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ABSTRACT

Inorganic/organic interfaces show two phenomenologically different types of charge transfer: On inert
substrates, a coexistence of charged and neutral molecules is found, while on metals, which have more
available charge carriers and a larger propensity to hybridize, the organic component is homogeneously,
fractionally charged. In this contribution, we use hybrid density functional theory to study the adsorption
of the strong electron acceptor FATCNQ on ZnO(10-10) as function of the substrate’s doping
concentration. This system undergoes a joint charge donation/backdonation reaction. Since the former is
driven by hybridization, but the latter is not, this allows us to discuss the impact of hybridization and
charge carrier availability separately. We find that while the hybridization determines the mechanism, the
charge-carrier concentration (i.e., “metallicity”) crucially impacts the amount of transferred charge. This
leads to the situation that at low doping concentrations, most of the molecules basically neutral and the

transferred charge is localized on individual molecules.
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Hybrid interfaces between inorganic semiconducting materials and organic molecules represent
particularly interesting systems to study fundamental quantum-mechanical effects, since the flexibility
of organic chemistry and the adjustability of the inorganic substrate’s free charge-carrier concentration
allows systematically tuning the strength of the interaction between the two components. Also from a
practical viewpoint, the properties of organic and inorganic materials complement each other, which
already led to many practical applications, such as light-emitting diodes for displays, lighting
applications2 or organic photovoltaic cells.>* Other applications are still in their infancy, such as organic
thermoelectric materials,®> molecular switches,®’ or spintronic® devices. For their final success, an in-
depth atomistic understanding of the quantum processes at the relevant interfaces is critical. Of particular
interest in this context is the nature and mechanism of charge-transfer across the interface, since this
critically affects the device performance.

Experimental investigations of inorganic/organic interfaces often find that the average charge-transfer
amounts to less than a full electron per molecule. This allows for two different interpretations: Either, the
charge is transferred in integer units and is localizes on individual molecules, which leads to a co-
existence of integer charged and uncharged molecules. This is known as the integer charge transfer (ICT)

model.” ! Alternatively, the charge delocalizes within the organic layer, leading to a homogeneous



distribution of fractionally charged molecules. This is called the fractional charge transfer (FCT)
model.”!'? Experimentally, localized charge is mainly observed for adsorption on inert substrates, such as
semiconductors or passivated metals!%!""13:14  Conversely, delocalized charges are found for adsorption
on weakly reactive metal surfaces.!> . Thus, there seem to be two properties of the substrate that
potentially influence the charge-transfer mechanism: the propensity to hybridize with the adsorbate, and
the availability of free charge-carriers. Although these properties are often correlated (i.e., metals have a
larger charge-carrier concentration and tend to be more reactive than semiconductors), they are not
necessarily causally related. The open question at the heart of this contribution is to what extend these

two different aspects impact the charge-localization at the interface.

Ideal systems to address this issue are monolayers of small organic molecules on weakly reactive
substrates, which are in between the prototypical cases of physisorption (i.e., inert systems) and
chemisorption (i.e., the formation of covalent bonds between substrate and adsorbate). In this study, we
use theoretical modeling based on hybrid density functional theory to exemplarily investigate the
adsorption of tetrafluorotetracyanoquinodimethane (F4ATCNQ) on the wide-bandgap semiconductor
Zn0O. We focus on the question how the localization of charge is affected when the nature of the substrate

is gradually changed from insulating to metallic by tuning its free charge-carrier concentration.

