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ABSTRACT Understanding the energy-level alignment and charge transfer of
organic molecules at large bandgap semiconductors is of crucial importance to
optimize device performance in organic electronics. We have studied submonolayer
coverage of manganese phthalocyanine (MnPc) on hexagonal boron nitride (h-BN) on

Rh(111) as a model system by low-temperature scanning tunneling microscopy (STM) ‘
and spectroscopy (STS). The adsorbed molecules show three distinctly different bias-
dependent topographic signatures, which depend on their adsorption positions on the
h-BN. Among these three types of MnPc, one shows pronounced charging because of

Z

Vacuum

Tip

MnPc® — MnPc*

o
<|[Rh

al/dV line scan

charged o

Sample Bias (V)

neutral

,©

0
Distance (nm)

the proximity of the highest occupied molecular orbital (HOMO) to the Fermi level on the decoupling h-BN substrate. The charging of the MnPc from its

neutral to the MnPc ™" state leads to a down shift of the Mn 3d-related orbital by 840 meV as determined from the difference in energy position between

high- and low-bias charging. We find that the charging field is linearly related to the HOMO position with respect to the Fermi level, with a clear correlation

to the adsorption orientations of the MnPc. Our results show how critically energy level alignment and field-induced charge transfer process can depend on

adsorption configurations, even on an apparently low-interacting substrate like metal supported monolayer h-BN.
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pplications of organic materials in
Aelectronics and catalysis are strongly

dependent on charge transfer pro-
cesses at immanent organic—inorganic in-
terfaces. In recent years, particular attention
has been devoted to the interface between
molecular materials and large bandgap
semiconductors in view of their application
in dye-sensitized solar cells, organic light-
emitting diodes, and photocatalysis, where
transition metal oxides serve as electrode
materials.' ™ An optimization of the charge
carrier injection is directly related with
tuning the charge transfer barriers, which
requires a detailed understanding of the
alignment of the molecular orbitals (mainly
the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular
orbital (LUMO)) with the valence and con-
duction band of the semiconductor.’ How-
ever, most studies of molecular adsorp-
tion rely on metallic substrates, where
the molecular orbitals might be altered by
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hybridization with the valence electrons of
the metal.°~® Thus, ultrathin, large bandgap
materials grown on metal surfaces (like NaCl,
CuN and Al,03)'°" " have been praised as
ideal substrates, as their insulating nature pre-
serves the intrinsic electronic structure of ad-
sorbates, while permitting scanning tunneling
microscopy (STM) to study the atomic structure
and electronic properties of the adsorbate.
In this respect, single layer hexagonal boron
nitride (h-BN) grown on metal surfaces'2*
has been attracting increasing interest as sub-
strate, due to its simple, self-limited growth and
various superstructures that form depending
on the choice of the metal support. In this
paper, we have used manganese phthalo-
cyanine (MnPc) adsorbed on a single layer of
h-BN on Rh(111) as a model system to inves-
tigate the interplay between energy level
alignment and field-induced charge transfer
at the single molecular level.

Recently, metal phthalocyanine and free-
base porphine molecules on h-BN grown on
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metal surfaces have been studied,?"*%?* where STM
results revealed high resolution molecular orbitals and
corresponding narrow peaks in the di/dV spectra,
indicating low electronic hybridization between the
molecules and the substrate. Importantly, depending
on the adsorption site, a rigid energy shift of the
molecular orbitals due to work function changes within
the unit cell of the h-BN/metal moiré?? or a reordering
of the molecular orbitals due to charging could be
observed.”**

As field-induced charge transfer involves a shift of
the molecular orbitals® or the conduction band,?**” it
always manifests as a sharp peak in the di/dV spectra,
similar to a density of states (DOS) feature of decoupled
molecules. Thus, it is necessary to discriminate be-
tween the charging peak and the molecular DOS
within the same energy range to understand their
relation and interplay. Here, we observe a shift of the
molecular orbital, resulting in a sudden enhancement
of the tunneling current. Spatial-dependent di/dV
mapping allows to clearly identify the Mn 3d related
orbital, the charging peak and how this d orbital is
influenced by the “low bias” and “high bias” charging
effect. Two orientations of molecules with a small
energy shift of the HOMO can strongly change the
charging bias and therefore switch the ability of the
molecule to be charged.

