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Layer-resolved photoemission tomography: The p-sexiphenyl bilayer upon Cs doping
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The buried interface between a molecular thin film and the metal substrate is generally not accessible to the
photoemission experiment. With the example of a sexiphenyl (6P) bilayer on Cu we show that photoemission
tomography can be used to study the electronic level alignment and geometric structure, where it was possible
to assign the observed orbital emissions to the individual layers. We further study the Cs doping of this bilayer.
Initial Cs exposure leads to a doping of only the first interface layer, leaving the second layer unaffected
except for a large energy shift. This result shows that it is in principle possible to chemically modify just the
interface, which is important to issues like tuning of the energy level alignment and charge transfer to the
interface layer. Upon saturating the film with Cs, photoemission tomography shows a complete doping (6p4−)
of the bilayer, with the molecular geometry changing such that the spectra become dominated by σ -orbital
emissions.
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I. INTRODUCTION

The manifold possibilities of technological applications
have increased the interest in organic semiconducting materials
as complement for conventional semiconductor electronics. Of
particular importance to the device performance is the interface
between the metal contact and the organic material. In specific,
controlling the molecular geometry and the electronic level
alignment of the frontier orbitals [i.e., the HOMO (highest
occupied molecular orbital) and the LUMO (lowest unoccu-
pied molecular orbital)] is a key factor for the improvement
of organic device performance, i.e., minimizing the charge
injection barrier and enhancing the electron transport through
the organic film. Tuning of these parameters is possible via
doping, which leads to charge transfer complex formation,
and concomitant shifts of the molecular energy levels and the
work function. Doping experiments have been performed for
thick films of polymers and oligomers [1–7], and for different
dopants [8–12]. However, until recently an unambiguous
assignment of emissions has not been possible.

Angle-resolved ultraviolet photoemission spectroscopy
(ARUPS) has been established as the prime method to inves-
tigate the electronic structure and electronic level alignment
at the organic metal interface. Despite the vast literature on
this theme, one should be aware of some peculiarities of
ARUPS. First of all, the method is surface sensitive, i.e.,
the observed spectrum will be dominated by the top layer.
Second, ultraviolet photoemission spectroscopy (UPS) is area
averaging, i.e., nonuniform morphologies, different domains,
or various layer heights will contribute according to their
relative area size. Third, molecular systems have a propensity
to crystalize, rather than being amorphous, which leads to
distinct angular dependencies of the emitted photoelectrons
and thus the chosen experimental geometry is of highest
importance to correctly interpret photoemission data. For the
case of multiply doped molecular species and layers, this leads
to complex photoemission spectra exhibiting vast changes
with emission angle, which are difficult, if not impossible,
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to analyze, as can be seen in the Cs exposure series of the 6P
bilayer shown in Fig. 1.

A possibility to overcome these problems is the recently de-
veloped method of orbital/photoemission tomography, which
allows one to identify the orbitals contributing to the spectra
and also yields information on the molecular geometry. This
involves interpreting the photoemission intensity map in a
plane-wave final-state approximation, which yields a simple
relationship between the angular distribution of the emitted
electrons and the Fourier transform of the molecular orbital,
from which it is emitted. The power of orbital tomography has
been demonstrated in earlier works, e.g., the determination
of the electronic molecular structure [13], single and multiple
molecular orientations [14], geometric configurations within
molecules and thin films [15,16], and substrate-enhanced
modifications (dispersion) of adsorbed molecules [17,18]. In
our earlier work, the strongly bound and aligned sexiphenyl
(6P) monolayer on Cu(110) has been studied where we could
demonstrate hybridization and LUMO occupation with orbital
tomography [19]. Upon exposing this layer to an increasing
amount of Cs we have observed first a decoupling of the
molecular monolayer from the substrate with emptying of the
hybridized LUMO, which is caused by Cs atoms diffusing
through the 6P monolayer and adsorbing at the copper surface.
Increasing the Cs exposure further, this is followed by refilling
of the LUMO and finally the LUMO + 1 by charge transfer
from the alkali metal [16]. Furthermore, the analysis of the
6P thick film showed intramolecular and intermolecular band
dispersion within the organic crystal [20].