Zinc oxide 1s a prototypical semiconducting oxide that has attracted significant attention for use in
organic electronic devices due to its optical transparency and wide band gap (E;= 3.4 eV).2*?! Natively
grown, ZnO has a free carrier concentration below 10! cm™?? while highly doped ZnO, on the other

hand, can reach carrier concentrations up to 10! cm?. >2° The chosen adsorbate, FATCNQ (see inset of

26,27

Figure 1a), is a prototypical organic acceptor that is used both in practical applications and in many

surface science studies.'®!%2832 [t is susceptible to both charge-transfer mechanisms, depending on the

nature of the substrate.!%1¢



Furthermore, FATCNQ can undergo charge-transfer via two separate “channels”: One the one hand, the
peripheral cyano groups can form dative covalent bonds, donating electrons to the substrate (“charge
donation”). On the other hand, the energetically low-lying lowest unoccupied molecular orbital (LUMO)
readily accepts electrons from the Fermi-level (“charge backdonation”)!'® of materials with a sufficiently
low work function.”*. Since the latter process occurs because of a difference between the electron

affinity of the adsorbate and the work function of the substrate, we refer to it as “potential-driven”

hereafter.

For the present study, it is important to note that the LUMO of FATCNQ molecules lies in the band gap
of ZnO. Hence, for intrinsic (undoped) ZnO, one a priori expects no charge-transfer into the LUMO
(Figure 1a). In contrast for n-doped ZnO, band bending limited charge transfer occurs into the LUMO of
the molecule and the amount of charge transferred should, therefore, depend critically on the charge
carrier concentration®® (Figure 1b shows the energy level diagram for a degenerately doped substrate,
where one electrons per molecule is transferred across the interface). In other words, the charge carrier
concentration of the substrate can be used as a handle to modify the charge-transfer, rendering this

material combination ideal for the present computational study.
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Figure 1. Qualitative level alignment for the FATCNQ/ZnO interface. (a) shows the level alignment for
intrinsic (undoped) ZnO, where only the CN-groups hybridize and no charge transfer into the LUMO is
observed (Er represents the ZnO bulk Fermi level).(b) depicts the qualitative level alignment for
degenerately doped ZnO, where charge from bulk dopants is transferred into the LUMO resulting in band
bending and a splitting into a SOMO and a SUMO.

The major issue in charge-transfer studies based on density functional theory (DFT) is the choice and
impact of the exchange-correlation functional. This is mainly due to the so-called many-electron self-
interaction error (MSIE), which leads to the tendency of charge over-delocalization for common local
and semilocal functionals.>*¢. Hybrid functionals, which contain a fraction of Hartree-Fock-like (HF)
exchange, in general perform better in in terms of charge transfer, but too much HF exchange leads to
the converse problem of over-localizing charge.’>"*® Arguably, the best results are obtained when
choosing the amount of HF exchange such that the functional becomes MSIE-free. In this case the
functional neither over-localizes nor it over-delocalizes charge, and the charge transfer at the interface

can be driven into either solution depending on the initialization.>**°

For the FATCNQ molecule, the MSIE-free situation is achieved by using the PBEh*! functional with
63% HF exchange. Due to screening, the required amount for HF exchange of the FATCNQ/ZnO

interface to achieve MSIE-free behavior would be notably smaller.’* However, at too low values the
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energy level ordering at the interface is no longer correctly reproduced, as the LUMO shifts below the
valence band of the ZnO. This gives rise to spurious charge-transfer from the valence band of ZnO.*°
Therefore, the calculations presented in this work were performed with 63% HF exchange, which thus
tendentially lead to charge over-localization. We discuss the impact of this at the end of this paper. Further

methodological details are given in the method section and the Supporting Information.

The ideal starting point for our investigation is a perfect, intrinsic ZnO substrate. We acknowledge that,
to the best of our knowledge, such a substrate is hypothetical, since already trace amounts of hydrogen
(e.g., in the residual gas of UHV chambers) lead to n-type doping of ZnO.** Nonetheless, because the
ionization energy of ZnO (ca. 8 eV) * is much larger than the electron affinity of FATCNQ (EA = 5.2
eV),* we do not expect any potential-driven charge (back-)transfer for the intrinsic substrate. Rather, all
charge redistributions occurring at the interface should be due to wave-function overlap between

substrate and adsorbate, allowing us to first focus on this effect only.

