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electron affinity: Pyridine on ZnO(1010)
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Martin Wolf, and Matthias Scheffler
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Using thermal desorption and photoelectron spectroscopy to study the adsorption of pyridine on
ZnO(1010), we find that the work function is significantly reduced from 4.5 eV for the bare ZnO sur-
face to 1.6 eV for one monolayer of adsorbed pyridine. Further insight into the interface morphology
and binding mechanism is obtained using density functional theory. Although semilocal density func-
tional theory provides unsatisfactory total work functions, excellent agreement of the work function
changes is achieved for all coverages. In a closed monolayer, pyridine is found to bind to every sec-
ond surface Zn atom. The strong polarity of the Zn-pyridine bond and the molecular dipole moment
act cooperatively, leading to the observed strong work function reduction. Based on simple align-
ment considerations, we illustrate that even larger work function modifications should be achievable
using molecules with negative electron affinity. We expect the application of such molecules to sig-
nificantly reduce the electron injection barriers at ZnO/organic heterostructures. © 2013 Author(s).
All article content, except where otherwise noted, is licensed under a Creative Commons Attribution
3.0 Unported License. [http://dx.doi.org/10.1063/1.4827017]
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Large work function reduction by adsorption of a molecule with a negative

. INTRODUCTION

Controlling the work function (&) of semiconductor
crystals by adsorbing tailor-made organic molecules on the
surface is of potential interest for a large variety of fields and
applications. These include established industrial products
such as varistors,' where the work function determines the
varistor voltage, and more recently inorganic/organic hybrid
devices*” like organic photovoltaic cells and light-emitting
devices. There, the position of the molecular frontier orbitals
relative to the Fermi energy determines charge injection and
extraction barriers’~'? and thus important properties, e.g., the
driving voltage in light-emitting devices. It is well established
that the substrate work function can be tuned by creating a
periodic array of dipoles at the surface.'> Such a sheet can
be obtained, e.g., by adsorbing self-assembled monolayers
(SAMs).!'*25 The origin of the implied work function change,
A®, is of electrostatic nature and is given by the solution of
the Helmholtz-equation
PN )

€0 A
where ¢, is the elementary charge, €, is the vacuum dielec-
tric constant, and u/A is the surface dipole density. © con-
sists of various different contributions, including the intrinsic
molecular dipole moment, depolarization from the surround-
ing medium, bond and image dipole formation as well as po-
tential band-bending.

Amines are particularly well suited to achieve large work
function reductions, since they can easily form strong bonds
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to a variety of different surfaces while carrying a signifi-
cant intrinsic dipole of their own. For aliphatic amines, work
function reductions between 1 and 2 eV have been found
on ZnO(1010) and several other surfaces.?° For aromatic
amines, such as pyridine and its derivatives, work function
reductions larger than 1 eV are commonly reported.?*3!=37
On Pt and Au, the adsorption-induced work function change
could even yield —2.5 eV or more.’*3"-37 Pyridine is also
commonly used in organic layers as “docking group,”?*38
and the application of pyridine-containing polymers has been
demonstrated to improve the stability and electron transport
properties of organic electronic devices, while simultaneously
enabling the use of high ® materials as electrodes.*® Op-
toelectronic organic devices, in particular photovoltaic cells
and light-emitting devices, require at least one optically trans-
parent electrode. This cannot be achieved with metal sub-
strates, which by definition have no band gap. There is,
therefore, a renewed interest in surface modifications of con-
ductive transparent oxides, in particular ZnO, which is non-
toxic, cheap, abundant, and optically transparent up to en-
ergies of 3.3 eV.* Previous studies on polar and non-polar
ZnO surfaces indicate that pyridine reproducibly forms highly
oriented structures.*>*! In the present work, we report that
a proper preparation of pyridine/ZnO(1010) interfaces yields
work function reductions as large as 2.9 eV. The adsorption
geometry, binding mechanism and interface dipoles are stud-
ied for a variety of pyridine coverages using photoelectron
spectroscopy, thermal desorption spectroscopy and density
functional theory (DFT) augmented with the van der Waals
scheme of Tkatchenko and Scheffler (vdW-TS).*> The appli-
cation of standard density functionals is often criticized,*>#4
mostly because of the erroneous position of Kohn-Sham lev-
els due to electron self-interaction*># and the failure to
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http://dx.doi.org/10.1063/1.4827017
http://dx.doi.org/10.1063/1.4827017
http://dx.doi.org/10.1063/1.4827017
mailto: hofmann@fhi-berlin.mpg.de
mailto: staehler@fhi-berlin.mpg.de
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4827017&domain=pdf&date_stamp=2013-11-04

174701-2 Hofmann et al.

account for the orbital renormalization at the interface.*’-°

Applying hybrid density functionals with an adjustable frac-
tion of exact exchange, we show that despite the sensitiv-
ity of the Kohn-Sham orbitals to the applied methodology,
the adsorption-induced dipole is insensitive to the fraction
of exact exchange and already well described with common
semilocal functionals. This lends further credibility to our cal-
culations and allows us to formulate a pathway towards sys-
tems with even stronger work function reductions.

