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E-mail: alexander.gerlach@uni-tuebingen.d
bInstitute of Functional Nano & So Materia

Carbon-Based Functional Materials & De

Laboratory of Carbon-Based Functional Ma

Suzhou, 215123, People's Republic of China
cHelmholtz Zentrum Berlin für Materialien u
dFachbereich Physik, Philipps-Universität M

† Electronic supplementary information
bilayer LEED patterns; UPS full spect
spectra; XSW results of PFP/PEN
10.1039/d1na00040c

Cite this:Nanoscale Adv., 2021, 3, 2598

Received 16th January 2021
Accepted 8th March 2021

DOI: 10.1039/d1na00040c

rsc.li/nanoscale-advances

2598 | Nanoscale Adv., 2021, 3, 2598
oropentacene bilayers on Au(111)
and Cu(111): impact of organic–metal coupling
strength on molecular structure formation†

Qi Wang, ab Jiacheng Yang,b Antoni Franco-Cañellas, a Christoph Bürker,a

Jens Niederhausen, c Pierre Dombrowski, d Felix Widdascheck, d

Tobias Breuer, d Gregor Witte, d Alexander Gerlach, *a Steffen Duhm *b

and Frank Schreiber a

As crucial element in organic opto-electronic devices, heterostructures are of pivotal importance. In this

context, a comprehensive study of the properties on a simplified model system of a donor–acceptor (D–

A) bilayer structure is presented, using ultraviolet photoelectron spectroscopy (UPS), X-ray photoelectron

spectroscopy (XPS), low-energy electron diffraction (LEED) and normal-incidence X-ray standing wave

(NIXSW) measurements. Pentacene (PEN) as donor and perfluoropentacene (PFP) as acceptor material

are chosen to produce bilayer structures on Au(111) and Cu(111) by sequential monolayer deposition of

the two materials. By comparing the adsorption behavior of PEN/PFP bilayers on such weakly and

strongly interacting substrates, it is found that: (i) the adsorption distance of the first layer (PEN or PFP)

indicates physisorption on Au(111), (ii) the characteristics of the bilayer structure on Au(111) are (almost)

independent of the deposition sequence, and hence, (iii) in both cases a mixed bilayer is formed on the

Au substrate. This is in striking contrast to PFP/PEN bilayers on Cu(111), where strong chemisorption pins

PEN molecules to the metal surface and no intermixing is induced by subsequent PFP deposition. The

results illustrate the strong tendency of PEN and PFP molecules to mix, which has important implications

for the fabrication of PEN/PFP heterojunctions.
1. Introduction

Conjugated organic materials (COMs) have received consider-
able attention due to their potential for the application as active
layers in novel (opto-)electronic devices, such as organic light
emitting diodes (OLEDs) or organic photovoltaics (OPVs).1–4 In
particular, interface properties are of importance since they
determine injection barriers and the energy level alignment
(ELA) between an active material layer and the metal elec-
trode.5,6 Primer layers between the metal electrode and the
organic semiconductor have been proven to be an efficient way
for engineering interface energetics and tuning energy barriers
t Tübingen, 72076, Tübingen, Germany.
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–2606
for charge carrier injection/extraction.7–9 Therefore, the inter-
face between the active molecular layer and the metal substrate
plays a crucial role as it is the key component of the organic lm
and hence will inuence the performance in respective appli-
cations.10–12 As shown in various studies, the coupling strength
of the contact layer with the substrate, a factor which is crucial
for the growth of subsequently deposited organic layers,13–17 can
be quantied through different experimental “indicators”, i.e.
vacuum-level shis determined by ultraviolet photoelectron
spectroscopy (UPS), core-level shis determined by X-ray
photoelectron spectroscopy (XPS) and bonding distances
determined by the X-ray standing waves (XSW) technique.18