Indeed, as shown in Figure 2b, our DFT calculations yield the FATCNQ LUMO to be in the ZnO band
gap. Although FATCNAQ is a strong electron acceptor, adsorption on intrinsic ZnO leads to a reduction of
the work function by -0.83 eV. The reason for this, besides a small molecular dipole induced by the bent
geometry on the surface, is that the molecule acquires a small, positive Mulliken charge (ca. 0.1 electrons,
1.e. the molecules basically remain neutral). In principle, there are several possible reasons for this:
Besides covalent interactions, these include Pauli push-back* or polarization of the electron cloud. To
demonstrate that the positive charge is indeed due to bond formation, in Fig. 2a we plot the line-integrated
charge rearrangements upon adsorption of the molecule (i.e, the difference between the charge density
of the combined system and the sum of the charge densities of the isolated components, integrated along
the line of sight of the figure.). The charge rearrangements are dominated by a reduction of the electron
density of C=N triple bond (red regions) and a concomitant increase between the peripheral nitrogen

atoms and the substrate Zn atoms. The overall shape of the charge rearrangements strongly resembles the

6



cyano-orbitals, that are also relevant for charge donation on variety of other substrates.'®?® The
observation that the adsorption energy of FATCNQ on ZnO is exothermic (Eags = -2.31 eV) even when
disregarding van-der-Waals interactions (which amount to -1.37 eV) further corroborates the notion that
this is a covalent interaction due to the hybridization of the substrate’s and adsorbate’s wave function.
Such a chemisorptive bond of the cyano groups with the surface and the associated charge rearrangement
is not surprising and is expected also for other adsorbates with functional groups that strongly interact

with ionic substrates.
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Figure 2. (a) Line-averaged charge rearrangements within the surface supercell containing four
F4ATCNQ molecules. Blue areas indicate an increase in electron density, red areas a reduced electron
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density. (b) DOS projected on the individual molecules adsorbed on undoped ZnO. The gray areas
indicate the conduction and valence band of ZnO.

Since in the studied molecular monolayer all molecules are equivalent and the small positive charge
transfer originates from local charge rearrangements due to the covalent bonding of the molecules to the
surface, the charge remains fully delocalized within the closed monolayer. This is shown by calculations
of a supercell containing four molecules, i.e. all molecules in the layer remain equivalent as clearly be
seen in the charge rearrangement of the four molecules in the supercell as well as in the density of states

projected onto the individual molecules (Figure 2).

The situation changes fundamentally for an n-doped substrate. Doping nominally introduces free charge
carriers into the conduction band of ZnO. However, as shown in Fig la and Fig 2b, for the undoped
substrate the (empty) FATCNQ LUMO lies below the conduction band. Thus, F4ATCNQ molecules act as
p-dopants at the surface with a very high local concentration. Hence, the energy of the combined system
can be lowered if (some of) the introduced charge carriers are transferred to the molecule. However, in
contrast to the cyano-groups, the LUMO does not hybridize notably with the substrate. This is evident
from Figure 2b by the fact that the orbital remains a sharp peak in the band gap, without additional
contributions in resonance in the substrate bands. Hence, any doping-induced charge backdonation from

the substrate to the molecule must be a primarily non-covalent, ionic process.

Such charge transfer leads to the formation of an interface dipole between substrate and adsorbate, which
shifts the LUMO upwards in energy (relative to the conduction band). This interface dipole is not
confined to the region between the components, but, for a doped semiconductor, also extends into the
substrate itself — in other words, it leads to band bending, as schematically indicated in Figure 1b. This
interface dipole and its associated energetic cost limits how much charge the molecular layer receives.

Importantly, this is directly dependent on the charge carrier concentration, and can vary from negligible



charge transfer in the case of low charge carrier concentrations to very large charge transfer for high

charge carrier concentrations.>

In our simulations, we account for doping using the CREST approach,*® which allows to explicitly
introduce doping in DFT calculations by mimicking the long ranged electrostatic effect of band bending
(for further details see SI). Like for the undoped case, we use a supercell (2x2 containing four molecules,
see Figure 3a) to conceptually allow for charge localization in the layer. For the following discussion, it
is useful to consider the evolution of charge donation (i.e., the contribution of the cyano groups) and

backdonation (the filling of the molecular LUMO) separately. We will focus on backdonation first.
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Figure 3. (a) Line-averaged charge rearrangements within the surface supercell containing four FATCNQ
molecules. Blue areas indicate an increase in electron density, red areas a reduced electron density. (b)
DOS projected on the individual molecules adsorbed on ZnO with a free carrier concentration of 1.9x10"
cm?. The gray areas indicate the conduction and valence band of ZnO.

