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Abstract
The energy level alignment at organic/inorganic (o/i) semiconductor interfaces is crucial 
for any light-emitting or -harvesting functionality. Essential is the access to both occupied 
and unoccupied electronic states directly at the interface, which is often deeply buried 
underneath thick organic films and challenging to characterize. We use several complementary 
experimental techniques to determine the electronic structure of p -quinquephenyl pyridine 
(5P-Py) adsorbed on ZnO(1 0   −1 0). The parent anchoring group, pyridine, significantly 
lowers the work function by up to 2.9 eV and causes an occupied in-gap state (IGS) directly 
below the Fermi level EF. Adsorption of upright-standing 5P-Py also leads to a strong work 
function reduction of up to 2.1 eV and to a similar IGS. The latter is then used as an initial 
state for the transient population of three normally unoccupied molecular levels through 
optical excitation and, due to its localization right at the o/i interface, provides interfacial 
sensitivity, even for thick 5P-Py films. We observe two final states above the vacuum level 
and one bound state at around 2 eV above EF, which we attribute to the 5P-Py LUMO. By 
the separate study of anchoring group and organic dye combined with the exploitation of the 
occupied IGS for selective interfacial photoexcitation, this work provides a new pathway for 
characterizing the electronic structure at buried o/i interfaces.

Keywords: organic/inorganic interfaces, energy level alignment, interfacial electronic 
structure, ZnO, 2PPE
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1.  Introduction

Hybrid systems combining organic and inorganic semicon-
ductors are promising candidates for opto-electronic and light-
harvesting applications [1, 2]. Optimization of the synergy of 
both materials in devices crucially depends on the electronic 
structure at the interface of the organic and inorganic counter-
parts. For example, efficient energy transfer and light emis-
sion for LED applications is observed upon aligning the band 
edges of the transparent and conductive metal oxide ZnO and 
a π-conjugated organic molecule [3]. In contrast, in hybrid 
solar cells, a type-II heterojunction is required to enable the 
dissociation of excitons generated by sunlight in the organic 
material [2]. Yet, the energy level alignment (ELA) is not the 
only parameter influencing the charge separation efficiency 
across hybrid interfaces. Intense fundamental research over 
the last decades emphasized the importance of the wavefunc-
tion overlap between the frontier molecular orbitals (LUMO 
and HOMO) of the organic and the conduction or valence 
band of the inorganic material [4, 5], the presence of interfa-
cial states [6–8] and the role of the electron–hole interaction 
between the ionized organic molecule and the injected car-
riers [9–12]. Detailed understanding of the role of all these 
different contributions is crucial in order to proceed in device 
optimization, which calls for suitable model systems and ade-
quate methods to analyze them.

The main difficulty in the determination of the ELA at 
o/i interfaces is the access to the electronic structure at the 
interface, which is buried underneath the organic material. In 
linear optical spectroscopies, usually, the bulk signals domi-
nate over surface and interface contributions, and also non-
linear optical techniques, which can be interface sensitive 
[13–15], only provide information on optical resonances in 
the system. Another common approach is the use of photo-
electron spectroscopy based on ultraviolet light or x-rays to 
determine the occupied electronic structure at interfaces of 
films with precisely controlled thickness [3, 16, 17]. However, 
these techniques do not provide information on the unoccu-
pied electronic structure, and due to the limited mean free 
path of photoelectrons with high kinetic energies, they cannot 
access deeply buried interfaces.

One approach to circumvent these issues is two-photon 
photoelectron (2PPE) spectroscopy using ultrashort laser 
pulses. This technique allows the determination of absolute 
binding energies of occupied and unoccupied states of the 
system [18, 19]. For instance, 2PPE spectroscopy has been 
successfully used to explore the electronic structure of metal-
semiconductor, metal-organic and semiconductor-organic 
interfaces [20–28]. Nevertheless, due to the longer mean free 
path of the low-kinetic energy photoelectrons in 2PPE spectr
oscopy, careful interpretation is needed, as both electronic 
structure and excited state lifetimes may vary as a function of 
film thickness [29].

Zinc oxide (ZnO) is a semiconductor with a wide band gap 
of 3.4 eV, which has a great potential as transparent conductive 
electrode in light-harvesting and opto-electronic applications 
[30, 31]. Intrinsically n-doped, its bulk valence and conduction 
band (CB) extrema lie at 3.2 and 0.2 eV below and above the 