Here, we show an orbital-tomographic study of an ordered
6P bilayer on Cu(110) before and after Cs doping. We
will demonstrate that it is possible to modify the electronic
structure of the interfacial layer between substrate and thin
film separately via Cs exposure. The observations at increasing
Cs deposition range from the undoped film over filling of the
6P LUMO (6p2−) up to filling of the LUMO + 1 (6p4−). The
focus lies (i) on the identification of the molecular features in
the photoemission data, i.e., determining whether they stem
from the first or second 6P layer, and (ii) the determination of
the electronic structure and geometric conformation in the two
layers deduced from the photoemission intensity distribution
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FIG. 1. He I ARUPS spectra of the 6P bilayer on Cu(110) at
increasing Cs exposure from (a) normal emission (0◦ photoelectron
takeoff angle) and (b) 50◦ photoelectron takeoff angle, referenced to
the Fermi-level energy EF . For each Cs dosing step the measured
work function φ and the Cs dosing unit (DU) is indicated.

in momentum space. The experimental band and momentum
maps are compared to simulations employing the plane-wave
final-state approximation, which are essential to interpret the
spectra correctly.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS

The Cu(110) substrate was cleaned with several cycles of
Ar+ ion sputtering and annealing at 800 K. The cleanliness of
the sample was checked with low-energy electron diffraction
(LEED). The growth of the 6P bilayer, which forms two
complete layers on Cu(110), was monitored with a quartz
microbalance. The deposition rate was kept in the range of 0.5
to 5 Å/min. Cs was deposited from a SAES getter source, ap-
plying a heating current of approximately 5 A (ac). Calibration
of the deposited Cs yielded the here so-called Cs dosing unit
(DU), which corresponds to approximately 0.1 Cs atom per Cu
surface atom. Film growth, Cs deposition, and photoemission
measurements were carried out at room temperature under
UHV conditions (base pressure 10−10 mbar). Measurements
were carried out at the Toroidal Analyzer [21] attached to the
U125/2-SGM beamline at Helmholtz-Zentrum Berlin. The UV
photons with an energy of hν = 35 eV had an incident angle
α of 40◦ with respect to the substrate. The photoelectrons
were collected in the plane of polarization, i.e., near the
condition where the independent atomic center approximation
[22–24] reduces to the plane-wave approximation result.
The Toroidal Analyzer provides photoemission data in two
formats: (i) Band maps show the photoelectron intensity
within a selected energy window as a function of momentum
parallel to the plane of incident light (=electron takeoff
angles in specular geometry). Alignment of the crystal in
an appropriate (often a high-symmetry) direction allows to
measure the molecular band structure. (ii) Momentum maps
show the momentum space (kx,ky) distribution at a certain

energy by detecting photoelectrons from all takeoff angles in
the plane of polarization while rotating the sample azimuthally.
Additionally, photoemission spectroscopy and work-function
measurements were made with an ADES 400 spectrometer
(with a HeI UV-light source, hν = 21.22 eV).

All theoretical results presented here are obtained within
the framework of density functional theory (DFT) using
the VASP code [25,26]. We have performed two types of
calculations: first for an isolated, undoped sexiphenyl molecule
in planar geometry as well as with an inter-ring twist of
30◦ which is observed for 6P in the gas phase [5], and
second for an isolated sexiphenyl molecule in contact with
four Cs atoms. Both types of calculations were performed
using a supercell with a minimum of 15 Å vacuum between
the molecule’s (respectively, the Cs-6P complex’s) periodic
replica. We employ the generalized gradient approximation
(GGA) [27] for exchange-correlation effects, and the projector
augmented wave (PAW) method [28] with a cutoff of about
400 eV.

The simulation of all photoemission intensity maps pre-
sented in this work is based on the one-step model of
photoemission [29] where the final state is approximated by
a plane wave [22]. Details of this approach are described in a
recent publication [17].

Molecular adsorption geometries have been extracted from
the experimental momentum via a comparison with momen-
tum maps calculated for a range of tilt angles of the molecular
plane and twisted versus planar molecular geometry (compare
Fig. 2). The accuracy of the molecular tilt angle has been
estimated to ±5◦ [16].