Being an intensively studied p-type semiconductor material,
pentacene (PEN, C22H14) holds great potential for application as
model system in organic electronic devices due to its good
processability compared to smaller oligoacenes, and high
charge carrier mobilities consistently reported for thin
lms.19–23 With regard to the fabrication of (opto)electronics,
a corresponding n-type organic semiconductor should have
similar physical and structural properties except for the type of
charge carriers.24–27 For that reason, we chose per-
uoropentacene (PFP, C22F14)28–30 as acceptor material and
studied the adsorption behavior and coupling strength between
the two COMs. Mixed thin lms based on this donor–acceptor
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(D–A) pair have already been studied with optical methods, X-
ray diffraction and theoretical methods demonstrating their
structural compatibility and favorable electronic properties.31–36

However, some fundamental properties of the rst layers, in
particular vertical bonding distances within a PEN/PFP hetero-
structure, have not been resolved, also because previous studies
mostly used SiO2 or HOPG as substrates, i.e. inert surfaces with
weak interaction and/or limited usability for XSW measure-
ments.37,38 Specically, the XSW and low-energy electron
diffraction (LEED) technique require highly ordered and crys-
talline substrates, for instance, coinage metal single crystals,
which can be easily prepared under ultrahigh vacuum (UHV)
conditions, and also facilitate high resolution UPS and XPS
measurements.39–41 Therefore, we chose Au(111) and, for
comparison, Cu(111) to study the two bilayer systems (PFP/PEN
and PEN/PFP) on these substrates to elucidate the impact of the
substrate interaction for this prominent D–A pair.

Below we will show that there is a signicant difference in
the ordering behavior employing either the strongly chem-
isorbed PEN/Cu(111)42,43 or the physisorbed (PEN or PFP)/
Au(111)44,45 as basis for the molecular bilayer. Thereby, we
demonstrate that such substrate induced effects can be highly
relevant in the eld of COMs onmetals46,47 as they also inuence
the electronic properties beyond the rst layer.

2. Experimental methods

The high-resolution XPS (HR-XPS) and normal-incidence XSW
(NIXSW) measurements on Au(111) have been carried out at
beamline I09 at Diamond Light Source (DLS, UK) using the
available so (110–1100 eV) and hard (2.1–18 keV) X-ray
beams.48,49 Sample preparation and measurements were per-
formed in situ under UHV conditions. The analysis chamber
(base pressure: 3 � 10�10 mbar) features a VG Scienta EW4000
HAXPES hemispherical photoelectron analyzer, which is
mounted at 90� relative to the incident X-ray beam. The XSW
data on Cu(111) have been measured at beamline ID32 at
European Synchrotron Radiation Facility (ESRF, France) using
the HAXPES chamber with a SPECS PHOIBOS 225 HV hemi-
spherical photoelectron analyzer.50 The reectivity and photo-
electron core-level spectra of all elements were recorded at
different photon energies typically within a �3 eV interval
around the Bragg energy (EBragg), i.e. �2.63 keV for Au(111) and
�2.97 keV for Cu(111). The photoelectron yield (YP) and the
reectivity were modeled taking into account the experimental
geometry and the non-dipole corrections associated with it.51–53

The substrate was cleaned by several cycles of Ar+ ion
bombardment and annealing (400–500 �C). The COMs were
sublimated onto the single-crystal surface (held at room
temperature, or with sufficient waiting time aer the desorption
process of multilayers) by physical vapor deposition from home-
built, resistively heated cells with deposition rates of about�0.2
Å min�1. The mass-related thickness was monitored by
a quartz-crystal microbalance (QCM) positioned near the
sample.

