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ABSTRACT Using low-temperature scanning tunneling microscopy, we

show that monolayer hexagonal boron nitride (h-BN) on Ir(111) acts as
ultrathin insulating layer for organic molecules, while simultaneously
templating their self-assembly. Tunneling spectroscopy experiments on
cobalt phthalocyanine (CoPC) reveal narrow molecular resonances and

indicate that the charge state of CoPCis periodically modulated by the h-BN
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moiré superstructure. Molecules in the second layer show site-selective B ) 0 1

adsorption behavior, allowing the synthesis of molecular dimers that are
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spatially ordered and inaccessible by usual chemical means.
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ince the discovery of the boron nitride

nanomesh,’ ultrathin layers of hexago-

nal boron nitride (h-BN) have been
praised as a versatile nanotemplate for fu-
ture molecular electronic devices>~® The
“nanomesh” is a manifestation of the moiré
superstructure caused by the lattice-mismatch
between the h-BN and the underlying Rh-
(111) substrate. As the registry of B and N
atoms with respect to the substrate atoms is
modulated, a periodic pattern of strongly
interacting “pores” separated by weakly
interacting “wires” is formed. The stereo-
typical h-BN nanomeshes on Rh(111) or
Ru(0001) exhibit strong moiré corrugation
(ca. 1—1.5 A) and work function modulation
(the difference between the pore and the
wire is ca. 0.5 eV).

The properties of the h-BN moiré can be
tuned by changing the metal support. In
particular, the symmetry of the superstructure
and its periodicity is altered by the crystal
orientation?® and the lattice constant>>'® of
the metal substrate, respectively. The elec-
tronic properties of the h-BN layer depend
strongly on the substrate as well. While bulk
h-BN is a wide-band gap insulator,'""'? there is
theoretical and experimental evidence that
on strongly interacting substrates such as
Ni(111), Rh(111) and Ru(0001), h-BN exhibits
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metallic character.”'*~"> On the other hand,
there are STM experiments on probing the
size-dependent superconductivity of small
metallic particles and spin-excitations in Mn;,
molecular magnets, where h-BN on Rh(111)
was used as a decoupling layer.®'” Finally,
on the much more weakly interacting Cu(111)
substrate, the h-BN monolayer has been
shown to keep its insulating properties.®
Ultrathin insulating layers supported by
metal substrates (e.g., oxides, alkalihalides)
have attracted increasing interest in recent
years as they are able to host eletronic states
decoupled from the metallic surface.'®*In
particular, it is feasible to investigate elec-
tronic states and electron-vibration coupling
in molecular systems essentially unperturbed
by the metal support.2"*~2 In some specific
cases, it is even possible to observe molecules
in multiple charge states and switch between
them.?®~?8 A system combining the templat-
ing capabilities of a moiré superstructure with
the decoupling properties of ultrathin insulat-
ing layers would be of particular value to
fundamental research as well as for future
molecular electronic devices. The strong
geometric corrugation together with the
work function modulation on the h-BN nano-
mesh has been shown to allow confining
molecules spatially to the pores of the moiré
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Figure 1. Self-assembly of CoPC on hexagonal boron nitride on Ir(111). (a and b) Overview (a) and zoomed-in (b) images of the
clean h-BN/Ir(111) surface. W and P denote the wire and pore regions of the moiré unit cell, respectively. (c) Model of CoPC.
(d and e) Self-assembly in the low coverage regime with one molecule per moiré unit cell. (f and g) Larger coverage results in
filling the wires with locally square-packed regions. The image in panel g corresponds to the area marked by the red rectangle
in panel f. The moiré unit cell is marked by a black parallelogram in panels b, e, and g. Feedback parameters: (a and b) —0.484 V,
527 pA; (d) 1.738 V, 12 pA; (e) —2.029 V, 39 pA; (f) 0.484 V, 20 pA; (g) 0.484 V, 48 pA.

superstructure, demonstrating the capability of h-BN
monolayers to guide the growth of nanostructures.*>2°
However, experiments unraveling the degree of elec-
tronic coupling of molecular states and the underlying
metal substrate have not been carried out previously.