Any finite n-type doping activates the backdonation channel. At a charge carrier concentration of
1.9x10" ecm™, ZnO back-donates one electron per supercell, i.e. ¥ electron per FATCNQ molecule. This
exceeds the donated charge, leading to an overlayer that is overall negatively charged, as one would
expect for the adsorption of a strong electron acceptor. However, as evident from Figure 3a, our
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calculations show that, in contrast to the charge-donation, the backdonated charge is not equally
distributed. Rather, while all molecules still show the telltale density redistribution of charge donation,
only molecule 1 (top left corner) additionally shows charge rearrangements reminiscent of the molecular
LUMO. This is further corroborated by the density of states shown in Figure 3b, which shows that the
molecule becomes a radical anion, i.e. the LUMO splits into a singly occupied molecular orbital (SOMO)
and a single unoccupied molecular orbital (SUMO). Thus, the electron-backtransfer occurs in the same
way it would for a free molecule in the gas phase, but is in stark contrast to charge-transfer on metallic
surfaces, where no spin-polarization occurs. Interestingly, this means that although the overall charge of
the FATCNQ monolayer is negative on average, at this doping concentration most of the molecules are

slightly positively charged.

Furthermore, increasing the carrier concentration increases the charge backdonation: 2, 3, or 4 electrons
per supercell are backdonated at charge carrier concentration of approximately 6.4x10'%, 1.5x10%° | and

2.9x10%° cm, respectively (see Figure 4). Importantly, the additional charge always localizes onto
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individual molecules and renders them radical anionic (i.e. spin-polarized, without molecular density of

states at or near the Fermi-edge).

In a previous study® similar charge transfer values were found as a function of the free charge carrier
concentration using a simpler model, however this study did not consider spin-polarization and focused

on the average amount of charge transfer and not its localization.

We can thus conclude that even for degenerate doping, where the charge-carrier concentration is close to
that of a metal, the charge-transfer mechanism does not change qualitatively, and the backdonated charge

does not become delocalized within the molecular layer as it is on pristine metals.
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Figure 4. Red: Number of molecules with singly occupied orbitals within the molecular layer as the
charge carrier concentration is increased. Blue: Charge donation per molecule from the cyano orbitals
only.

In contrast to the backdonation channel, the amount of charge donated by the cyano groups hardly
sensitive to the charge carrier concentration in the ZnO. Qualitatively, filling the LUMO of one molecule
in the supercell (e.g., at 2x10'° cm™), affect neither its own charge-donation significantly, nor that of the
other molecules in the unit. This is not surprising, because the bonding character of the cyano groups to

the surface does not charge upon charge transfer int the LUMO of the molecule, but it shows that the two
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mechanisms, donation and backdonation, are of different nature and act independently of each other.
Since the LUMO of some molecules remain unfilled, they still exhibit a small net positive charge, which

leads to a coexistence of basically neutral and negatively charged molecules on the surface.

We note at this point that, as mentioned initially, the chosen functional has a tendency to overlocalize
charge. This raises the question whether our results might be artefacts from the employed method.
However, we stress that we find localization for only one channel and delocalization for the other, rather
than localization for both. Moreover, the same qualitative results are obtained when using the default
PBEO functional (which employs a much smaller fraction of HF-like exchange, 25%). Thus, at the very
least our results are a proof of concept that different charge localization for different charge-transfer
channels, as we have described here, is conceptually possible and can be modelled within hybrid
functional DFT. However, since the degree of hybridization (which appears to be the governing factor)
is essentially independent of the employed functional, we are also confident that our results are robust
and will hold up to experimental scrutiny. Moreover, we expect our findings to be directly transferrable
to other semiconductor/organic interfaces which show a combination of charge donation and
backdonation. Such systems are, indeed, quite common, and include small molecules frequently used for
surface science studies, such as carbon monoxide,*’ as well as large molecules used in the context of
organic electronics, such as PTCDA.*® Furthermore our study show that regarding charge transfer
mechanism doped conductive oxides show similar behavior as ultrathin dielectric films on metals. One
can conclude that when the LUMO of the molecule does not hybridize with the substrate and is located
within the principle bandgap of the semiconductor, integer charge transfer is expected in the case the
Fermi level lies above the LUMO energy because of e.g. doping. The situation is similar to systems of
ultrathin dielectric films on metals, where the dielectric film prevents the wave function overlap and