Il. EXPERIMENTAL AND COMPUTATIONAL
METHODOLOGY

The ZnO(1010) surface was prepared by sputtering and
annealing cycles and exposed at T = 100 K to pyridine va-
por (Sigma Aldrich, 99.8%) via a pinholer doser. The quality
of the bare ZnO(1010) surface was confirmed by low-energy
electron diffraction (LEED) and photoelectron spectroscopy
(PES). Pyridine desorption was monitored by thermal desorp-
tion (TD) spectroscopy, where the integral of the spectrum
serves as mass equivalent for coverage calibration. PES was
performed using the second harmonic of the output of an op-
tical parametric amplifier (hv = 3.76 eV), driven by a regen-
eratively amplified femtosecond laser system (100 kHz). The
photoelectrons were detected using a hemispherical electron
analyzer. The work function was determined by the low en-
ergy cut-off in the PE spectra, originating from electrons that
barely overcome the vacuum barrier E,,.. Depending on the
magnitude of the work function (smaller or larger than the
photon energy), one- or two-photon photoemission (1PPE or
2PPE, respectively) was used to emit one electron (Figure 1,
right inset). Electron energies were referenced to the Fermi
energy Er of the tantalum sample holder which was in elec-
trical contact to the sample and held at a bias voltage of =5V
with respect to the analyzer.

All calculations were performed using the Fritz Haber
Institute ab initio molecular simulations (FHI-aims) code,’!
employing the Perdew-Burke-Ernzerhof (PBE) generalized
gradient functional®” and the Heyd-Scuseria-Ernzerhof hy-
brid functional (HSE).>® The long-range part of van der
Waals forces, which are not accounted for in standard semilo-
cal or hybrid functionals, were included by the vdW-TS
scheme.*? For ZnO, the necessary parameters were calculated
using the approach described for atoms in solids,’* yielding
Co = 46.0183, o = 13.7743, r, = 2.818 for Zn and
Co = 4.45343, o = 4.28501, ry = 2.953 for O. “Tight” de-
faults were used for grids and basis sets. The ZnO substrate
was modeled by 8 ZnO layers in the periodic slab approach
with a 30 A vacuum separation and a dipole correction be-
tween the periodic images. We optimized all geometries in
PBE+vdW by relaxing the atomic position of the molecule
and the top 4 ZnO layers until the remaining forces were
smaller than 1073 eV/A, while the bottom 4 layers were fixed
to their bulk positions.

The ZnO sample used in this work was intrinsically
n-type doped, with a Fermi energy of approximately 200 meV
below the conduction band onset. The atomistic origin of
n-type conductivity in experimental ZnO samples is still
widely debated.™ In the present work we assume that the
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FIG. 1. (a) TD spectrum of 1.1 ML pyridine on ZnO(1010). (b) Correspond-
ing temperature-dependent shift of the sample work function. The left inset
depicts three exemplary PE spectra and the right inset shows the electron
excitation scheme.

doping of the crystal is homogeneous. This implies that the
majority of the dopants are located below the surface and in-
teract only electrostatically (rather than via overlap of their
wave function) with the adsorbate. This situation is modeled
using the virtual crystal approximation.’®-3® There, the oxy-
gen nuclei with Z = 8 are replaced by pseudoatoms with
Z = 8 + AZ>% The excess electrons AZ go to the bot-
tom of the conduction band. We note that the virtual crystal
approximation is most reliable for substitutional dopants. Its
validity has been widely tested by Richter et al.’’ We used
a doping concentration of 4 x 10'¢ electrons/cm?® (10~%¢~/O
atom) and verified explicitly that higher doping concentration
up to 4 x 10! give identical results within 10 meV for both
the adsorption energy and the interface dipole. This is in sharp
contrast to the behavior observed for electron acceptors on
Zn0O*’ and attributed to the fact that the adsorption of pyri-
dine does not cause appreciable band bending, as explained
below.
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lll. RESULTS AND DISCUSSION

