution non-contact AFM (nc-AFM). Only elaborate LEED-I(V) and



surface X-ray diffraction studies gave access to these parameters, e.g., for graphene
on Ru(0001).3%36 |n the following, we present an in-depth structure determination of
the h-BN/Cu(111) system with the lateral structure analyzed by means of STM and
LEED and the vertical structure via a combination of nc-AFM, XPS, and XSW. The
interpretation of the data is assisted by first-principle calculations. Ultimately, we
introduce an approach to extract the detailed nature of an exemplary 2D sheet
system via nc-AFM, which can also be applied to quantify the corrugation of other

two-dimensional materials.

Results and Discussion
Lateral Structure of h-BN/Cu(111)

The lateral structure of h-BN/Cu(111) is investigated by means of STM and LEED.
Here, we highlight our present findings on the basis of the results presented in our
earlier studies,®® which are consistent with reports from other groups.®”-3¢ Figure 1a
displays the STM topography image of an extended h-BN domain on Cu(111) at 4 V
bias voltage, where the electronic corrugation is visualized as a moiré
superstructure.?® In our previous studies the high symmetry registries, giving rise to
different regions of the moiré, were labeled “hills” (corresponding to a NiopBrec
registry) and “valleys” (corresponding to a Nr.cBnep registry). Following the notation of
studies on h-BN/Rh(111) and h-BN/Ir(111)?"2* the respective regions will be labeled
pore (P) and wire (W) in this study (see Figure 2a) as justified by the observed
geometric corrugation discussed below. The most abundant moiré periodicities
observed are in the range from 4 to 15 nm and originate from different rotation angles
of the h-BN lattice with respect to the copper substrate. All rotational domains were

originally understood by a small spread (< 3°) in the angle between a slightly



stretched h-BN lattice and the Cu(111) substrate lattice and show the same

electronic behavior in terms of their templating effect.023

The corresponding LEED pattern of a single layer of h-BN/Cu(111) is displayed in
Figure 1b. The first-order Cu(111) substrate spots are surrounded by one concentric
ring-like structure with a slightly larger k vector,3° indicative of various rotational
h-BN domains.*® Maximum intensity of the h-BN ring is found in directions varying up
to + 4° from the main crystallographic directions of the copper substrate (Inset of
Figure 1b). Local maxima are also observed at rotation angles of 30 + 4° with respect
to the close-packed directions of the substrate. Atomically resolved h-BN lattices
observed in STM (Figure 1c and d) corroborate this finding. Analysis of the lattice
parameters obtained from LEED measurements conducted at room temperature
yields a lattice mismatch of 1.5 + 0.1 %, slightly reduced compared to the 1.9 %
mismatch reported by Roth et al.3” and the nominal 2.0 % lattice mismatch between
an isolated h-BN layer and the Cu(111) plane.**' To accurately model experimentally
observed moiré superstructures in graphene on metal systems, the consideration of
multiple beatings per moiré unit cell appeared essential.*>43 Indeed, such a modeling
approach applied to h-BN/Cu(111) reveals the existence of large moiré periodicities

even for h-BN domains rotated up to 30° (see Figure S1).

Scanning tunneling spectroscopy (STS) measurements probing the field emission
resonances reveal a local work function difference of ~250 mV between high-
symmetry positions within the moiré supercell (see Figure S2). Regions of bright
contrast at a sample bias of 4 V in STM (pores) possess a lower local work function
compared to the darker regions (wires), in agreement with our refined DFT
calculations. A work function difference of 340 — 390 meV is calculated for high-

symmetry registries of h-BN/Cu(111) with the Quantum ESPRESSO* code including



vdW-DF2-rB86%°4¢ and vdW-DF-optB86%" exchange-correlation functionals (see
Supporting Information, Table 1). The discrepancy to our previously reported values??
highlights the sensitive role of the exchange-correlation functional for a precise
description of h-BN on metal systems. The local contact potential difference (CPD)
obtained from Kelvin probe measurements (see Figure S3b) also confirms a lower
work function at the pores but yields a clearly reduced work function modulation of
20 - 30 meV, presumably due to a considerable averaging over a larger area as

compared to STS measurements.
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Figure 1 — Single layer of h-BN on Cu(111). (a) Large scale STM topography image showing

extended and regular h-BN islands with domain sizes up to micrometer. Scan parameters: Up = 4.0 V,
lt = 0.4 nA (b) Contrast inverted LEED pattern of a single layer h-BN/Cu(111) recorded at room
temperature with an electron energy E = 91 eV. The Cu spots are surrounded by a ring originating
from the h-BN lattice with highest intensity at a small azimuthal rotation relative to the (111) directions.

