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Ab initio calculations

We investigate crystalline ZnO:hydroquinone (HQ) superlattices grown layer-by-layer by the
combined atomic/molecular layer deposition (ALD/MLD) technique; such ALD/MLD layer-
engineered inorganic-organic thin films form a fundamentally new category of functional coherent
hybrid materials that cannot be prepared by any other existing technique. Using quantum chemical
methods, we derive atomic-level structural models for the ZnO:HQ superlattices and investigate
their structural, spectroscopic, and electronic properties. By comparing the theoretical results with
our experimental data we provide a detailed interpretation of experimentally measured infrared
spectra, proving the presence of organic interfaces within the crystalline ZnO:HQ superlattices. We
moreover show how the band structure of the hybrid material can be tailored by simple and
experimentally feasible modifications of the organic constituent. The guidelines for the band-
structure engineering of ZnO:HQ superlattices should be valuable for the systematic enhancement
and exploitation of the functional properties of ALD/MLD-grown inorganic-organic superlattices

and nanolaminates in general.
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Introduction

New ground-breaking materials are key enablers of the next-generation advanced technologies.
The quest in new-material search is particularly for materials with novel and often unorthodox
combinations of properties. Inorganic-organic hybrids combine the best parts of the two worlds,
inorganics and organics, and have capacity to open up totally new horizons e.g. in flexible
electronics, optics, ionics, mechanics, and in various energy, biological and medical applications.
The first commercial applications are from 1950s. In the most demanded hybrid materials the
inorganic and organic entities would be combined on an atomic/molecular scale, but synthesis of
such materials is not straightforward; in fact, a majority of the attractive material characteristics
anticipated for these hybrids may not necessarily be achieved for materials fabricated by the
contemporary methods.

An elegant way to link inorganic and organic entities via strong chemical bonds to form coherent
single-phase hybrid materials is to mimic the state-of-the-art gas-phase thin-film deposition
technique, i.e. ALD (Atomic Layer Deposition), for inorganic materials. For the inorganic-
organic hybrids, ALD cycles are combined with MLD (Molecular Layer Deposition) cycles based

on purely organic precursors,*’

as schematically shown in Figure 1. This enables the
atomic/molecular layer-by-layer production of inorganic-organic hybrid thin films through
sequential self-limiting gas-surface reactions with high precision for the film thickness and
composition like in the case of inorganic ALD thin films. The resultant inorganic-organic hybrid
thin films form a fundamentally new category of functional materials that cannot be prepared by

any other existing technique. Due to the ample interest in ALD/MLD, the range of materials

fabricated by the technique is rapidly increasing.?
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Figure 1. a) An ALD/MLD cycle consisting of four individual steps: (1) pulsing of the inorganic
metal (M) precursor, (2) purging with inert gas, (3) pulsing of the organic (R) precursor, and (4)
purging with inert gas. b) A schematic structure of a 1:1 hybrid inorganic-organic thin film
fabricated by the ALD/MLD technique. ¢) A schematic structure of an inorganic-organic
superlattice thin film deposited by controlling the sequence of the individual ALD and MLD cycles

(blue = metal, red = oxygen, green = organic).

Once an ALD/MLD process works ideally® it is relatively straightforward to control the
individual inorganic and organic layer thicknesses in a digital manner and thus design and fabricate
elaborate layer-engineered materials such as inorganic-organic superlattice thin films (Figure 1c).
At the same time it should be emphasized that this is far from straightforward if not impossible with
the conventional synthesis methods of hybrid thin films. Superlattices are anticipated to show
unusual properties when the thicknesses of individual layers fall below the length scale that
characterizes the physical property concerned; for example thermal conductivity is expected to be
reduced when the individual layer thickness is less than the mean free path of phonons. This has
been shown for purely inorganic nanolaminates'® and very recently also for ALD/MLD hybrid
superlattices prepared at our laboratory.'! Likewise, the motion of charge carriers in nanostructures
is often different (i.e. the mobility is enhanced) from the motion in the same material in bulk form.
Also shown for purely inorganic superstructures is that due to carrier confinement in thin

conducting layers Seebeck coefficient may be anomalously increased.*? Preliminary studies have



also demonstrated interesting optical phenomena for ALD/MLD hybrid thin films, such as
sensitization of nanoscale TiO, layers to absorption of visible light.® This could be beneficial in
applications such as photocatalysis and solar cells, particularly since the ALD/MLD technique (like
conventional ALD) would inherently allow conformal coating of nanostructured electrodes.