III. RESULTS

A. 6P bilayer on Cu(110)

A schematic of the investigated 6P bilayer structure is
shown Fig. 2. It should be noted that this is not a structural
model, but the molecular orientation and geometry within the
layers have been inferred from the STM work by Wagner et al.
[30] and will also be concluded from the photoemission study
following. In the schematic, the 6P molecules in the first layer
are planar and their long molecular axis lies parallel to the
substrate and is oriented along the [11̄0] surface direction. In
contrast, the second-layer molecules are both tilted (average
molecular plane at angle relative to substrate) and twisted
(average inclination of phenyl units relative to molecular
plane)

The band map and selected momentum maps at three
different binding energies of a 6P bilayer on Cu(110) are
presented in Fig. 3. At first glance, the photoemission band
map in [11̄0] direction from the 6P bilayer in Fig. 3(a) is
similar to that of crystalline 6P films with either (6̄29) [31]
or (203̄) [20,32] orientations and is very different from the
monolayer [16,19] emissions. The band map is dominated by
the intramolecular π band dispersing up from a binding energy

of 8 eV at � to 3 eV at k[11̄0] = 1.4 Å
−1

. These π emissions,
arising from in total 18 orbitals, can be partitioned into three
parts, i.e., the upper and lower π bands, both following the
parabolic band structure (between 3 and 6 eV, and 6.5 and
8 eV binding energy, respectively) and the band of inter-ring
nonbonding orbitals (HOMO-3 to HOMO-8) at 4.8 eV binding

155438-2



LAYER-RESOLVED PHOTOEMISSION TOMOGRAPHY: THE . . . PHYSICAL REVIEW B 93, 155438 (2016)

FIG. 2. Schematic of a 6P bilayer on Cu(110) in side (a) and
top (b) view. Molecules in the first layer are in white, second-layer
molecules are yellow. Azimuthal directions of the Cu(110) substrate
are given. In (a), tilt and twist around the molecular axis are indicated.

energy, extending in k[11̄0] direction. These bright π -band
emissions stem from molecules in the second layer. The six
orbitals of the upper π band are well resolved and have a
band spread of 2.9 eV, which lies between the band spreads
of the planar and hybridized 6P monolayer (3.6 eV) and the
6P multilayer where the molecules are twisted (2.7 eV) [33].
This, together with the presence of the nonbonding orbitals
(HOMO-3 to HOMO-8) [20] which are visible in [11̄0] only
for nonplanar molecules [16,24], suggests that the molecules
have a twisted conformation.

The suppression of the substrate Cu d-band emissions,
which normally dominate the spectra between 2 and 5 eV
binding energy, suggests a complete 6P bilayer coverage. The
energy region between the Fermi edge and the Cu d-band onset
is reproduced at the top of Fig. 3(a) with enhanced contrast and
inverted colors to emphasize weaker emissions including the
Cu s,p band and molecular emissions at Eb = 0.2 eV/k[11̄0] =
1.5 Å

−1
and Eb = 1.9 eV/k[11̄0] = 1.35 Å

−1
. Although barely

visible in the band map, they are clearly confirmed by the
momentum maps taken at the respective energies in Figs. 3(b)

FIG. 3. ARUPS data of the 6P bilayer on Cu(110) (hν = 35 eV,
α = 40◦). In the band map (a) in the [11̄0] direction the energies of
the hybridized LUMO (L) and HOMO (H) of the first layer, and the
HOMO and nonbonding orbitals [20] (HOMO-3 to HOMO-8) of the
second layer are indicated. The energy region between Fermi edge
and 2 eV binding energy has been reproduced with increased intensity
and inverted grayscale. The inset spectrum (white line) has been