At rotation angles of 30 * 4° local intensity maxima are observed. Inset (recorded with E = 87 eV)



shows a zoom into the 15t order spot indicated by the dotted square. (c) and (d) show atomically
resolved STM images of h-BN lattices (FFT-filtered). Black lines indicate the high-symmetry copper
directions. The h-BN lattice in (c) is aligned along the Cu(111) directions, while in (d) it is rotated by
almost 30° with respect to the copper. Scan parameters: (c) U = 0.11 V, It = 2.5 nA, (d) Up = 0.23 V,
lt=0.8 nA.

Vertical Structure of h-BN/Cu(111)

The mean adsorption height (see below) as well as the local corrugation of
h-BN/Cu(111) are quantified by a combined nc-AFM and XSW interpretation. The
XSW method has been widely applied to structural studies of surface adsorbates, to
accurately determine the mean adsorption height. Quantifying the corrugation
amplitude of the h-BN layer is, however, much less straightforward. Although XSW
accurately measures with high precision the spatially averaged distribution center of
the overlayer, the extracted distribution width from a single Bragg reflection can be
strongly model-dependent. Laterally resolved measurements by nc-AFM are
possible, however, the interaction forces between tip and sample can still be
different, even for chemically equivalent species when different areas of the moiré
super lattice are probed. Most notably, the different electronic structure across the
moiré unit cell (see local work function measurements in Figure S2) is expected to
lead to different electrostatic interactions.>* Recent studies have estimated the
molecular adsorption geometries utilizing force-distance maps obtained from nc-
AFM 4850 Importantly, also the force-distance relationship can be significantly altered
by the variation of electrostatic forces across the moiré supercell, thus making the

applicability of this method more challenging.®'-%2



Corrugation — AFM measurements

To estimate the influence of electrostatic forces, bias-dependent nc-AFM
measurements were carried out (see Figure S3). We have performed constant
frequency shift (Af) measurements with sample biases both, smaller (Up = -0.1 V)
and larger (U, = 0.2 V) than the measured contact potential difference
Up*=0.13 - 0.16 V (see Figures S3b and c). The absence of contrast inversion in
these measurements suggest that the observed corrugation of the h-BN in the nc-
AFM measurements is not purely based on work function differences for the high-
symmetry registries of the moiré unit cell. However, as the tip-sample distance is
rather large in these measurements, which is necessary to maintain stable imaging
conditions,®® spatial averaging can play an important role and thus impedes a

quantitative determination of the corrugation.

We recorded atomically resolved constant-height AFM images (Figure 2a and S7),
where pore and wire regions are clearly discernible. Interestingly, this contrast can be
inverted depending on the tip termination. In some cases the pores are imaged
darker, i.e. more attractive than the wires (Figure 2a), in other cases this contrast is
inverted (Figure S7). Such an inversion of contrast can originate from different work
functions of the tip, which give rise to different electrostatic interactions with the
sample. Strikingly, independent of the moiré contrast, the images show that the
atomic contrast is significantly higher on the wire regions compared to the pore
regions in the constant height images. This finding suggests a difference between the

tip-sample distances of the wire and pore regions.

To quantify the corrugation of the h-BN layer we employed a method in which we
calibrate the variation of the atomic contrast as a function of the tip height z (see

Methods section). We define the atomic contrast by the Af difference between the



darkest and the brightest regions at the length scale of a h-BN unit cell, expressed as
Af amplitude Axf(z). Figure 2b and e show Aar derived from constant-height scans for
a series of tip heights on wire and pore regions. Selected slices are shown in Figure
2f,g (pore) and Figure 2h,i (wire) as well as in Figure S4. The obtained calibrations,
Axrw and Aarp, appear linear over a range of about 1 A for both, wire and pore

regions exhibiting similar slopes.

An averaged calibration curve (solid line in Figure 2b and e) correlates the Af
amplitude Aar to a tip-sample distance Adtip-sample, I.€. Aaf & Adtip-sample, allowing us to
convert the atomic contrast in the large-scale constant-height image (Figure 2a) into
a relative height map, zcac(Aaf), representing the geometric corrugation shown in
Figure 2c. A clear corrugation is observed, closely resembling the h-BN moiré
pattern, where the pores are lower than the wire regions. A height distribution
histogram of the marked moiré unit cell is plotted in Figure 2d and reveals a total
width of 0.64 A. In analogy to the y + 2 o (+ 1 o) intervals used for Gaussian
distributions, we calculated the height range encompassing 95% (68%) of the values
to be 0.50 A (0.26 A). A sinusoidal fit to representative height profiles yields a peak-
to-peak amplitude of 0.40 A (Figure S11). Our DFT calculations (see Supporting
Information, Table 1) indicate a height difference of 0.24 — 0.27 A between high-
symmetry sites of the h-BN unit cell, which show the same trend as our experimental