Fermi level EF, respectively (see figure 1(a)) [32]. While the 
adsorption of atoms and molecules is known to induce inter-
facial in-gap states (IGS) at ZnO surfaces [33–35], different 
donor and acceptor adsorbates can vary the ZnO work func-
tion between 1.6 eV and 6.5 eV [33, 36, 37]. IGS formation 
and work function reduction can occur even under ultrahigh 
vacuum (UHV) conditions by the adsorption of hydrogen 
(H) from the residual gas [33]. It should be noted that also 
chromophores without particular donor or acceptor character 
can modify the work function of the substrate. For instance, 
p -sexiphenyl (6P) reduces ZnO work functions by 0.2 eV or 
even 0.85 eV when grown in an upright-standing or flat-lying 
fashion, respectively [16]. In a previous study [37], we com-
bined the non-polar, mixed-terminated ZnO(1 0   −1 0) surface 
with pyridine molecules, which, in the gas phase, exhibit a 
negative electron affinity of  −0.62(5) eV [38], an intrinsic per-
manent dipole moment µmol of 2.2D [39] and a vertical ioniz
ation potential of 9.6 eV [40]. As reproduced in the inset of 
figure 1(b), we observed a substantial work function reduction 
ΔΦ by up to 2.9 eV at a coverage of one monolayer (ML), 
down to Φ  =  1.6 eV, which results from a combination of the 
pyridine dipole moment and the charge transfer induced by 
bond formation between the pyridine nitrogen atom and Zn 
atoms at the semiconductor surface [37]. Very recent theor
etical work [41], furthermore, has shown that the optical spec-
trum of the pyridine/ZnO(1 0   −1 0) system exposes several 
excitonic signatures that display hybrid character. Remarkably, 
the lowest-energy exciton exhibits a binding energy of 0.4 eV, 
almost seven times larger than the free exciton binding energy 
of bulk ZnO.

In this article, we present a novel, 2PPE-based approach 
to address the interfacial ELA at a model o/i interface. We 
characterize the occupied and unoccupied electronic struc-
ture of p-quinquephenyl pyridine (5P-Py) molecules adsorbed 
on ZnO(1 0   −1 0) in three steps: (i) pure interfacial proper-
ties of pyridine/ZnO(1 0  −10), (ii) upright-standing 5P-Py/
ZnO(1 0   −1 0) in the first ML, and (iii) flat-lying 5P-Py for 
multilayer coverages. Our experiments are complemented by 
photoluminescence (PL) and PL excitation (PLE) measure-
ments of 5P-Py in solution and adsorbed on ZnO(1 0   −1 0) 
as well as x-ray diffraction (XRD) experiments of multilayer 
samples. We find occupied, in-gap electronic states below 
EF for both, pyridine and 5P-Py, molecules adsorbed on 
ZnO(1 0   −1 0) and a significant work function reduction that 
can be used to determine the coverage of the organic mole-
cules. This occupied, interfacial IGS can be used to selectively 
populate unoccupied electronic levels in proximity to the 
interface. Consequently, interface sensitivity is reached even 
for 5P-Py multilayer coverages. At the interface, we identify 
three unoccupied states: One bound state, 2.0 eV above EF, 
which we assign to the 5P-Py LUMO, and two states above the 
vacuum level Evac at E  −  EF  =  3.4 eV and 4.1 eV, respectively. 
We show that the bound state at 2 eV is also present in the mul-
tilayer regime, however only weakly coupled to the ZnO CB. 
Beyond the comprehensive characterization of the electronic 
structure of a model o/i interface, this work demonstrates a 
proof-of-principle for a new approach to investigate the ELA at 
buried interfaces based on selective interfacial photoexcitation.

J. Phys.: Condens. Matter 31 (2019) 094001
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2.  Experimental section

The molecule 5P-Py is a derivative of the technologi-
cally relevant chromophore 6P. Details on the synthesis 
can be found in the supporting information (stacks.iop.org/
JPhysCM/31/094001/mmedia). In 5P-Py, the terminal carbon 

atom of 6P is replaced by a nitrogen atom so that one end 
group resembles the pyridine molecule, also with regard to 
the static dipole moment µmol along the molecular axis (see 
the inset in figure 2(b)).

The samples were prepared and analyzed in a pair of cou-
pled UHV chambers operating at base pressures on the order of 
10−10 mbar and 10−11 mbar, respectively. The ZnO(1 0   −1 0) 
surface (MaTecK GmbH) was cleaned by repeated cycles of 
Ar+ sputtering (10 min, p Ar  =  2.0  ×  10−6 mbar, 750 eV at 
300 K) succeeded by 30 min annealing at 700–900 K (initial 
heating rate of 30 K min−1) following established procedures 
[33, 42].

Pyridine adlayers were prepared by exposing the freshly 
cleaned ZnO(1 0   −1 0) substrate at 100 K to pyridine (Sigma 
Aldrich, 99.8%) vapor using a pinhole doser. The layer thick-
ness was determined using thermal desorption spectroscopy 
(see [37]) and given in ML, which are used as a mass equivalent. 
The 5P-Py molecules were evaporated from a Knudsen cell 
(0.3–0.7 nm min−1) onto the freshly cleaned ZnO(1 0   −1 0) 
surface after careful degassing of the molecules at 10 K below 
their evaporation temperature of 540–550 K. Adsorption at a 
substrate temperature of 300 K led to the same spectral sig-
natures as adsorption at 100 K and subsequent annealing to 
300 K. A quartz crystal microbalance (QCM) was calibrated 
using atomic force microscopy images of 5P-Py on sapphire 
and is used to determine the coverage. Here, nanometers (nm) 
refer to the thickness of a hypothetical smooth 5P-Py film and 
can be viewed as a mass equivalent. The adlayer preparation 
takes place before significant H adsorption from the residual 
gas in the UHV chamber can occur. Yet, H adsorption after 
preparation of the adlayer cannot be excluded. All the sam-
ples were transferred in situ into the analysis chamber, and 
photoemission measurements were carried out at a sample 
temperature of 100 K.

