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Hexagonal boron nitride (h-BN) is a prominent member in the growing family of two-dimensional materials
with potential applications ranging from being an atomically smooth support for other two-dimensional materials
to templating growth of molecular layers. We have studied the structure of monolayer h-BN grown by chemical
vapor deposition on Ir(111) by low-temperature scanning tunneling microscopy (STM) and spectroscopy (STS)
experiments and state-of-the-art density functional theory (DFT) calculations. The lattice mismatch between the
h-BN and Ir(111) surface results in the formation of a moiré superstructure with a periodicity of ~29 Aanda
corrugation of ~0.4 A. By measuring the field emission resonances above the h-BN layer, we find a modulation
of the work function within the moiré unit cell of ~0.5 eV. DFT simulations for a 13-on-12 h-BN/Ir(111) unit cell
confirm our experimental findings and allow us to relate the change in the work function to the subtle changes
in the interaction between boron and nitrogen atoms and the underlying substrate atoms within the moiré unit
cell. Hexagonal boron nitride on Ir(111) combines weak topographic corrugation with a strong work function
modulation over the moiré unit cell. This makes h-BN/Ir(111) a potential substrate for electronically modulated

thin film and heterosandwich structures.

DOI: 10.1103/PhysRevB.89.235429

I. INTRODUCTION

Hexagonal boron nitride (h-BN) is a prominent member
in the growing family of two-dimensional (2D) materials.
Isostructural to graphene, while being a wide band gap
insulator, h-BN has found a host of current and potential
applications. These range from serving as an atomically
smooth support for other 2D materials to band structure
engineering in graphene/h-BN heterostructures to epitaxial
growth in two-dimensional space [1-3]. Another area of
interest in h-BN are the so-called boron nitride nanomeshes—
epitaxial monolayers of h-BN grown on transition metal
surfaces [4,5]. Various studies have been motivated by their
ability to act as a template for bottom-up fabrication tech-
niques, while simultaneously providing electronic decoupling
from the metallic substrate [4,6—13]. The term “nanomesh”
highlights the peculiar structure of the h-BN monolayers:
Due to the lattice mismatch with the underlying substrate,
the atomic registry between the boron and nitrogen atoms and
the metallic surface is periodically modulated, resulting in a
moiré pattern formed by regions of stronger h-BN/metal and
weaker h-BN/metal interaction.

Topography, work function, and chemical reactivity are
periodically modulated over the moiré pattern, which is
the origin of the templating effect of the h-BN nanomesh.
Recent work on extended, self-assembled molecular layers on
h-BN/Ir(111) [12] and h-BN/Cu(111) [13] has demonstrated
that these templating capabilities are not only limited to
structural properties but can be extended to the electronic
properties of the overlayer: The work function modulation
along the h-BN moiré unit cell causes an energy shift of the
molecular resonances [13], potentially resulting in the local
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charging of the molecular layer [12]. Thus, monolayers of
h-BN offer a route to grow organic thin films or layered het-
erostructures with periodically modulated electronic proper-
ties. Three criteria control the properties of the resulting films:
(i) structural corrugation of the h-BN layer, (ii) work function
modulation along the moiré unit cell, and (iii) coherence
length of the moiré pattern. A small structural corrugation
facilitates the growth of defect-free overlayers and sandwich
structures, while a large work function modulation allows
the patterning of electronic properties. Finally, growing high-
quality, large-scale layers requires the h-BN to maintain a
uniform moiré periodicity and orientation over the entire
sample size with a low density of domain boundaries.

A low structural corrugation is generally found in
weakly interacting h-BN/metal systems such as h-BN/Cu(111)
[11,14,15] or h-BN/Pt(111) [16]. However, the weak in-
teraction often leads to the formation of several rotational
domains [11,17-19], as there is no preferred growth direction.
For example on copper, this leads to a variation of the
moiré periodicity from ~5 up to 14 nm [11], depending
on the rotational alignment. This problem can be bypassed
by growing h-BN on strongly interacting transition metals,
which typically result in single-domain growth, as well as a
larger work function modulation. The prototypical, strongly
interacting nanomesh systems h-BN/Rh(111) [4,8,20] and
h-BN/Ru(0001) [7,20] offer a work function modulation of
up to 0.5 eV along the moiré, however, accompanied by
a large structural corrugation of around 1 to 1.5 A A
h-BN/metal system combining the advantages of strongly and
weakly interacting systems would be of great value for further
exploration of electronically modulated thin films.