results but underestimate the magnitude.
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Figure 2 — Geometric corrugation of h-BN/Cu(111) determined from nc-AFM. (a) Constant-height AFM
image of a single layer h-BN/Cu(111) showing the h-BN lattice together with the moiré unit cell.
Orange (blue) square indicates the wire (pore) region of the moiré pattern. (b) Calibration curve Aa«(z)
(solid line), obtained from the atomic h-BN contrast in pore (P) and wire (W) regions. Dashed lines
represent linear fits of filled data points. The relative tip height is defined with respect to a reference
point, which corresponds to the lowest tip height that was probed within the experiment. (¢) Calculated
height map zcac(Aar) obtained by converting the atomic contrast in (a) into relative heights via the
calibration shown in (b). The color scale represents the values within the unit cell, which is marked by
a white rhombus. (d) Height distribution histogram for the indicated moiré unit cell. (e) Calibration
curve Axs (solid line) for a second measurement that is displayed in the Supporting Information, Figure
S5, conducted with a different tip apex on a different sample spot. Again a similar characteristics is
seen for pore and wire regions. (f)-(i) AFM scans associated with two different Aar values, marked by
dotted lines in (e), showing the atomic contrast of the h-BN lattice on pore [(f) and (g)] and wire
regions [(h) and (i)]. Scan areas in (f)-(i) are 1x1 nm? and the color scale is Af®. All images were
acquired with 0 V bias and at 5 K.



Mean adsorption height: XPS and XSW

High-resolution soft X-ray core level spectra of h-BN/Cu(111) are displayed in
Figure 3. Both B 1s and N 1s spectra are asymmetric with a characteristic shoulder
at high binding energies.?*%-% This shoulder results from a clearly separate
chemical species, and cannot be explained as a loss feature, as a distinct absorption
profile was observed in the XSW measurements described below, which indicates
significantly different adsorption heights for the two species. Therefore, we model the
B 1s and N 1s spectra with two distinct components [Bo (No) and Bager (Nder), see
Methods section for details], whose parameters are summarized in Table 1. The
primary B 1s / N 1s species (Bo/No, respectively) is assigned to the h-BN layer and
the B 1s / N 1s shoulder (Bdei/Nder, respectively) is assigned to defective, polymeric
components®” where the local B:N stoichiometry is no longer 1:1. This assignment is
justified in the discussion. The binding energy difference between Bo (No) and Baer

(Nder) was found to be 0.6 eV (0.5 eV) (respectively).

Table 1 — Soft XPS parameters 2

Er° (eV) I (eV) o (eV)
Bo 190.4 0.08 0.52
Bdef 191.0 0.08 0.42
No 398.0 0.11 0.46
Nger 398.5 0.11 0.40

a Peak position Eb°, Lorentzian width I and Gaussian width o obtained from the fits for the indicated

components. Voigt lineshapes are used for the curve-fitting of the B 1s and N 1s core level spectra.
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Figure 3 - High-resolution soft XPS N 1s and B 1s spectra for a single layer of h-BN/Cu(111). A
Shirley background was subtracted from the data. The colored areas are fits of the indicated

components. Solid black line is the sum of the fits. Photon energy of 641 eV was used for all spectra.

The mean adsorption height of h-BN on Cu(111) is obtained unambiguously through
XSW analysis; the XSW method exploits the standing wave field that results from the
interference between the incident and the diffracted X-ray beams under the Bragg
condition for a substrate reflection H.5® As the photon energy of the incident X-rays is
scanned through the reflection, the standing wave field traverses half the Bragg
plane spacing (dn), leading to modulated absorption profiles (and thus photoelectron
yields) of different chemical species, each with a distinct photon energy dependence
that depends on the spatial distribution of the species. Such absorption profiles can

be described by the dynamical diffraction theory of X-rays® with two fitting



parameters: the coherent position (p”) and the coherent fraction (f). In simplistic
terms, the former can be interpreted as the average position of a chemical species
relative to the extended bulk Bragg planes in units of dy and the latter is related to
the distribution of these positions, through disorder (e.g. amorphous regions), a static
variation (e.g. multiple adsorption sites), or a dynamic one (e.g. thermal vibrations).
In particular, f? can only take values between 0 and 1, and has contributions from the
ordered fraction (C), a geometric factor (an) and the Debye-Waller factor (DH) such

that:
f%=C-ay- Dy, (1)

which model, respectively, the level of order, the static geometric distribution, and the
dynamic geometric distribution. For adsorbates with low atomic numbers, the Debye-

Waller factor alone is typically around 0.9 at room temperature.

The result of our Cu(111) XSW analysis, utilizing the B 1s and N 1s core levels, is
displayed in Figure 4 for Bo, Baer, No, and Nger. The absorption profiles of No and Bo
show pronounced standing wave modulations with nearly identical shapes, indicating
that the mean height is the same for both species; Nder and Bger €xhibit a small but
noticeable shift of their maxima and minima, with respect to No and Bo, towards a
higher photon energy and a slight reduction of the modulation amplitudes, indicating
a lower adsorption height and a greater spread in positions for these minority
species. The coherent positions and fractions deduced from the XSW analysis for all

four chemical species are summarized in Table 2.

