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Charge State Control of F;sCoPc on h-BN/Cu(111)

Mathias Pértner, Yinying Wei,* Alexander Riss, Knud Seufert, Manuela Garnica,
Johannes V. Barth, Ari P. Seitsonen, Lars Diekhoner, and Willi Auwdirter*

The use of molecular materials in solar cells and nano-electronics demands

a fundamental understanding and control of their electronic properties.
Particularly relevant is the molecular response to the environment, that is, the
interaction with the support and adjacent molecules, as well as the influence
of electrostatic gating. Here, the control of molecular level alignment and
charge states of fluorinated cobalt phthalocyanines (F;¢CoPc) on atomically
thin hexagonal boron nitride (h-BN) sheets on Cu(111) is reported using
scanning tunneling microscopy (STM) and spectroscopy (STS), as well as
atomic force microscopy (AFM) and complementary density functional
theory (DFT) calculations. Three parameters that govern the electronic level
alignment of F,,CoPc orbitals are investigated: i) template-induced gating

by the work function variation of the h-BN/Cu(111) substrate, ii) gating by

the STM tip, and iii) screening by neighboring molecules. The interplay of
these parameters influences the charge distribution in the studied molecular
arrangements and thus provides the possibility to tune their physicochemical
behavior, for instance, the response toward electronic or optical excitation,

charge transport, or binding of axial adducts.

1. Introduction

The modification of the molecular electronic structure at
interfaces—affected through level alignment, charging, and
charge transfer—by gating and screening is highly relevant
for potential applications of molecular materials in solar cells,
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nano-electronics, sensing, and quantum
science.'™ Their integral performance
characteristics depend notably on the
molecular constituents and their inter-
actions with each other. Furthermore,
the influence of the substrate, and the
response to external stimuli, such as an
applied electric field, can play a major
role. Control of the macroscopic proper-
ties of such hybrid materials thus relies
on a fundamental microscopic under-
standing of the electronic properties of
the molecular building blocks within their
environment.>%l Atomic-scale studies of
molecular behavior have been extensively
performed on metal substrates,”® due to
the facile application of STM and STS.
However, the electronic interaction of the
molecules with metals often leads to con-
siderable hybridization which can mask or
adversely affect the intrinsic properties of
the molecules. Thin films of decoupling
layers with a band gap or low density of
states around the Fermi energy grown on metal surfaces®*3
reduce the interaction between the substrate and the mole-
cular adsorbates but retain the possibility to perform STM/
STS measurements. A particularly useful decoupling layer is
one-atom-thick hexagonal boron nitride (h-BN). h-BN layers are
chemically inert, exhibit high temperature stability, and impor-
tantly, can be grown as full monolayers on metallic substrates,
thus providing a suitable substrate for molecular adsorption.!"?!
Molecular adsorbates have been shown to be influenced by the
work function modulation of such substrates (which is associ-
ated with the formation of a moiré pattern!>™), the screening
by the substratel ] and by neighboring molecules,'®-2 as
well as electric fields applied via backl?1?2 and top gating.[2324
Such effects—which can be strongly influenced by the mole-
cular density—can entail changes in the physicochemical
characteristics of the molecules, such as charging!?>?% and con-
formational or chemical switching.*’] To achieve full control of
the molecular response, a detailed understanding of the com-
plex interplay of these effects is thus needed.

Fluorinated metal phthalocyanines have been intensively
studied as stable building blocks for organic semiconductor
applications, providing large ionization potentials.l?8-30 Spe-
cifically, interfacial electronic properties with FsCoPc adsorbed
on metals, organic films, and 2D materials were addressed,
revealing the electron acceptor character of the molecule,
including charge transfer from the support to the Co center.%31

Here we show how the molecular energy level alignment
and the charge state of F;;CoPc molecules on h-BN/Cu(111)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Preferential adsorption of FisCoPc on h-BN/Cu(111). a) Chem-
ical structure model of FisCoPc (light blue:fluorine, gray:carbon, dark
blue:nitrogen, pink:cobalt). b) STM image of 0.06 ML F;,CoPc on h-BN/
Cu(111) (Vs =1V, I = 38 pA). Dashed white circles mark the pore areas
of the h-BN/Cu(111) moiré superstructure. The two types of wire regions
are labeled with “hw” (hollow-wire) and “bw” (bridge-wire). c) Schematic
illustration of the local work function modulation of h-BN/Cu(111), var-
ying by 0.3 eV between the hollow-wire and the pore areas.!"