RESULTS AND DISCUSSION

Figure 1a shows a large scale STM topography image
at 4.9 K of a monolayer of h-BN on Rh(111) covered
with MnPc molecules (equivalent to 15% of a densely
packed monolayer). The h-BN surface forms a hexago-
nal superstructure of 3.2 nm periodicity, which arises
from the 7% lattice mismatch between h-BN and
Rh(111)."* Topographic depression and protrusion re-
gions are called pore and wire regions and differ from

each other by the interaction of the h-BN with the
Rh(111) substrate?® As other molecular or atomic
species, the MnPc selectively adsorbs in the pore
regions of the h-BN/Rh(111) with a systematic off-
center position at low coverage.'*'®'923 Although all
molecules are trapped at similar positions with respect
to the superstructure of the h-BN/Rh(111), three differ-
ent STM topographic signatures of the MnPc can
be identified. Examples of these three signatures are
shown in Figure 1b taken at 0.2 V STM bias. The three
types, highlighted by colored circles, are characterized
by (i) a cross like appearance with a dark center (DC,
yellow circle), (i) a similar cross like structure but with
a bright center (BC, blue circle), and (iii) a Doy, symmetry
structure exhibiting one and two lobes, respectively,
at the neighboring isoindole moieties (six-lobe, red
circle). The differences in the STM appearances are not
limited to imaging at 0.2 V bias, but extend throughout
the bias window from —2 V to +2 V (cf. Supporting
Information paragraph 1). Outside this bias window we
detect strong contributions from the substrate, which
mask the intrinsic features of the molecules.

In order to verify the identical chemical nature of
the three different types and to exclude the presence
of impurity species, e.g., metal-free phthalocyanine
(H5Pc), we performed STM tip-induced manipulation®®
and monitored the changes in appearance of the
molecules. Each of the three different types can be
reversibly changed into the others, as exemplified
in Supporting Information Figure S2, suggesting their
identical chemical structure. Topographic effects due
to gas molecule decoration, well-known for MnPc
molecules,**32 could be excluded by the use of volt-
age pulses (3 V with a STM loop bias of 0.2 V at 1 nA),
where no change is observed, as long as the position of
the MnPc molecule remains the same. Consequently,
the different STM signatures seem to originate from

Figure 1. STM topographic signatures of MnPc molecules on the h-BN/Rh(111). (a) STM image (0.2 V, 20 pA) of the MnPc
adsorption within the pores of the h-BN/Rh(111) (regular network of depressions). Three different topographic types of
the MnPc can be distinguished. Inset: molecular structure of MnPc. (b) High-resolution STM image of neighboring pores
hosting single MnPc molecules with different signatures, denoted as bright center (BC), dark center (DC) and six-lobe MnPc

(as indicated by blue, yellow, and red circle, respectively).
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subtle differences of the adsorption site of the indivi-
dual MnPc molecules (cf. Supporting Information:
Structural integrity and purity of the adsorbed MnPc),
influencing their conformational or electronic state.>®

Statistical evaluation of the occurrence of the three
types of MnPc on the h-BN/Rh(111) shows that BC
MnPc is the most frequent one (70%), while the other
two types (DC and six-lobe) occur with nearly equal
abundance (15%; cf. Supporting Information Figure S4).
Although the atomic details of the different appear-
ances are not fully clear at the moment for all the three
types, we have a good understanding of the behavior of
the BC MnPc. As we will discuss in the following, the BC
MnPc molecules exhibit between themselves varying
characteristics, which can be understood from differ-
ences in field-induced charge transfer.