Using scanning tunneling microscopy (STM) and
spectroscopy (STS), we show for the first time that
monolayer h-BN can indeed act as an ultrathin insulat-
ing layer for adsorbed molecules while simultaneously
templating their self-assembly. At low coverages, co-
balt phthalocyanine (CoPC) molecules evaporated
onto h-BN on Ir(111)3° selectively adsorb only on the
pores of the moiré superstructure, while at larger cov-
erages locally square-packed ordered islands emerge.
Differential conductance spectroscopy (di/dV) shows
molecular resonances with a very narrow line width,
which is modulated by the adsorption site. The charge
state of the molecule is modulated by the moiré as well,
leading to a local and periodic doping of the molecular
layer. Finally, CoPC coverages above one monolayer
result in formation of CoPC dimers in the pore regions
of the moiré unit cell.

RESULTS AND DISCUSSION

Figure 1a is an STM overview image of h-BN grown
on Ir(111) and shows a single h-BN domain extending
over several terraces and monatomic steps, demon-
strating the high quality of the film. The moiré super-
structure arising due to the lattice mismatch between
the Ir(111) surface and the h-BN layer is seen in more
detail in the small-scale image in Figure 1b. The super-
structure is formed by depressions arranged in a
hexagonal lattice with a periodicity of ~3 nm. The
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bright rim visible around the depression is an elec-
tronic effect and appears only at low bias. The elec-
tronic structure of the h-BN/Ir(111) system as well as
the atomic registry of Band N atoms with respect to the
Ir(111) lattice causing the moiré have been studied in
detail by a combination of STM experiments and DFT
calculations in another work.! The corrugation of the
superstructure is ~0.4 A, indicating a weak interaction
of the h-BN layer with the Ir(111) substrate (on Rh(111)
and Ru(0001) the corrugation is around 1 A). In the
following, we use the usual terminology in describing
the different areas of the moiré unit cell: the depres-
sions of the moiré will be referred to as pores, while the
surrounding areas will be referred to as wires.

At low coverages of CoPC well below one monolayer
(ML), the molecules exclusively adsorb on the pores of
the moiré to self-assemble into an array of perfect
hexagonal symmetry, as demonstrated in Figure 1c. In
this arrangement, each moiré unit cell is occupied by
exactly one molecule, trapped on the pore. Such a
behavior has been observed previously**?° and proves
the ability of the h-BN moiré superstructure to serve as a
nanotemplate for the bottom-up growth of artificial
nanostructures. The zoom-in STM image in Figure 1e
reveals an interesting detail: a significant fraction of the
CoPC molecules is not adsorbed exactly in the center of
the pore. The work function within the h-BN/Ir(111)
moiré unit cell varies by ~0.4 eV.3' The largest work
function gradient exists at the edge between pores and
wire, leading to an electric field of the order of 0.1 V/nm.
This large electric field can strongly influence the exact
adsorption site of the molecule, ie., favoring an off-
center position with respect to the center of the pore.®
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Figure 2. Differential conductance spectroscopy on CoPC on h-BN/Ir(111). (a) Spectra measured on the CoPC adsorbed in the
wire region of the moiré unit cell; red solid line is measured on the metal center and orange dashed line on the carbon
backbone (as indicated in the STM scan at 0.2 V in panel c). (b) Spectra measured on a molecule adsorbed in the pore region of
the moiré unit cell; dark blue solid line is the metal center and light blue dashed the carbon backbone. The gray lines in panels
aand b are reference spectra taken on clean h-BN. All spectra shown are taken with the same microscopic tip. (c) Series of STM
images at different biases showing the various orbitals corresponding to the peaks in the d//dV measurements. Set point
current is 11 pA for all images.

Regimes of higher molecule coverages have been
largely unexplored in the literature so far but might
offer new ways to modulate the electronic properties
of the adsorbates. Figure 1f shows the h-BN/Ir(111)
substrate at a much higher CoPC coverage. Once all the
pores of the moiré are occupied, the molecules start to
assemble on the wires, forming locally square packed
regions. This is demonstrated by the zoomed-in STM
image shown in Figure 1g. We observe no long-range
order neither directly after evaporation nor after an-
nealing the sample up to 200 °C.

More careful investigation of Figure 1g shows that
not all molecules appear the same. Two distinct mo-
lecular contrasts can be observed: the main difference
is that the cobalt center appears either as a bright
protrusion or not. In fact, the two distinct contrasts can
be unambiguously matched to the molecule being
adsorbed either on the pore or on the wire, indicating
that the h-BN/Ir(111) moiré superstructure alters the
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electronic properties of adsorbed molecules in an
ordered fashion.