are controlled by three crucial parameters: i) the template-
induced gating due to the moiré-induced spatial variation of
the substrate electronic landscape, %' ii) gating by the STM
tip,1227243234 and iii) the screening by neighboring mole-
cules.'®8] A combination of these parameters can cause a
change in the molecular charge state of F;;CoPc on h-BN/
Cu(111), that is, a shift of frontier orbitals across the Fermi level
(Eg), which can be associated with sharp features in the dI/dV
spectra. In addition, AFM measurements, which provide a way
to probe charge transfer effects at larger distances (even when
the tunneling current is below the detection threshold) reveal
the occurrence of multiple simultaneous charge state changes
due to tip-induced gating. Compared to template- and tip-
induced gating as well as screening by neighboring molecules,
charge state changes of adjacent molecules were found to exert
a much smaller influence on the molecular level alignment.

2. Results and Discussion

Deposition of 0.06 ML of F;CoPc (Figure 1a) onto h-BN/
Cu(111) held at room temperature and subsequent cooling to
5 K results in the formation of a superlattice from isolated
molecules. As seen in Figure 1b, the molecules preferentially
occupy the pore areas of the moiré pattern—reflecting the lat-
tice mismatch of the h-BN layer and the underlying Cu(111)
substrate —where the surface potential is lower.'> The align-
ment of F;CoPc on the h-BN/Cu(111) support is described in
Section S1, Supporting Information.

2.1. Template-Induced Gating

The electronic landscape modulation of the substrate—the
pore areas exhibit a 0.3 eV lower local work function than
the wire areas (Figure 1c) —is reflected in the molecular level
alignment as probed by dI/dV spectroscopy. Spectra of mole-
cules adsorbed on the pore areas (Figure 2a) are shown in
Figure 2d-f. In all cases a pronounced occupied-states feature
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Figure 2. Template-induced gating of individual FisCoPc molecules. a)
Three molecules adsorbed on moiré pore sites (dashed white circles). b)
Molecule 1 (blue) was moved from the pore to a hollow-wire region by lat-
eral STM manipulation. c) Molecule 2 (green) was moved from the pore
to a bridge-wire region. d—f) dl/dV spectra of the three molecules before
manipulation, that is, adsorbed on the pore regions as shown in (a),
show electronic resonances associated with a molecular orbital (“MO”)
at Vs=-0.73 V. g—i) d//dV spectra after manipulation. The energies of the
molecular resonances are shifted for the molecules 1 and 2 to —0.36 and
—0.38 V. In addition, charging peaks (“CP”) appear at Vs > 1.5 V in the
spectra for molecules 1 and 2. j) Reference dl/dV spectrum taken on the
h-BN substrate. k) Representation of the STM image in (c) with increased
contrast to highlight the moiré superstructure. I) Exemplary d//dV versus
distance map along a path crossing a FisCoPc, showing the parabola-like
dependence of the CP’s energy on the lateral tip position. The full data
set including explanation is available in Section S3, Supporting Informa-
tion. Scan and d//dV stabilization parameters: Vs=1V, I =29 pA. Spectra
in (d)—(i) were taken with the tip positioned above the centers of the
molecules and normalized for better comparability. The d//dV maximum
ranges from 0.45 to 0.89 nS in spectra (d)—(f) and amounts to 0.06 nS in
(j)- The lateral manipulation was performed with Vs =50 mV, I = 0.3 nA.
All scale bars represent 2 nm.

at Vg =-0.73 V (labeled “MO,” molecular orbital) can be seen,
while the unoccupied-states region at positive sample bias
appears rather featureless when probed above the molecular
center. The asymmetry of this MO peak is due to side peaks
at Vg < —0.73 V, which likely originate from vibronic excita-
tions of the electronically decoupled molecules.*?335-3] The
resonance is tentatively assigned to a MO of the free molecule,
which is occupied upon adsorption resulting in negatively
charged molecules. As discussed later, this orbital has Co d,?