Assuming a bulk terminated Cu(111) surface the average adsorption height, h, is
related to p'"" as h = (p'"" + n)d11, where the integer n accounts for the periodic
nature of the standing wave field. As the d111 spacing for Cu(111) is 2.087 A%® and

with the measured values for p'"" (shown in Table 2), it can be easily verified that



only n = 1 renders physically reasonable values for h. Thus, the average adsorption
heights are determined to be ho=3.37+0.04 A (3.39+0.04 A) for the main
component No (Bo) and haer=3.30 +0.06 A (3.26 +0.09 A) for the defective
component Nger (Baer). Furthermore, our analysis reveals a f'"' of
0.71 £0.02 (0.65 £ 0.03) for No (Bo), which is significantly lower than the value
expected for a perfectly flat h-BN layer (f!=0.9), and a further reduced """ of

0.34 + 0.07 (0.40 + 0.03) for Ndef (Bdef).
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Figure 4 - X-ray standing wave absorption profiles of B 1s (red) and N 1s (blue) for a single layer of h-
BN/Cu(111). Solid lines are fits to the data. Black data points correspond to the Cu(111) reflectivity
curve. The XSW profiles of the defective h-BN components Bger and Nder are offset vertically +1 for

clarity.



Table 2 — Structural parameters obtained from XSW measurements @

Main components Defective components
p' Adsorption | f'"! p' Adsorption 11
height ho (A) height haer (A)

B1s |0.63+0.02 |3.39+0.04 |0.65+0.03 |0.56+0.04 | 3.26 +0.09 0.34 £0.07

N1s |0.62+0.02 |3.37+0.04 |0.71+0.02 | 0.58+0.03 | 3.30 +0.06 0.40 £0.03

@ Summary of the structural parameters obtained from the XSW measurement shown in Figure 4:
coherent position p''', the corresponding adsorption height of the h-BN layer on Cu(111), and

coherent fraction ' for both chemical species B/No and B/Nger.

Discussion

The XPS binding energies of the main B 1s and N 1s components (Bo: 190.4 eV,
No: 398.0 eV) are in very good agreement with previous studies of h-BN/Cu(111).54
These values are characteristic for physisorbed systems, midway between the ones
of h-BN/Au (189.8 eV and 397.6 eV) and the ones of h-BN/Ag(111) (190.8 eV and
398.3 eV).4081 The XP core-level spectra of B 1s and N 1s are asymmetric with a
shoulder at high binding energies and both 1s levels are best described by two Voigt
functions, rather than an asymmetrical line shape (e.g. Doniach-Sunijié). This
assignment is in contrast to previous publications on the h-BN/Cu(111) system,5*
where an asymmetrical peak shape has also been observed but the peaks were
modeled with a single component. In the h-BN/Ir(111) system?* the asymmetrical
lineshape was assigned to the presence of “strongly” and “weakly” bound regions of
the h-BN layer. This was justified by the XSW measurements indicating that the
minority component was adsorbed 1.5 A closer to the substrate than the majority
component. However, the difference in adsorption height of the two components in
h-BN/Cu(111) is only ~0.1 A (15 times smaller than on Ir), but yet the binding energy

shifts observed, ~0.5 / 0.6 eV, are comparable in magnitude to those observed for




h-BN on Ir(111) (0.8 / 0.9 eV). It is highly improbable that such a large binding energy
difference could originate from such a minor difference in adsorption height. In fact,
the XPS binding energies of the N 1s and B 1s core-levels, in h-BN/Cu(111) and
h-BN/Ir(111) are remarkably similar, despite the difference in substrate, interaction
strength, corrugation and adsorption height. Finally, DFT calculations (see
Supporting Information) reveal only a modest N 1s binding energy variation between
the weakly bound wire regions and the more strongly bound pore regions, that is too
small to explain the difference observed in our combined XPS-XSW analysis.
Therefore, it is inferred that the two components are inherently chemically different,
and do not arise from a geometric corrugation in the layer. Effects from wrinkles
within the layer and from step edges, domain boundaries and edge terminations as
possible origin are also excluded due to their low abundance. Potentially, there could
be a chemical difference between the h-BN domains mostly aligned azimuthally
along the < 110 > symmetry directions of the substrate surface and the domains
mostly aligned along the < 211 > directions. It is clear from the recorded LEED
pattern (Figure 1b) that the h-BN layers that align mostly along the < 211 > results in
smaller or fewer islands, however there is no indication, from the STM images
(Figures 1c and 1d), of the < 211 > aligned islands being rougher than the < 110 >
aligned islands, as the lower coherent fraction observed for Ngef/Bger Would suggest.
Further, our DFT calculations suggest that no significant change in the mean

adsorption height of the rotated h-BN domains would be expected.