To investigate the electronic properties of the two
kinds of molecules more closely, we measured differ-
ential conductance spectra on the molecules. The
electronic structure of CoPC on various metal sub-
strates has been thoroughly studied using both normal
and spin-polarized STM.3273 The measured di/dV
signal is proportional to the local density of states
(LDOS). Panels a and b of Figure 2 compare the di/dV
spectra for CoPC adsorbed on the wire and on the pore,
respectively. On the wire, the molecule exhibits a sharp
resonance around 0.8 V located solely at the cobalt
metal center. Two additional resonances at around
1.7 and —1.1 V are delocalized over the 7 system of
the carbon backbone of the molecule. The resonance at
0.8 V on the central ion thus represents the lowest
unoccupied molecular orbital (LUMO) of the wire CoPC.
In stark contrast, molecules adsorbed on the pore do not
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Figure 3. High resolution spectroscopy of the vibronic progressions. (a) LUMO of the CoPC adsorbed on the wire fitted with a
sum of three Lorentzians (red line). The individual peaks are extracted from the fit parameters and plotted in green. (b)
Analogously, the HOMO of the pore molecule fitted by four Lorentzians. In both panels a and b, the insets show a linear fit to
the peak energies of the vibronic progression ('0' denotes the elastic peak, '1' the first vibronic replica, and so on). (c) Model of
the double barrier tunneling junction formed by the STM and the CoPC adsorbed on the h-BN layer.

show any notable features at positive sample bias.
However, a very prominent peak at around —04 V is
found on the metal center, representing the CoPC's
highest occupied molecular orbital (HOMO) when ad-
sorbed on the pore of the h-BN moiré. It is worth noting
that the gross features of the di/dV spectra are highly
reproducible within the group of wire or pore molecules.
The exact energetic position of the peaks does vary by
up to 200 mV within either group due to the work
function changes within the different regions in the
moiré unit cell®' and, possibly, differences in the atomic
registry between the molecule and the h-BN. Never-
theless, the number of resonances located at the metal
center and at the carbon backbone and their order in
energy as shown in Figure 2a,b is representative for the
CoPC on h-BN/Ir(111) system.

Figure 2c displays a series of STM images taken at
different biases. At low positive bias (0.2 V), where none
of the spectra show considerable density of states,
molecules on the wire and on the pore appear alike,
resembling mostly the cross-shape of their carbon
backbone. Increasing the sample bias (0.8 and 1.2 V)
causes the metal center of the wire molecules to light
up as the energy is in resonance with the LUMO. When
the bias is further increased (2.0 V), the metal center
becomes less bright again but the carbon backbone
shows up more prominently, revealing the lobes of a
delocalized s-orbital in accordance with the point
spectroscopy shown in Figure 2a. Switching to nega-
tive sample bias (—0.5 and —0.8 V), the metal center of
the pore CoPC lights up, showing its HOMO as ex-
pected from the dl/dV spectra (Figure 2b). At higher
negative bias (—1.2 and —1.5 V) also the carbon back-
bone of the wire molecules developes distinct lobes as
its first resonance below the Fermi level is reached.

The molecular resonances of CoPC adsorbed on the
wire appear very similar to the case of CoPC deposited
on graphene on an insulating substrate.>® The situation
on the pore is distinctly different. It is evident based on
the STM imaging that the HOMO of the pore molecule
and the LUMO of the wire molecule represent the same
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orbital, shifted by ca. 1.1 V to lower energies from the
wire to the pore. Shifting the orbital below the Fermi
level on the pore implies that is has become filled and
thus, the CoPC is charged upon adsorption in the pore
region of the h-BN moiré. Charging of molecules and
atoms upon changing the substrate work function has
been observed before on, for example, ultrathin NaCl
layers on different copper single crystals.2%3°

This effect is never observed for molecules adsorbed
on the wire and therefore demonstrates a way for
strongly localized doping of molecular thin films in
an ordered fashion. The situation corresponds to an
extremely high doping density of 1 charge per moiré
unit cell, i.e., >10"* cm™2 From the energy shift of the
orbital of ~—1.1 eV together with the increase of the
work function from the pore to the wire of up to 0.4 eV,
we can give a rough estimation of the charging energy
of about 0.7—0.9 eV,*° similar to the values reported for
other phthalocyanines on NaCl ultrathin insulating film
on Cu(100).%8