Figure 1(a) depicts a TD spectrum of 1.1 monolayers
(ML) of pyridine acquired using a heating rate of 8 K/min.
The main features of the spectrum — a sharp peak at 140 K and
a broad feature at slightly higher temperatures — are reminis-
cent of previous TD studies of pyridine on polar ZnO(0001)
surfaces.*! At 140 K the sharp peak originates from the des-
orption of weakly bound molecules adsorbed on top of the
first monolayer (corresponding to the broad TD feature) as
discussed in the following. The sample work function is mea-
sured during heating using 1PPE and 2PPE as shown in
Figure 1(b). The left inset depicts three representative spec-
tra for different temperatures. As the energies are referred to
the Fermi level, the low-energy cut-off can be used to directly
read out the work function. For pristine ZnO it is determined
as 4.52(5) eV and reduces to 1.66(5) eV after deposition of a
full monolayer of pyridine. The corresponding work function
change, A® = —2.86(8) eV, is significantly larger than the
values reported for the adsorption of pyridine on Cu(111)%° or
the prediction on Au(111).>* Starting with a multilayer cov-
erage, the minimum of the work function occurs at the same
temperature (145 K, Fig. 1(b)) as the desorption of the mul-
tilayer peak in Fig. 1(a). Further increasing the temperature
(and thus reducing the coverage), the work function increases
steadily due to desorption, clearly indicating that the broad
TD signal can be attributed to the desorption of the first mono-
layer of pyridine. Finally, for low coverages, the work func-
tion approaches the value corresponding to the clean ZnO sur-
face.

To gain insight into the atomic and electronic structure
we employed DFT calculations. The use of semilocal approx-
imations such as PBE is commonly criticized.*>** This is
mainly due to the fact that corresponding Kohn-Sham orbital
energies are not good approximations to ionization energies,®!
because the self-interaction error®’ results in an underestima-
tion of the binding energy of occupied orbitals and an over-
estimation of unoccupied orbitals. On the other hand, these
functionals miss another important physical effect, namely,
the surface induced screening of the ionization energies af-
ter adsorption, also known as orbital renormalization.*’" Al-
though both errors work in opposite directions, a fortuitous
cancellation of errors should not be expected. We have thus
carefully tested our approach by using hybrid functionals,
which reduce the self-interaction error. This is reported in Ap-
pendix A. In brief, we find that while PBE generally gives
poor total work functions (that can be significantly improved
using the HSE06 functional®®), the work function modifica-
tion or interface dipole is robust with respect to the choice of
the functional. The stability of the results arises mainly from
the fact that the lone pair orbital of pyridine and the valence
band of ZnO, which are responsible for the binding to the sur-
face, are almost equally affected by self-interaction.

Having ascertained the reliability of our computational
approach, we now turn to the characterization of the pyridine/
ZnO(1010) interface. For a single molecule at low coverage
we only find one stable geometry in contrast to metals, for
which several different structures have been observed.’?> As
shown in Figure 2, pyridine adsorbs upright with the nitrogen
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(a) {

FIG. 2. (a) Side view of the PBE+vdW geometry of pyridine on ZnO(1010)
(only a fraction of the unit cell is shown). (b) Top view of the unit cell of
pyridine on ZnO(1010) at full coverage.

atom located directly above a surface Zn atom and the aro-
matic plane oriented along the (1120)-direction. Calculating
the binding energy as

Epas = (ESys — Epmor — ESlab)a (2)

with Eg,, being the energy of the combined pyridine/ZnO sys-
tem, Eyy,; the energy of the free molecule in the gas phase and
Egap the isolated ZnO(1010) surface, we find no other stable
geometry with a binding energy larger than 0.1 eV/molecule.
This finding is in excellent agreement with the one derived
from the NEXAFS study of Walsh et al. for 0.1 + 0.05
monolayer,*’ except for a slightly larger tilt angle (theory 15°,
experiment 10°). Our calculations show that increasing the
coverage (®) does not affect the tilt angle. The binding energy
per unit area, calculated with Eq. (2) and divided by the area
per molecule, is shown in Figure 3. A pronounced minimum
is found at a layer density corresponding to 1 pyridine/2 sur-
face Zn atoms, which we will henceforth adopt as full mono-
layer coverage, ® = 1.0. The corresponding geometry is in-
dicated in Figure 2. Further increasing the pyridine density
will destabilize the layer, and the formation of a second layer
which is not in direct contact with the substrate (shown in
Figure 3 as open star) will be favored. Calculating different
packing motifs for the second monolayer, we find several dif-
ferent minima exhibiting different dipole orientations to be
within an energy range of 40 meV. Based on this theoreti-
cal information and the experimentally observed saturation of
the work function near ® = 1.0, we speculate that the second
layer grows amorphously and does not exhibit a net dipole
moment.