The significant difference between Bo:Bger and No:Nger ratios (10:1 and 16:1,
respectively) would further rule out the possibility that the minor components
represent a different crystalline h-BN layer. Occasionally, in the STM images,

inhomogeneous h-BN moiré patches (see Figure S7d) formed by strain, were



observed, which could potentially result in chemically different atomic species.®? They
were, however, not observed frequently enough to solely account for the observed
Bo:Bder and No:Nger ratios. Instead, the more likely origin of these components are
molecular polymeric fragments,®” constrained inside triangular shaped holes that are
found across the entire substrate (Figure 1a and Figure S7c). As atomic nitrogen
desorbs from Cu(111) at around 750 K,% whereas atomic B melts into the Cu(111)
substrate (Ref. 3 and Figure S8), a stoichiometric B:N deficiency in these fragments
might exist, however, this deficiency results in a lowered binding energy for boron.5
Conversely, assuming these polymeric fragments to be stoichiometrically abundant,
presumably leading to the formation of sp3 bonds, a significant shift towards a higher
binding energy can be rationalized.®” In agreement with recently published
calculations on defective h-BN nanosheets,®* we find that the defective components
are closer to the copper substrate. Finally, as there is likely a continuum of such
polymeric fragments (e.g. polyaminoborane, polyiminoborane, polyaminoborazine
efc.), as can be observed in the mixture of species present in the triangular shaped
holes in the STM images, the origin of the dramatically lower coherent fractions also

becomes clear.

Based on these considerations, we focus on the majority h-BN species on Cu(111)
and we show that combined AFM and XSW measurements yield a consistent picture
regarding the geometric structure of the h-BN layer. Our AFM analysis displays
measureable differences in the adsorption heights of the wire and pore regions.
Regarding the validity of the experimentally determined corrugation of the h-BN layer
via AFM analysis of the atomic contrast, two questions need to be investigated:
(i) how is the atomic contrast influenced by tip-sample interactions that can be
different for the wire and pore regions, and (ii) what is the influence of the AFM tip on

the h-BN layer? To shed light on the first question, let us consider a hypothetical



layer that exhibits a geometric corrugation and is composed of entities that show
exactly the same tip-sample interaction across the whole layer. Here, the
measurement of the Af amplitude versus tip height would yield calibration curves that
exhibit exactly the same z-dependence, but are offset along the z-axis, reflecting the
geometric corrugation. This is the behavior that is observed in our experiments. In
particular, it can be seen that the z-dependence of the local Af amplitude is almost
the same for the respective wire and pore regions in the two measurement series
shown in Figure 2. These series were performed on different areas of the surface
with different tip configurations. Thus, the calibration curves may vary from
experiment to experiment, but, importantly the wire and pore regions exhibit similar
characteristics. However, we want to point out that, particularly in the experiment
corresponding to the data shown in Figures 2a-d, small differences can be seen in
the z-dependence of the local Af amplitude for wire and pore. Apart from a slight
difference in the slope of the calibration curves, the deviation from the near-linear
regime at close tip sample-distances sets in earlier on the pore areas, i.e. at lower
local Af amplitudes (Figure 2b). These differences are much less pronounced in the
second measurement series (Figures 2e-i). Here, the z-dependence of the local Af
amplitude is almost identical for wire and pore areas. The height distributions derived
from both measurement series are comparable, suggesting that the slight differences
between the wire and pore regions do not substantially affect the results. Further
evidence supporting that the local Af amplitude is a useful measure for the tip-sample
distance comes from the atomic features in the calibration scans: AFM scans
corresponding to local Af amplitudes of Aar = 6Hz (Figures 2f, h) and Aar = 3Hz
(Figures 2g, i) are shown for both wire and pore regions. Note, that in order to obtain
the same Axs for the respective regions, the tip height has to be lowered by ~ 0.4 A

on the pore regions. The images in Figures 2g and i (Aar= 3Hz) show a hexagonal



lattice with a honeycomb-like appearance, which develops into a rather triangular
appearance at higher Axs in Figures 2f and h (Aas = 6Hz). The measurements reveal
that the Af amplitude is correlated with the (asymmetric) features in the atomic

contrast, which can be assumed to reflect the tip-sample distance.

To estimate the influence of the tip on the measurements, we analyzed the
dissipation in the AFM experiments. Upon decrease of the tip-sample distance, the
dissipation increases by up to 10% in the linear regime in the calibration curves. For
the closest tip-sample distances the dissipation channel shows a pronounced
contrast that correlates with the h-BN lattice (see Figure S6). A noticeable change in
dissipation hints at the tip exhibiting an influence on the h-BN layer, presumably a
geometric distortion as discussed in literature.>-"" However, the similarity of the z-
dependence of the local Af amplitude, as well as of the atomic features in the AFM
images, suggest that the influence of the tip on wire and pore regions is comparable.
Based on these considerations, it is justified to assume that in our experiments, the

local Af amplitude can be directly correlated with relative height differences.