Thickness-dependent UPS measurements were carried out at
Soochow University in a UHV system consisting of three
© 2021 The Author(s). Published by the Royal Society of Chemistry
interconnected chambers: an evaporation chamber (base pres-
sure: 3 � 10�10 mbar), an annealing and sputtering chamber (3
� 10�10 mbar) and an analysis chamber (base pressure: 2 �
10�10 mbar). UPS experiments were performed using mono-
chromatized He I radiation (21.22 eV) and a SPECS PHOIBOS
150 analyzer. The energy resolution was 80 meV. The angle
between the incident beam and the sample was xed to 40�. The
spectra were collected at photoelectron take-off angles (q) of 45�

with an acceptance angle of �12� along the h11�2i azimuthal
direction of Au(111). A sketch of the measurement geometry can
be found in ref. 42. The secondary electron cut-off (SECO) (to
determine the vacuum level) was measured in normal emission
with a bias potential of �3 V. Low-energy electron diffraction
(LEED) was performed using a Micro-Channel-Plate LEED (OCI
BDL800IR-MCP) which is installed in the analysis chamber. The
LEED patterns were recorded using typical electron beam
energies Ekin <30 eV. LEED pattern simulations were done using
the LEEDpat54 soware. All measurements have been per-
formed at room temperature (295 K).
3. Results and discussion

The PEN and PFP monolayers as well as the bilayer hetero-
structures have been prepared by organic molecular beam
deposition (OMBD),55 and were characterized by HR-XPS, XSW,
LEED and UPS. Well-dened molecular monolayers of the
unitary lms on the metal substrates were obtained by initially
growing thin multilayers (�10 Å) and aerwards carefully
heating them at 420 K to selectively desorb excessing multi-
layers. In the second step, submonolayers of the complemen-
tary acene have been deposited on the annealed sample.
3.1 Monolayer characterization on Au(111)

Before performing XSW measurements, the XPS signatures of
both pristine acene lms have to be determined. Single-
component monolayer data of PEN and PFP, respectively, are
displayed in Fig. 1, i.e. C 1s and F 1s core-level spectra and the
corresponding photoelectron yield (YP) curves. As shown in
Fig. 1a, the C 1s signal of PEN is located at a binding energy (BE)
of 284.15 eV, which agrees well with previous studies.56,57 In
Fig. 1b, C 1s and F 1s core-level data of PFP and a corresponding
t are shown, together with basic Voigt proles. We nd the
uorine signal of PFP at a BE of 687.07 eV. For the C 1s core-level
spectra, different contributions are considered as illustrated by
the color code used in its chemical structure (cf. inset in Fig. 1a,
b). The two main peaks are attributed to the carbon signals of
PFP with an intensity ratio that corresponds to the stoichiom-
etry of the molecule. While the peak with an area ratio of �35%
at 284.87 eV is related to carbon atoms within C–C bonds, the
peak at 286.49 eV (�53%) is related to the uorinated carbon
atoms (C–F).43,58 In addition, the shoulder (�6%) at the higher
BE side (�290 eV) of the carbon C–F feature is attributed to
shake-up satellites,59,60 whereas the other shoulder at lower BE
(�283 eV) is attributed to a small fraction (�5%) of broken C–F
bonds and the respective C atoms bound to the metal
substrate.61,62 The carbon peak positions will further be used to
Nanoscale Adv., 2021, 3, 2598–2606 | 2599
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distinguish different carbon species in the XPS bilayer spectra,
which allows to measure adsorption distances for both mole-
cules separately.

Using the NIXSW technique, we have measured C 1s and F 1s
core-level spectra at photon energies close to the Bragg energy of
the Au(111) reection (2.634 keV). The XP spectra were recorded
at 31 different photon energies around the Bragg energy of the
gold substrate, and each spectrum is tted by applying the
proles adapted from HR-XPS results. The resulting photo-
electron yield curves as a function of photon energy, obtained
from the intensity of the core-level signals, are shown in Fig. 1.
By tting these photoelectron curves together with the substrate
reectivity two parameters are obtained, which provide struc-
tural information of the adsorbates. On the one hand, the
coherent position PH (0# PH#1), which is directly related to the
adsorption distance for a given chemical species via dH ¼ d0(n +
PH),63 where d0 ¼ 2.35 Å is the lattice plane spacing of the gold
Fig. 1 XPS results of (a) C 1s core-level spectrumofmonolayer PEN on
Au(111); (b) C 1s and F 1s core-level spectra of monolayer PFP on
Au(111), with chemical structures inserted, hn ¼ 800 eV. XSW photo-
electron yield (YP) results of PEN (c), PFP (d) monolayer adsorbed on
the Au(111) substrate. At the bottom of (c) and (d), typical reflectivity
curves for Au(111) surfaces are shown as orange curves. On the top of
(c) and (d), YP of specific components is included. The structural
information is contained in the coherent position, PH, and the
coherent fraction, fH. The chemical sensitivity of this technique
provides information for the different atom species, carbon and
fluorine, as well as for the different inequivalent carbon atoms in PFP
(named as C–C and C–F). Spectra are taken around the Bragg energy
EBragg ¼ 2.634 keV of Au(111). The color code of each curve in XPS and
XSW figures corresponds to the color in the chemical structures
shown in the insets in (a, b).

