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Quantitative analysis of the electronic decoupling of an organic semiconductor molecule
at a metal interface by a monolayer of hexagonal boron nitride
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The adsorption geometry, the electronic properties, and the adsorption energy of the prototype organic
molecule 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) on a monolayer of hexagonal boron nitride
(hBN) grown on the Cu(111) surface were determined experimentally. The perylene core is at a large height of
3.37 A and only a minute downward displacement of the functional anhydride groups (0.07 A) occurs, yielding
adsorption heights that agree with the sum of the involved van der Waals radii. Thus, already a single hBN layer
leads to a decoupled (physisorbed) molecule, contrary to the situation on the bare Cu(111) surface.
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Wide band gap two-dimensional materials (2DMs) [1,2],
as, for instance, hexagonal boron nitride (hBN), are of interest
as interfacial layers for separating the electronic states of
adjacent conducting or semiconducting materials [3]. The
appeal of hBN is given by the possibility to grow hBN
mono- and multilayers [4] on many metallic substrates by
chemical vapor deposition of borazine [5-7]. The hBN layer
of monoatomic thickness is particularly interesting as it rep-
resents the ultimate case of a thin interfacial barrier. In short,
the hBN monolayer constitutes a w bonded honeycomb net
with alternating boron and nitrogen atoms [8]. It is known that
multilayer sheets of hBN constitute a good electrical insulator
with a wide band gap [9]. But how do these properties scale
down to the single hBN monolayer and how well does this still
separate the electronic states located at its two interfaces? This
aspect appears to be important for the understanding and opti-
mization of electronic thin film devices based on monoatomic
hBN layers or similar other 2DMs in general. Obviously, an
experimental clarification requires monitoring the electronic
properties on the hBN layer at the microscopic level. One
approach is to use the adsorption of an organic molecule
as a probe. Investigations of this kind have been made by
comparing the submolecular contrast in scanning tunneling
microscopy (STM) images to that expected for the unper-
turbed molecular orbitals [10,11]. Here, we go further and
measure the electronic and structural response of an organic
molecule on an hBN/metal surface. Furthermore, we quantify
the remaining interfacial bonding by the adsorption energy.

The Cu(111) surface lends itself to this purpose because,
for building devices, hBN layers are commonly grown on
Cu foils [12,13]. In a preceding experiment we have already
determined the distance of the hBN layer to the underlying
topmost Cu(111) layer [14]. The large value of 3.24 A exceeds
the sum of the van der Waals (vdW) radii of the interfacial
atoms significantly [(r®V 4 rfdV) =2.86 A and (W +
réﬂw) =3.05 A] and identifies the bonding between the hBN
layer and the Cu(111) surface as very weak. The analysis also
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revealed no signs of a vertical long-range modulation of the
hBN layer caused by its misfit to the Cu(111) surface [14].
We therefore consider it as perfectly flat in the following. As
a consequence of the large interfacial hBN/Cu(111) distance
and its band gap of 5-6 eV [15], the probability density of
metal states should be strongly reduced at the hBN/vacuum
interface. In conclusion, a molecule placed onto this surface
should show negligible features for electronic and structural
modifications due to interactions of molecular and metallic
states, and thus its properties should be very close to those ex-
pected for a physisorbed molecule. However, quantitative in-
formation is desirable here, not at least because recent obser-
vations point in different directions: On the one hand, an elec-
tronic corrugation due to the misfit to the Cu(111) substrate is
present on the hBN/Cu(111) surface [16] and reveals itself by
a template effect on the adsorption of molecules [11,17-19].
Furthermore, a “catalytic transparency” of hBN on Cu(111)
has been stated [20,21], which indicates a “leaking” of the
metal states through the hBN that enables borazine disso-
ciation on a closed hBN layer. On the other hand, STM
images show small perturbations of the molecular states on
the hBN/Cu(111) surface indicating efficient decoupling [17].