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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character. Indeed, a DFT-based modeling of the F;;CoPc/h-BN/
Cu(111) interface shows charge transfer toward the molecule
that occurs in an anion state (see Paragraph 2.5 and Section S2,
Supporting Information).

Lateral manipulation with the STM tip allows repositioning
of the molecules from the pore regions (Figure 2a) to dif-
ferent areas of the moiré pattern. In the first step molecule “1”
(Figure 2a) was moved to a hollow-wire site (Figure 2b). Then
molecule “2” was moved to a bridge-wire site (Figure 2c), while
molecule “3” in Figure 2a remained at its position at the pore
region. This repositioning of the molecules gave rise to changes
in the intramolecular resolution. Before manipulation, each of
the three molecules exhibited fourfold symmetry and compa-
rable apparent height. After manipulation, brighter centers can
be seen for the repositioned molecules 1 and 2. The respec-
tive dI/dV spectra are shown in Figure 2g—i: The signatures of
molecules 1 and 2 exhibit marked shifts of the “MO” peak from
—0.73 to —0.36 V and —0.38 V, respectively (Figure 2g,h). This
response agrees well with the change of the local work function
across the moiré pattern (~0.3 eV),142038] analogous to other
h-BN/metal templates.23% In agreement, our DFT calcula-
tions confirm an upshift of the molecular orbitals when placing
F1sCoPc on a wire area (mimicked by a B “on top” and N “on
fcc” registry of h-BN/Cu(111)%) instead of adsorption on a pore
area (B “on fcc” and N “on top” registry). The calculations also
show that the local work function is increased by 0.53 eV with
a single F;,CoPc adsorbed, both on the pore and the wire areas
(see Section S2, Supporting Information).

2.2. Tip-Induced Gating

In addition to the MO’s shift, a sharp peak (denoted “CP,”
charging peak) appears at Vg = 1.61 V and Vs =176 V in the
spectra of the repositioned molecules 1 and 2, respectively. dI/
dV maps taken above the respective energies associated with
charging peaks show sharp ring-like features around the mole-
cular center (see Sections S3 and S4, Supporting Information),
analogous to what has been observed for charging of other
adsorbates.[22-2632-3441 The radii of these rings strongly depend
on the applied bias, as well as on the tip height. Figure 21 dis-
plays a series of dI/dV spectra recorded along a path crossing a
molecule, revealing a parabola-like behavior of the “CP” feature,
with the energy position increasing with increasing tip distance
from the center of the molecule. The “CP” is thus assigned to
an electronic transition induced by the electric field between tip
and sample, which causes a shift of the molecular levels across
1227242632234 This process involves the MO introduced above.
The position of the charging peak is directly proportional to
the energetic position of the molecular orbital (see Section S5,
Supporting Information). This can be described by estimating
the voltage drops between tip and molecule, and molecule and
the metallic substrate, respectively. According to this double
barrier tunneling junction (DBT]) model,[18:23-253233.3742-4] {he
proportionality between the positions of the charging and MO
peaks is given by Vep/ Vo = £2/d,123%253234 where z is the tip-
molecule separation, d is the distance between the molecule
and the Cu(111) substrate, and € is the dielectric constant asso-
ciated with the molecule-Cu(111) tunneling barrier including
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the h-BN. In our measurements we found a proportionality
Vep/ Vmo = —4.8 (see Section S5, Supporting Information). This
means, that the initial unperturbed position of the MO will have
a large impact on the bias threshold for the charge transition.