So far a rather small number of different ALD/MLD precursors have been employed to grow
inorganic-organic superlattices. Also, the actual atomic-level structures of these superlattices are not
known. The preparation of hybrid inorganic-organic superlattices by means of ALD/MLD is a
particularly attractive option for inorganic oxide materials since many oxide materials with exciting
properties are composed of abundant elements and are easy to grow with ALD. A prime example of
a metal oxide that can be grown with ALD in a highly controllable fashion is ZnO, which has been
originally investigated already in the 1980s.** ' Due to the wide and direct band gap and high
piezoelectric efficiency, ZnO is one of the technologically most important oxide materials. Since
the ALD fabrication of ZnO thin films is a very well-known process, ZnO does provide a very good
platform for proving the benefits of inorganic-organic interface engineering enabled by the
ALD/MLD technique. Recently we demonstrated that the ALD/MLD fabrication of hybrid
ZnO:hydroquinone (HQ) superlattices indeed yields crystalline superlattice structures with a highly
controllable periodicity (Figure 1c, HQ = benzene-1,4-diol, HO-CgH4-OH).*®* *" The ZnO:HQ
superlattices were prepared using diethyl zinc (DEZ) and H,O as the precursors for ZnO and HQ in
the MLD part of the deposition. Crystalline ZnO:HQ superlattice thin films could be prepared with
ZnO:HQ ratios varying from 14:1 to 199:1.

So far the structural characteristics of the ZnO:HQ superlattices have not been studied by means
of atomistic level simulations and there is little information on their detailed structure-property
correlations. Understanding of the atomic-level structure-property correlations would greatly
facilitate the systematic improvement of the electronic properties and functionality of the hybrid
superlattice materials. Atomistic materials modelling methods enable the systematic investigation of

various properties of materials, providing tools for the interpretation, rationalization, and



improvement of experimentally observed characteristics.’® Furthermore, computational approaches
provide very powerful tools for high-throughput screening of potential functional materials.® The
hybrid nature of inorganic-organic materials adds a new level of complexity to the atomic-level
description of the structures, but quantum chemical first-principles approaches are still directly
applicable to this new class of materials as long as the methods properly describe both the inorganic
and organic parts and the interfaces between them. The present challenges in the ab initio modelling
of inorganic-organic hybrid materials were recently discussed by Draxl et al.” They focused on
solid-state hybrid materials and addressed the question to what extent the hybrid materials can be
quantitatively described with ab initio methods and where even a qualitative description cannot be
reached. The prediction of structural properties, electronic bands, optical excitation spectra, and
charge transport in various organic/inorganic interfaces were discussed based on previous literature
on computational studies with DFT and many-body perturbation methods.

Here we derive the first atomic-level structural models for the inorganic-organic ZnO:HQ
superlattices using quantum chemical methods and carry out detailed first-principles studies to
model their structural, spectroscopic, and electronic properties. We moreover compare the
theoretical results with our experimental data and provide a detailed interpretation of the
experimentally measured infrared spectra, proving the presence of organic interfaces within the
ALD/MLD deposited superlattices. The structure-property correlations discovered here provide

guidelines for the systematic improvement of the functional properties of the ZnO:HQ superlattices.