The resonances in the di/dV spectra (Figure 2a,b) not
only are narrow, but also show vibronic satellite peaks
due to inelastic tunneling. This is further evidence that
the h-BN film acts as an insulating layer that decouples
the molecules from the metallic substrate.”® The vi-
bronic features arise as an electron that is injected
into a molecule at an excess energy above an elec-
tronic transition excites a molecular vibration with
exactly that excess energy as schematically illustrated
in Figure 3¢.2>*'~*3 In dI/dV spectroscopy in a double-
barrier tunnel junction geometry, this results in satellite
peaks beyond an electronic resonance with the energy
separation of Aiw.2"?>*1*2 The intensity ratio of the first
replica to the main peak directly gives the dimension-
less electron-vibration coupling constant.*’ =3

We will now analyze the line shape and composition
of the molecular resonances, concentrating on the
corresponding electron lifetimes and the strength of
the electron-vibration coupling. Our focus lies on the
frontier orbitals of the same symmetry, i.e., the LUMO
of the wire CoPC and the HOMO of the pore CoPC. Their
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line shape is shown in more detail in the high resolu-
tion dl/dV spectra in Figure 3, panels a and b, respec-
tively. The individual replica have a Lorentzian line
shape indicating that the peak width is limited by
the lifetime of the molecular resonance and that the
intrinsic broadening is small. This is in contrast to the
results on alkalihalides, where the molecular reso-
nances have a Gaussian line shape caused by coupling
of the tunneling electrons with the optical phonons of
the salt?*>**** From the measured lifetime, we can
estimate the tunneling coupling between a specific
molecular orbital and the metallic substrate, which gives
us a measure on the insulating properties of h-BN, i.e.,
how efficiently it decouples the molecules from the
Ir(111) surface.

The LUMO of the wire molecule in Figure 3a shows
two inelastic peaks in addition to the elastic one. A fit to
a sum of three Lorentzian is plotted along with the data
and reproduces the line shape of the entire resonance,
indicating that lifetime broadening is indeed the dom-
inating process. A confirmation of the vibronic nature
of the second and third resonance is given by the linear
fit of the peak positions against the peak number as
shown in the inset. The slope yields an estimate of the
energy of the vibrational mode that couples most strongly
with the tunneling electrons, 106 meV. This is in the range
of several vibrational modes involving the central cavity of
the phthalocyanine,*® which would be expected to couple
strongly with the orbitals centered on the metal.

The HOMO of the pore molecule exhibits even four
peaks (see Figure 3b). However, fitting the line shape
with a sum of four Lorentzians does not yield as
satisfactory agreement with the experimental data as
for the LUMO of the wire CoPC. Inspecting the changes
of the peak width and area for the extracted individual
peaks suggests that the HOMO line shape is a con-
volution of two close-lying sets of vibronic series. Such
an interpretation is supported by the linear fit of the
peak position (inset), indicating a slight oscillatory
behavior of the energies around the fitted linear
dependence. This is reflected in the energy differences
(87—128 meV) showing a significantly higher variance
than for the wire LUMO (104 — 108 meV).

The first two peaks of the wire LUMO and pore
HOMO can be used to estimate the electron-vibration
coupling strength.*'~** This gives roughly 0.8 and 0.4
for the HOMO and LUMO, respectively. This difference
might reflect the changes in the electron-vibration
coupling constant for the different charge states of
the molecule, or the different interaction strengths
with the underlying Ir(111) substrate on the wire and
the pore. More detailed fitting of the line shape using
several vibrational modes will be discussed in the
Supporting Information. These fits also give an indica-
tion that the HOMO resonance cannot be fully fitted
with purely vibronic modes. Finally, we discuss the
electron-vibration coupling in the case of the other
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orbitals (HOMO and LUMO+-1) of the wire CoPC in the
Supporting Information.

The line width of the elastic peak can be used to
estimate the electron lifetime on the molecular reso-
nance. In order to minimize the error in determining
the electronic lifetimes due to the asymmetric shape of
the elastic peaks caused by coupling to low-energy
vibrational modes (Supporting Information), we fit only
the leading edge of the wire LUMO and pore HOMO to
a single Lorentzian. These fits yield excellent agree-
ment with the experimental onsets of the molecular
resonances. We find an average line width of 37 and 60
meV for the wire and pore CoPC, respectively. This
indicates that the electronic coupling with the under-
lying metal substrate is smaller by almost a factor of 2
for the molecules adsorbed in the wire regions of the
moiré unit cell, in-line with the weaker bonding be-
tween the h-BN and Ir(111) on the wire.