2.3. Screening

Further STM manipulation procedures show how the meas-
ured energy of the MO peak is affected by screening by neigh-
boring molecules. For these experiments, we increased the
molecular coverage, resulting in aggregates in the pore regions
(cf. Section S6, Supporting Information).l'* The dI/dV spec-
trum taken on the central molecule within a cluster of three
molecules shows a molecular resonance at —0.67 V (Figure 3a).
Subsequent removal of its left neighbor (Figure 3b) and its
right neighbor (Figure 3c) by STM manipulation shifts the posi-
tion of the MO of the central molecule each time by 40-50 mV
toward more negative energies, that is, away from Ep. This
energy shift can be explained by reduced screening of the tran-
siently charged central molecule by neighboring molecules.
The polarization energy of a molecule i can be quantified by

2Rt

J#i

P _ 0!62
' 4,

)

and depends strongly on the distance R; to all surrounding
molecules j.1¥ ¢ is the elementary charge and ¢, is the vacuum
permittivity. Considering only in-plane polarization, the polar-
izability tensor o can be approximated by a scalar for the
C,-symmetric FisCoPc molecules. Based on calculated values
for phthalocyanine molecules, we use an estimate of the
F16CoPc, polarizability of o = 137 A3*! The calculated polari-
zation energies (empty circles) and the measured shifts of the
MO peaks (filled markers) are plotted in Figure 3d for a dimer,
trimer, and a molecular island, shown in the inset of Figure 3d.
For those molecules in the island, polarization effects can cause
large shifts of MO energies of a few hundred meV, in agree-
ment with reports on a related system.!'®! Despite the simplicity
and limitations of the applied model, it nicely reflects the values
and trends observed in the experiment (see discussion para-
graph below). Discrepancies between experiment and calcula-
tion, which are particularly evident for some of the investigated
molecules in the island, can occur due to the template-induced
gating (as discussed above). The gating effect is not taken into
account in the calculation. For instance, molecule C6 is located
close to a wire site causing an additional template-induced shift
toward positive energies in the experimental data.

2.4. High Coverage Effects

At higher coverages, the molecules do not only adsorb at
the preferred pore sites of the moiré lattice, but also at the
wire regions (cf. Section S6, Supporting Information). The
STM image of a surface with ~0.9 ML molecular coverage in
Figure 4a recorded at 1V reveals a brighter appearance of mole-
cules adsorbed at wire regions compared to the ones adsorbed
at pore regions. This difference in contrast can be understood
by analyzing the dI/dV spectra of the molecular layer. Figure 4b

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Energy shift of the MO peaks due to polarization. a—c) Removal of neighboring molecules by molecular manipulation causes a 40-50 mV
decrease of the MO position for the central molecule in the dI/dV measurements (tip stabilization parameters: Vs =1V, | = 50 pA). d) Comparison
of calculated polarization energies (empty circles, top x-axis) and measured shifts of MO peak energies with respect to an isolated FisCoPc (filled
markers, bottom x-axis) for molecules in different assemblies: a cluster of two molecules (D1, D2), a cluster of three molecules (T1-T3), and an
island of molecules (C1 to C8, see STM image in the inset (Vs =1V, | = 50 pA)) (Tip stabilization parameters for d//dV spectroscopy: Vs =1V,
I =20 pA, scalebars: 2 nm).

shows spectra taken along the solid blue line in Figure 4a, in
which the color-coded dI/dV intensity is plotted as a function of
position (x-axis) and bias voltage (y-axis). The color plot shows
separated features along the x-axis, which correspond to the

as “MO” and “CP”, respectively. In the color plot, the charging-
related features (red dots in Figure 4b) exhibit sharp parabola-
like characteristics due to their strong energy-dispersion (cf.
Figure 21; Figure S4, Supporting Information), while the mole-

cular resonances (blue dots in Figure 4b) give rise to a broader
intensity distribution with side peaks. The energies of the MO
peaks depend on the spatial position of the respective molecule

eight molecules along the line. Representative dI/dV spectra
for each of these molecules are shown in Figure 4c, in which
the molecular resonances and the charging peaks are labeled

(a) (c)

Topography
-

di/dV [arb. units]

Bias voltage [mV]
o
«
dl/dV [arb. units]

—500

-500 0 500
Bias voltage [mV]

10 15
Distance x [nm]