Experimental and Computational details
1. ALD/MLD fabrication of the ZnO:HQ superlattices

The ZnO:HQ superlattices were prepared according to the previously reported ALD/MLD
process.’® The Fourier transform infrared spectroscopy (FTIR) measurements reported here were
carried out for a ZnO:HQ superlattice sample with a 9:1 ZnO:HQ ratio, where the 9:1 ratio

corresponds to the ratio of the ALD and MLD cycles used to deposit ZnO and HQ. X-ray reflection



(XRR) measurements confirm that the periodicity of the ALD/MLD fabricated films varies
according to the ZnO:HQ cycle ratio.'® The 9:1 ZnO:HQ superlattice thin film was deposited on a
Si substrate at a deposition temperature of 220°C using an F-120 ALD reactor from ASM
Microchemistry Ltd. The precursors used in the deposition were diethylzinc (DEZ) and water (both
kept at room temperature) for ZnO layers and HQ (heated to 120 °C) for the organic layers. The
deposition consisted of 5 ZnO ALD cycles (DEZ and H,0O, separated by N, purges) followed by 60
single MLD cycles of HQ each separated by 9 ALD cycles of ZnO. The final HQ layer was capped
with 24 ALD cycles of ZnO to give an ALD/MLD process of 620 total cycles, resulting in a film ca.

100 nm thick.

2. Computational methods
The structures, spectroscopic properties, and electronic properties of the ZnO:HQ superlattices
were investigated using the PBEO hybrid density functional method (DFT-PBEO0).? ?* The

calculations were carried out with the CRYSTAL14 program package,?

utilizing all-electron,
Gaussian-type basis sets derived from the molecular Karlsruhe basis sets.”> Two basis sets of
different size were applied: larger triple-zeta-valence + polarization (TZVP) level basis set and a
smaller split-valence + polarization (SVP) basis (detailed basis set listings are given in the
Supporting information). The basis set convergence was also checked with respect to an extended
TZVPP basis set (see text for details). The structures and electronic properties of bulk ZnO and all
structures based on the ZnO:HQ superlattice 1 were investigated using the TZVP basis set. In the
case of the larger ZnO:HQ superlattices 2—4 and the alternative ZnO:HQ superlattice 1b, the band
structures were obtained with single-point TZVP calculations at the SVP-optimized geometries (for
comparison, in the case of the ZnO:HQ superlattice 1, the fully optimized TZVP band gap and
single-point TZVP band gap are 1.94 and 2.00 eV, respectively).

In the structural optimizations, both the atomic positions and lattice constants were fully

optimized within the constraints imposed by the space group symmetry. The reciprocal space was



sampled using 3x4x1 and 12x12x8 Monkhorst-Pack-type k-point grids for ZnO:HQ superlattices
and bulk ZnO, respectively (convergence tests with denser 6x6x1 mesh for the ZnO:HQ
superlattices showed negligible energy difference to the applied 3x4x1 mesh)®. For the evaluation
of the Coulomb and exchange integrals (TOLINTEG), tight tolerance factors of 8, 8, 8, 8, and 16
were used. The fully optimized ZnO:HQ superlattices showed cell angles of 87-90° and an energy
comparison with structures optimized while imposing a constraint of 90° cell angles resulted in an
energy loss of 0.2 kJ/mol per atom. Since the analysis of the properties of the materials is much
more practical for orthogonal unit cells in comparison to non-orthogonal ones, the cell angles of all
ZnO:HQ superlattices were fixed to 90°. Default optimization convergence thresholds were applied
in structural optimizations and default numerical integration grid (XLGRID) was used for the
integration of the exchange-correlation functional.