2600 | Nanoscale Adv., 2021, 3, 2598–2606
crystal along the H ¼ [111] direction (with n being an integer
number to be chosen depending on the circumstances, c.f.
modulo-d ambiguity). On the other hand, the coherent fraction
fH (0 # fH # 1), which contains the information about the
vertical ordering of a given species around its mean adsorption
distance (fH ¼ 0 for totally disordered ensembles and fH ¼ 1 for
the case that the atoms are all at the same adsorption distance).
This procedure allows us to determine the precise adsorption
distances (typically within an error bar of about 0.05 Å (ref. 64))
of all four relevant atomic species (C in PEN, two species of C in
PFP: C–C, C–F, as well as F). To consider the surface relaxation
of Au, the values were corrected as explained in ref. 65.

We are able to directly evaluate the adsorption distances of
PEN and PFP, respectively, on the Au substrate (see Fig. 1c, d).
The coherent position PH ¼ 0.42 obtained for PEN on Au(111)
(Fig. 1c) corresponds to a distance dH ¼ 3.28 Å, which is clearly
within the range of adsorption distances of physisorbed COMs
on this substrate.48,66,67 We note that the measured dH is much
larger than that of PEN on Cu(111) (2.34 Å) where PEN is
chemisorbed.43 Compared to a PEN monolayer on Au(111), PFP
(Fig. 1d) has a very similar adsorption distance with its uorine
atoms located at a distance dH ¼ 3.28 Å (PH ¼ 0.42) and both
carbon species (PH ¼ 0.45) at 0.05 Å higher adsorption distance
than uorine. Since the 0.05 Å difference found here is within
the error margin of the NIXSW measurements and because of
the relatively weak interaction with the substrate, we propose an
essentially at adsorption geometry of PFP molecules on
Au(111). A similar nding has been reported also for PFP on
Ag(111),68 in contrast to PFP on Cu(111) where the carbon atoms
are found below the uorine.43 The coherent fractions (fH) ob-
tained for both carbon species of PFP (0.56 and 0.55), indicate
decent vertical order of the carbon atoms in PFP.69 This
parameter, however, is smaller for the F 1s signal (fH ¼ 0.35) in
Fig. 1d, which implies a larger spread in adsorption distances of
uorine atoms. Overall, we can conclude that for PEN and PFP
monolayers on Au(111) the molecules are essentially at-lying
with adsorption distances that are typical for physisorbed
COMs, which is consistent with previous near-edge X-ray
absorption ne structure studies.70,71

The information of well dened monolayer lms is
conrmed by distinct LEED patterns for PEN and PFP on
Au(111), that also allows to determine the in-plane structure of
these systems (see Fig. S1† for a detailed analysis). Thereby, we
nd that the unit cell parameters of both monolayers agree with
previous reports.42,72
3.2 Bilayer characterization