One-photon photoelectron (1PPE) and 2PPE spectroscopy 
experiments were performed using a regeneratively amplified 
femtosecond (~50 fs pulses) laser system (Ti:Sa, Coherent 
RegA, 200 kHz) which provides a fundamental photon energy 
of hνIR  =  1.55 eV. A fraction of the total power was directed 
to an optical parametric amplifier (OPA) to generate photons 
of energies between 1.85 and 2.55 eV. Photons with an energy 
of 3.9 eV are generated by frequency doubling of the output 
of the OPA and 6.2 eV photons are obtained by frequency 
quadrupling the 1.55 eV energy photons. Spot sizes on the 
sample were on the order of 80  ×  80 µm2. The kinetic energy 
(Ekin) and intensity of the photoelectrons were detected using 
a hemispherical analyzer (PHOIBOS 100, SPECS GmbH) 
and the energy resolution of the experiment is smaller than 
50 meV. The spectra were referenced to the Fermi level EF of 
the gold sample holder, which was in electrical contact with 
the sample. A bias voltage of  −2.5 to  −5 V was applied to the 
sample with respect to the analyzer, enabling the detection of 
electrons of zero Ekin. The low-energy secondary electron cut-
off (ES) in the photoelectron spectra provides the work func-
tion (Φ) of the surface by Φ  =  hν  −  (EF  −  ES).

In addition to one-color 2PPE, we performed two-color 
2PPE. Here, two laser pulses (pump and probe) with different 
photon energies were spatially and temporally overlapped 

Figure 1.  (a) Schematic of the energy levels of pyridine in the gas 
phase (right) and the naively expected alignment at the pyridine/
ZnO(1 0   −1 0) interface (left) where the molecular levels shift 
rigidly due to vacuum level alignment and the build-up of an 
interfacial dipole. Inset: the pyridine molecule. (b) Photoelectron 
spectrum of the region around EF (blue). The combined system 
exhibits an IGS, which is highlighted after subtracting the 
secondary electron background of the 1PPE spectrum (red). Inset: 
work function reduction ΔΦ of up to  −2.9 eV from the bare 
ZnO(1 0   −1 0) to full monolayer (ML) coverage. Reprinted from 
[37], with the permission of AIP Publishing.

J. Phys.: Condens. Matter 31 (2019) 094001
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with the help of a delay stage to adjust the optical path length 
of the probe laser beam. The probe laser pulse was used to 
monitor the excited state population induced by the pump 
pulse at variable time delays. To show the transient excited 
state population, the delay-independent and stationary back-
ground consisting of the 1PPE and 2PPE signals of both laser 
beams alone was subtracted. This background was determined 
from the signal at negative delays, i.e. for a pump-probe timing 
in which case the probe pulse arrives before the pump pulse.

PL, PLE, and XRD were measured ex situ PL and PLE 
spectra of 5P-Py/ZnO(1 0   −1 0) were obtained using a scan-
ning PL spectrometer (Edinburgh Instruments, FLS 980) with 
a Xe-lamp as excitation source. The excitation as well as the 

emitted beams were each dispersed in a double monochromator 
and the emission was detected by a photomultiplier tube. PL 
was excited at 3.88 eV and PLE was detected at 2.85 eV. PL 
and PLE of 5P-Py in solution were performed in chloroform 
at 298 K on a Cary Eclipse Fluorescence Spectrophotometer. 
An excitation energy of 3.9 eV and an emission energy of 
3.1 eV was used for PL and PLE, respectively.

XRD experiments were performed on a lab-based x-ray 
diffractometer at a Cu-Kα wavelength of λ  =  1.5406 Å from 
a rotating anode source. The measurements were carried out 
at room temperature in a high vacuum chamber. In our XRD 
experiment the intensity of the specularly reflected x-ray beam 
was monitored as a function of the angle of incidence Θ and 

Figure 2.  (a) Schematic of the expected ELA at the 5P-Py/ZnO(1 0   −1 0) interface. (b) Room temperature PL and PLE of 5P-Py. Inset: 5P-
Py molecule. (c) 1PPE of a thin film of 5P-Py/ZnO. An occupied state (IGS) is formed similar to pyridine/ZnO(1 0   −1 0) upon annealing 
the as-dosed film to 300 K. Inset: suggested ordering process of 5P-Py. (d) Work function reduction observed upon deposition of 5P-Py on 
ZnO at a substrate temperature of T  =  300 K. The work function is minimized for nominal coverages of the length of 5P-Py, indicative of 
the formation of an at least partially upright-standing first ML. The error bars of the measured work function values are estimated values 
based on the variation of the work function across the sample surface (inhomogeneity of the film) and the uncertainty of the time when the 
adlayer preparation was started (i.e. the uncertainty of the work function prior to dosing). The error bar of the coverage is estimated from 
the uncertainty in determining the deposition rate with the QCM.