Recent low-energy electron diffraction experiments [21,22]
indicate the existence of a preferred orientation of h-BN
on Ir(111), while previous density functional theory (DFT)
calculations [23] as well as x-ray adsorption and photoelectron
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spectroscopy experiments [16] suggest a weaker interaction
of h-BN with Ir(111) than with Rh(111) or Ru(0001). Thus,
h-BN/Ir(111) constitutes a promising candidate to combine
the desired properties of preferred orientation of the moiré
superstructure, strong work function modulation, and small
structural corrugation. Here we show that h-BN grown on
Ir(111) indeed fulfills these criteria. Low-temperature scan-
ning tunneling microscopy (STM) experiments demonstrate
that h-BN/Ir(111) can be grown to form large domains
extending across step edges, and with a preferred orientation
of the h-BN layer with respect to the substrate lattice, resulting
in a low spread of the moiré periodicity. Scanning tunneling
spectroscopy (STS) indicates a modulation of the work
function along the moiré unit cell of ~0.5 eV. Our experimental
findings are complemented by extensive, state-of-the-art DFT
calculations. The computational results confirm the work
function modulation and indicate a weak structural corrugation
of the h-BN layer of 35 pm. Combining the experimental
results with the simulation of the moiré unit cell, we can
explain the work function modulation as a result of subtle
changes in the registry and interaction between the h-BN and
substrate atoms.

II. METHODS

Sample preparation. All the experiments were carried
out in an ultrahigh vacuum system with a base pressure of
~107'" mbar. The (111)-terminated iridium single crystal was
cleaned by repeated cycles of sputtering with 1.5 kV neon ions,
annealing to 900 °C in 5 x 10~7 mbar oxygen and subsequent
flashing to 1400 °C. Full monolayers of h-BN were grown by
thermal cracking of borazine (B;N3Hg, Chemos GmbH) at the
Ir(111) [21] substrate held at a temperature of 1080 °C and with
a borazine pressure of 2 x 10~% mbar. With these parameters,
the h-BN layer grows with a low nucleation density and forms
large domains with sizes larger than the terrace width of
the Ir(111) substrate [24]. The resulting h-BN domains are
aligned with the substrate lattice, resulting in a very uniform
moiré periodicity of (29.3 & 0.6) A. When growing the h-BN
at higher substrate temperatures between 1100 and 1200 °C,
we also find misaligned domains, yielding moire periodicities
down to 22 A. Temperature programed growth of the h-BN
layer by preadsorption of borazine on the sample held at room
temperatures and subsequent annealing results in a mosaic
growth [24] of the h-BN, yielding a large spread of rotational
domains, as well as defects and grain boundaries. Using sample
temperatures significantly above 1200 °C suppresses the h-BN
growth, potentially due to an increase in desorption of nitrogen
from the Ir surface and solubility of boron into the Ir bulk.

STM measurements. After the preparation, the sample was
inserted into the low-temperature STM (Createc LT-STM) and
all subsequent measurements were performed at 5 K. Differen-
tial conductance (d1/dV') spectra were recorded by standard
lock-in detection on the tunneling current, while sweeping the
applied sample bias with a peak-to-peak modulation of 20 mV
at a frequency of 517 Hz, with the current feedback loop
opened at 1 V and 0.25 nA. I(z) spectra were taken at a bias
of 50 mV. Field emission resonances (FERs) were measured
with closed feedback loop at a current setpoint of 0.5 nA.
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STM images and dI/dV line spectra were processed using
the WSxM [25] and SpectraFox [26] softwares, respectively.