The Gamma-point harmonic vibrational frequencies were obtained by using the computational
scheme implemented in CRYSTAL?" % and the infrared (IR) and Raman intensities were calculated
using the analytical coupled perturbed Hartree-Fock/Kohn-Sham method.?® *° The spectroscopic
properties were investigated using the SVP basis set. The predicted IR and Raman spectra are based
on the harmonic approximation and the wavenumbers have been scaled by a factor of 0.95 to
account for the overestimation typical for ab initio harmonic frequencies.®* ®. The IR absorbance
spectrum is a superposition of Lorenzian peak shapes with FWHM of 32 cm™. The Raman
intensities have been calculated for a polycrystalline powder sample (total isotropic intensity in
arbitrary units). The final spectrum was obtained by using pseudo-Voigt peak profile (50:50
Lorenzian:Gaussian) and FWHM of 32 cm™. The reciprocal space k-paths used in the band
structure analysis were taken from Setyawan and Curtarolo.*® The structural figures were prepared

using the VESTA visualization program.®



Results and Discussion
1. Structural Properties

We investigated the structural and electronic properties of bulk ZnO and ZnO:HQ superlattices
using the PBEO hybrid density functional method (see Experimental section for details). Hybrid
density functional methods have been recently benchmarked and successfully applied in several
computational investigations on hybrid ZnO/organic materials and interfaces.*>*

We derived explicit atomistic structural models for the ZnO:HQ superlattices starting from bulk
ZnO. Bulk ZnO crystallizes in the hexagonal wurtzite structure with four atoms in the primitive cell
(space group P6smc). The lattice parameters predicted with the DFT-PBEO method are in very good
agreement with the experimental values for bulk ZnO (a = 3.250 A and ¢ = 5.207 A).* The
difference between the experimental and calculated lattice parameters a/c is +0.5%/+0.1% for the
larger TZVP basis set and +0.1%/-0.4% for the smaller SVP basis set. For creating atomic-level
models of the ZnO:HQ superlattices, we first had to consider the preferred orientation of ZnO in the
ALD/MLD grown superlattices. From the large number of experimental studies, it is known that
ZnO thin films can be grown with both [100] and [002] orientation,™ the preferred orientation being
dependent for example on the deposition temperature. In the case of the hybrid ZnO:HQ
superlattices prepared so far, the deposition temperature was set to 220°C,*® and based on previous
experimental evidence, the [100] direction should still be the preferred growth direction for
temperatures up to around 220°C, the [002] direction becoming the favored growth direction when
the deposition temperature is further increased.

Considering the experimental evidence on the preferred growth direction of ZnO, we chose to
derive atomic level models for the ZnO:HQ superlattices in the [100] growth direction. The effect
of the temperature on the preferred growth direction of the ZnO:HQ superlattices is currently being
investigated both experimentally and theoretically and will be addressed in future studies. It should
be noted that cleaving bulk ZnO perpendicular to the [002] growth direction results polar surfaces,

which must be dealt with very carefully in computational studies due to the electrostatic instabilities



arising from such surfaces.*’ Cleaving bulk ZnO perpendicular to the [100] growth direction results
in non-polar surfaces that are less complicated to deal with.*!

After choosing the orientation of the ZnO part of the ZnO:HQ superlattices, we considered the
structure of the ZnO:HQ interface. A key question for deriving the ZnO:HQ interface structure is
the density of the molecular HQ layer with respect to the ZnO(100) surface (a = 3.25 A and b =
5.21 A for the surface unit cell). In principle, every surface Zn-site could bond one HQ molecule via
Zn-0O bond. However, as shown in Figure 2a, applying such 1x1 surface coverage leads to very
crowded ZnO:HQ interface: the shortest distance between the HQ molecules in the a direction is
only 2.9 A, implying clearly repulsive interactions between the HQ molecules.* In the 1x1 model,
the surface O-sites would be saturated with hydrogen atoms.

Doubling the lattice vector a and introducing HQ molecules only on 50% of the surface Zn-sites
results in a more reasonable 2x1 surface coverage (Figure 2b). Here, the other 50% of the surface
Zn-sites are saturated with OH groups and all O-sites are saturated with H atoms. When surface is
relaxed by means of an unconstrained geometry optimization, the Zn—OH species attract a proton
from the neighboring surface O-site, resulting in the formation of H,O molecules on the surface Zn-
sites. The H,O molecule remains strongly hydrogen bonded with the neighboring surface O-site.
Half of the H-saturated surface O-sites must remain protonated as the neighboring surface Zn-site is
bound to a HQ molecule and cannot attract the proton from the surface O-site. These surface OH

species are hydrogen bonded with the O atoms of the neighboring HQ molecules.