Figure 4. Template-induced shift of molecular levels, screening and charge state change for a sample with high Fi¢CoPc coverage. a) STM image of
F16CoPc at 0.9 ML coverage (Vs =1V, | = 20 pA). b) Visualization of the color coded intensity of dl/dV spectra along the light blue line in (a) as a
function of lateral position (x-axis) and bias voltage (y-axis). The positions of the molecular resonances and charging features are marked with blue
and red dots, respectively (tip stabilization parameters: Vs =1V, | = 20 pA). c) Representative dl/dV spectra taken close to the center of each of the
eight molecules. The spectra show molecular resonances, the energies of which are affected by the modulation of the h-BN/Cu (111) work function and
screening by the neighboring molecules. For the molecules with MO peaks sufficiently close to Eg, charging peaks at the opposite polarity are observed.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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on the moiré superlattice, that is, template-induced gating
(see Figure 1c) and on the molecular environment due to
screening. For molecules 1, 2, 4, 5, 6, and 7, which exhibit
MO energies close to Eg, charging peaks are observed at the
opposite polarity of the MO peaks.2224263334 The ratios
between the absolute positions of the MO and CP remain at
[Vepl/|Vmo| = 5, regardless whether the CP is observed at occu-
pied or unoccupied states. The MO and charging peak posi-
tions in the spectra for molecule 6 show a deviation from the
expected behavior based on the h-BN/Cu(111) work function
modulation, which points to potential additional effects (such
as electrostatic interactions between the peripheries of the
molecules or subtle variations of the adsorption height).“04
Furthermore, impurities in the substrate might play a role.

The appearance of the molecules in Figure 4a is directly
related to their respective spectra (Figure 4b,c). The molecules
1, 5, 6, 7 appear bright in the image because—at the applied
imaging conditions—their MOs are above Ef: In the spectra of
molecules 5 and 7, the MO is directly seen to lie above E, for
the molecules 1 and 6 the MO is shifted above Ep for sample
biases higher than the energetic positions of the charging peaks.
For the molecules 2 and 4 the position of the charging peak is
very close to the applied sample bias, thus their brightness is

0.4

Topography z [nm]

1 I
Frequency shift Af [Hz]

-19
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partially increased. The molecules 3 and 8 appear dark as the
energetic positions of their MOs stay below Ep at the applied
imaging conditions.

In order to investigate how the charge states of neighboring
molecules influence each other, we have spatially mapped
the STM dI/dV and AFM frequency shift (Af) signals for an
island of molecules (Figure 5). Both channels, which were
simultaneously recorded in constant-height mode at a sample
bias Vg = 2V, exhibit characteristic ring-like features that are
associated with the charge transitions.?>26348344] The ener-
getic position of the molecular orbitals, as well as the applied
bias and the tip-sample distance, dictate for which molecules
charging rings are observed and what their respective sizes are.
In other words, the occurrence and the radii of the charging
rings are determined by a combination of template-induced
gating, tip-induced gating and screening. Both, the dI/dV
and Af vs. Vg point spectra, taken at the point marked with a
red cross in the maps show sharp features, that is, charging
peaks and dips (labeled “CP”), at the same energy (insets
in Figure 5b,c).®l Analogously, the charging rings coincide
for both maps (dI/dV and Af). A larger number of charging
rings can be seen in the Af channel due to the higher long-
range sensitivity of AFM compared to STM. The rings do not

60

Diff. conductance dl/dV [pA/V]

~13

-14

=15

-16

—17

-18

Frequency shift Af [Hz]

I
[
©

Figure 5. Simultaneous charge transition events for a high coverage sample. a) STM topography of a surface with 0.9 ML coverage. Dashed white circle
marks the position of a pore area of the moiré lattice. (Vs =2V, | = 8 pA) b) Differential conductance (d//dV) and c) AFM frequency shift (Af) maps,
which were simultaneously acquired in constant height mode at Vs =2V, show charging rings for certain molecules. d//dV and Af vs. Vs spectra (insets
in (b) and (c), taken at the position marked with the red cross) show sharp features (labeled “CP”) at the same energy, which are related to charging
events. (Vs =2V, I =5 pA) Red dots mark positions of three molecules, the charging rings of which are visible in both maps in (b) and (c). Orange
arrows in (c) mark the intersection of charging rings of two neighboring molecules. In the overlapping area the molecular orbitals of both molecules
are shifted across Eg, which leads to a small contraction of the ring radii because of an increase of the charging threshold. This effect, which occurs
in the area marked with the white rectangle in (c), is shown in the zoom-in in (d). The orange arrows in (c) and in (d) mark the same intersection.