DFT calculations. The DFT calculations were performed
using the QuickStep module [27] of the CP2K package
(http://www.CP2K.org/), where the Kohn-Sham orbitals are
expanded in the basis of Gaussian functions (here DZVP-
MOLOPT-SR-GTH for B and N and DZVP-MOLOPT-SR-
GTH-q17 for Ir [28]), and plane waves up to a cut-off energy of
700 Ry, REL_CUTOFF of 70 Ry, for the density. Generalized
gradient approximation (GGA) revPBE [29] was employed as
the exchange-correlation functional, and the missing London
dispersion incorporated using the semiempirical DFT-D3
formalism [30]. The surface was modeled using the slab
approach with four layers of the substrate of which the two
at the bottom were held fixed during the geometry relaxation,
and the h-BN layer adsorbed only on one side of the slab. The
length of the cell was 40 A in order to decouple the two sides
of the slab from each other. Only the I" point was used in the
evaluation of the integrals over the first Brillouin zone, and
the bulk lattice constant of 3.801 A obtained with revPBE-D3
was used. The occupation numbers were broadened using the
Fermi-Dirac distribution at 300 K around the Fermi energy.
The STM images were simulated using the Tersoff-Hamann
model [31] with an s wave tip. Further details on the method
can be found in Ref. [20]

III. RESULTS AND DISCUSSION

Figure 1(a) shows a large-scale STM image of monolayer h-
BN grown on the Ir(111) surface by chemical vapor deposition
(CVD) using borazine as the precursor (see Sec. II for
details). A single domain extends over several monatomic
steps, indicating the high quality of the h-BN layer as it
extends over step edges in a carpetlike fashion [24,32,33].
The moiré superstructure due to the lattice mismatch (Ir(111):
a = 2.714 A [34] and h-BN: a = 2.505 A [35]) is highlighted
inFig. 1(b); itis formed by depressions arranged in a hexagonal
lattice. The periodicity of the superstructure is indicated in
the right panel of Fig. 1(b) by a hexagonal grid overlayed
onto the STM image. Throughout this article we will use the
common terminology and refer to the depressions of the moiré
as pores and to the surrounding regions as wires. However, it
is important to note that the h-BN forms a continuous, closed
monolayer without any voids. The moiré unit cell as well
as the atomic unit cell of the h-BN are depicted in the high
resolution STM topograph in Fig. 1(c). As can be seen, the two
unit cells are aligned, without any appreciable rotation with
respect to each other. Since the angle between the moiré and
h-BN lattice vectors represents a roughly tenfold magnification
of the rotation between the lattice of h-BN and Ir(111) [36],
we conclude that the misalignment between the two atomic
lattices is less than +0.5°. When growing the h-BN layer at a
substrate temperature of 1080 °C, we only find aligned h-BN
with a moiré periodicity of (29.3 & 0.6) A. The small deviation
from the theoretical moiré periodicity of 32.5 A suggests that
the h-BN lattice is strained by approximately 0.8%, similar to
the case of graphene on Ir(111) [37,38].

A notable feature in the STM image is a bright rim around
the pores. This rim appears only at a certain sample bias
range and is a direct consequence of the different atomic
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FIG. 1. (Color online) Moiré superstructure of hexagonal boron
nitride on Ir(111). (a) STM overview image of the sample showing
a single h-BN domain extending over four monatomic steps. The
black and white color scale is adjusted to repeatedly cover the
height of two terraces. The inset is a fast Fourier transform of the
image, showing six sharp spots indicative of a single rotational moiré
domain. (b) Zoom-in on the moiré pattern (left), highlighting its
hexagonal periodicity with an overlayed grid (right). (c) Atomically
resolved STM image; the moiré and atomic unit cells are indicated
in black and white, respectively. Pore and wire regions are marked
by a blue “P” and a red “W”, respectively. (d) DFT simulation of
h-BN on Ir(111). The moiré unit cell as well as regions where B
and N atoms occupy high-symmetry positions with respect to the
Ir lattice are indicated. Feedback parameters: (a) 1.66 V, 0.31 nA;
(b) —1.71 V, 0.40 nA; and (c) 0.20 V, 3.00 nA.