We use the semiconductor model molecule 3,4,9,10-
perylene tetracarboxylic dianhydride [PTCDA, cf. Fig. 1(d)]
in order to take advantage of the fact that the structural
and electronic details of adsorbed PTCDA molecules have
been documented for a wide range of different metal sur-
faces [22-25]. The height of the perylene core above the
surface is dependent on the substrate due to varying strengths
in bonding and interactions with metallic states, as seen by
the energetic shifts of the PTCDA valence orbitals [26-29].
In addition, characteristic vertical displacements of the func-
tional anhydride groups out of the molecular plane of the
otherwise planar molecule occur. The pattern and size of these
structural distortions bear information about the bonding of
the molecule to the surface. For example, on the bare Cu(111)
surface, the distortion of the anhydride groups encompasses
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FIG. 1. (a) Overview LEED pattern of one monolayer PTCDA
on hBN/Cu(111) with superimposed calculated spot positions and
reciprocal unit cell (green). Different colors refer to six symmetry
equivalent domains. The pattern was recorded at an electron energy
of 30.4 eV and a sample temperature 7 of 110 K. (b) Zoom-in
of the detail marked in (a). (c) STM image of PTCDA molecules
on hBN/Cu(111) arranged in a herringbone pattern. The image
was recorded at U, = +1.5 V and I = 500 pA at T = 300 K. (d)
Corresponding hard-sphere model of the unit cell. The covalent atom
radii in the molecules are drawn at 75% of their sizes for clarity. The
envelope of the vdW spheres and the unit cell of the PTCDA lattice
(red) are indicated.

a vertical shift of the central O atom (Og,y) by 0.23 A with
respect to the perylene core in the direction away from the
surface, while the carboxylic O atoms (Oc,) and the func-
tional C atoms (Cyner) Stay approximately at the height of the
perylene core (Cpery1). [See Fig. 1(d) for the nomenclature. ]
This indicates a chemical interaction that is dominantly lo-
cated on the perylene core [25]. Here, we use these effects as
a delicate probe to test the coupling of leaking Cu states at the
hBN/vacuum interface with molecular orbitals.

Figure 1 comprises structural data on a PTCDA mono-
layer adsorbed on the hBN/Cu(111) heterostructure. The low-
energy electron diffraction (LEED) image reveals the for-
mation of ordered domains. The PTCDA lattice is found
to be incommensurate with respect to the hBN lattice. The
lattice parameters can be identified from the spot positions
in the LEED image with high precision, as it was done, e.g.,
for PTCDA on the Ag(111) surface before [30]. They were
determined with an accuracy of 0.5% and agree within 3%
with those of PTCDA layers in the B modification of the
bulk crystal [31]. The achieved fit of calculated and measured
LEED spot positions is shown in the zoom-in displayed in
Fig. 1(b). Notably, the spots are not sharp, but smeared out
azimuthally. This is due to the imperfect azimuthal order
of the hBN domains [14] that is imprinted on the PTCDA
layer. The STM image [Fig. 1(c)] gives further insight into
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FIG. 2. (a) XPS data for the C 1s level of PTCDA on different
surfaces. Contributions from the different C atoms have been fitted
and are indicated by different colors; red: different C atoms of the
perylene core; blue: functional carbon atoms; dashed: respective
satellites; dashed gray: nonassigned satellites. For details of the
assignment, see Ref. [23] [Ag(100) spectra taken from Refs. [23,34];
Cu(100) spectrum taken from Ref. [24]]. (b) UPS data of the bare
hBN/Cu(111) interface (black curve), and the PTCDA monolayer
and bilayer on hBN/Cu(111) (red curves). The spectra are angle
integrated over an emission angle between 8° and 25°, and were
normalized by the height of the Fermi edge. A zoom of the Fermi
edge is shown. Spectra were measured using He Ilo radiation in 45°
incidence. For comparison, a gas phase spectrum of PTCDA is shown
(blue curve, taken from Ref. [35]; the spectrum was aligned at the
HOMO position).