Having determined the structure of the full monolayer,
the adsorption-induced work function modifications were de-
termined for a variety of coverages, down to 1/8 ML. In
Figure 3(b), the work function change in PBE+4vdW is
compared to the experimentally determined values. For the
full monolayer coverage, a work function modification of
—2.9 eV is obtained, in excellent agreement with the exper-
imentally determined value. Also for lower ®, remarkable
agreement is found with a typical deviation of only ~0.1 eV.
However, it is noteworthy that around ® = 0.75, the curvature
of the experimental and theoretical work function change does
not agree well. We tentatively assign this to the fact that in
the calculations a homogeneous removal of pyridine from the
full monolayer was assumed, while in experiment the removal
might occur irregularly or even patchwise. We re-emphasize,
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FIG. 3. (a) Calculated adsorption energy (PBE+vdW) per unit area as a
function of pyridine:Zn ratio. The dashed line and the open star denote the
formation of an amorphous layer on top of the first pyridine layer. (b) Exper-
imentally (open circles) and theoretically (closed squares) determined AP as
a function of the pyridine coverage and its decomposition into its contribu-
tions E4g4s (triangles) and Ejy,; (circles).

however, that all calculated points are within the experimen-
tal error (£0.05 ML). For ® > 1 (indicated by a dashed line
in Figure 3), our calculations suggest that the work function
remains constant if the additional pyridine is adsorbed form-
ing an amorphous multilayer. On the other hand, a further in-
crease occurs if even more molecules could be forced into the
first layer and be brought into direct contact with the substrate.
As can be seen from Fig. 3(a), only the first case is consistent
with our total energy results and our PES/TDS measurements.
To determine whether the large interface dipole stems
from the intrinsic molecular dipole or from charge-transfer
to the substrate, we separate the total shift induced by the
interface dipole A®, into a molecular part, A®,;,, and an
adsorption-induced shift, A® 444, using the equation

AP(O) = ADy(O) + AD 44,(O). 3)

Here, A® was obtained from the calculation of the com-
bined system as a function of coverage, while A®,,, was
taken from a calculation of a hypothetical, free-standing pyri-
dine layer in the same geometry of the adsorbed layer at the
same density of molecules. Equation (3) then becomes the
definition of A®d,,4,. Note that by this definition, A® 4,4, also
contains the complete electronic response of the substrate
upon adsorption, including the eventual formation of image
dipoles. Since the geometry distortion of the surface upon ad-
sorption induces only a minor dipole (<0.1 eV), we include
this effect into A®4y, too. The results depicted in Figure 3
show that at low coverage the adsorption-induced dipole and
the monolayer dipole act cooperatively and contribute roughly
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FIG. 4. (a) Molecular orbital projected density of states for pyridine at a
pyridine/Zn ratio of 1:2 (one monolayer). The total projection onto pyridine
is shown in black, the contribution of the PBE-HOMO is shown in red, and
the contribution of the PBE-HOMO-1 is shown in blue. Filled areas are occu-
pied. For the sake of clarity, the contribution of the former PBE-HOMO that
lies above the Fermi energy and is now unoccupied is magnified by a factor
of 100 and indicated by shading. (b) Formal occupation of the molecular or-
bitals, obtained by integration of the MODOS up to EF. (c) Molecular orbital
projected density of states for pyridine at a pyridine/Zn ration of 1:1. The to-
tal projection of pyridine is shown in black, the contribution of the HOMO in
red, the contribution of the PBE-LUMO in blue. Shaded areas are occupied.

equally. Upon increasing the coverage, the dipoles depolar-
ize. Comparing A ®,,,,; with the hypothetical potential change
in the absence of depolarization (calculated by inserting the
dipole of the free molecule into Eq. (1)) shows that the dipole
per molecule is reduced by ~30% at full coverage. Up to
® = 0.5, Ad,,, shows the same evolution, illustrating that
the pyridine-Zn bond is just as polarizable as the molecular
dipole. For larger ®, A® 44, decreases faster than Adyy,,; due
to the increasing importance of repulsive through-substrate
interactions.