The spectroscopic characterization of the BC MnPc
on the h-BN/Rh(111) is summarized in Figure 2. The
di/dV spectra reveal the variability in peak positions
and intensity at positive bias from one molecule to
another (cf. center M1, M2, and M3 in Figure 2a).
Additional features close to the Fermi energy are ob-
served in the spectrum taken at the isoindole unit of the
MnPc molecule (Lobe M1). The sequence of peaks in
the bias range from —0.5 to 0V, can be attributed to the
HOMO. The contribution of the HOMO leads to a drastic
contrast change in the STM topography, when the bias
is changed from +0.2 V to —0.15 V (cf. Gap and HOMO
in Figure 2b, respectively; biases are indicated by
colored arrows in Figure 2a). The di/dV spectrum taken
at the center of the same molecule (cf. Center M1 in
Figure 2a) shows a markedly different signature: the
HOMO is not visible anymore, the sharp peak is shifted
down by 100 meV from +0.73 V (Lobe) to +0.63 V,and a
new feature occurs in the form of a very intense broad
peak centered at +0.92 V. It is interesting to note
that the positions of these two features at positive bias
can vary dramatically between different BC MnPc mol-
ecules. The spectrum Center M2 in Figure 2a, measured
on a different BC MnPc, shows a sharp peak at about
+1.8 Vand a broad peak at +1.6 V, now preceding the
sharp peak. Finally, the spectrum taken at Center M3,
measured on a further BC MnPc, shows no sharp peak
and the broad peak is at the same position as in the case
of molecule M2.

Before we turn to the explanation of this variability,
we focus our attention to the fine structure of the
HOMO. If the set point parameters for the d//dV are
appropriately chosen (e.g., —0.1 V, 100 pA, to bring
the tip closer to the molecule), the HOMO feature can
also be observed at the center of the molecule as seen
from Figure 2¢, revealing a vibronic multiplet of equally
spaced peaks.>* Typically, these vibronic peaks®'3>3¢
are observed for decoupled molecular orbitals, where
the lifetime of a given electronic state is long
enough to enable an electron (tunneling to this state)
to couple to vibrational modes. As shown in Figure 2c,
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Figure 2. Electronic characterization of BC MnPc molecules
on the h-BN/Rh(111). (a) dI/dV spectra of BC MnPc mol-
ecules, showing vibronic peaks at the molecular lobe in the
HOMO position (Lobe M1), and three kinds of spectra with
different peak positions at the molecular centers (labeled as
Center M1, M2 and M3). The sharp peaks are marked by the
asterisks. STM settings before opening feedback (FB) loop:
2V, 200 pA. (b) STM topographies scanned at several typical
biases marked by the arrows in (a), showing the molecular
orbitals (images with yellow and blue frame) and the
conductance gap (the image with a green frame). Scanning
parameters are —0.15, 0.2, and 1.6 V (from left to right)
at 20 pA; image size: 2.5 nm x 2.5 nm. (c) The vibronic
substructure of the HOMO at the molecular center (black
curve) can be fitted with a sum (red curve) of four Gaussians
(dashed gray curves). STM settings before opening FB loop:
0.1V, 100 pA. (d) Equidistant d//dV spectra taken at constant
height (open loop) across a BC MnPc along the dashed line
in inset (0.2 V, 20 pA, size: 4 nm x 4 nm). The pronounced
bright “arc” ranging from 0.4 to 2 V indicates the “low bias”
charging, whereas the intense maximum at the molecular
center at 0.8 V originates from the Mn 3d orbital. STS
settings before opening FB loop: 1 V, 500 pA at MnPc
center. (e) Equidistant di/dV spectra taken at constant
height (open loop) along the dashed line in inset (0.2 V,
20 pA, size: 4 nm x 4 nm). The sharp bright “arc” ranging
from 1.3 to 2 V belongs to “medium bias” charging. STS
settings before opening FB loop: 2V, 200 pA at MnPc center.

these peaks can be very well fitted by a sum of four
Gaussians on a cubic background. We consistently find
that in the molecule center the first phonon excitation
peak is strongest as opposed to the lobe position,
where the elastic peak is dominant (cf. Supporting
Information Figure S5). A linear regression fitting of
the peak positions against the peak number yields an
estimate of the energy of the vibrational mode of V,;, =
97 £ 5 meV. The accurate determination of the vibra-
tional mode energy requires a correction due to the
voltage drop at the h-BN ultrathin insulator, to which
the double barrier tunneling junction (DBTJ) model
can be applied.”>*”3® The actual energy spacing
should be rescaled to (Vyip)corr = (1 — o)V, With the
fraction of the voltage drop over the molecule a =
0.093 (will be discussed in detail later), yielding 88 meV
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(corresponding to 710 cm™). Possible candidates for
this vibration are the out of plane B,; mode (700 cm™")
or the red-shifted E; mode (838 cm ™) of benzene.>**