To characterize the electronic properties of the two bilayers on
the Au substrate, HR-XPS measurements have been carried
out to extract the molecular core-level information and to
enable the structural analysis by means of XSW. To avoid the
formation of multilayer islands during deposition of the
second component on the full monolayer of the rst compo-
nent, only a submonolayer (about 80% of a monolayer) was
deposited as the second layer. As shown in Fig. 2, the two
growth sequences of the bilayers, i.e. deposition of a (sub-)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) and (b) XSW fitting results of the D–A bilayers adsorbed on
the Au(111) substrate. The structural information is contained within
the coherent position, PH, and the coherent fraction, fH. Spectra are
taken around the Bragg energy EBragg ¼ 2.634 keV of Au(111). (c) Model
of a mixed film with the unit cell derived from the LEED pattern, (d)
measured LEED pattern of a nominal PEN/PFP bilayer on Au(111), (e)
simulated LEED pattern. Red dashed lines indicate the h11�2i azimuth
directions of the substrate, unit cells are marked in blue, black dots
mark experimentally observed spots and gray ones are not observed.

Fig. 2 HR-XPS results of bilayers on Au(111). (a) PFP deposited on
a PENmonolayer on Au(111); (b) PEN deposited on a PFPmonolayer on
Au(111). Dashed vertical lines denote peak positions.
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monolayer PEN on a monolayer PFP on Au(111) and vice versa,
result in nearly identical binding energies of the core-level
signals and the equivalent chemical sub-levels. As expected,
in both cases, the top layers show somewhat lower intensities
as slightly less than one monolayer has been deposited. In
Fig. 2a, the F 1s signal at a BE of 686.55 eV originating from the
PFP molecules in the bilayer is at 0.52 eV lower BE than in the
PFP monolayer (Fig. 1b). Interestingly, the carbon core-level
spectra reveal three distinct peaks at 284.01 eV (67.3%),
285.18 eV (17.4%) and 286.88 eV (15.3%) as depicted in Fig. 2a.
The prominent peak at the lowest BE, which is associated with
PEN molecules in the bilayer, is observed at lower BE (D ¼
�0.14 eV compared to the PEN monolayer on Au(111) in
Fig. 1a). The two peaks with similar intensities at higher BE
are attributed to C–C and C–F contributions of PFP molecules
in the bilayer. The C–C peak of PFP is shied to higher BE (D¼
+0.31 eV compared to the PFP monolayer spectrum on Au), i.e.
contrary to the PEN carbon signal, as well as the C–F peak of
PFP (D ¼ +0.39 eV). Importantly, for the PEN on PFP bilayer
spectrum shown in Fig. 2b the three main peaks, which
correspond to the same chemical species as just discussed,
exhibit the same trend of core-level shis as the PFP on PEN
bilayer: The C 1s signal derived from PEN (39.4%) is located at
an even lower BE (D ¼ �0.26 eV), while the C–C (25.8%) and
C–F (30.4%) signals of PFP shi to higher BE (D ¼ +0.47 and
+0.59 eV). The specic values of these peak positions, which
are summarized in Table S1,† indicate a notable interaction of
both acene molecules in the bilayer. The impact of this
pronounced electronic effect on the energy levels in the
valence band of PEN/PFP bilayers will be discussed below
based on the UPS measurements for these systems.

The XSW bilayer data displayed in Fig. 3a, b are derived using
the various peak positions identied afore in the HR-XPS
© 2021 The Author(s). Published by the Royal Society of Chemistry
spectra (Fig. 2) to extract the photoelectron yield (YP), ob-
tained for slightly different incident X-ray beam energies.
Hence, we are able to provide structural information for each
element and chemically inequivalent species of PEN and PFP.
For the two bilayer systems considered, i.e. PFP on PEN (Fig. 3a)
and PEN on PFP (Fig. 3b), robust coherent positions and frac-
tions could be derived for all carbon species and the uorine
atoms. The uorine signal, which is necessarily related to the
PFP molecules, apparently yields an adsorption distance of PFP
6.23 Å (PH¼ 0.69) above the Au(111) surface within the PFP/PEN
bilayer. Interestingly, the uorine signal is practically the same
for the PEN/PFP bilayer with almost identical PH and similar fH
values. Further insight into the adsorption behavior can be
derived from the carbon species of PEN and PFP: For both
bilayers, we nd nearly identical coherent positions PH for C
(PEN) with 0.31 vs. 0.32, and likewise for C–C and C–F (PFP)
values close to 0.60. Thus, the coherent positions for all species
are within the error margin independent of the deposition
sequence. Moreover, they are signicantly different from the
respective values of the monolayer systems (cf. Table 1). In
principle, this could be explained by bilayer formation and with
the bonding distance of the molecules in the contact layer (rst
monolayer) being strongly affected by the adsorption of the
second layer. Another possible scenario, however, is partial
molecular exchange in a way that, for both systems, PEN as well
as PFP molecules occupy the rst and the second layer with
Nanoscale Adv., 2021, 3, 2598–2606 | 2601
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Table 1 Coherent fractions (fH), coherent positions (PH) and vertical adsorption distances (dH [Å]) obtained by XSW measurements, i.e. for
monolayers of PEN and PFP on Au(111), bilayer systems of PFP on PEN and PEN on PFP on Au(111), monolayers of PEN on Cu(111) and PFP/PEN
bilayers on Cu(111), respectively