Figure 2. Two different surface coverage models for a HQ-covered ZnO(100) surface (space-filling
representation). The surfaces shown here have been cleaved from optimized ZnO:HQ superlattice
structures, the unit cell is denoted with black lines. a) 1x1 model with HQ molecule at every surface
Zn-site and surface O-site saturated with hydrogen atoms (a = 3.25 A; b = 5.21 A). b) 2x1 model
with HQ molecules at 50% of surface Zn-sites, OH at the other 50% of surface Zn-sites and surface
O-sites saturated with hydrogen atoms (a = 6.50 A; b = 5.21 A). In the model b), an example of the
H,O molecules forming at the OH-terminated Zn-sites during the geometry optimization is

highlighted in blue. The coloring scheme is as follows: gray = Zn, red = O, brown = C, white = H.

In the 2x1 surface coverage model illustrated in Figure 2b, the HQ molecules are arranged in a
striped pattern. To further check the effect of the surface coverage model, we investigated an
alternative checkerboard-type bonding pattern for the HQ molecules. In this model, the total HQ
coverage of the Zn-sites is identical to the striped model (50%), but after doubling the lattice vector

b the HQ molecules can be arranged in a checkerboard-type pattern (see Supporting information.

10



for an illustration of the model). Similar checkerboard-type pattern has been recently applied by
Hofmann et al. when studying the adsorption of pyridine on the ZnO(100) surface.*® A comparison
of the total energies of the striped and checkerboard-type models shows that the energy difference
of the models is less than 0.1 kJ/mol per atom, which is an insignificant difference considering the
level of theory applied here. The coverage models are thus practically isoenergetic and the rest of
our calculations have been carried out using the striped model illustrated in Figure 2b. However, we
have also investigated the effect of the surface coverage model on the electronic properties of the
ZnO:HQ superlattices (see section 3 below).

Similar to the striped surface coverage model, the geometry optimization of the checkerboard-
type model results in the formation of H,O molecules on all surface Zn-sites which are not bound to
a HQ molecule. Also here 50% of the H-saturated surface O-sites must remain protonated as the
neighboring surface Zn-site is bound to a HQ molecule and cannot attract the proton from the
surface O-site. The transformation of the Zn—-OH surface species into H,O molecules is also in line
with the previous experimental and theoretical evidence of the behavior of water on defect-free
ZnO(100) surfaces.”® ** These studies have shown that adsorption of water on ZnO(100) leads to
the partial dissociation of water molecules, giving rise to a well-defined 2x1 superstructure. The
studied ZnO:HQ superlattices actually show the same 2x1 superstructure for surface O-sites: 50%
of the O-sites are hydrogen-bonded to the neighboring Zn-H,O surface species and 50% of the O-
sites remain protonated and form a hydrogen-bond with the neighboring Zn-HQ surface species.

After choosing the 50% density for the HQ interface with respect to the surface Zn sites, we
systematically investigated the eight different Zn-HQ-Zn bonding schemes that arise at the
ZnO:HQ interface for the present superlattice models. In these comparisons we considered a
ZnO:HQ superlattice that has a ZnO slab of 1.2 nm between the HQ interlayers (Figure 3). The
energetically most favorable Zn-HQ-Zn bonding scheme, illustrated in Figure 3, turned out to be
27 kJ/mol lower in energy than the second most favorable scheme. We have applied the