Finally, we want to explore even higher molecular
coverages. Figures 4a and b show the sample after
deposition of more than one ML of CoPC. Surprisingly,
in this regime the adsorption pattern is quite similar to
the behavior found at low coverages (Figures 1d,e): the
second layer CoPC (marked by a green circle in
Figure 4a) adsorbs exclusively on top of the pore
molecules of the first layer. Larger scale STM image
and a more detailed comparison on the molecular
ordering at lower and higher coverages can be found
in the Supporting Information. While all the surround-
ing molecules of the completed first layer exhibit the
same bias dependent STM contrasts as below one ML
(see Figure 2c), the second layer CoPCs show features
of both the wire and the pore molecules. In Figure 4b, it is
demonstrated that the central cobalt ion of the second
layer CoPC dominates the molecular contrast over a wide
bias range. From 2.2 to —1.74 V, the metal center appears
as the brightest part of the molecule, indicating its
strongly enhanced conductivity. A similar behavior was
found previously*” for second layer CoPC grown on
Cu(111). When individual molecules were adsorbed on
top sites with respect to the underlying first molecular
layer, the polarity dependence of the apparent molecular
shape vanished and the cobalt ion showed high con-
ductance at positive and negative bias. DFT calculations
revealed that the second layer CoPC forms a dimer with
the underlying molecule. Thereby, d,. and d,, orbitals
from the one Co atom hybridize with their corresponding
counterparts of the other Co to combine into bonding
and antibonding orbitals. In both cases, the bonding
orbitals are occupied and the antibonding ones empty,
explaining the bright appearance of the second layer
CoPC's metal center at positive and negative bias. Thus,
we have demonstrated a novel way to assemble CoPC
dimers in an ordered array.

Figure 4c displays a dl/dV spectrum acquired on the
metal center of such a dimer formed on top of a h-BN
pore. The observed peak structure deviates from the
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Figure 4. Adsorption of a partial second CoPC layer on h-BN/Ir(111). (a) Large-scale image showing the exclusive adsorption
of the second layer CoPC on top of the pore molecules of the first layer. (b) STM images of a second layer CoPC measured at
different voltages. (c) d//dV spectrum of the second layer molecule (green) marked in (b). Spectra of a pore (blue) and wire
(red) molecule measured with the same tip are shown for comparison (spectra are offset for clarity). Feedback parameters: (a)
2.110 V, 12 pA; (b) bias as indicated, set point current is 11 pA for all images.

first layer pore molecules, indicating that the dimer
spectrum does not simply correspond to either pore
CoPC or to the sum of pore and wire CoPC. On a more
general level, the ordered assembly of the second
molecular layer on the pore demonstrates a possibility
of forming either molecular homo- or heterodimers in
a controlled fashion.

CONCLUSIONS

We have shown that monolayers of h-BN grown on a
metallic support can act as an ultrathin insulating layer,
allowing molecular resonances of adsorbed molecules
to be probed. The lifetimes of the tunneling electrons
on a molecular resonance are modulated over the
moiré superstructure by roughly a factor of 2, due to
the different interaction between the molecules and
the metal on the pore and on the wire of the h-BN layer.

METHODS

Sample Preparation. All the experiments were carried outin an
ultrahigh vacuum system with a base pressure of ~10~'" mbar.
The (111)-terminated iridium single crystal was cleaned by re-
peated cycles of sputtering with 1.5 kV neon ions, annealing to 900
°Cin’5 x 10”7 mbar oxygen and subsequent flashing to 1400 °C.
Full monolayers of h-BN were grown by thermal cracking of
borazine (BsNsHs, Chemos GmbH) at the Ir(111) substrate held
at a temperature of 1160 °C. Subsequently, cobalt phthalocyanine
molecules (Sigma-Aldrich) were evaporated from a Knudsen cell at
380 °C onto the h-BN/Ir(111) substrate held at room temperature.

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. All STM
images were acquired in the constant current mode and the
images were processed using the WSxM Scanning Probe Micro-
scopy Software.*® The differential conductance was recorded by
lock-in detection on the tunneling current while sweeping the
sample bias at constant tip—sample distance; typical para-
meters for opening the feedback loop were 50 pA tunneling
current at 1.8 V sample bias. Voltage modulation during d//dV
spectroscopy was 20 mV peak-to-peak at a frequency of 517 Hz.
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