In order to clarify the nature of the spectroscopic
features in the positive bias range of the BC MnPc, we
have measured d//dV maps across the molecules, i.e.,
dl/dV spectra as a function of tip position. Two such STS
maps are shown in Figures 2d,e (see insets for topog-
raphy of the corresponding molecule; dashed line
denotes the path of the STM tip). A distinct parabolic-
like feature can be discerned in both maps, which
has its bias minimum and intensity maximum at the
center of the molecule. This feature corresponds to the
sharp peak highlighted by the asterisks throughout the
spectra in Figure 2a. Its strong dispersion in energy as
a function of tip position implies that it is not a DOS
feature. Rather it denotes a sudden change of the
charge state of the molecule, depending on the bias
and the tip position, i.e., the applied electric field. Similar
phenomena have been observed for impurity ions
in organics, 284142 semiconducting layers,>%*’4* and
adatoms on graphene* and have been attributed to
field assisted charging. The charging process is rever-
sible without hysteresis, as dI/dV spectra measured with
forward (from low to high bias) and backward ramp
direction are essentially identical.

The charging separates each spectrum and each STS
map into two parts: Below the charging peak (scan
with lower bias than the charging bias) the molecule
is measured in its neutral state MnPc® and above the

charging peak (scan with higher bias than the charging
bias) in the charged state MnPc*t. Depending on the
bias when the charging occurs at the position of the
molecule center, we differentiate the cases as “low bias”
charging and “high bias” charging (cf. molecules M1
and M2 in Figure 2a, respectively). In the case of sample
molecule M3, the charging does not occur below 2 V
but presumably belongs to the class of “high bias”
charging. The charging peak can also be observed in
the bias range from 0.9 to 1.7 V without the appearance
of the broad peak, which we denote as “medium bias”
charging. Figure 2d shows a “low bias” charging case,
while a “medium bias” charging example is shown in
Figure 2e. We attribute the broad feature located at the
center of the molecule to a 3d-related orbital of the Mn
atom (cf. corresponding topographic STM signature in
Figure 2b). For the “medium bias” charging case only
a faint front and tail before and after the charging
peak is observed, instead of a broad peak. The relative
dl/dV intensity varies between “low bias” charging and
“medium bias” charging, while the first shows the
highest intensity at the d orbital, the latter shows the
highest at the charging peak (cf. corresponding (V)
curves in Supporting Information Figure S6).

In addition to the spectral dependence on the lateral
tip position shown in the d//dV maps in Figures 2d,e,
we have also investigated the dependence on the
vertical tip position and studied the evolution of the
three charging cases. The top curve in Figure 3a shows
a “low bias” charging effect at a set point of 400 pA.
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Figure 3. Interplay between charging peak, d orbital and HOMO of BC MnPc. (a,b) dI/dV spectra at the center of BC MnPc
molecules, measured at different current set points for “low bias” (a) and “high bias” (b) charging. The charging peaks show a
pronounced shift, while the tail or front of the d orbital remains basically unchanged (indicated by dotted vertical lines). Note
that the spectra are rescaled to the same current set point, e.g., intensity of the curve taken at 100 pA is multiplied by 4 for easy
comparison to that taken at 400 pA (STM bias before FB loop is open: 2 V). (c) Statistical analysis of the relation between the
energetic position of the chargingpeak and the 3d orbital (analysis of d//dV spectra at 44 individual BC MnPc molecules, taken
at 2V, 200 pA before opening FB loop). The energy ranges to differentiate the charging cases are marked at the top of the
graph. (d,e) Schematics of the positive charging process, showing the down shift of the 3d-related orbital, when charging
occurs. (f) Relation between charging peak position and energy of HOMO at the molecular center.*
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With a decrease in set point, i.e., the tip moves farther
away from the molecule, the position of the sharp
charging peak shifts from +0.67 V toward higher bias,
indicating its dependence on the electric field (for
the direct relationship between tip height and position
of the charging peak see Supporting Information
Figure S8). By contrast, the d orbital peak at higher
energies remains at a fixed position of ~ +0.8 V,
unaffected by the change in set point parameters.
Below a set point current of 50 pA the charging peak
is up-shifted beyond the apex of d orbital peak render-
ing the latter invisible. In the “high bias” charging
regime (cf. Figure 3b) a similar upshift of the charging
peak is observed when decreasing the current set
point, but the d orbital peak appears at lower energy
than the charging peak and remains at a fixed position
of ~ +1.7 V. Figure 3c summarizes the d orbital
energies for a number of different BC MnPc molecules
as a function of charging peak position (analysis of
di/dV spectra all measured with 2 V, 200 pA before
opening FB loop). Two groups of points can be clearly
distinguished: Group one, where the charging peak is
below the position of the d orbital peak. In this case the
d orbital position is assigned to MnPc* at 0.87 - 0.03 V,
whereas for group two the charging peak is above
the d orbital peak position of 1.71 £ 0.05 V, which
belongs to the neutral MnPc’. In the “medium bias”
charging case (between 0.87 and 1.71 V), the position
of the d orbital cannot be determined due to its
jump in energetic position upon charging the MnPc
molecule.