The XSW measurement yields an average adsorption height of the h-BN layer of
ho =3.38 £ 0.06 A with boron and nitrogen sitting effectively at the same height as
expected for a weakly interacting, physisorbed two dimensional network. Within the
uncertainties, the adsorption height is comparable to the bulk h-BN interlayer spacing
(3.33 A) at room temperature.” The coherent fractions of 0.71 for N 1s and 0.65 for
B 1s suggest a variation in the adsorption height arising from a combination of the
effects of an imperfect crystallinity of the h-BN layer and the geometric corrugation of
the crystalline h-BN layer in addition to thermal vibrations of the B and N atoms.
Vibrational amplitudes can be estimated using the Debye temperature of Cu (~320 K

at room temperature)’® and bulk h-BN (~410 K at room temperature),”?> which results



in a root mean square (rms) vibrational amplitude of ~0.08 A and ~0.15 A,
respectively. If these two vibrations are uncoupled, then the net rms vibrational
amplitude of the h-BN layer will be ~ 0.17 A. These values result in a Debye-Waller
factor of 0.88 and thus, cannot be used to solely explain the significantly lower
coherent fractions observed here. Indeed, in addition to this dynamic distribution of
positions, in order to model a coherent fraction of ~ 0.7, a static distribution is also
required. Based on the experimentally observed high quality of the sample, it is
unlikely that the non-crystalline areas of the h-BN layer (e.g. at step edges on the
Cu(111) surface, at domain boundaries between different rotations of the h-BN layer,
efc.) are sufficient enough in size to result in an ordered fraction that differs
significantly from 1. If the ordered fraction is effectively unity, and the Debye-Waller
factor is 0.88, then, by equation (1), the geometric factor must be in the order of 0.8.
As the various orientations of the h-BN layer are predicted (by DFT) to adsorb at
effectively the same height, the most likely explanation for such a geometric factor is
a corrugation in the h-BN layer. If either a Gaussian or an uniform height distribution
is used to model such a geometric factor of the h-BN layer, then a corrugation with a
20 of 0.45 A or a total width of 0.75 A, respectively, is required (see Figure S9). The
height distribution, obtained via AFM measurements of the atomic contrast
(Figure 2d), indicates a total width of 0.64 A and a geometric factor of 0.92. Using
this geometric factor, combined with the above Debye-Waller factor, a coherent
fraction of 0.81 is obtained (compared to 0.71 + 0.02 and 0.65 + 0.03, for B and N
atoms, respectively). The resulting profile, shown in Figure 5a (orange curve), is in
remarkably good agreement with the experiment (blue curve), and the remaining
difference can now likely be explained by the various effects discounted above: e.g.
non-crystalline areas of the h-BN layer, step edges, efc. Therefore, we can conclude

that the coherent fraction, extracted for the majority species of the h-BN on Cu(111),



results from a highly crystalline h-BN layer with a peak-to-peak geometric corrugation
in the order of ~ 0.6 A. To illustrate this corrugation and its scale, Figure 5b shows a
3D plot of the calculated height map zac(Aar) and Figure 5¢ a cross-section of the
same height map in comparison to the adsorption height of the h-BN layer above the
Cu(111) substrate. The geometric corrugation in the h-BN layer, which is already
smaller than the atomic radii of either element, is spread over a length scale of
nanometers, such that neighbouring atoms are effectively co-planar. Nevertheless, in
this weakly interacting system, the corrugation amounts to a significant fraction,
about 15-25%, of the mean adsorption height. Based on our DFT calculations in the
(1x1) cell at different lateral registries, we expect the corrugation of the terminal Cu
layer under the h-BN to be below 0.002 A, i.e. the Cu substrate is considered to be
planar (Figure 5c). Before concluding, we briefly discuss our findings in relation to our
previous report on h-BN/Cu(111).2% As the electronic interface state was observed in
any region below the h-BN, we ruled out strong spatially localized h-BN —Cu
interactions and thus a major geometric corrugation.?®> This interpretation is
consistent with our present findings, where the h-BN — Cu separation exceeds 2.9 A
in any region (Figure 5¢). Our previous DFT results yielded a corrugation of 0.16 A
and 0.04 A for a moiré supercell and a 1x1 structure, respectively. We thus
considered the h-BN overlayer to be topographically smooth.?3 In view of our present
experiments and the refined DFT modeling, this assignment was not precise. Even
though moderate corrugations with amplitudes much smaller than the nanometer-
scale moiré periodicity in sp? layers are often considered negligible,’* we now
recognize — and emphasize — the non-planar nature of h-BN on Cu(111). At first
sight, the combination of a large mean adsorption height reminiscent of the bulk h-BN
layer separation with a relevant electronic and geometric modulation seems puzzling.