Adv. Mater. Interfaces 2020, 7, 2000080 2000080 (5 of 8) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

exhibit a perfectly circular shape because of the asymmetry of
the tip. The sizes of the rings vary—some exceed diameters of
10 nmt*¥ depending on the energy position of the molecular
resonances. For instance, the molecules marked with red dots
exhibit relatively small charging rings that are visible in both,
the dI/dV and Af vs. Vs maps. It is interesting to investigate
the intersection of charging rings, as, for example, an early
STM study revealed an interaction of Ag-doping centers in an
organic monolayer by dI/dV mapping of charging rings.?>l A
specific example of intersecting charging rings of neighboring
molecules is marked by orange arrows in Figure 5c¢,d. Within
the overlapping area of both charging rings, tip-induced gating
changes the charge states for both molecules simultaneously,
which is associated with a subtle decrease of both ring radii.
This observation indicates that the charge state change of one
molecule increases the charging threshold of the other mol-
ecule, shifting the CP to higher energy and thus reducing the
ring radius mapped at constant tip height.

2.5. Discussion

The STM manipulation experiments presented in Figure 2
show that the level alignment of an individual molecule can
be changed by lateral repositioning on the h-BN/Cu(111) work
function template. This process is reversible. Previously, such
pronounced energy shifts of MOs were mainly reported for
molecular aggregates and films."”! Template-induced modifica-
tions of the very same molecule were only addressed by STM
imaging without spectroscopic insight.l?}l The magnitude of the
MO shift on h-BN/Cu(111) exceeds the one reported for dense-
packed F14CoPc arrays on graphene/Ir(111),5% reflecting distinct
interface and template properties.'?]

A priori, the origin and character of the MO feature is not
obvious. The dI/dV spectra only reveal that the reversible tip-
gating shifts the MO of F;;CoPc across Eg, thus changing the
charge state of the molecule. Here, the sharp CP feature points
to an integer charge transfer. However, the initial charge state
of an individual FCoPc is not clear: An unequivocal assign-
ment of MO-like features observed in STS measurements
to specific molecular orbitals calculated for gas phase Pcs
is not straightforward, for example, due to interface effects
and the potential role of many-body interactions.?3>°! Even
with orbital-resolved STM imaging at hand (see Figure S9,
Supporting Information) and restriction to a single-particle
picture, the assignment is hampered by the dependence of the
calculated orbital sequence on subtle details of the employed
theoretical method.’% Nonetheless, our experimental and
theoretical insights indicate that the MO signature is derived
from an empty state of the free molecule, that is, the indi-
vidual Fi;CoPc accepts charge on h-BN/Cu(111). Specifically,
our DFT calculations show that charge is readily transferred
from h-BN/Cu(111) to FisCoPc upon adsorption, yielding an
anion. The calculated projected density of states reveals that
a molecular orbital with strong Co d,? character is fully occu-
pied for Fi;CoPc on h-BN/Cu(111) (see Figure S3, Supporting
Information), whereas it is only singly occupied for the free
molecule. The pronounced calculated work function increase of
0.53 eV from h-BN/Cu(l11) (4.18 eV) to FisCoPc/h-BN/Cu(111)
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(4.71 eV) is consistent with an interfacial charge transfer from
h-BN/Cu(111) to F;4CoPc.?*52 Experimental values reported
for Fy4ZnPc/h-BN/Cu(111) (0.3 eV)?” and Fy;CoPc on Cu-
intercalated graphene/Ni(111) (0.3 eV)BU show the same sign
and similar magnitude for the work function difference/the
interfacial dipole upon monolayer adsorption. The modifica-
tions of the STM contrast observed in the experiment are in
line with this interpretation, as they point to a relevant role of
electronic states centered on Fy;CoPc. Translation of individual
F1cCoPc units from pore toward wire regions does not change
the charge state of the molecule at low bias voltage (i.e., the
MO feature is observed below Eg, see Figure 2d—i, in contrast to
the previously reported situation for CoPc on h-BN/Ir(111)1*3)).
However, when imaging the molecules at bias voltages close
to the CP, the brightness of the molecular center is increased
(see Figure 2a—c). This can be explained by the MO becoming
partially accessible to electrons tunneling from tip to sample,
that is, a “tail” of the MO is shifted above E due to tip-induced
gating. When the molecule is imaged at bias voltages above the
CP, that is, in a different charge state (neutral for the individual
F;CoPc), the brightness of the central part of the molecule is
drastically increased (e.g., see Figure 4; Figure S5, Supporting
Information). A rough approximation of the interfacial energy
level alignment supports the above interpretation, indicating
that the MO at around 0.7 V below Ep (see Figure 2) is not
likely to reflect the HOMO of the free molecule. Considering
the work function of the h-BN/Cu(111) pore areas (experiment:
3.8 eV, DFT: 4.18 eV) and the interface dipole value listed
above, one can estimate an ionization potential of about 5.4 eV.
This value is clearly smaller than ionization potentials reported
for FisCoPc (6.15-6.4 eV).31>3] Interestingly, a recent study
addressing FgZnPc arrays on h-BN/Cu(111) reveals an STS sig-
nature that is distinctly different from the F;,CoPc system.?% A
pronounced resonance above Ep was assigned to the LUMO of
FisZnPc, whereas no clear spectral feature is reported for occu-
pied states.[?) We tentatively assign this difference to the nature
of the metal centers in the free molecules—closed-shell for Zn
and open-shell for Co.