J. Phys.: Condens. Matter 31 (2019) 094001
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the detector angle 2Θ. The corresponding scattering vector 
qz, which is the momentum transfer along the surface normal, 
was calculated using qz  =  4π/λ · sin Θ, where λ is the wave-
length of the x-rays.

3.  Results

3.1.  Occupied in-gap, hybrid state induced by the pyridine 
anchoring group

Before discussing the ELA at 5P-Py/ZnO(1 0   −1 0) inter-
faces, we focus on the electronic structure of the pure 
anchoring group, pyridine, adsorbed on the same surface. 
As discussed in the introduction and shown in the inset of 
figure  1(b), pyridine adsorption significantly reduces the 
sample work function [37]. We use this work function shift 
to extrapolate the expected ELA for pyridine/ZnO(1 0   −1 0) 
in figure 1(a). Clearly, based on this simplistic approach, no 
electronic levels are expected in the energetic region of the 
ZnO band gap.

Figure 1(b) shows an exemplary 1PPE spectrum of a 0.65 
ML pyridine adlayer on the ZnO(1 0   −1 0) surface measured 
with a photon energy of 3.1 eV, exceeding the sample work 
function at this coverage. Subtraction of the secondary elec-
tron background reveals, in contrast to the above-described 
expectations, a signature of an occupied electronic state (IGS) 
0.28(3) eV below EF with a full width at half maximum of 400 
meV. This energy corresponds to a binding energy of 0.48 eV 
with respect to the bulk CB minimum of ZnO. The IGS state 
is absent for pristine ZnO and cannot be a purely molecular 
level, as pyridine frontier molecular orbitals are several eV 
away. We conclude that it is a hybrid state arising from the 
interaction of pyridine with the ZnO(1 0   −1 0) surface and, 
thus, is located at the interface8.

Recent theoretical work on the pyridine/ZnO(1 0   −1 0) 
interface offers a likely explanation for the origin of the IGS 
based on detailed calculations of the electronic structure in 
the G0W0 approximation [41]. Remarkably, the resulting 
single-particle band structure does not expose any molecular 
states below the ZnO-dominated CB minimum that could 
explain our observation of an occupied hybrid state directly 
below EF, i.e. several 100 meV below the CB minimum of 
ZnO. However, by solving the Bethe–Salpeter equation  for 
this system, Turkina et  al provide the optical absorption 
spectrum of pyridine/ZnO(1 0   −1 0), which exposes a low-
energy hybrid exciton resonance with an extraordinarily large 
binding energy of 400 meV [41]. This binding energy is in 
good agreement with the binding energy of the IGS found in 
our experiments and, moreover, sufficient to stabilize the elec-
tron of the two-particle excitation below the Fermi level of the 
system. It seems likely that the experimentally observed IGS 
originates from electrons bound to photoholes at the o/i inter-
face that are, due to their binding energy below EF, sufficiently 
long-lived to form a quasistationary state that appears as an 

occupied electronic state in the photoemission spectra, which 
were acquired at a high repetition rate (200 kHz).

3.2.  Characterization of the 5P-Py/ZnO(1 0   −1 0) interface

The extension of pyridine to 5P-Py is expected to decrease 
the HOMO-LUMO gap (compare figures  1(a) and 2(a)) by 
increasing the delocalization within the π-conjugated system 
[43]. Figure  2(b) presents PL and PLE measurements of 
5P-Py solved in chloroform (CHCl3) as well as in a film of 
11 nm nominal thickness on ZnO(1 0   −1 0) recorded at room 
temperature. Compared to the solution, the PLE is broadened 
but maximized at almost the same photon energy of 3.9 eV. 
The corresponding PL spectra display a Stokes shift and 
the 5P-Py film also exhibits a vibronic fine structure with a 
spacing of  ≈0.15 eV, similar to 6P [44] (clearly discernable at 
low temperature PL).

We conclude that, as expected, the optical gap of 5P-Py is 
decreased with respect to the parent pyridine and amounts to 
3.9 eV. Comparable PL and optical absorption properties can 
be found in the literature for 6P in solution [45] and in the solid 
state [44], also showing an enhanced Stokes shift in the con-
densed phase. The strong Stokes shift in phenylenes in solution 
has been attributed to different relative orientations (twisting) 
of the phenyl rings within one molecule in the ground and 
excited state [44, 45], leading to a large molecular reorganiza-
tion energy, while aggregation leads to the Stokes shift in the 
condensed phase. The asymmetry of absorption and emission 
properties of π-conjugated organic molecules with para-linked 
phenyl rings has been attributed to deviations from the mirror 
image symmetry of these compounds [46].