However, we would like to point out that even single-crystal h-BN surfaces are not



imaged as perfectly planar by AFM” and considerable stacking-induced electronic
modifications are described in bilayer h-BN or sp? heterostructures.”®’ It is intriguing
to envision h-BN morphologies in surface-supported sheets reminiscent of non-

planar distortions anticipated for free-standing sp? sheets.
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Figure 5 — (a) Comparison between the experimental (blue line) and a simulated (orange line) XSW
absorption profile. For the simulation, the height distribution obtained from our AFM measurements
was utilized. (b) 3D representation of the calculated height map zcac overlayed with the corresponding
high-pass filtered Af image showing the corrugation of the h-BN layer on Cu(111) relative to its lateral
dimension. Size: 10 x 10 nm2. (c) lllustration of the h-BN/Cu(111) corrugation relative to its adsorption
height. The h-BN layer is displayed as line profile extracted from the calculated height map zcac as

indicated in the 3D plot in (c) (white dashed line).

Conclusions

In conclusion, we presented a multi-method study that provides a complete,
quantitative structure determination of the sp? bonded h-BN layer on Cu(111). The
lateral structure is elucidated via complementary STM and LEED measurements

giving insight into the azimuthal epitaxial relation of h-BN to Cu(111).

The mean absolute spacing between h-BN layer and copper substrate was found to

be ho= 3.38 + 0.06 A based on XSW measurements. We further introduce an



experimental method that allows the local h-BN corrugation to be determined via
analysis of the atomic contrast in AFM measurements. The pore areas of the h-BN
layer were observed to be 0.3 — 0.7 A closer to the Cu(111) substrate, contrasting the
hitherto assumed flat h-BN geometry. The obtained value for the local corrugation is
in good agreement with the spatially averaged XSW results, providing insights in the

physical origin of the coherent fraction.

This study further provides a clear benchmark for theoretical calculations in terms of
the mean adsorption height as well as the corrugation of the layer. DFT calculations
based on the latest exchange-correlation functionals can yield the values of the mean

adsorption height and the corrugation with good agreement.

The described AFM technique — presumably even applicable to similar STM
measurements — enables to determine relative height differences in two-dimensional
layers, as well as in large polycyclic molecules. Its combination with XSW thus
provides exciting opportunities for a detailed structure determination at the

nanoscale.

Methods

Single layer h-BN was grown on Cu(111) in the UHV chamber of an LT-STM/AFM
system at the Technical University of Munich and the preparation chamber of the 109
end station at Diamond Light Source (DLS) following the established procedure.??
The base pressure in both systems was <5x10-'© mbar. The Cu(111) crystal was
cleaned by repeated sputter and annealing cycles. In the UHV chamber in Munich
the sample was held at 1080 K and positioned in close vicinity of a needle doser

through which the borazine (B3sNsHe) was introduced, resulting in a chamber pressure



7%107 mbar for 5 min. At 109 the borazine was exposed to the sample (also held at
1080 K — monitored by pyrometer) by back filling of the chamber to 7x10-¢ mbar for
25 minutes resulting in a total exposure of 7900 L. The higher pressure was to
compensate for the lack of directional dosing at the 109 end station. The sample was
then allowed to cool at a rate of 0.7 K/s. Both preparation conditions result in a single
layer of h-BN and show the same characteristic LEED patterns. XP survey spectra
showed no significant components other than B, N and Cu. STM/nc-AFM
measurements were conducted at 5 K. All STM images were recorded in constant
current mode using an electrochemically etched tungsten tip. Nc-AFM measurements
were performed with a gPlus tuning fork sensor (resonance frequency ~30 kHz,
oscillation amplitude 80 pm, Q value ~ 46000) operated in the frequency modulation
mode.”® The tip was prepared by indentation into bare Cu(111) and used without

deliberate (CO-)functionalization.

The actual corrugation of the h-BN layer was obtained with an experimental method
in which we correlate the atomic contrast observed in the AFM frequency shift Af to a
height difference. First, the local atomically resolved h-BN lattice was measured in a
series of constant height scans with different tip heights (Figures 2f-i and Figure S4).
Hereby, small-size images of 1x1 nm? were acquired on pore and wire regions. A
Gaussian high-pass filter (o of 0.15 nm) and a low-pass filter (o of 0.05 nm) were
applied for background correction and noise reduction, respectively. For each pixel in
the small-size images, the Af amplitude Axr is determined as the difference between
the brightest and darkest regions in a surrounding square box with side lengths of
0.28 nm, 10% bigger than the h-BN unit cell. By averaging over all pixels in each
image, the average Af amplitudes on wire (Aarw) and pore regions (Aarp) were
determined and plotted as a function of the relative tip height (see Figures 2b and e).