registry within the moiré unit cell, leading to a modulation
of the electronic properties of the h-BN overlayer, as will be
shown later. On the basis of such high-resolution images and
previous results by Orlando et al. [21], we have performed a
dispersion-corrected DFT simulation for a 13x13 on 12x12
h-BN/Ir(111) unit cell, i.e., along the vector of the moiré unit
cell 13 h-BN unit cells occupy 12 substrate unit cells (see
Sec. II for details). The fully relaxed theoretical h-BN/Ir(111)
structure shown in Fig. 1(d) reproduces the pore and wire
pattern observed in our STM experiments. From the simulation
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we find the depressions of the moiré corresponding to a registry
with the center of the B-N hexagon over a fcc hollow site of
the Ir(111) lattice, the nitrogen atom sitting on a top site,
and the boron atom on a hcp hollow site (BpepNiop). The
minimum distance between the topmost iridium layer and the
h-BN lattice in this configuration is 2.95 A. The maximum
distance between the iridium and the h-BN is found on the
wire, when N atoms occupy hcp hollow sites and B atoms
fee hollow sites (BfecNhep), the center of the hexagon thus
being on top the underlying Ir atoms. At this registry, the
h-BN-Ir distance is 3.30 A, giving a total corrugation within
the moiré superstructure of 35 pm. When the nitrogen sits on
fec hollow sites and the boron on top sites (ByopNre, the center
of the hexagon thus on a hcp hollow site), the distance to the
iridium layer is slightly smaller, i.e., 3.20 A. On the rim of the
pore at the transition towards the wire, boron atoms occupy
predominantly bridge positions and nitrogens off-center top
positions (ByiNiop). While the correspondence between the
atomic registry and the different areas of the moiré unit cell
is similar to previous findings for other h-BN/metal systems
[20], the corrugation is much smaller than in the strongly
interacting systems such as Rh(111) [4,8] or Ru(0001) [7],
where the difference between pore and wire regions is around
1 A [20]. With 35 pm, the corrugation of the h-BN/Ir(111)
system is comparable to the one found for graphene on Ir(111)
(~45 pm) [39]. In addition, the calculated minimum height
of the h-BN monolayer above the Ir surface is close to the
value of the interlayer distance in bulk h-BN of 3.33 A [35],
while for h-BN/Rh(111) and h-BN/Ru(0001) the minimum
height is between 2 and 2.5 A [20]. This is clear indication
that the interaction between h-BN and the Ir(111) surface is
much weaker compared to the prototypical nanomesh systems.
However, these subtle differences in atomic registry along
the moiré unit cell give rise to noticeable variations of the
electronic properties along the h-BN layer.

Figure 2(a) compares differential conductance (dI/dV)
spectra measured on the bare Ir(111) and on the pore and
wire regions of the h-BN moiré. The reference spectrum of
the bare iridium shows a steplike increase in the conductivity
at ~—380 mV due to the holelike surface state present at the
(111)-terminated Ir surface [40,41]. Metallic surface states are
well known to be very sensitive to any kind of adsorbates.
Depending on the nature and the strength of the interaction
between surface and adsorbate, the binding energy of the
surface state can shift [42-46], its onset can broaden [44],
and its intensity can be attenuated [43,46—48] or eventually be
completely quenched [45,49-51]. The d1/dV spectrum taken
on the wire region of the h-BN moiré exhibits a steplike feature
around ~—360 mV, which we assign to the surface state. The
fact that the surface state survives underneath the wire region
and does not shift significantly confirms the weak interaction
of this part of the moiré unit cell with the Ir(111) surface.
We note, however, that the onset is broadened, suggesting a
decreased lifetime of holes in the surface state [52]. In contrast,
the spectrum taken on the pore does not show any features
related to the surface state. It thus appears to be quenched (or
at least strongly shifted) by the stronger interaction of the h-BN
layer with the metallic surface on the pore region of the moiré
unit cell. Instead, we find a sharp rise in the d1/dV signal at
positive bias, starting around 1 V. The evolution in differential
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FIG. 2. (Color online) Experimental electronic structure of h-BN
on Ir(111). (a) d1/dV spectra taken on the pore and on the wire of
the moiré. The inset is an STM image indicating the positions for the
point spectra as well as for the line spectra in (b). (b) Color-coded
dl/dV spectra taken along a line connecting two pores. (c) and (d)
Bias-dependent STM contrast of the h-BN layer. Line profiles in
(c) correspond to green lines in (d). Feedback parameters: Inset (a)
2.10V, 0.25 nA; (d) 0.25 nA for all images, sample bias as indicated.

conductance along the moiré unit cell is depicted in Fig. 2(b),
where a series of individual dI/dV spectra is shown as a
function of lateral position in a two-dimensional color plot.
The strong increase at positive bias is observed exclusively at
the pore, thus its origin must lie in the interaction of the h-BN
with the metal substrate.