the structure: There are two molecules per unit cell forming
the well-known herringbone arrangement stabilized by hy-
drogen bonds [Fig. 1(d)] that is seen for PTCDA on many
surfaces [32]. But STM also reveals a high density of domain
boundaries involving the azimuthal rotation of individual
or groups of molecules. STM imaging was only successful
for tunneling into unoccupied states and the obtained sub-
molecular contrast resembles the lowest unoccupied orbital
(LUMO) [33]. The observed incommensurate structure and
the bulklike lateral packing point to a very weak interaction of
PTCDA with hBN, leading to an only small lateral corrugation
of the interaction potential. However, the possibility to draw
a tunnel current from the PTCDA layer indicates that some,
at least very weak, coupling to metallic states must still exist
here.

Figure 2(a) displays C 1s x-ray photoelectron spectroscopy
(XPS) data taken for PTCDA on hBN/Cu(111) in comparison
to spectra for a multilayer and for PTCDA monolayers on the
bare Cu(100) and Ag(100) surfaces. The important observa-
tion from these spectra concerns the energetic shift of the peak
related to the four Cpynet atoms with respect to the position
of the main peak stemming from the 20 central Cpery1 atoms.
While on hBN and for the PTCDA multilayers the Cgy,e peak
is located at a binding energy 4 eV below the Cpery peak, it is
shifted by 1.5 eV towards the latter on the metal surfaces. This
differential shift marks the chemical bonding of the PTCDA
to the metal surfaces and has been discussed in detail [26].
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Concurrently, the very good agreement of PTCDA/hBN and
the multilayer spectra identifies the bonding situation on hBN
as similar to that between PTCDA multilayers.

Commonly, the coupling of PTCDA to metallic states leads
to shifts in the frontier orbitals [26,27]. A significant down-
ward shift of the LUMO to or even below the Fermi energy
and small upward shifts of the HOMO (highest occupied
orbital) and the “HOMO-1 band” (which consists of four
individual orbitals [36]) are typical [26]. Quite differently, at
the hBN/Cu(111) surface, the energetic distances between the
frontier orbitals are not altered with respect to those seen for
gas phase spectra. This is illustrated by the ultraviolet pho-
toemission spectra (UPS) displayed in Fig. 2(b). The binding
energies and partially also the relative intensities of the well-
resolved HOMO and the unresolved groups of lower-lying
orbitals of the gas phase spectrum [35] are well reproduced
in both the spectra of a PTCDA mono- and bilayer on hBN.
On bare Cu(111), the LUMO is filled due to hybridization
with Cu states and found at a binding energy of 0.8 eV [27].
In contrast, for hBN/Cu(111), we see a continuous intensity
related to metal states (Egjng < 2 eV) with no indications
for a contribution of a former LUMO which excludes any
charge transfer from the metal to the molecule. Work-function
changes derived from the cutoffs in UPS data compliment
the finding of an absent metal-molecule coupling: A negative
change of the work function (A® = —0.5 eV) upon depo-
sition of the hBN layer on the Cu(111) surface shows that
hBN suppresses the spill-out of the Cu states. Upon PTCDA
deposition on hBN/Cu(111), we find no significant further
reduction of the work function (—0.05eV < A® <0eV)
caused by a possible pushback of the metallic states, which
is typically encountered for PTCDA adsorption on metal sur-
faces [27]. This is compatible with a low probability density
of Cu states at the PTCDA/hBN interface. In summary, we
deduce the following: A PTCDA monolayer on hBN displays
the structural and electronic signatures which are expected for
a physisorbed molecule. Thus, the final question is whether
this conclusion can be corroborated by the structural parame-
ters of the adsorption complex.