Figure 2(c) presents a 1PPE spectrum of a 3 nm thick 5P-Py 
layer, deposited onto the cold (T  =  100 K) ZnO(1 0   −1 0) sub-
strate (blue curve), measured with a photon energy of 6.2 eV. 
Deposition leads to a work function reduction from 4.5 eV 
(bare ZnO(1 0   −1 0)) to Φ5P-Py,cold  =  3.4(1) eV. While, for the 
deposition at 100 K substrate temperature, no sign of an IGS 
as for pyridine/ZnO(1 0   −1 0) is observed, mild annealing 
of the film to 300 K for 10 min, leads to the build-up of an 
occupied state  −0.7 eV relative to EF, comparable to the IGS 
of the pure anchoring group adsorbed on ZnO(1 0   −1 0). 
The spectral change close to EF is accompanied by a further 
work function reduction from Φ5P-Py,cold  =  3.4(1) eV to Φ5P-

Py,annealed  =  2.8(1) eV. This significant work function reduc-
tion compared to the pristine ZnO surface of  −1.7 eV is an 
order of magnitude larger than the ΔΦ6P,upright  =  −0.2 eV 
previously observed for upright-standing 6P/ZnO(0 0 0   −  1) 
and twice as large as ΔΦ6P,flat  =  −0.85 eV for flat-lying 6P/
ZnO(1 0   −1 0) [16], highlighting the important role of the pyr-
idine anchoring group in binding 5P-Py to ZnO. As sketched 
in the inset in figure 2(c), this finding suggests that initially 
randomly oriented 5P-Py molecules align at higher temper
atures to bind upright-standing to the ZnO. Both observations, 
the occurrence of an IGS below EF as well as the reduction 
of the work function are consistent with bond formation 
of the 5P-Py via the pyridine end group. The reduced work 
function can be understood by an alignment of the intrinsic 
molecular dipole moments along the surface normal and by 

8 It should be noted that we only observe the IGS for pyridine coverages 
between 0.3 and 0.65 ML.
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the formation of interfacial dipoles due to more N–Zn bonds, 
just as it was the case for pyridine/ZnO(1 0   −1 0). It should be 
noted, that both, the comparably small intensity of the 5P-Py 
IGS as well as the larger work function of 5P-Py compared to  
pyridine/ZnO suggests an incomplete formation of an upright-
standing ML.

We use the change in work function induced by 5P-Py 
adsorption to determine the completion of the first ML on 
ZnO(1 0   −1 0). From now on, all 5P-Py layers are deposited at 
a substrate temperature of 300 K, in order to provide sufficient 
thermal energy to the system to equilibrate. Figure 2(d) shows 
the work function reduction through 5P-Py adsorption as a 
function of nominal layer thickness provided by the calibrated 
QCM. Analogous to the work function reduction observed 
for pyridine, the work function is first reduced monotonically 
upon increasing the 5P-Py layer thickness and minimized at a 
nominal layer thickness of 1.9 nm where ΔΦ  =  −2.1 eV. For 
higher 5P-Py coverages, the work function increases again 
slightly. As indicated in figure 2(d), the minimum work func-
tion occurs almost exactly for nominal layer thicknesses of 
the length of the 5P-Py molecule (2.4 nm). This observation 
strongly suggests that, for low coverages, upright-standing 
growth of 5P-Py dominates. The smaller work function reduc-
tion for 5P-Py compared to pyridine can be rationalized by 
incomplete upright-ordering of the first ML and possibly 
smaller charge transfer through N–Zn bond formation from 
the dye molecule.

The multilayer structure of 5P-Py/ZnO(1 0   −1 0) is ana-
lyzed using XRD. Figure  3 shows a Θ  −  2Θ XRD scan as 
a function of scattering vector qz for a film with a nominal 
thickness of 11 nm. Besides the surface reflectivity of the ZnO 
surface with 5P-Py film at small qz, two strong Bragg reflec-
tions can be observed at qz  =  2.24 Å−1 and qz  =  1.65 Å−1. 
The first stems from the (1 0 0) plane of the ZnO surface. The 
second peak originates from 5P-Py crystallites with a lattice 
spacing of d203  =  3.82 Å. This value coincides with the lat-
tice spacing of the (2 0   −3) lattice plane in the herringbone 
structure of 6P [47, 48]. In addition to the two intense peaks in 

the XRD curve, we also observe a reflection at qz  =  1.41 Å−1. 
Under the assumption of similar 6P and 5P-Py unit cells, this 
reflection can be assigned to the (1 1 1) lattice plane of 5P-Py 
crystallites. The intensity of this (1 1 1) reflection is about one 
order of magnitude smaller than the (2 0   −3) reflection, which 
indicates that most molecules adopt an orientation, where the 
(2 0   −3) plane of the 5P-Py crystallites forms the contact plane 
with the substrate. The (2 0   −3) orientation of crystallites cor-
responds to flat lying 5P-Py molecules, but also for crystallites 
with an (1 1 1) orientation molecules are nearly flat lying.

We conclude that, in contrast to the (partially) upright 
standing ML, 5P-Py arranges in a herringbone structure with 
the long axis of the molecule aligned along the substrate plane 
for multilayer coverages. It should be noted that the XRD 
results only determine the orientation of crystalline multi-
layers and do not exclude the presence of an interfacial layer 
with different molecular orientation.