Au(111) Cu(111)

PEN PFP PFP/PEN PEN/PFP PEN PFP/PEN

C (PEN) fH 0.32 — 0.12 0.26 C (PEN) fH 0.52 0.40
PH 0.42 — 0.31 0.32 PH 0.16 0.13
dH 3.28(0) — — — dH 2.43 2.35

C–C (PFP) fH — 0.56 0.27 0.15 C (PFP) fH — 0.21
PH — 0.44 0.58 0.63
dH — 3.33(2) — — PH — 0.79

C–F (PFP) fH — 0.55 0.39 0.28
PH — 0.45 0.59 0.59 dH — 5.73
dH — 3.33(1) — —

F 1s fH — 0.35 0.28 0.20 F 1s fH — 0.20
PH — 0.42 0.69 0.68 PH — 0.69
dH — 3.28(2) — — dH — 5.54
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similar probability, which means that mixed bilayers are
formed. The modulo-d ambiguity of NIXSW complicates an
assignment of vertical bonding distances in heterostructures.63

Nevertheless, for a bilayer with PFP exclusively in the contact
layer on Au(111), i.e. without considering a mixed bilayer, the
coherent position that was measured would correspond to
adsorption distances either in the range of �1.4 Å or �3.7 Å
(calculation see Table S2†), which are both unreasonable values,
e.g. too small or too large considering conventional molecular
layers on gold. For PEN in the contact layer, an average
adsorption height of �3.0 Å would be obtained, which is in the
range of reasonable values for COMs on Au(111).48 Yet, the
adsorption distances of PEN in both bilayers would be rather
low compared to its monolayer value of 3.28 Å on Au(111),
considering that for other bilayer systems on Au(111) the
second layer does not inuence the adsorption distance of the
rst layer signicantly.73 Therefore, we conclude that the most
likely reason for such unreasonable adsorption heights and the
observed small coherent fractions, compared to an ordered
bilayer as e.g. F16CuPc/PTCDI on Au(111) with fH z 0.5,73 is that
PEN and PFP molecules occupy both layers of the bilayer
systems due to strong intermixing.

To characterize the lateral molecular arrangement in the
bilayer lms, we have conducted LEED measurements on
bilayer heterostructures of PEN and PFP. The analysis of the
PEN/PFP bilayer LEED pattern is shown in Fig. 3c–e. From the

experimental LEED pattern (Fig. 3d), a
�

6 �2
�2 6

�
superstruc-

ture has been derived, showing that the corresponding unit cell
is signicantly larger than that of the monolayer lms on

Au(111) (Fig. S1†) with a¼ 15.29 Å, b¼ 15.29 Å and g¼ 81.8�. In
particular, b is increased by a factor of �2 in comparison to the
unit cell of the pristine monolayers, so that a and b are now
equal, which allows us to conclude that the unit cell contains
two acene molecules. Since identical LEED patterns for both
stacking sequences have been observed (i.e. PEN/PFP and PFP/
PEN, Fig. S2†), it indicates that in each case the unit cell
contains two different molecules which can be attributed to
2602 | Nanoscale Adv., 2021, 3, 2598–2606
PEN and PFP, respectively. The corresponding molecular
superstructure is illustrated in Fig. 3c. Notably, such a lateral
arrangement proposed for the mixed bilayer was found recently
also for a mixed PEN:PFP monolayer lm on MoS2.74