More detailed insight into the bonding mechanism can
be obtained by performing a molecular projected density of
states (MODOS) analysis,%® in which the density of states
is decomposed into contributions from the individual molec-
ular orbitals of the free monolayer. The result is shown in
Figure 4(a). We find that the PBE-HOMO is broadened con-
siderably after adsorption, which reflects the very strong hy-
bridization with the substrate bands and proves the formation
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of a covalent bond between ZnO(1010) and pyridine. For
comparison, the MODOS of the PBE-HOMO-1 is also shown.
This orbital does not contribute to bonding and gives rise to a
sharp peak. In this context, it is interesting to note that the self-
interaction error of PBE leads to a reordering of the frontier
orbitals of pyridine. Performing a MODOS analysis for HSE
using larger values of « leads to a broadening of the lone-
pair orbital in all cases, regardless of where it is located in the
orbital hierarchy. Once again, this corroborates the conclu-
sion that in the present system, electron self-interaction does
not have a notable impact on the results. For each orbital,
a formal electron occupation can be obtained by determin-
ing the fraction of its area below the Fermi-energy (the total
area is normalized to 2 electrons). The results are shown in
Figure 4(b). Except for the PBE-HOMO, which contains 1.75
electrons after adsorption, no other orbital deviates signifi-
cantly from its ideal occupation. Variation of the coverage un-
veils that the donation from the PBE-HOMO to ZnO always
lies between 0.22 and 0.25 electrons and is thus practically
independent of the pyridine density.

In semiconductors, the presence of charged species at the
surface gives rise to band bending. Monitoring the d-band po-
sition and the electrostatic potential across a 32-layer slab for
pyridine adsorption, we observed no band bending in our cal-
culations, even when choosing doping concentrations that are
so high that the extent of band bending is only a few A. Thus,
pyridine should not be viewed as a charged surface defect.
Rather, the formal charge of pyridine reflects the polarity of
the covalent pyridine-Zn bond, which gives rise to a poten-
tial that is screened out by the neighboring bonds already at
intermolecular distances.®* A more detailed discussion of the
electrostatic potentials is given in Appendix B.

One could now ask why such a large work function mod-
ification is possible with pyridine on ZnO(1010) and, just
as importantly, whether even larger reductions are conceiv-
able and how they could be achieved. In principle the work
function reduction upon adsorption is determined by the
molecular dipole moment, the dipole moment induced by ad-
sorption to the surface, and the packing density on the sub-
strate. However, it has been demonstrated that the largest
work function modification achievable with a given type of
molecule is limited by its HOMO/LUMO, or, more precisely,
by the HOMO/LUMO of the layer it forms.%> The reason for
this limitation is depicted in Figure 5. We assume a molecule
with a dipole moment and an arbitrary positive electron affin-
ity, as shown in Figure 5(a). Forming a closed packed, free
standing monolayer out of these molecule oriented such that
the dipole pointing away from the surface will lead to a poten-
tial shift which brings the LUMO closer to the Fermi-energy
of the substrate (Figure 5(b)). Upon contact with the surface,
bonding can induce an additional potential step that increases
until the LUMO comes into resonance with the Fermi energy.
At this point, electrons start to be transferred from the sub-
strate to the molecule, giving rise to a charge-transfer induced
dipole moment pointing towards the surface. This effectively
pins the LUMO to the Fermi energy (Figure 5(c)). The bot-
tom panel of Figure 5 depicts the same scenario, but now
for a molecule with a LUMO above the vacuum level (i.e., a
negative electron affinity) in both the gas phase (Figure 5(d))
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FIG. 5. Fermi-level pinning for systems with positive electron affinity (EA)
(top) and negative EA (bottom). See main text for detailed explanation.

and, after A®,,, is accounted for, also in the monolayer
(Figure 5(e)). In this case, one can see that the vacuum level
approaches the Fermi energy before the LUMO does. Of
course, the vacuum level can never be below the Fermi energy
in thermodynamic equilibrium without a constant external
supply of electrons, meaning that the vacuum level eventually
becomes pinned at Er, yielding an effective work function for
this system close to zero.

For pyridine, the negative electron affinity in the gas
phase fulfills our criterion, although with 0.6 eV the LUMO
is close to the vacuum level. It would thus be conceivable that
surface polarization induced renormalization of the molecular
states (image effects) or polarizations in the molecular layer
push the LUMO below the vacuum level. However, this seems
not to be the case because for the full pyridine coverage our
two-photon photoemission experiments do not show any un-
occupied states between E and the vacuum level. We would
thus expect that even larger work function reductions than the
observed 2.9 eV should in principle be possible if the dipole
density could be further increased.