The effect of the local environment on the F;;CoPc’s elec-
tronic signature as resolved by STS was modeled considering
electrostatic screening of the charge (added/removed to the
molecule during STS) by polarizable neighbors.'®* Our
model quantitatively agrees with the experimentally observed
shifts of molecular resonance energies, even though additional
parameters, such as the inhomogeneous charge distribution
within the molecules, non-covalent intermolecular interac-
tions, changes in adsorption geometry and distance, as well
as interaction with the buried metal substrate, are not taken
into account. Accordingly, this simple model captures the key
findings of the experiments, in line with reports on related
systems, including charged molecules on ultra-thin insulating
supports.'®19 Additional and competing effects yielding a
shift of occupied MOs toward Ep with increasing number of
molecular neighbors could include incremental addition of
negative charge, a change in the local work function induced
by the neighboring molecules, or a Coulombic field due to sur-
rounding charges.’l All these effects would shift both occupied
and unoccupied molecular resonances upward (i.e., occupied
MOs toward Ef, unoccupied MOs away from E), in contrast to
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screening yielding a counter-directional shift™ (i.e., occupied
and unoccupied MOs shift toward Ep). As many STS spectra
do not provide a clear signature of the first unoccupied MO
(cf. Figure 2), we have only limited information on the evolu-
tion of the F;CoPc’s electronic gap with increasing number of
neighbors. Thus, based on our experiments alone, one cannot
rule out a contribution of these effects. Nonetheless, the com-
bination of experimental STS data and DFT simulations indi-
cates that intermolecular Coulomb interactions do not play
a dominant role, as briefly discussed next. The DFT results
presented in Figure S3c,d, Supporting Information, base on a
chain of Fi;CoPc anions, where two adjacent molecular units
are labeled A and B. Starting with a dilute chain containing
only one unit (i.e., A or B) and subsequently adding the second
unit (i.e., “A+B”), the respective occupied and unoccupied elec-
tronic states of the molecules are rigidly shifted upward (i.e.,
to higher energies). As the DFT modeling does not include
screening effects, this rigid shift represents the effect of the
charge of the neighboring molecules. Experimental spectra
comparing molecules with only one neighbor to a molecule
with three neighbors on the other hand do not show a rigid
shift of the occupied and unoccupied MO, but rather a reduc-
tion of the apparent HOMO-LUMO gap (cf. Section S9, Sup-
porting Information).