Further support for this intermixing scenario comes from
a comparison with the PFP/PEN bilayer on Cu(111). In this
heterostructure the adsorption behavior is strongly inuenced
by the molecule–substrate interaction and bilayer formation (in
contrast to intermixing) can be expected.18,75 PEN monolayers
on Cu(111) are chemisorbed42,76 and the measured adsorption
distance (Table 1; photoelectron yield curves in Fig. S5†) is
much lower than that on Au(111), which is in full agreement
with previous reports.43,77 As indicated by the coherent fractions,
PENmonolayers on Cu(111) also exhibit a higher (vertical) order
than on Au(111) (fH ¼ 0.52 compared to fH ¼ 0.31). For a more
detailed discussion of the PENmonolayer on Cu(111) we refer to
ref. 43, which furthermore compares the adsorption behavior
with that of PFP.

For the PFP/PEN bilayer on Cu(111) the C 1s signals of both
molecules can be distinguished in the XSW measurement, see
Fig. S5†(d). Having tted the data, the coherent positions PH
translate into reasonable vertical adsorption heights (Table 1):
The adsorption distance dH of PEN changes only slightly (D ¼
�0.08 Å) from themonolayer to the bilayer system and the PEN–
PFPmolecular distance (3.38 Å) agrees with the vertical stacking
distance in the PEN/PFP co-crystal.78 Comparing these results
with other bilayers, i.e. CuPc/P4O on Ag(111)18 and F16CuPc/
PTCDI on Au(111),73 shows that the characteristic adsorption
distance between two organic molecular layers is �3.3 Å and
that in ordered bilayers, the second layer mostly physisorbs on
the rst COM layer (more details in Fig. S5† and Table 1). In
particular, the molecules with strong donor character tend to
move closer to the substrate, whereas those with an acceptor (or
weaker donor) behavior tend to move away from it.18,79,80 We
note that due to chemical interactions PFP molecules on
Cu(111) have a disposition to thermally induced deuorina-
tion,70 which does not allow a controlled thermal desorption of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 UP spectra for subsequently deposited layers of PEN and PFP
on Au(111). The green curve corresponds to the PEN monolayer, the
pink curve to the PFP monolayer, the blue curves to the mixture and
the darker blue curves to the bilayers. Survey spectra of these systems
can be found in Fig. S3 of the ESI.†
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excessing PFP multilayers and thus hampers a reliable prepa-
ration of PEN/PFP bilayers on Cu(111).

In order to characterize the valence band structure of the bila-
yers on Au(111), we performed UPS measurements. Corresponding
spectra for different PEN + PFP heterostructures and thicknesses
are shown in Fig. 4. Here, the labels only refer to the deposition
order and not to the real situation on the surface. It is known from
literature that the HOMO-derived peak of PEN and PFPmonolayers
on Au(111) are centered at 0.78 eV BE and 0.90 eV BE, respec-
tively.42,45 This agrees well with our data of the monomolecular
Fig. 5 Molecular growth model of (a) PEN and PFP monolayers on Au(11
distances derived from XSWmeasurements are included. Pink values belo
of the suggested bilayermixture on Au(111), (d) core-level shifts of PEN (ho
respect to the monolayer BE for the PEN and PFP molecules.