The different features of the dI/dV spectra are also
reflected in the STM image contrast. Figure 2(c) shows STM
line profiles of the h-BN moiré extracted from images taken
at different sample biases showing clean Ir(111) as well as an
h-BN island. The series goes from —2.1 to 2.1 V and the profile
crosses two moiré unit cells, as indicated by the green lines
in the STM images in Fig. 2(d). At negative bias, the pores
appear as depressions with an apparent depth of 0.3-0.5 A, in
agreement with the actual topographic corrugation obtained
from the DFT simulation [Fig. 1(d)]. However, at large
positive bias the moiré contrast inverts and the pores appear as
protrusions with an apparent height of up to ~1 A with respect
to the wire region. This can be directly related to the increased
DOS on the pore region at high bias as depicted in the spectra
in Figs. 2(a) and 2(b). At low biases, a bright rim appears
around the pores with an apparent height larger than the wire
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FIG. 3. (Color online) Theoretical electronic structure of the
h-BN monolayer on Ir(111). (a) The projected density of states of
the p, orbitals of boron and nitrogen as obtained from the DFT
calculation. (b) Simulated STM images at different bias voltages.

or the pore. Note that the apparent height of the wire region
with respect to the clean Ir(111) does not show any significant
change over the entire bias region, being around ~2.8 A. This
is in rough agreement with the h-BN-Ir(111) distance on the
wire given by DFT of 3.3 A [Fig. 1(d)].

To further elucidate the origin of this contrast reversal, we
have plotted in Fig. 3(a) the projected density of the states
(PDOS) of the p, orbital for boron and nitrogen atoms in the
h-BN layer with (“positive” PDOS) and without (“negative”
PDOS) the Ir(111) surface as obtained from our DFT cal-
culations. The PDOS is split into different atomic registries
with respect to the iridium surface, corresponding to different
areas of the moiré unit cell. As expected, irrespective of the
presence of the surface, the occupied states are dominated by
the nitrogen atoms (full lines) and the unoccupied ones by the
boron atoms (dashed lines). At the pore and at its rim, where
the registries are BpepNiop and BuyiNiop, the entire PDOS is
shifted to lower energies, i.e., the onset of the conduction band
is observed at lower energies than at the wire region, causing
the pores to appear bright at positive bias. As the valence
band is shifted downwards as well, it becomes accessible only
at larger negative bias compared to the wire, resulting in the
pores being imaged as depressions and thus reversing the moiré
STM contrast. Apart from the downward shift of the bands on
the pore region, there is finite PDOS around the Fermi energy
for the h-BN in Ir(111), indicating a partial—albeit small—
hybridization of h-BN p, states with electronic states of the
underlying metal substrate (most likely with the partially filled
d states of the iridium [16,21,23]) in agreement with previous
experimental findings [16]. Again, this effect is the strongest
for the registries corresponding to the pore and rim regions
of the moiré, in accordance with the increased interaction
with the substrate. At small energies around zero, the rim
and the pore show the largest DOS, which in conjunction with
the actual topographic corrugation causes the rim to appear
the brightest at small biases. We can reproduce the observed
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contrast changes by using our DFT results to simulate STM
images, following the Tersoff-Hamann model [31]. Figure 3(b)
depicts a set of such simulations, for sample biases of —3.0,
—0.5, and 3.0 V. The images at large negative and large
positive bias yield excellent agreement with the experimental
observations, as the appearance of the pore switches from a
depression to a protrusion. Also the bright rim around the pore
at low voltages is well reproduced by our STM simulation.