To this end, we have determined the vertical heights of
chemically and thus electron spectroscopically discernible
atoms with respect to the hBN layer by the normal inci-
dence x-ray standing wave (NIXSW) technique [40]. The
data analysis was performed by the program TORRICELLI [41]
and included necessary nondipolar corrections (cf. Ref. [14]).
Table I summarizes the results. The underlying electron yield
curves, respective fits, and the corresponding Argand diagram
are shown in Fig. 3. The vertical position of the hBN layer
covered by PTCDA was also determined in this experiment
by NIXSW in the same manner as reported earlier for the bare
hBN/Cu(111) heterostructure [14]. The obtained positions
were identical within the error in both experiments, which
means that PTCDA does not change the height of hBN. The
theoretical fits to the experimental NIXSW curves of PTCDA
are good, and the coherent fractions, which are between 0.60
and 0.85, are in agreement with our expectation based on
results from other similar NIXSW experiments [22-25].

For the perylene core we find a vertical height of
d"™N(Cpery1) = 3.37 A above the hBN layer. This is the
largest adsorption height which has been reported so far for

TABLE I. Coherent fractions f, (describing the height distribu-
tion) and coherent positions p. of four chemically inequivalent atoms
of the PTCDA molecule and derived respective vertical distances
d®" and d"BN with respect to the topmost Cu(111) and hBN layer,
respectively. d°* and d® were calculated as dS = (n + pe) - d(i};,
and df®N =df" — d"™N, with n =3, d}, =2.087 A [37], and
d"™N = 3.24(3) A [14]. n = 3 is derived because other values give
unreasonable distances.

fe pe d& (A) dP™N (A)
Ocarb 0.59(1) 0.128(3) 6.528(6) 3.29(3)
Ounh 0.64(2) 0.135(4) 6.543(8) 3.30(3)
Chunct 0.83(5) 0.137(9) 6.547(19) 3.31(4)
Cpery1 0.85(2) 0.169(3) 6.614(6) 3.37(3)

the perylene core of PTCDA on any surface [22-25,42].
This distance is well fitted by the sum of the vdW spheres
of B and C (i = 1.65 A, 29V = 1.75 A [39]). We refer
to B, and not to N, to describe the hBN surface, because
B exhibits a slightly larger vdW radius and because B is
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FIG. 3. (a) Electron yield curves from NIXSW data (angle inte-
grated) for Oca, Ounn, Crunct, and Cperyp (vertically shifted). Photon
energies are given relative to the Bragg energy of Cu(111). (b)
Argand diagram showing the results of all data sets and the respective
averaged values (heavy symbols). Shaded areas mark the envelope of
the error bars of the data sets. The O 1s/C 1s level was evaluated on
five/four different positions on the sample. Note that the coherent
position of the Cpey signal is by ~0.03 larger than those of the
other three species, which are about the same. (c) Side views of
PTCDA/hBN/Cu(111) along the short and long molecular axes. The
vertical distances within the PTCDA molecule are enlarged by a
factor of 4 and the covalent radii of PTCDA are drawn at 75% of
their sizes in order to better show the very small downwards bending
of the terminal anhydride groups. For the hBN layer the vdW spheres
are indicated.
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FIG. 4. Adsorption heights of chemically discernible groups in
PTCDA on various surfaces as determined by NIXSW [22-25]
corrected (i.e., reduced) by the vdW radii of the respective surface
atoms vs the adsorption energies E,ys (data marked by “a” and “b”
taken from Ref. [23] and Ref. [38], respectively). For Cu(100) and
Cu(111) (marked by *) E,qs values are not available and horizontal
data point positions are only qualitatively placed according to the
work-function trend [24]. The data illustrate the trend of the bonding
height from stronger chemisorptive bonding (left) to weak physisorp-
tive bonding (right). The vdW radii were taken from Ref. [39]:
PV =172 A, iV = 1.40 A, r{4 = 1.66 A. For the hBN sub-
strate the boron radius was used, because it is larger (r3V = 1.65
A; 8 = 1.46 A) and because B is located by 0.03 A higher than
N [14]. For Ag(111), Cu(111), and Au(111), the positions of Cpery
and Cgy,e Were not analyzed individually. Thus, averaged values for
all C atoms (Cpery1 + Ciune) are shown there. For the Au(111) surface
the position of the O atoms could not be determined for experimental
reasons [22]. The lines linking the data points are guides for the eye.
Dashed lines indicate incomplete data. The horizontal dashed lines
mark the vdW radii of carbon and oxygen. The value r}dV = 1.75
A is valid for sp? hybridized carbon in perylene, in the direction
perpendicular to the molecular plane [39]. The value rg™ = 1.65
A is the average of 1.6 and 1.7 A, the range covering the generally
found radii for sp?> hybridized oxygen parallel to its double-bond
axis [39].