© 2021 The Author(s). Published by the Royal Society of Chemistry
systems, where the HOMO-derived peaks are centered at 0.79 eV for
PEN (feature 1) and 0.85 eV for PFP (feature 2), respectively. Upon
deposition of PFP on top of the PENmonolayer, the intensity of this
peak is decreasing and a new peak (feature 3) appears, which is
located at a similar BE as the HOMO-level of PFP in multilayers on
Au(111).45 The other new features (4 and 5) of the heterostructures
cannot be related to any peak of thickness-dependent PEN or PFP
spectra on Au(111).42,45 However, similar features have been
observed for a mixed PEN:PFP thin lm on HOPG and could be
related to the interplay of induction, electrostatic and substrate
contribution to polarization energies.78 Overall, the UPS data
supports, thus, the conclusion of mixed bilayer formation. A
detailed discussion of the valence electronic structure, however,
would require precise knowledge of the thin lm structure and is
beyond the scope of this study.
4. Conclusion

The results of the present work are schematically summarized
in Fig. 5, i.e. the monolayer adsorption geometry with the
element-specic adsorption distances of both molecules,
a possible arrangement of PEN and PFP molecules in the mixed
bilayer phase, and the observed core-level shis in the mixtures.
As discussed above, the monolayers of PEN and PFP on Au(111)
are structurally well dened (see Fig. 5a) with typical phys-
isorption distances of 3.28 Å for PEN and 3.32 Å for PFP as
determined by the XSW measurements. Due to the strong
chemisorption of PEN on Cu(111) (2.35 Å), sequential bilayer
growth of PFP and PEN is facilitated on this substrate. The
measured PFP-PEN distance of 3.38 Å on Cu(111), however, is
typical for COMs interacting mostly via van der Waals forces.
This can be compared to the experimental structure of PEN/PFP
co-crystals78 with an intermolecular spacing of 3.4 Å. In
contrast, PEN–PFP bilayers grown on Au(111) form a laterally
mixed phase, for which we suggest an alternate vertical stacking
motif (Fig. 5c). For this, the C 1s core-level peaks of PEN (open
symbols) shi to lower BE (�0.14 eV and �0.26 eV), while the
two carbon species of PFP (solid symbols) shi to higher BE
1), (b) PEN monolayer and PFP/PEN bilayer on Cu(111). The adsorption
ng to the fluorine atoms and green to the carbon atoms. (c) Schematic
llow circles) and PFP (solid spots) in the bilayer mixtures on Au(111) with

Nanoscale Adv., 2021, 3, 2598–2606 | 2603
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(approx. +0.5 eV). Notably, in both systems the F 1s signals, i.e.
those corresponding to the strongly electro-negative species,
shi by the same amount towards lower BE (approx. �0.5 eV).

As discussed above, both PEN–PFP bilayer systems on
Au(111) feature a 1 : 1-mixed phase, i.e. similar to PEN : PFP
monolayers onMoS2 (ref. 74) and to PEN : PFP blends in thicker
lms.81 We believe that the opposite electrostatic quadrupole
moments of PEN and PFP82–86 promote the reordering on
Au(111) – quite similar to what was recently reported for
PEN : PFP heterostructures on the weakly interacting HOPG
substrate with a valence band structure resembling the one
shown in Fig. 4 for Au(111).78 Hence, considering the different
structures emerging in the molecular bilayer system on
different substrates we conclude that the mixed phase can form
due to weaker molecule–substrate interactions as, for example,
on Au(111). In contrast, for PEN and PFP bilayers grown on
Cu(111) the strong molecule–substrate interaction suppresses
a re-ordering and yields a uniform stacking structure on the
surface. The strong coupling of a PEN monolayer with Cu(111)
hinders molecular exchange and a well-dened heterointerface
is formed upon deposition of PFP.

In summary, we have studied the structure and electronic
properties of a typical conjugated D–A pair in bilayers on
Au(111) and Cu(111) surfaces using XSW, LEED, HR-XPS and
UPS. The data consistently indicate mixture formation within
the PEN : PFP bilayers on Au(111) with nearly identical prop-
erties for the two deposition sequences. Since the arrangement
and order in organic heterostructures generally affects the
performance of (opto-)electronic devices, the formation of
mixed phases reduces device efficiency. Predicting the order in
organic heterostructure is, thus, essential for rational device
design. Our work shows that the intermixing tendency of PEN
and PFP is quite strong and a chemisorbed rst layer can be
used to suppress this.
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