extracted from k[11̄0] = 1.4 Å
−1

. The k maps (b)–(d) of the LUMO and
HOMOs are compared to simulations (e)–(g) of these orbitals for the
corresponding molecular conformation (first-layer molecules planar
and flat, second-layer molecules twisted and tilted). The direction of
the band map is indicated for each k map.
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and 3(c). The binding energy and momentum values of the
molecular emissions are identical to those observed for the 6P
monolayer on Cu(110) [16,19,20], and they can be attributed
to the partially filled 6P LUMO and HOMO of the first
layer. The momentum maps of the LUMO in Fig. 3(b) and
HOMO in Fig. 3(c) of the first layer are well reproduced by
simulated momentum maps in Figs. 3(e) and 3(f) for planar
and flat adsorbed molecules [16,22]. The appearance of LUMO
emissions in the photoemission data is a result of the strong
interaction of the 6P molecule with the substrate, which leads
to planarization [34] of the molecules and hybridization of the
LUMO with Cu surface states [19]. Together with the weak
intensity they can thus be attributed to the first layer.

For the second layer, the momentum map of the emissions
at the top of the π band [Fig. 3(d)) at 3.0 eV binding energy
is also clearly recognizable as that of a 6P HOMO. It differs
from that of the planar and flat molecule in the first layer by (i)
a slight elongation of the orbital features in the k[001] direction
induced by a molecular tilt angle and (ii) the appearance

of additional features at k[11̄0] = 0.8 Å
−1

(marked with gray
arrows), indicating a twisted molecular conformation [24].
The simulated momentum map in Fig. 3(g) reproduces well
the measured HOMO map and suggests around ±20◦ tilted
molecules with approximately 30◦ inter-ring torsional angle.
The twisted (planar) conformation of this second (first) layer in
the 6P bilayer is also supported by low-temperature scanning
tunneling microscopy (LT-STM) studies [30].

At this point, the verification of molecular twist from
photoemission data should be explained in more detail.
An intramolecular twisting means an alternating torsional
angle between neighboring phenyl rings along the molecular
backbone. On the one hand, this leads to a lower inter-ring
orbital overlap and smaller π -band spread as mentioned earlier.
It also leads to a doubling of the real-space periodicity along the
molecule, appearing as halved momentum space periodicity
in the photoemission data. The effects of a molecular tilt
and twist [22] on the momentum maps have already been
illustrated for the example of the 6P ML upon doping [16].
Crystalline 6P at room temperature has been concluded to
be on average planar from XRD, while below 110K it is
frozen into its twisted configuration [35]. This was confirmed
by ARUPS measurements, where the double periodicity of
the twist is barely expressed at room temperature, while at
liquid nitrogen temperature it becomes clear [20,33]. In the
here presented momentum map for the second-layer HOMO
in the undoped 6P bilayer in Fig. 3(d), however, the twist
expresses very well, even at room temperature. This suggests
that the molecules are less free to dynamically twist than in the
multilayer. This probably is due to the electrostatic interaction
with the substrate (including the first layer).

B. Initial doping

In a first step, the 6P bilayer system is exposed to such
an amount of Cs, which is known to decouple the formerly
hybridized molecules from the substrate, due to Cs adsorption
at the copper surface and (re)fill the 6P LUMO with two Cs
electrons (6p2−) in the monolayer [16]. In the spectral series of
Fig. 1, this would approximately correspond to a Cs exposure
of 5DU. At this exposure, an emission appears 0.4 eV below

EF the LUMO-peak appears in the UPS spectra in Fig. 1. A
priori, the development of decoupling and doping can not be
assumed to happen in the interfacial layer in the 6P bilayer.
The corresponding data are shown in Fig. 4, where the different
developments in the two layers become apparent.

The most prominent change is that all emissions of the
π band of the second layer shift 0.7 eV to higher binding
energy, which is the same shift as the work-function change.
This suggests that the Cs has gone to the interface and
that the second layer is electrically floating on the interface
potential.

Close inspection shows a new emission at the � point
(normal emission) at 0.4 eV binding energy as can be seen in
the inset with enhanced contrast in Fig. 4(a). The appearance
of this LUMO emission at � arises from a tilt of the molecules
around their molecular axes, which induces an elongation
of the LUMO features along the [001] azimuthal direction
visible in momentum map (b), as reported for the Cs-doped
6P monolayer [16]. This elongation of the LUMO features is
reproduced by the simulation of the LUMO momentum map
(d) for planar 6P tilted by ±22◦. The HOMO-exLUMO gap
of doped 6P has been reported to be 2.1 eV [2,3,36], thus, the
HOMO binding energy of the doped molecules is expected to
be 2.5 eV. Due to the Cu d-band emissions starting at 2.0 eV,
the HOMO emissions are not clearly recognizable in the band
map. It can be concluded that the Cs has decoupled and doped
the interfacial layer.