energetically most favorable bonding scheme for all studied ZnO:HQ superlattices, while the
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description of the other investigated bonding schemes can be found from the Supporting
information. From now on, the ZnO:HQ superlattice structure with a ZnO slab of 1.2 nm between
the HQ interlayers is denoted as superlattice 1. In addition to this superlattice, we investigated three
larger superlattices 2—4 having ZnO slab thicknesses of 2.6, 5.5, and 11.0 nm, respectively. The
largest studied superlattice 4 is also shown in Figure 3. The number of atoms in the primitive unit
cell is 60, 100, 180, and 340 for the superlattice structures 1-4, respectively (space group P1). A
geometry optimization of the superlattice 1 using both TZVP and SVP level basis sets shows that
the geometry of the superlattice is rather well converged already with the smaller SVP level basis
set. The lattice parameters a, b, and ¢ predicted using the TZVP basis set are 0.3%, 0.6%, and 0.4%
larger than with the SVP basis set.

Considering the ZnO:HQ superlattices experimentally prepared with ALD/MLD, the ratio of ZnO
and HQ deposition cycles has been varied from 199:1 to 1:1.*° The deposited superlattices show
good crystallinity at least down to ZnO:HQ ratios of 14:1. The thickness of the ZnO slab in the
largest superlattice structure 4 studied here (11 nm) is in fact intermediate between the ZnO block

thicknesses measured for the 74:1 (12 nm) and 59:1 (9.7 nm) ZnO:HQ superlattices."’
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2. Spectroscopic Properties

We carried out harmonic frequency calculations for the ZnO:HQ superlattices 1 and 2 to confirm
that the optimized structures are true local minima. For the superlattice 1, we also calculated the IR
and Raman spectra, which are shown in Figure 4 together with an experimental IR spectrum for a
ZnO:HQ superlattice deposited with ZnO:HQ ratio of 9:1 (see Experimental section for details on
the fabrication of the superlattice). Based on the ZnO growth rates observed during the ALD
process (1.65 A per cycle),” the HQ interlayer spacing in the ZnO:HQ superlattice 1 (1.2 nm) is of
the same magnitude as for the experimental 9:1 superlattice (ca. 1.5 nm).

Comparison between the predicted and experimental IR spectrum shows that the important
features of the ZnO:HQ superlattices are reproduced well by the theoretical spectrum.’® In the
experimental spectrum, a very broad mode centred at about 3000 cm™ is observed in the high
frequency range (> 2000 cm™). Detailed theoretical analysis of the vibrational modes shows that the
high-frequency peaks arise from O-H stretching modes of the OH and H,O surface species at the
ZnO:HQ interface. The highest energy modes at 3350-3300 cm™ are due to surface OH species
(surface O-sites saturated with H atoms that are hydrogen bonded to an O atom of a neighboring
HQ molecule). The O-H stretching frequencies due to surface H,O species are split in two sets:
3100-3080 cm™ and 3000-2950 cm™. The former modes arise from O—H bonds where the H atom
is hydrogen bonded to an O atom of a HQ molecule, while the latter modes are due to O-H bonds
where the H atom is hydrogen bonded to a surface O-site. The energy ordering of the modes also
suggests that the hydrogen bond between the surface H,O species and the free surface O-site is

stronger than the hydrogen bond between the surface H,O species and the HQ molecule.
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The IR spectrum of the free HQ molecule shows an O-H stretching mode at 3739 cm™ and a C-
H stretching mode at 3020 cm™. The O-H stretching mode obviously cannot exist in the predicted
IR spectrum of the ZnO:HQ superlattice 1 since the OH group of the HQ molecule has already
reacted with Zn. Comparison with the experimental IR spectrum suggests that no unreacted OH
groups of the HQ molecule should remain in the ZnO:HQ superlattice. The C-H stretching modes
of the HQ molecule are located at 3115-3040 cm™ in the ZnO:HQ superlattice, but due to their low
intensity they are overlapped by the O—H stretching features.