The tip height is defined with respect to a reference point that corresponds to the



lowest tip height that was probed within the experiment. No noticeable influence of
piezo creep and thermal drift was found as verified by repeated calibration scans in
both directions, i.e. increasing and decreasing relative tip heights. An averaged linear
calibration curve Axs (solid lines in Figures 2b and e) is obtained from the linear fits to
Aarw and Aarp. The local Af amplitude Axr is proportional to the tip-sample distance
Adtip-sample, 1.€. Aat X Adipsample. Ulilizing this relationship, the large-area AFM
constant-height image of the h-BN layer (Figure 2a) can be translated into a
calculated height map zcac(Aar) (Figure 2c) by converting the local Af amplitude of

each pixel of the constant-height image into a height difference.

The XPS and XSW experiments were carried out at the 109 end station of DLS. All
high-resolution core-level spectra taken with soft X-rays were excited with a photon
energy of 641 eV. For the X-ray standing wave measurements, the X-ray beam was
defocused to approximately 400x400 um? and was stepped over the sample such
that each XSW curve was acquired at a different sample position to avoid potential
beam damage to the h-BN layer and sample crystallinity. Possible beam damage
was monitored by comparing the B 1s and N 1s XP spectra before and after each
XSW measurement, where no changes were detected. The hemispherical electron
analyzer, a VG Scienta EW4000 HAXPES, was mounted with an angle of 90° with
respect to the incident synchrotron light and has an acceptance angle of +28°. The
XSW measurements were acquired at almost normal incidence to the reflection plane
(specifically with a Bragg angle of ~+2.5°), and the intensity of the crystal Bragg
reflection was measured simultaneously to the absorption profiles via a fluorescent

screen mounted on the port of the incident X-ray beam by means of a CCD camera.

The XSW scans were acquired from the (111) Bragg reflection of Cu

(EBragg ~ 2972 €V at 300 K). Prior to each XSW scan, a (111) Bragg reflection was



acquired and used to set the central photon energy for the XSW scan and then the
subsequent scan was acquired over a photon energy window of 10 eV around the
central photon energy. The measurements were repeated over 20 unique spots,
resulting in 10 individual B 1s and N 1s XSW data sets, which were then averaged to
improve the signal to noise ratio. The uncertainty of the given structural parameters
reflects the spread of results obtained by analyzing each measurement individually.
The B 1s and N 1s peaks were fitted with two Voigt profiles, each given by a
convolution of independent Gaussian G(Ep, o) and Lorentzian L(E»,, T)

contributions:"®
Voigt(A, Eb, Ex?, I, ) = A - 8(Ep - Et®) x G(Eb, 0) X L(Ep, I'),

where A is the amplitude, E; is the photoelectron binding energy scale, E° is the
central binding energy of the Voigt profile, o is the FWHM of the Gaussian, and I' the
HWHM (half-width at half-maximum) of the Lorentzian. The chosen widths of the
Lorentzian components are in good agreement with reported core-hole lifetimes of
B 1s and N 1s, respectively.® The Gaussian and Lorentzian lineshapes are both
normalized, prior to convolution, to have an integrated area of 1. The Cu 3p peak,
used to define the binding energy of the XP spectra, was fitted with a convolution of a
Doniach-Sunji¢ function with a Gaussian lineshape (see Figure S10). The integrated
intensities of B 1s and N 1s photoemission peaks were used to obtain the relative
X-ray absorption of the B and N atoms, respectively. Non-dipolar effects in the
angular dependence of the photoemission were accounted for with the asymmetry
parameter Q which was calculated theoretically using the angle that corresponded to
the average angle weighted by emission intensity at an off Bragg energy (6 = 18°

where 0 is as defined in Ref. 81).



To simulate the effect of the various height distributions (either extracted from the nc-
AFM measurement or given by a Gaussian/rectangular function) on the geometric
factor, and thus the coherent fraction, the structural parameters f''' and p'" were
expressed as the amplitude and phase (respectively) of a Fourier component of the
adsorption site, projected along the (111) direction of the Cu crystal. This component
can then be expressed by an integral, between p'' = 0 and p''" = 1, and an
associated probability assigned to each position, as described in equation (1) in the
supporting information and equation (17) of Ref 8. The length of the vector
represents the coherent fraction and the angle is defined by the coherent position.
Each individual component within the respective distribution was assumed to have a
coherent fraction of 0.88 (taking into account the vibrational amplitudes discussed
above) and weighted by a factor dependent on the distribution. An exemplary profile
is shown in Figure 5a together with its structural fit parameter. Simulated XSW
absorption profiles for a Gaussian and a uniform height distribution are provided in

the supporting information (Figure S9).
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