positioned by 0.03 A higher than N [14]. The agreement
with the vdW radii also holds true within error for the atoms
in the terminal anhydride groups (Ocarb, Oanhs Crunct). We
have illustrated this in Fig. 4. There we have also included
available data for PTCDA on different metal surfaces for
comparison. The bonding heights are given as corrected
bonding heights, meaning that we have subtracted the vdW
radii of the respective surface atoms. The corrected bonding
heights can thus be directly compared to the vdW radii of

the respective atoms of PTCDA. We have ordered the metal
surfaces from left to right with increasing work functions,
which marks to some degree the trend of decreasing strength
of the chemisorptive interaction [24]. This order is further
justified by the adsorption energies (E,4s) given on the x
axis where they are available. For the present system we have
determined E,4s from the desorption energy that was measured
by thermal desorption spectroscopy [43-46] as described in
the Supplemental Material (SM) [47]. For estimating the
contribution of the intermolecular interactions to E,qs we used
data available for the PTCDA/Ag(100) system [48,49].

The situation on hBN falls on an extreme. For comparison,
on the Au(111) surface, for which the bonding is considered
physisorptive, a height of the perylene core of 3.27 A was
obtained [22]. The large bonding height of the perylene core
on hBN/Cu(111) is remarkable and identifies the interaction
of the PTCDA molecule with this surface as extremely weak.
It is mirrored by a decrease of E,y to a small value of
2.10 £0.09 eV which is by 0.4 eV smaller than that on
Au(111) (see SM for details). Indeed, the only indication for
the presence of the interface imprinted on the structure of
the PTCDA molecule is a very minute downward shift of the
peripheral anhydride groups including both types of oxygen
atoms Ocap, Oann and the functional carbon atoms Cpypet.
The averaged downward shift with respect to the perylene
core amounts to 0.07 A (the largest downward shift is that
of Ocarp by 0.08 A). The molecule is thus not fully planar.
However, we interpret this not as a consequence of a chemical
interaction. Instead, it must be due to the attractive local
vdW interactions of the O atoms with the surface, and/or an
electrostatic interaction of the partially negatively charged O
atoms with image charges in the Cu substrate. Apparently, the
Ciunct atoms follow the oxygen atoms in their move.

In conclusion, the hBN layer suppresses the Cu wave
functions at the hBN/vacuum interface, such that adsorption
has little influence on structural and electronic, i.e., the ground
state, properties of PTCDA. It remains to be proven in how
far this is also true for excited state properties, e.g., lifetimes
of electronic excitations. In hindsight the template effect of
hBN/Cu(111) on molecular adsorption noted at the beginning
must be due to a very small local variation of the adsorption
energy that is compatible with a physisorptive bonding.

Note added. Recently, we became aware of two pub-
lications that are interesting in the context of the present
work. A similar study of a molecule on hBN/Cu(111) was
reported [50]; for PTCDA adsorbed on hBN multilayers an
adsorption energy of 2.46 eV and a vertical distance of 3.1
A were found from calculations by density functional the-
ory [51].
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