The growth of 5P-Py multilayer coverages on 
ZnO(1 0   −1 0) can be compared to 6P on ZnO(1 0   −1 0) [16]. 
There, upon deposition at room temperature and at sub-ML 
coverage, the coexistence of islands with upright standing 6P 
and needles of flat lying 6P is observed. At higher coverages, 
the needles coalesce leading to crystalline films of flat lying 
6P. It seems reasonable that due to the preferential binding 
with the nitrogen lone pair to Zn surface atoms, for 5P-Py 
the tendency to adsorb in the upright standing geometry is 
enhanced. It is, however, a priori unclear, whether the up-right 
standing geometry persists for nominal 5P-Py multilayers.

Due to the chemical similarity of 5P-Py and 6P and the per-
manent dipole moment of 5P-Py aligned in plane with the flat-
lying molecule, it seems reasonable to assume a comparable 
potential step at the vacuum interface for flat-lying 5P-Py and 
6P molecules. Yet, we observe a considerably larger work 
function reduction ΔΦ5P-Py  =  −1.7 eV (see figure  2(d) for 
Θ  >  5 nm) compared to ΔΦ6P,flat  =  −0.85 eV for flat-lying 
6P films on the same ZnO surface. This strongly suggests the 
persistence of upright-standing 5P-Py in the first ML even for 
large coverages.

3.3.  Unoccupied states of 5P-Py/ZnO(1 0   −1 0)  
and interface sensitivity

In order to address the unoccupied electronic structure of 
the o/i interfaces, we performed 2PPE experiments in which 
bound, normally unoccupied electronic states are tran-
siently populated through optical excitation and then probed 
in photoemission with a second photon that photoionizes 
the sample. This process is illustrated by figure 4(b) (left), 
which also shows that a variation of the photon energy leads 
to an increase of kinetic energy of the photoelectrons by 
Δhν. The spectral position of such intermediate states shifts 
in the photoemission spectra when plotted as a function of 
final state energy with respect to EF. In the case of photo-
emission via real final states above the vacuum level (see 
figure 4(b), right), the spectral feature remains at the same 
energy and is independent of the photon energy used in the 
experiment [19].

Figure 3.  XRD scan of a 5P-Py film of ~11 nm thickness. The two 
dominant Bragg reflections can be assigned to the (1 0 0) plane of 
the ZnO substrate surface and the (2 0   −3) plane of 5P-Py in the 
herringbone structure.
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Figure 4(a) shows an exemplary single-color 2PPE spec-
trum of 11 nm 5P-Py/ZnO(1 0   −1 0) measured with a photon 
energy of hν  =  2.52 eV (yellow). The spectrum is plotted versus 
an intermediate state energy axis Eint  −  EF  = Efin  −  EF  −  hν 
(bottom) and a final state energy axis Efin  −  EF  =  Φ  +  Ekin 
(top). Besides the secondary electron cut-off, three spectral 
signatures can be discerned. The spectrum is fitted by three 
distinct Gaussian peaks (A–C) on top of an exponential sec-
ondary electron background (dotted line). The character of the 
observed spectral signatures A–C can experimentally be iden-
tified by determining their final state energy as a function of 
photon energy as discussed above and plotted in figure 4(c): 
for peaks A and B there is no change of the final state energy 
for photon energies between 2.3 and 2.7 eV. This clearly 
indicates that these signatures originate from final state reso-
nances with energies of 3.35(5) eV and 4.05(5) eV above EF 
or 0.58(5) and 1.28(5) eV above Evac, respectively. In contrast 
to that, the energetic position of state C changes linearly as 
a function of energy, with ∆Efin  =  ∆hν. Thus, signature C 
originates from a bound, unoccupied electronic state below 
Evac. Its maximum relative to EF lies, according to the linear fit 
to the photon energy dependence (dashed line in figure 4(c)) at 
2.10(5) eV. As peak C is the lowest unoccupied state observed 
by 2PPE, we assign it to the 5P-Py LUMO, while Peak A and 
B are likely related to LUMO  +  n and LUMO  +  n  +  1, as 
illustrated by the energy level diagram in figure 2(a). It should 
be noted that, due to the spectral vicinity of the final state B 
as well as due to the adjacent resonance condition between 

IGS and the LUMO, the real energetic position of the LUMO 
with respect to EF underlies an uncertainty: in 2PPE, the pho-
toemission intensity depends on the transition matrix ele-
ments for the absorption of the two involved photons as well 
as on the density of initial, intermediate, and final states. The 
spectral intensity distribution and, thus, energetic position of 
the peak maximum of C might, therefore, be affected by the 
near-resonance condition with the IGS and final state B and 
must not reflect the exact energetic position of the LUMO 
with respect to EF.

While the three-peak structure of the 2PPE spectrum is 
clearly distinguishable for the nominal thickness of 11 nm 
5P-Py/ZnO(1 0   −1 0), peak C is not discernable in 2PPE 
spectra of 3 nm 5P-Py (i.e. close to 1 ML), see figure  4(a) 
(black). In order to determine whether the ML sample does 
not expose the 5P-Py LUMO or whether it is energetically 
shifted and buried underneath final state B, we performed 
two-color 2PPE, where intermediate states are populated and 
depopulated by photons of different energy.