In contrast to the substantial electronic and geometric
modifications in the first layer, the second layer undergoes a
mere reference level shift. All second-layer emissions are still
recognizable in the band map in Fig. 4(a), but are significantly
shifted by 0.7 eV to higher binding energy with the HOMO
(second) at 3.7 eV binding energy. This shift is dominated by
a Cs-induced work-function drop. Despite this strong shift,
which must bring the LUMO of the second layer very near
the Fermi edge, no evidence for doping of the second layer
has been found. Given the exLUMO-HOMO gap of doped 6P
(2.1 eV), a filled LUMO of the second layer would be expected
at around 1.6 eV binding energy, but at this binding energy no
molecular emissions are found in the band map.

Compared to the second-layer HOMO of the pristine bilayer
[Fig. 3(d)], the momentum space distribution of this second-
layer HOMO on the doped interfacial layer [see Fig. 4(c)] has
changed in the following ways: (i) The major lobes at k[11̄0] =
1.4 Å

−1
are elongated to higher k[001] values, which can be

attributed to a slightly increased tilt angle of ±20◦ as suggested
by the simulated HOMO momentum map in Fig. 4(e). (ii) In the

region of the minor lobes at k[11̄0] = 0.8 Å
−1

which indicated
the molecular twist, a mere homogeneous and relatively
high background intensity is observed. The loss of features
indicating the twisted configuration can presumably be under-
stood with a dynamic twisting of the 6P molecules induced
by the decoupling. The second layer interacts more weakly
to the doped monolayer than to the monolayer hybridized
to the substrate.

All these observations suggest that the post-deposited Cs
diffuses through the top 6P layer to the substrate, where the
interfacial (first) molecular layer is decoupled and doped.
The geometric structure of the second-layer molecules is
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FIG. 4. ARUPS data of the 6P bilayer at initial doping (hν =
35 eV,α = 40◦). In the band map (a) the energy positions of the
first-layer LUMO, and the second-layer HOMO and nonbonding
orbitals (H-3 to H-8) are labeled. The assumed energy of the first-layer
HOMO is marked with a white dotted line. The energy region
between Fermi edge and 2 eV binding energy has been reproduced
with increased intensity. The inset spectrum has been extracted from

k[11̄0] = 1.4 Å
−1

. The experimental momentum maps of the first-layer
LUMO (b) and the second-layer HOMO (c) have been reproduced
by simulated momentum maps (d), (e) with the respective geometric
conformations. The direction of the band map is indicated for each k

map.

FIG. 5. ARUPS data of the quadruply doped 6p4− bilayer (hν =
35 eV,α = 40◦). In the band map (a) the LUMO + 1, LUMO, and
HOMO energies as well as the top of an emerging σ band are

labeled. The inset spectrum has been extracted from k[11̄0] = 1.4 Å
−1

.
The measured momentum maps of the LUMO + 1 (b), LUMO (c),
and HOMO (d) are reproduced by the corresponding simulated
momentum maps (e) to (g) for molecules with ±22◦ and ±75◦ tilt
angle. The direction of the band map is indicated for each k map.

essentially unaffected, they remain aligned along the [11̄0]
direction, twisted and tilted.