provides the necessary gap.
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In summary, we have investigated the FATCNQ/ZnO(10-10) interface, which undergoes a charge
donation/backdonation reaction. The charge donation is driven by hybridization between the
components. It affects all molecules equally, rendering them fractionally positive independent of the
doping of the substrate. Conversely, the backdonation is driven by the difference of the component’s
electron chemical potentials. Our calculations indicate that only some molecules receive an integer
electron in the process, rendering them negative. The LUMO of the other molecules at the interface
remains empty. This leads to a coexistence of basically neutral and negatively charged molecules on the
surface. The number of negatively charged molecules depends critically on the number of free charge-
carriers of the substrate (i.e,. its “metallicity”). For low doping concentrations, we find that the number
of slightly positive molecules may even exceed that of negative moieties, even if the overall charge of
the monolayer is net negative. As we increase the charge carrier concentration the fundamental
mechanisms do not change, but the density of molecules within the monolayer with integer charged
LUMOs increases. The two mechanisms are found to be essentially independent from each other. This
indicates that only the hybridization, and not the “metallicity” of the substrates, determines the charge

transfer mechanism, even if the latter plays a major role for the amount of charge transferred.
Methods

All DFT calculations presented here are performed with the FHI-aims package.*’>! Van der Waals forces
are included with the vdW-TS scheme,>> employing parameters for the substrate that are optimized for
ZnO interfaces.>® The interface is modeled with a four double-layer ZnO surface slab cell that contains
four FATCNQ molecules at a surface area of 548.6 A2 (See Fig. 2). Geometry relaxations for this surface
unit cell were performed using a single Gamma centered k-point (This corresponds to a k-point grid of
8x4x1 for the primitive ZnO (10-10) surface unit cell) and with the default element-specific “light”
settings for the integration grids and basis sets. For final single point calculations a reciprocal k-grid of

2x2x1 was used with default “tight” setting (without the “tier-2” f and g basis functions for oxygen). The
14



k-grid was scaled accordingly for smaller unit cells containing only one molecule. To further reduce

memory consumption we increased the Hartree-Fock screening threshold (“crit_val”) to 107,

The ZnO lattice constant was obtained from a PBE calculation and was kept fixed for all hybrid
calculations because geometry optimizations for the ZnO substrate were only performed on the PBE
level (see below). We carefully checked that the lattice constant of the substrate has no significant
influence on our results. Since in the case of integer charge transfer the system undergoes a symmetry
breaking in the charge density that is accompanied by a symmetry breaking in the geometry of the
monolayer, it is essential to optimize the geometry of the monolayer for all calculations with the
corresponding functional. The geometry relaxation strategy is therefore as follows: The interface was
pre-relaxed using the PBE functional, fixing the bottom two double-layers of the substrate at their bulk
position while allowing the other layers, as well as the molecules, to relax. The final relaxation was
performed with the Perdew-Burke-Ernzerhof hybrid (PBEh) functional with the mixing parameter o =
0.63. For all hybrid calculations the substrate was kept fixed and only the molecular monolayer was
allowed to relax until the residual forces are smaller than 107 eV/A. All electronic structure results
reported int his paper were also obtained with this functional. More details about the computations
including how we used CREST*® to mimic the effect of band bending in our DFT calculations and
information about the spin-polarized charge density initialization can be found in the supplementary

information.
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