Two-color 2PPE spectra for a thin and a thick 5P-Py film 
on ZnO(1 0   −1 0) are plotted in figure  5(a) versus interme-
diate state energy (bottom) and final state energy (top). For 
clarity, we subtracted the stationary photoelectron intensity 
that is measured when the probe laser pulse reaches the sample 
picoseconds before the pump laser pulse populates normally 
unoccupied states. Additionally, analogous to figure  1(b), 
the exponential background of secondary electrons was sub-
tracted from the data. Clearly, the 3 nm film (green dashed) 

Figure 4.  (a) The single-color (hv  =  2.52 eV) 2PPE spectrum of 11 nm 5P-Py/ZnO(1 0   −1 0) (yellow) exhibits a three peak structure and 
the low-energy cut-off of the secondary electron background. For 3 nm 5P-Py (black), the third peak is not clearly distinguished. (b) 2PPE 
photon energy dependence scheme for intermediate (left) and final state (right). (c) Spectral position of peaks A–C as a function of photon 
energy hv. The dashed line with slope 1 is a guide to the eye.
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exposes an unoccupied state 1.86(5) eV above EF, which 
we attribute to the 5P-Py LUMO of the first ML. Probed by 
1.53 eV photons, its spectral signature exhibits a final state 
energy of 3.4 eV and is, therefore, significantly overlapping 
with final state A (purple shaded area in figure 5(a)).

The diagram in figure  5(a) illustrates the population and 
depopulation process for the single-color (green) and two-
color (red) 2PPE experiment. In both cases, the LUMO is 
populated by photoexcitation with visible light (hνVIS) from 
the occupied IGS. Population of the LUMO via two photon 
absorption in the pump pulse can be excluded by excitation 
density-dependent experiments (not shown) which demon-
strate that the photoemission intensity scales linearly with the 
excitation fluence9. As discussed above, in two-color 2PPE, 
depopulation and, therefore, photoemission occurs in reso-
nance with final state A after the absorption of hνIR. In the 
single color experiment on the contrary, photoemission occurs 
with hνVIS  =  2.5 eV and in partial resonance with final state B, 
explaining why C could not be resolved in the black spectrum 
in figure 4(a). We, therefore, conclude that for 3 nm 5P-Py/
ZnO(1 0   −1 0) the observed 2PPE processes of population 
and depopulation of the LUMO are doubly resonant.

Figure 5(a) also shows a two-color 2PPE spectrum for a 
nominal 5P-Py coverage of 11 nm (solid green). It exposes a 
very similar peak compared to the 3 nm film, which is shifted 
upwards in energy. Its spectral position at 1.95(5) eV is in agree-
ment with the intermediate state energy of the LUMO of 2.10(5) 
eV determined by single-color 2PPE. The mismatch between 
the two experiments can be rationalized when considering the 
slightly varying resonance conditions with the final states A and 
B in the two- and single-color experiment, respectively. Also, the 
peak position may be influenced by the 200 meV higher work 
function in the case of the 11 nm film that can be determined at 
the low-energy secondary electron cut-off in figure 4(a).

The comparability of the LUMO positions of the ML and 
multilayer samples after interfacial excitation via the IGS 
suggests that, also in the case of the 11 nm sample, a near-
interface LUMO of the 5P-Py is probed. In order to address 
this question, we compare the 2PPE spectra for both, resonant 
population of the LUMO from the interfacial IGS and intra-
molecular, resonant excitation of the 5P-Py molecules at the 
energy of maximal PLE intensity (3.9 eV, see figure 2(b)) for 
11 nm 5P-Py/ZnO(1 0   −1 0). Note that in both cases, similar to 
the resonant photoemission from the LUMO for the thin film, 
probing with hνIR  =  1.56 eV and 1.53 eV, respectively, leads to 
near-resonance conditions with final state A. Remarkably, the 
LUMO signatures for interfacial (green) and intramolecular 
photoexcitation (blue) almost coincide, despite the different 

Figure 5.  (a) Background-subtracted, two-color 2PPE spectra from time-resolved pump-probe experiments (integrated signal  ±20 
fs around time zero in case of interfacial excitation (green) and from 0 to 200 fs in case of intramolecular excitation). Green dashed: 
3 nm 5P-Py/ZnO, hvVIS  =  2.51 eV (pump) and hvIR  =  1.53 eV (probe). Green solid: 11 nm 5P-Py/ZnO, hvVIS  =  2.52 eV (pump) and 
hvIR  =  1.56 eV (probe). Blue solid: 11 nm 5P-Py/ZnO, hvUV  =  3.90 eV (pump) and hvIR  =  1.53 eV (probe). Resonance A from the fit in 
figure 4(a) is reproduced for comparison (purple). The diagram illustrates the different population and depopulation pathways. (b) Cross 
correlation traces of pump and probe laser pulses of the LUMO (integrated 2PPE intensity at  ±0.5 eV around peak center) for the same 
three experiments.