These variations in the electronic structure of the h-BN layer
suggest a possible modification of the local tunneling barrier
along the moiré unit cell. The tunneling barrier is directly
related to the local work function or surface potential, which
can be probed with high spatial resolution by measuring field
emission resonances in the STM junction [53,54]. FERs, also
known as Gundlach oscillations [55], arise in the regime of
Fowler-Nordheim tunneling [56], i.e., when the applied bias
is larger than the sample work function and thus, the tip Fermi
level is above the vacuum level of the sample. The trapezoidal
potential due to the drop of the bias voltage along the tunneling
junction can give rise to hydrogenlike electronic resonances
confined in the vacuum junction by the sample surface and the
classical turning point at that trapezoidal potential, as depicted
schematically in Fig. 4(a). Qualitatively, these resonances can
be understood as image potential states under an external
electric field. As the energy of these resonances depends on
the local work function of the sample [57], FERs have found
wide application in the STM community to map work function
changes, in particular of thin films grown on metal substrates
such as oxide films [58,59], thin insulating layers of NaCl
[60,61], and CuN [62] or monolayers of graphene [63] and
h-BN [11]. To a first approximation, the sample work function
is given by the energy of the first FER. Figure 4(b) shows FER
spectra measured at different parts of the h-BN moiré as well
as on the clean Ir(111) for comparison.

(b)

3
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FIG. 4. (Color online) Field emission resonances and /(z) spec-
troscopy on h-BN/Ir(111). (a) STM junction under high bias in the
FER regime. (b) FER and (c) /(z) point spectroscopy measured on the
clean Ir(111) (black) and on different parts of the h-BN moiré. FER
spectra vertically offset for clarity. (d) STM topography indicating
the location of the point spectra in (b) and (c). Feedback parameters:
(d) 0.20 V, 1.00 nA.
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On the bare iridium, the first FER appears at ~5.8 V, in
good agreement with the work function of Ir(111) of 5.76 eV
[64]. In contrast, the h-BN yields its first FER at ~4.2 to
4.4 V, indicating a strong reduction of the work function
on the h-BN overlayer of around 1.4 eV. This overall work
function reduction is comparable with previously reported
values for other h-BN/metal systems [7,11,18]. Interestingly,
the first three FERs of the h-BN layer show some internal
structure, being actually composed of three subpeaks, whose
relative intensities vary depending on the area within the moiré
unit cell. Such an effect has been observed previously when
measuring FERs over the moiré of one monolayer of FeO on
Pt(111) and was attributed to contributions from different parts
of the moiré unit cell [58]. It has been pointed out that since
FERs are measured in a closed feedback configuration and at
large bias (thus at a large tip-sample distance) the effective
area that is probed can be in the order of 100 A? [54,58]. The
subpeaks are most clearly resolved in the second FER of the h-
BN. In fact, it has been shown that the energetic position of the
second FER is a good measure to determine relative shifts of
the surface potential on the local scale, as it is less influenced by
the image potential at the sample surface [65]. Inspecting the
internal structure of the second FER for the different parts of
the h-BN moiré, we find the three peaks being located at ~6.0,
6.3, and 6.6 V. The subpeak of lowest energy has its maximum
intensity at the pore, while the peak of highest energy shows
maximum intensity on the wire region, indicating a reduction
of the work function when going from the wire to the pore. This
result is supported by measurements of the local barrier heights
using 1(z) spectroscopy. The tunneling current decreases ex-
ponentially with increasing tip-sample distance, whereby the
decay constant is proportional to the square root of the apparent
barrier height. Normalized /(z) spectra, taken on clean Ir(111)
and on different parts of the h-BN moiré, are plotted in
Fig. 4(c); it clearly can be seen that on both the pore and wire,
the current decays much more slowly than on the clean iridium,
indicating a lower apparent tunneling barrier. Approximating
the barrier height @, as the average work function of the tip-
sample system, i.e., &, = (P, + P,)/2 [66], we can deduce
from an exponential fit and via AP, = 2(Py, — Pppn) [66]
an overall work function reduction with respect to the iridium
surface of ~1.6 eV for the wire and ~1.2 eV for the pore (note
that &y, and ®ppy refer to the potential barriers as determined
from the exponential fit). Combining the results of the FER and
1(z) measurements, we find a modulation of the work function
within the moiré of roughly 0.5 eV.