The remaining question is on the origin of the large
variation of the charging voltage or more precisely the
charging field among different BC MnPc molecules. To
answer this question, the charging process is illustrated
in Figure 3d,e, demonstrating how a field induced
upshift of the HOMO level leads to ionization of the
MnPc molecule. The energy diagrams without apply-
ing tip—sample bias (V,, = 0; Figure 3d) and above the
charging bias V. (Figure 3e) are given in blue and red
color, respectively, and the voltage drop in the junction
is shown by sloped barriers. Within the DBTJ scheme,
the voltage drop occurs in two parts: in the vacuum
region (between tip and molecule) and in the h-BN
layer (between molecule and Rh(111) substrate).
Therefore, the HOMO of MnPc raises in energy by
AE = aeV, with respect to the Fermi energy of the
Rh(111) upon increasing V. Once the HOMO aligns
with the Fermi level of Rh(111) at V. (when aeV.= AE .=
Enomo), one electron is transferred and the neutral
MnPc® becomes ionized to MnPc ™. The positive ion is
characterized by a d orbital at lower energy (position
changed from neutral (blue) to charged (red) energy
level in Figure 3e). This results in a sizable jump in the
tunneling current and a corresponding sharp peak in
di/dV at V. as resonant tunneling through the d orbital
becomes possible. Although charging peaks have
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been observed for other systems,?>—27:374143444647

the impact on the molecular orbitals (d orbital in the
present work) has not been studied in great detail.
Within the DBTJ model in Figure 3e, the positions of
HOMO (Vhomo) and charging peak (V,) in the di/dV
spectrum should be linearly correlated by AE. = Ejomos
ie, aeV, = (1 — a)eVyomo- As seen in the diagram
of Figure 3f this is indeed the case and the linear fit
gives a slope of a/(1 — a) ~ 0.1. Alternatively, o. can
be estimated by the relation a = d/(d + €2), using the
model of two parallel plate capacitors®’848 where d =
0.2 nm is the thickness®® and ¢ = 4 is the dielectric
constant*® of the h-BN layer, respectively. By estimat-
ing the distance between tip and molecule as z ~
0.5 nm, we obtain a. ~ 0.09, which agrees well with the
experimental value. Because of the factor of a ~ 0.1
and the close proximity of the HOMO to the Fermi level,
a small shiftin HOMO energy results in a 10 times larger
change of the position of the charging peak, explaining
its large variability.

Finally, we want to correlate the energetic position
of the BC MnPc HOMO with the adsorption configura-
tion. As seen from upper panel of Figure 4a, two
predominant adsorption orientations for BC MnPc
molecules can be observed: orientation A (marked by
green lines) aligning the molecules high symmetry
axis with the [12] direction of the h-BN lattice, and
orientation B (marked by blue lines), where the mole-
cule is rotated by 15° with respect to orientation A
(cf. Figure 4c for the alignment). Note that because of
the 4-fold symmetry of MnPc and the 3-fold symmetry
of the h-BN/Rh(111), a rotation of 30° of MnPc with
respect to h-BN/Rh(111) corresponds to the equivalent
orientation. The STM topography measured at 2 V
(cf. lower panel of Figure 4a, the blue and green lines
for orientations are taken from the upper panel of
Figure 4a) shows that all the molecules with orientation
A are in the charged state, imaged with a “bright disk”
around the molecules center,?” while all the molecules
with orientation B remain neutral and might become
charged with a bias larger than 2 V. Based on the
correlation between HOMO level and the required
charging bias (cf. Figure 3f), the HOMO of molecules
in orientation A should be closer to the Fermi level than
that of a MnPc molecule in orientation B. This is indeed
what we observe in the di/dV spectra (cf. Figure 4b).
Statistically, the HOMO position of the molecules with
orientation AandBis —81 31 mVand —-173 £ 17 mV,
respectively. For images taken at 2 V and 20 pA, 60 out
of 71 (84%) charged MnPc are of orientation A, and
17 out of 22 (77%) neutral MnPc are of orientation B.
Although the orientation does not determine the
charge state exclusively, the preference is clearly seen.
Exceptions might originate from the local environ-
ment, providing additional doping (impurities or
defects) or the assignment of molecules just getting
charged at around 2 V.