C. Maximum doping of the bilayer

Figure 5 shows the 6P bilayer at Cs saturation doping at
room temperature. The most striking difference is the disap-
pearance of the π -band features, which were associated with
the undoped 6P second layer. In turn, we find a new bandlike
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FIG. 6. Simulated GGA band maps along the long molecular axes for isolated, planar 6P molecules forming a charge transfer complex
with four Cs atoms for 0◦, ±25◦, ±50◦, and ±75◦ tilt angle around the long molecular axis with respect to the substrate. The most significant
π -orbital emissions LUMO + 1 (L+1), LUMO (L), HOMO (H), nonbonding orbitals (H-3 to H-8), and the top of the σ band are indicated.
The energies were aligned to the experimental LUMO + 1 binding energy.

structure at higher binding energies (6 to 10 eV) which will be
attributed to a changed molecular geometry. Moreover, the
doping-induced emissions just below the Fermi edge have
become relatively intense with emissions at 0.4 and 1.1 eV.
These features are attributed to filling of both LUMO and
LUMO + 1, i.e., full doping and quadruply negative charging
of the molecules (6p4−) as has already been observed in the
monolayer [16] and multilayer films [36]. In the band map in
Fig. 5(a), the LUMO and LUMO + 1 emissions are clearly
visible around � without need for enhancement. From the
intensity distributions in the momentum maps in Figs. 5(b) and
5(c), in particular from the LUMO + 1, it is concluded that the
molecules have a mixed geometry containing ±22◦ and ±75◦
tilted molecules in 1:1 ratio, as suggested by the simulated
momentum maps in Figs. 5(e) and 5(f). This geometry was
also observed for the quadruply doped 6P monolayer on
Cu(110) [16].

The HOMO of the doped layer can now be clearly identified
in the momentum maps at 3.0 eV binding energy in Fig. 5(d).
It becomes easily identifiable presumably because the entire
bilayer is doped and the Cu d band no longer dominates this
energy region. The highly elongated HOMO emissions in the
momentum map in Fig. 5(d) are reproduced by the simulated
momentum map in Fig. 5(g) for a 1:1 mix of ±22◦ and ±75◦
tilted molecules.

Apart from these doping-induced states (LUMO + 1,
LUMO, HOMO), there are vast changes in the band map
of the fully doped 6P bilayer [Fig. 5(a)] for energies below
the HOMO, such as the disappearance of the π band and the
emergence of a new band, which seems difficult to identify. To
this end, we have performed simulations of the photoemission
band map for a quadruply doped 6p4− where we have varied
the tilt angle of the molecule from flat lying (tilt = 0◦) to
75◦ in steps of 25◦. Note that these simulations shown in
Fig. 6 are based on GGA calculations and assume a plane

wave as the final state of the photoemission process. While for
flat lying molecules, the emissions are dominated by π -band
emission, for large tilt angles, e.g. 75◦, these emissions have
almost disappeared while new emissions attributed to σ states
of 6P dominate the band map below binding energies of
5.3 eV. We also note that the nonbonding orbitals (H-3 to
H-8) are not visible for flat molecules, but show maximum
photoemission intensity at low tilt angles (25◦) before they
vanish again for larger tilt angles. We also observe that upon
increasing the tilt angle the HOMO, LUMO, and LUMO + 1
can be observed at normal emission. All these findings from
the theoretical maps are in qualitative agreement with the
experimental observations discussed above for the band map
of the fully doped 6P bilayer shown in Fig. 5(a).

In the comparison of theory (Fig. 6) with experiment
[Fig. 5(a)], the energy positions of the simulated band maps,
which are based on DFT calculations at the GGA level, have
been aligned to the experimental LUMO + 1 binding energy.
It should be noted that the calculated band maps of Fig. 6
are also not sensitive to the exact positions of the four Cs
atoms relative to the 6P molecule, as the Cs atoms merely
donate their 6s electrons to the LUMO and LUMO + 1 orbital
of 6P. Taking into account the self-interaction error of the
GGA exchange-correlation functional, which is known to lead
to too small binding energies for more localized states, we
can attribute the emissions observed at 6.2 eV in experiment
indeed to the top of the σ band of 6P. While in GGA, the top
of the σ band is located at 5.5 eV binding energy, thus 2.6 eV
below the HOMO (compare Fig. 6), a more sophisticated
DFT calculation using the HSE hybrid functional, increases
this π − σ separation to 3.3 eV [37]. Thus, the top of the
σ state would be located at 6.2 eV which would be in
excellent agreement with experiment. As a more general
aspect, the observation of the σ state in the experimental
band map is remarkable because it demonstrates that the
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FIG. 7. Top: energy diagrams of the characteristic parameters of
the 6P bilayer in the undoped, doubly doped (6p2−), and quadruply
doped (6p4−) bilayer. Indicated are orbital binding energies for
both first and second layer (with respect to the Fermi edge), work
function �, HOMO-LUMO (transport) gap (full and dashed gray
lines). The energies have been yielded by home-laboratory ARUPS
measurements at room temperature. Bottom: suggested schematic
of the geometric molecular configuration of the bilayer for the three
investigated doping cases. The structure for the doped layers has been
derived from ARUPS data, the model for the undoped case supported
by LT-STM [30].