For a more detailed mapping of the work function varia-
tions, we measured FER spectra along the high-symmetry line
of the moiré unit cell connecting two next-nearest neighbor
pores with each other [Fig. 5(a)]. The result is displayed as
color-coded d1/dV intensity as a function of lateral position
and applied sample bias in Fig. 5(b). At the pores, the second
FER yields its highest intensity at ~6.2 V, with little variation
along the area of the pore. On the wire region, the maximum
intensity is found between ~6.6 and 6.7 V, with a slight asym-
metry between the upper and lower part of the wire. Interest-
ingly, the transition from low work function at the pore to high
work function at the wire appears rather sudden, indicated by
the coexistence region of the two corresponding peaks instead
of a smooth shift of the second FER towards higher energy.
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FIG. 5. (Color online) Mapping the work function changes over
the moiré unit cell. (a) STM topography image showing the location
of the FER line spectra plotted in (b). (b) Color-coded d1/dV FER
spectra taken along the line indicated in (a). (c) Theoretical work
function changes over the moiré unit cell computed from DFT.
Feedback parameters: (a) 0.20 V, 1.00 nA.

To compare the experimentally measured variations in the
local surface potential with our DFT calculations, we have
plotted the calculated Hartree potential above the h-BN layer
in Fig. 5(c), which is approximately equal to the local work
function. The simulation confirms that the pores of the h-BN
moiré yield the lowest work function of ~4.2 eV; the highest
work function of ~4.6 eV is found at the wire region that
corresponds to the BfecNpcp registry, while the BypNye. wire
region has a slightly lower work function. Thus, the variation
of the work function follows the modulation in the interaction
strength between the different regions of the h-BN moiré
and the iridium substrate, allowing us to relate the observed
changes to the calculated PDOS of the B and N p, orbitals
[Fig. 3(a)]. First, we note that the overall reduction of the
work function—confirmed by our DFT calculations to be more
than 1 eV—can be explained by the “push-back” or “pillow”
effect [67,68]: Due to the large spill-out of the electronic
wave functions at a metal surface, an interface dipole layer
pointing into the vacuum is formed [69]. This dipole layer is
known to have a significant contribution to the work function
of metals (as it points towards the vacuum, it increases the
magnitude of the work function) [69-71]. However, upon
formation of the h-BN layer, the wave function spill-out is
strongly reduced (“push-back”) due to the Pauli exclusion
principle, resulting in a reduction of the work function. Now,
to explain the variations of the work function within the h-BN
moiré unit cell, we recall that the PDOS plotted in Fig. 3(a)
indicates a hybridization of p, orbitals of the nitrogen atoms
with states of the underlying metal substrate. This implies a
redistribution of electron density from the h-BN layer across
the interface towards the metal substrate, i.e., the h-BN layer
becomes slightly positively charged. As a result, an interface
dipole pointing towards the metal substrate is formed and

PHYSICAL REVIEW B 89, 235429 (2014)

reduces the work function further. This hybridization effect
is the strongest at the pore where N occupies top positions and
the interaction between h-BN and Ir(111) is maximum, thus
the work function is the lowest on the pore. On the wire, in
particular on the least interacting regions where the registry is
BfecNhep and Byop Ny, the hybridization is minimal and thus,
this is the region with the largest work function within the
moiré unit cell. Overall, the calculated work function yields
very good agreement—qualitatively and quantitatively—with
our FER measurements.

IV. CONCLUSIONS

In summary, we have provided a detailed description of the
structure of monolayer h-BN grown on Ir(111) at the atomic
level. Due to the lattice mismatch between the h-BN and the
Ir(111), a moiré superstructure with a periodicity of ~29 Aand
a corrugation of ~0.4 A is formed. The strongly interacting
pores of the moiré corresponds to a BpepNop registry, while
the regions on the wire with a BNy, registry have the
weakest interaction with the substrate. The p, orbitals of the
nitrogen atoms partially hybridize with the metal substrate. As
the magnitude of the hybridization depends on the interaction
strength and thus on the atomic registry, it gives rise to a
modulation of the work function within the moiré unit cell of
~0.5 eV. Overall, the h-BN layer reduces the work function
of the Ir(111) substrate by more than 1 eV. Our results are in
line with previous findings that the strength of the chemical
interaction at the interface of h-BN and Ir(111) should be
less than for Rh(111) or Ru(0001) but more than for Pt(111)
[16]. Therefore, the moiré pattern formed by h-BN/Ir(111)
combines the advantages found in a strongly interacting
h-BN/metal system of a large work function modulation and
single domain growth with a low structural corrugation, the
latter usually characteristic for weakly interacting h-BN/metal
systems. This makes it a superior candidate for the bottom-
up fabrication of electronically modulated thin films and
heterosandwich structures.
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