Therefore, we now briefly discuss the hypothetical situ-
ation in which every Zn atom is bonded to a molecule. Al-
though the aforementioned discussion demonstrates that this
is not the most stable morphology under the experimental
conditions described here, it might become stable at higher
pyridine pressures. Figure 4 shows the MODOS for this cov-
erage. The high packing density gives rise to stronger inter-
actions between the pyridine molecule and thus to a stronger
broadening of all molecular orbitals. The charge transfer from
the HOMO is slightly reduced to 0.17¢. However, even under
these extreme conditions, the PBE-LUMO (which presents
a lower limit for the true electron affinity) remains above
the Fermi level and unoccupied. The additional molecules
in the first layer further increase A® to a total work func-
tion reduction of 4.2 eV, which translates into an effective
pyridine/ZnO(1010)-® of only 0.3 eV.

In general, many organic dyes, such as fluorene, rubrene,
or porphyrine-derivatives exhibit small electron affinities. For
these, a strong work function reduction, as the one demon-
strated here, will significantly lower the barrier for electron
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injection. At the same time, the transport of holes cannot oc-
cur through the pyridine HOMO, which is strongly hybridized
and exhibits only little density of states in the ZnO gap. Pyri-
dine on ZnO(1010) is therefore also expected to improve the
hole-blocking properties of this interface. The level alignment
is thus particularly beneficial for light-emitting diodes, where
it is expected to increase the residual time of charge carri-
ers in the active organic material. Of course, the low thermal
stability of this particular interface must be considered as a
significant drawback for the use in actual devices. However,
we are confident that this can be overcome by suitable chem-
ical modifications of pyridine or other molecules that fulfill
the same electronic requirements.

IV. CONCLUSION

The adsorption of pyridine on ZnO(1010) was studied
using thermal desorption and photoelectron spectroscopy as
well as density functional theory. Experiment and theory con-
currently show that pyridine substantially reduces the work
function by up to 2.9 eV. Pyridine is found to adsorb upright-
standing with all pyridine molecules aligned parallel to each
other. In a closed monolayer, the organic material is bonded
to every second surface Zn atom. Our investigation reveals
that this large work function change is due to a cooperative
effect between the intrinsic molecular and the adsorption-
induced dipole, in particular the formation of a strongly polar
bond between pyridine and surface Zn atoms. The large work-
function change is made possible by the fact that the electron
affinity of the layer remains above the vacuum level, which
prevents the occurrence of Fermi-level pinning.

To validate the theoretical findings, hybrid functionals
with a variable fraction of exact exchange, «, have been ap-
plied. We see that the Kohn-Sham eigenvalues do not agree
well with the experimental ionization energies, and, more-
over, tuning « as single free parameter is not sufficient to
achieve a quantitatively correct level alignment between sub-
strate and organic material. Nonetheless, the observable of in-
terest, the work function modification (but not the work func-
tion itself) is well reproduced and independent of the func-
tional used.
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APPENDIX A: FUNCTIONAL TESTS

Semilocal density functional theory, the most popular
method in theoretical interface science, suffers from the so-
called self-interaction error (SIE), i.e., the interaction of elec-
trons with themselves.*> Additionally, the band-gap renormal-
ization after adsorption on the surface or the screening of
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charge due to the surrounding organic molecules is not cap-
tured in the orbital energies.*’" All this worsens the descrip-
tion of the relative level alignment. In pathological cases, this
might lead to qualitatively wrong interactions®®*-%® or even ad-
sorption geometries.> 7 Typically, adsorbate and substrate
are affected differently and no fortuitous error cancellation
should be expected. In pathological cases, the relative level
ordering could even be qualitatively wrong, which may lead
to spurious charge transfer.®® Straightforward theoretical so-
lutions exist, e.g., the self-consistent GW approach’!7? or the
random phase approximation,’”>~’” which can be further ex-
tended using single excitations’® and second-order screened
exchange.”® % Unfortunately, these functionals are compu-
tationally very expensive and not yet tractable for the unit
cells of realistic inorganic/organic interfaces, which typically
contain more than 100 atoms. An alternative solution is to
use hybrid functionals. They add a fraction of exact ex-
change, o, to semilocal functionals in order to mitigate the
self-interaction error, although this does not cure the missing
band-gap renormalization.”® Hybrid functionals have already
been successfully applied to studies of defects in solids,3! -3
where a considerable impact of « on the relative position of
defect level and host band-edges as well as on defect forma-
tion energies have been discussed. Although hybrid functional
studies for molecules on clusters are comparatively abundant,
calculations for extended inorganic/organic interfaces (which
can differ significantly from the cluster case®”-%%) are only just
emerging.’%-%

In hybrid functionals, a fraction « of semilocal exchange
(in the case of PBE (EFBE)) is replaced by exact exchange
(E¢*h), while correlation is retained fully at the semilocal
level (EPBE):

E.. = aE“ + (1 —a)EPBE 4 EPBE, (A1)