plane-wave final-state approximation also yields a reasonable
description of the photoemission intensity for orbitals of σ

symmetry.
In summary, the features in the entire experimental band

map of the quadruply doped 6P bilayer can be identified
and suggest a mix of weakly and highly tilted molecules in
agreement with the LUMO and LUMO + 1 momentum map
evaluation. These mixed angles suggest a herringbone struc-
ture and that doping does not cause a cofacial arrangement.
Although the molecules become decoupled and modify their
geometries for deposited Cs, the alignment remains along the
Cu rows in [11̄0] direction throughout the whole Cs deposition
series.

IV. DISCUSSION AND SUMMARY

By understanding the photoemission angular distribution of
photoemission tomography, the emissions of the two layers of
the bilayer can be distinguished and understood. This allows
a summary of the development of orbital energies and the
molecular geometries in the two 6P layers for the increasing
Cs doping stages to be made as shown in Fig. 7.

The undoped bilayer shows a structure, where the first-layer
molecules lie planar and flat on the substrate and the second-
layer molecules are twisted and tilted. In the first layer of

the undoped 6P bilayer, the LUMO is found at the Fermi
edge suggesting fractional filling with substrate electrons.
This hybridized system has a LUMO-HOMO gap of around
1.8 eV which is reduced compared to isolated neutral 6p due
to screening by the additional charge on the molecule. The
second-layer molecules are twisted, the simulations suggest
also a ±20◦ tilt. In contrast to the hybridized first-layer LUMO,
the LUMO of the second layer is not occupied. The energy
position of the LUMO at 0.9 eV above the Fermi edge has
been inferred from both a calculated electron affinity (EA) and
the transport gap value of 6P. The resulting LUMO energies
are consistent in both cases: (i) from the HSE-calculated EA
of 2.5 eV and the measured work function of 3.5 eV, and
(ii) from the HOMO-LUMO transport gap of 3.9 eV [38]
(estimated from the optical gap of 3.4 eV [39] plus assumed
0.5 eV exciton binding energy) and the HOMO binding energy
of 2.9 eV.

Cs doping of the first layer induces decoupling of the
molecules leading to a tilt of ±20◦ of the molecules. The
LUMO of the doped first layer is found at 0.4 eV binding
energy. Of particular significance is that rather than half-filling
of the LUMO of both layers, the system prefers to fully
occupy the LUMO of the first layer and thus leaving the
second-layer LUMO empty. The doping of the first layer
leads to a change in the level alignment of the second layer,
putting the LUMO close (but above EF ) without significantly
changing its geometry. The undoped second layer shifts to
higher binding energy in accord with the work-function drop
of 0.7 eV. Such a shift would put the second-layer LUMO to
close above the Fermi edge.

High Cs exposure leads to a further reduction of the work
function, such that not only the LUMO, but also the LUMO +
1 are below EF and occupied. This dramatic change in the
electronic structure and the presence of four Cs atoms per
molecule has not changed the orientation of the long molecular
axes of the molecules. However, the molecules have adopted
a higher tilt angle of the π plane, as evidenced in both the
momentum maps of the π orbitals [Figs 5(b)–5(d)] and the
band map [Fig. 5(a)], which is now dominated by molecular
σ emissions.

We have shown that photoemission tomography can iden-
tify even strong modifications in the electronic structure of
an organic/molecular base system. Photoemission tomography
can thus be foreseen to become important for investigations of,
for instance, sensoric systems, where similar electronic effects
occur after a chemical/physical interaction.
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