9 Note that the term ‘LUMO’ neglects the presence of the photohole at 
the interface that is, most likely, not entirely screened. For simplicity, we 
continue to use this terminology although electron–hole interaction cannot 
be excluded.
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localization of the photohole at the ZnO surface and in the 
5P-Py molecule. Interfacial excitation is likely to populate 
near-interface LUMOs only, while intramolecular excitation 
can generally occur throughout the organic film. The similar 
LUMO signatures in contrast suggest that both experiments 
probe the LUMO of the same interfacial molecules.

The lifetime of excited states near semiconductor or metal 
surfaces is determined by the wavefunction overlap with the 
substrate CB. The electron transfer probability in this strong 
coupling limit therefore depends on the degree of localization 
of the excited state as well as its distance from the interface 
[49]. If interfacial and intramolecular excitations lead to the 
excitation of the same near-interface molecules, they should 
expose comparable excited state lifetimes. We performed 
femtosecond time-resolved, two-color 2PPE experiments 
where we varied the time delay between the pump and the 
probe laser pulse to monitor the population dynamics of the 
excited states. Figure 5(b) shows the transient population of 
the LUMO for the thin (3 nm) and the thick (11 nm) 5P-Py 
film after interfacial excitation (green) and compares these to 
the population dynamics initiated by intramolecular excita-
tion (blue). Clearly, interfacial excitation leads to a fast popu-
lation decay within the first 100 fs after photoexcitation for 
the thin (dashed) and thick (solid) film, respectively, while 
intramolecular excitation causes a significantly longer-lived 
population of the 5P-Py LUMO that decays on picosecond 
timescales.

The above observation clearly demonstrates that—despite 
the spectral coincidence of the LUMO for interfacial and 
intramolecular excitation—the different excitation schemes 
populate unoccupied molecular electronic states in different 
regions of the o/i system and, moreover, that population of 
the LUMO via the IGS provides interface sensitivity even 
for large coverages of the organic molecule. Based on this, 
we conclude that, on the one hand, interfacial excitation 
populates the LUMO of near-interface molecules, which is 
strongly coupled to the ZnO CB, leading to sub-100 fs popu-
lation decay. Intramolecular excitation throughout multilayer 
coverages of 5P-Py, on the other hand, shows a significantly 
longer (average) lifetime, as population decay to ZnO requires 
exciton diffusion and electron–hole recombination occurs on 
longer timescales due to momentum conservation. It should 
be noted that, due to multiple resonance effects in both popu-
lation and depopulation processes of the LUMO at several 
photon energies, the exact binding energy of this state within 
our experimental resolution cannot be determined terminally, 
however, experimental evidence is sufficient to prove the pres-
ence of an unoccupied state at 2.0(3) eV above EF.

4.  Summary and outlook

We investigated the occupied and unoccupied electronic struc-
ture of a model o/i interface: 5P-Py on ZnO(1 0   −1 0). We 
found that 5P-Py adsorption leads to a substantial work func-
tion reduction of up to  −2.1 eV, comparable to the value for 
adsorption of the pure anchoring group, pyridine, of  −2.9 eV 
reported previously [37]. We showed that both interfaces 

expose an occupied electronic state below EF, i.e. in the band 
gap of ZnO, which we interpret as the energetically lowest 
hybrid exciton at the o/i interface [41] that occurs quasista-
tionarily due to its binding energy below the Fermi level of 
the system. We made use of this IGS to explore the unoccu-
pied electronic band structure of the 5P-Py/ZnO(1 0   −1 0) 
interface with one- and two-color 2PPE spectroscopy. This 
revealed three unoccupied states, two final states above the 
vacuum level Evac and one bound state 2 eV above the Fermi 
level EF that we assign to the 5P-Py LUMO. Furthermore, we 
show that interfacial excitation of the system using the IGS 
as an initial state leads to the selective excitation of near-
interface molecules even for multilayer coverages of 5P-Py/
ZnO(1 0   −1 0). Their LUMO is strongly coupled to the reso-
nant ZnO CB leading to a rapid population decay on sub-100 
fs timescales. Conversely, intramolecular excitation at 3.9 eV 
results in LUMO population throughout large 5P-Py cover-
ages that is reflected in a significantly enhanced excited state 
lifetime. In summary, this work does not only provide com-
prehensive understanding of the occupied and unoccupied 
electronic structure at a buried o/i hybrid model interface, 
but also presents a new pathway to disentangle the interfacial 
properties from bulk responses. The key step in this approach 
lies in the exploitation of organic anchoring groups and their 
potential to create interfacial electronic states. Moreover, the 
interfacial photoexcitation may provide unprecedented insight 
into the interplay of electronic coupling across o/i interfaces 
and the electron–hole interaction. Previous studies of charge 
transfer at such interfaces [4, 6–10] used intramolecular pho-
toexcitation and, therefore, created a photohole localized on 
the molecule that influences the charge transfer probability 
of the electron due to the attractive Coulomb interaction. 
Complementarily, the interfacial population of the LUMO 
produces a photohole at the interface. Control of the photo-
hole position, combined with interface sensitivity will enable 
the exploration of the effect of the electron–hole interaction 
on the controversial charge separation dynamics in ZnO-
based hybrid solar cells [5, 6, 9], which will be the topic of a 
forthcoming publication.
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