VOL.9 = NO.10 = 10125-10132 = 2015 “@L@Mi{\)

WWwWW.acsnano.org

10129



"o
—— Orientation B

0.154
3
S 0.10- A=0.12'V
>
38
T 0.051

0.004

-0.5 -04 -0.3 -0.2 -0.1 0.0
Sample Bias (V)

C  OrientationA Orientation B

Figure 4. Adsorption orientation dependent charging. (a) STM topographic images showing the dependence of charging
with adsorption orientations. Upper image taken at 1.0 V shows the orientation, while the lower image taken at 2.0 V indicates
whether the molecules are charged or not. (b) d//dV spectra demonstrate the difference in HOMO position of BC MnPc
molecules with different adsorption orientations (measured at the isoindole unit, showing a shift of 0.12 V, curves are
vertically displaced for better visibility). (c) Model structures of MnPc on the h-BN lattice with the adsorption orientations
A and B. The pore and wire superstructure is omitted. The lateral adsorption position of the molecules is not known and just

shown tentatively.

CONCLUSION

In summary we have shown that the surface of h-BN/
Rh(111), which is usually considered to be inert, can
have dramatic influence on the electronic properties of
adsorbed MnPc molecules. Because of slight differ-
ences in the adsorption configuration, MnPc molecules
are observed with three different types of STM/STS
signatures, with distinct bias dependence. The BC
(bright center) type shows a pronounced field-induced
charge transfer characteristics. By careful analysis of
the dependence of di/dV spectra on the STM tip
position (lateral displacement and vertical distance),
we correlate the energy position of the HOMO with the
charging voltage of the MnPc® — MnPc ™ transition and
follow the jump of the Mn 3d-related LUMO during this

METHODS

All experiments were performed in a UHV instrument (base
pressure 5 x 10~ mbar) comprising a low-temperature scann-
ing tunneling microscope operated at 4.9 K (LT-STM, Omicron).
The rhodium single crystal (Rh(111)) was cleaned by repeated
cycles of Ar" ion sputtering (750 eV, grazing incidence) and thermal
annealing at 1200 K. The monolayer of h-BN was grown by thermal
dehydrogenation of borazine ((HBNH)s, ~50 Langmuir) on the hot
Rh(111) surface (1100 K),'®'”>° followed by postdeposition anneal-
ing at 1100 K for 12 min to promote uniform layer morphology.
Subsequently, commercial MnPc molecules (see Figure 1a, Sigma-
Aldrich, 97% purity) were sublimated from a Knudsen-type eva-
porator (after thorough thermal purification) with a deposition rate
of approximately 0.1 ML/min, while the substrate was held at
room temperature. The Ptlr tips were etched and the STM

LIU ET AL.

transition. These investigations show that a small
shift in HOMO position, induced already by different
adsorption orientations with respect to the h-BN
substrate, results in large changes of the charging bias,
thus can be used to tune the “on” and “off” state of the
charging. Furthermore, our investigations highlight
the complexity of the alignment of molecular energy
levels occurring at the interface with large bandgap
semiconductors and its impact on the field-induced
charge transfer properties that arise already at a clean
and atomically well-defined substrate. The under-
standing of the origin of this complexity is crucial in
view of optimizing the performance of organic elec-
tronic devices, where large bandgap materials are
frequently used as electrodes.

images were acquired in the constant-current mode with bias
voltage applied to the sample. Spectroscopic measurements
were performed with a Lock-in amplifier (Zurich Instruments) at
10 mV rms sinusoidal modulation at a frequency of 610 Hz.
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