In addition, the exchange-correlation energy can be separated
into a short-range and a long-range contribution. The sepa-
ration is controlled by the parameter w. In HSE, the exact-
exchange contribution is short-ranged, while the long range
is treated by a standard semilocal approach. Physically, w is
often interpreted as an electronic screening length.>® In the
present contribution, we studied the impact of hybrid func-
tionals by varying «, while keeping w at its suggested value
of 0.2 A=1.53 One of the disadvantages of hybrid functionals
is the absence of rigorous criteria for the choice of «, which in
principle should be a material-dependent parameter.”® This is
an obvious problem for adsorption calculations, where poten-
tially two very different @ would be needed to correctly de-
scribe substrate and adsorbate. It has been proposed to make
« dependent on the local electron density,”' but the functional
dependence is not known. For a first principles approach, we
therefore prefer to employ a single parameter for the whole
system.

For the systems considered here, the band-gap problem
is summarized in Figure 6. Figure 6(a) shows the position
of the valence band maximum (VBM) and conduction band
minimum (CBM) of ZnO(1010) relative to the vacuum level
above the unreconstructed surface as a function of « using the
geometry obtained with PBE+vdW. At o = 0 (i.e., for PBE),
we obtain a band gap of only 0.92 eV, in agreement with
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FIG. 6. (a) Valence and conduction band onsets in HSE for ZnO(1010) (black lines) vs. experimental results (red dashes).”? (b) Eigenvalues of the pyridine
DFT-HOMO (black squares), empty DFT-LUMO (cyan circles) and DFT-SOMO of the radical anion (red triangles) vs. experimental 1P and EA% (red
dashes). (c) Density of states for ZnO, broadened by 0.3 eV, compared to the experimental values for the valence band width (VBW)®> and d-band position.”
(d) Change of the interface dipole relative to the PBE-value as functional of the parameter « for a full monolayer of pyridine on ZnO(1010).

previous reports.”®°” The absolute values of the VBM and
CBM are equally unsatisfactory and are found significantly
above and below the experimental results. Upon increasing «,
both values get closer to experiment and eventually overshoot.
The impact of exact exchange is stronger for the VBM than
the CBM, due to their different character (s vs. p). A reason-
ably quantitative agreement between theory and experiment is
obtained for @ ~ 0.4, which is close to the value of 0.375 sug-
gested by Oba et al.”® Some of us have recently established a
correlation between defect formation energies and the valence
band width as a measure of the cohesive energy.®? For ZnO,
the HSE valence bandwidth best agrees with experiment at «
~ 0.6 (Figure 6(c)). Also the experimental position of the d-
band, which is 7.5 eV below the VBM, is best reproduced for
this value of «.

In Figure 6(b), an equivalent study for the isolated pyri-
dine molecule in the gas phase is presented. We chose the
isolated molecule and not a pyridine monolayer, because
experimental spectroscopic data are available. However, it
should be kept in mind that the properties of an extended
(sub)monolayer are distinctively different,'> due to collec-
tive effects such as (de)polarization of dipoles,®*%’ screening
effects,”® %0 and other electrostatic effects.®® Even thin molec-
ular layers behave like crystals, implying that their ioniza-
tion energies are strongly dependent on their orientation and
morphology.'® For pyridine, the strong impact is illustrated
by contrasting the work of Han et al., who found a negative
electron affinity for extended pyridine clusters,'?! with mea-
surements of Otto ef al., who determined the electron affinity

for ordered pyridine layers of Ag(111) to be positive.*? To not
bias our results by assuming a given morphology, we decided
to study the impact of exact exchange on pyridine for the iso-
lated molecule in the gas phase.