Reversible tip-induced gating resulting in CP-features in STS
data of metal-organic complexes on ultra-thin spacer layers is
well documented in literature.[23-26:33374] A recent report even
demonstrates site-selective, field-driven charging in a mole-
cular array adsorbed on a noble metal support.* Our results
show how Af mapping can be applied to study complex situa-
tions with multiple molecules charged by the electric field of
a tip. Such experiments open pathways to explore and control
charging thresholds in molecular architectures.

Overall, for the investigated system and the employed scan
parameters the three effects discussed—template-induced
gating, tip-induced gating, and screening—can cause shifts of
the measured positions of the molecular resonances in the dI/
dV spectra of up to 1 V. Each of these effects contributes addi-
tively and in an approximately similar amount (~0.3 V) to the
cumulative shift. The relative contributions of template and
tip-induced gating can further be tuned by using a different
substrate (such as h-BN/Ir(111)) with a larger work function
modulation, as well as by a change of tip height and sample
bias (under the constraints of a stable tip-sample junction).
Moreover, growth of additional layers of molecules is expected
to further increase the screening by molecular neighbors. The
molecular response to electrostatic gating can be controlled
by the adsorption height (for molecules in additional layers,
as well as by chemical functionalization). Additionally, the
electronic modulation in F;;CoPc monolayers on h-BN sup-
ports might result in a spatially patterned chemical reactivity
(e.g., toward small gaseous adsorbates) and can template the
growth of thin molecular films, as evidenced by the nucleation
of second layer FsCoPc in the wire regions of F;sCoPc/h-BN/
Cu(111) (Figures S7c and S8, Supporting Information). Indeed,
the involvement of an orbital with strong out of plane character
(Co d,?) in the charge transfer processes opens opportunities
to control site-specific axial interactions. Furthermore, the ani-
onic charge state for FisCoPc on h-BN/Cu(111) resulting from
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electron transfer to the Co center reflects the characteristic elec-
tron acceptor behavior of this molecule.

3. Conclusion

In conclusion, we have investigated how the substrate tem-
plating, screening by neighboring molecules, and electrical
fields between the tip and surface influence the electronic levels
and charge states of FisCoPc on h-BN/Cu(111). Each of the three
investigated parameters can induce energy shifts of up to a few
hundreds meV. For the investigated system, a combination of
these effects can change the charge state of certain molecules
(anionic to neutral). Interestingly, switching of the charge state
of a neighboring molecule was seen to exhibit a smaller effect
on the charging threshold of the F;sCoPc molecules. Such
atomic scale understanding of the complex interplay of the
effects of the substrate, the neighboring molecules and electric
field gating is crucial for the design and utilization of molecular
electronic devices, the functionalization of 2D materials, and
the control of molecular nanosystems at interfaces.

4. Experimental Section

The experiments were carried out using CreaTec STM and STM/AFM
machines operating at 6 K under ultra high vacuum conditions. The h-BN
layer was prepared by chemical vapor deposition (CVD) using a Borazine
(HBNH)3 precursor, which was introduced into the growth chamber
through a leak valve, following a protocol described in detail in previous
studies.[2335536] The FisCoPc (Sigma-Aldrich, 95% purity) molecules
were deposited from a quartz crucible heated to 693 K onto the h-BN/
Cu(111) substrate kept at room temperature during deposition followed
by a post annealing step to 423 K. The STM images were acquired in
constant current mode and the differential conductance (d//dV) spectra
were recorded using the lock-in technique (f= 969 Hz, AV, s = 20 mV).
dl/dV maps were taken in constant height mode at f= 479 Hz, AV, =
11 mV unless stated otherwise. For AFM/KPFM measurements a qPlus
sensor (Q = 70000, resonance frequency f = 30 kHz, k = 1800 N m~,
oscillation amplitudes of 20-50 pm) was used. The data was processed
using Gwyddionl®l and Python. STM images were subjected to standard
corrections, that is, plane-subtraction, as well as global brightness/
contrast adjustments. A Gauss filter was applied to the the STM image
in Figure 4a.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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