For DFT calculations, pyridine is a particular patholog-
ical molecule suffering strongly from self-interaction. In the
gas phase, this small conjugated organic molecule exhibits a
vertical ionization potential of 9.6 eV.!*? Its electron affin-
ity is negative, i.e., its lowest unoccupied molecular orbital
is located 0.62 eV above the vacuum level,’>+19 giving
rise to a fundamental gap in excess of 10 eV. In exact den-
sity functional theory, the HOMO should equal the ionization
potential.!® For no other state such an exact relation exists.
In analogy to the work of Kronik et al.,”® we make use of
the fact that the ionization potential of the negatively charged
molecule is, by definition, equal to the electron affinity of the
neutral molecule. Therefore, to determine the “best” «, we
compare the DFT-HOMO of the neutral molecule with the
ionization potential and the singly occupied molecular orbital
(DFT-SOMO) of the radical anion with the electron affinity.
For a = 0, we find a DFT-HOMO energy of —5.9 eV and a
DFT-SOMO energy of —1.9 eV. However, even when increas-
ing « all the way to 1, the experimental ionization energies are
never reproduced, but are consistently underestimated. This
is because HSE is a short-range hybrid functional and its po-
tential therefore exhibits the wrong asymptotic decay. On the
other hand, taking the total energy difference between the
charged and the neutral molecules (called ASCF-approach),
yields results in good agreement with experiment, irrespective
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of the fraction of exact exchange. Another peculiarity that can
be observed in Figure 6(b) is that the slope of the DFT-HOMO
as a function of o changes around « =~ 0.2. The reason for
this is a reordering of the occupied orbitals. PBE incorrectly
predicts the nitrogen lone pair as the DFT-HOMO.'?® Exact
exchange affects the localized lone-pair more strongly than
the m-orbitals, and thus this orbital, which is responsible for
the binding to the substrate, becomes the DFT-HOMO-1 for
0.2 < o < 0.8 and the DFT-HOMO-2 for « > 0.8. Despite
these changes, the electron density difference upon ionization
(in analogy to the ASCF-approach calculated as the differ-
ence between the electron density of the positively charged
and the neutral molecule) is qualitatively the same at all «,
being reminiscent of the lone pair orbital.

Although the strong dependence of the levels on « is un-
settling, we reiterate that Kohn-Sham levels are not physi-
cal observables per se, and that even the DFT-HOMO-energy
should be expected to be different from the IP when using
a functional with an incorrect asymptotic behavior. We there-
fore instead assess the quality of our calculations based on the
observable of interest for the combined system, the interface
dipole A®. The impact of «, as shown in Figure 6(d), is ac-
ceptably small, differing less than 10% between o = 0.0 and @
= 1.0. We attribute this stability of the results to the fact that,
on the one hand, the lone pair orbital of pyridine (which is re-
sponsible for binding), shifts almost parallel with the valence
band onset of ZnO when increasing «. On the other hand, a
change of « in this system never leads to a crossing of pyri-
dine orbitals with the Fermi-energy and thus a qualitatively
incorrect ordering of orbitals. Note that this variation is sig-
nificantly smaller than that reported for, e.g., aminobiphenyl
on gold clusters.*?

APPENDIX B: ELECTROSTATIC POTENTIALS

More detailed insight into the mechanism behind the
work-function change and the reason for the absence of band
bending can be obtained by inspecting the change in the elec-
trostatic potential induced by a monolayer of pyridine. The
evolution of the electrostatic potential is known to depend
qualitatively on the dimensionality and packing density of
the adsorbate.®* 3% For 2D-periodic systems, Natan et al. used
electrostatic arguments to show that the field decays to 1/e
at a distance of %, where d is the distance between the or-
ganic molecules.®* For a full monolayer of pyridine, the dis-
tance between adjacent molecules is 6.3 A. This leads to a
natural decay length of approximately 1.0 A, which is signif-
icantly shorter than the Zn—N bond (2.12 A). For a hypothet-
ical, free-standing monolayer of pyridine in the same geome-
try as the full monolayer, the evolution of the plane-averaged
total potential, including also exchange and correlation con-
tributions, is shown in the left panel of Figure 7. The figure
clearly shows that at the position of the topmost Zn atom, the
electron potential energy has already almost converged to the
vacuum level (with a deviation of only 7 meV). Note that the
difference between the converged potential energy on the left
and the right side of the monolayer corresponds to the po-
tential shift induced by the monolayer, designated A®,,,; in
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FIG. 7. Left: Electron potential energy for a hypothetical, free-standing pyri-
dine monolayer in PBE. Right: Electron potential energy originating from the
charge-rearrangements upon adsorption of a full monolayer of pyridine on
ZnO(1010) (bond dipole) as obtained by PBE.

the main text. It would now be natural to ask how quickly
the electron potential originating for the adsorption-induced
electron rearrangements decays. To answer this question, we
solved the Poisson-equation for the adsorption induced elec-
tron rearrangements, A p, which was calculated as

slab __

Ap — psys —p Iomunolayer7 (Bl)

where p™* is the electron density of the combined system,
p*!% is that of the ZnO slab, and p"*"! is that of the
free-standing pyridine monolayer. The plane-averaged result
is shown in the right panel of Figure 7. Similar to the molec-
ular component, the averaged electron potential quickly con-
verges to a constant level. Within the slab, the second ZnO
double layer (at approximately —5 A relative to the nitrogen
atom) is less than 1 meV away from the converged value at
the left-hand side.
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