Perhaps the most important fingerprint mode in the IR spectrum of the ZnO:HQ superlattices
indicating the presence of the HQ interlayers is the aromatic C=C stretching mode. This mode can
be found at 1507, 1490, and 1500 cm™ for the free HQ molecule, ZnO:HQ superlattice 1, and
experimental ZnO:HQ (9:1) superlattice, respectively. The narrow peak is very clearly visible in all
three spectra. In the case of the ZnO:HQ superlattice 1, the very weak mode at 1643 cm™ arises
from the H-O-H scissoring mode of the surface H,O species. In the case of the free HQ molecule,
the next mode at 1292 cm™ arises from in-plane C—H bending, but this mode becomes very weak in
the superlattice structure and cannot be seen in the theoretical or experimental spectrum of the
ZnO:HQ superlattice. Another important fingerprint mode for the HQ molecule is the C-O
stretching mode coupled with C-H in-plane bending, which can be clearly seen at 1237, 1230, and
1220 cm™ for the free HQ molecule, ZnO:HQ superlattice 1, and experimental ZnO:HQ (9:1)
superlattice, respectively.

When moving to lower frequencies after the fingerprint modes at about 1500 and 1220 cm™, the
three spectra show clear differences. In the spectrum of the free HQ molecule, the next mode at
1136 cm™ is actually the most intensive one, but it is not present at all in the spectrum of the
ZnO:HQ superlattice 1. In the free molecule this mode arises from the in-plane O-H bending of the
OH group of the HQ molecule, and this functional group is no longer present in the superlattice
structure after the HQ molecule has reacted with Zn. The experimental spectrum does show a peak

at 1105 cm™, but this peak is in fact due to the silicon substrate used in the deposition of the
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ZnO:HQ superlattice.® Moving further to the lower frequencies, the ZnO:HQ superlattice 1 shows
several small features at 1059-950 cm™, which are not present in the spectrum of the free HQ
molecule. These modes are due to rocking and wagging modes of H atoms of the surface H,O and
OH species and the 1105 cm™ peak arising from the Si substrate in the experimental IR spectrum
does also possess a shoulder between 1050 —1000 cm™.

All three spectra show one more HQ fingerprint mode due to C-H out-of-plane bending at 827,
820-800, and 830-800 cm™ for the free HQ molecule, ZnO:HQ superlattice 1, and experimental
ZnO:HQ (9:1) superlattice, respectively. The peak located at 740 cm™ in the spectrum of the free
HQ molecule is not visible in the superlattice spectra, it is due to a C=C/C-O stretching mode with
no coupling to C-H bending. Finally, the ZnO modes become active in the low-frequency range
starting from 600 cm™. The strong peak at 433 cm™ in the spectrum of the free HQ molecule is due
to C-0 in-plane bending and it is not active in the ZnO:HQ superlattice where the HQ molecule has
formed covalent bonds with Zn atoms. Comparison with the IR spectrum of bulk ZnO shows that
some ZnO modes are shifted to higher energies in the theoretical and experimental IR spectrum of
the ZnO:HQ superlattice. In the case of bulk ZnO, the onset of the modes is at about 500 cm™,
while for the ZnO:HQ superlattice the highest energy ZnO modes become active already at about
600 cm™ because of the non-bulk Zn-O bonding at the ZnO:HQ interfaces.

In the case of the Raman spectrum, we currently have no experimental data available for
comparison. At high frequencies, the predicted Raman spectra can be described in almost similar
fashion to the IR spectra. The high-frequency O—H stretching mode of the free HQ molecule (3739
cm™) disappears in the superlattice spectrum, while new strong high-frequency modes arise
between 3400-2900 cm™ due to the O-H stretching modes of the surface OH and H.O species. The
C—H stretching modes of the HQ molecule at 3100-3000 cm™ are much more intensive in the
Raman spectrum in comparison to the IR spectrum and they are present also in the superlattice

spectrum (mixed in with the OH stretching features).
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The most important features in the predicted spectrum are the strong 1610 cm™ aromatic C=C
stretch and 1280 cm™ C-O stretch, which should be very good fingerprint modes for confirming the
presence of the HQ molecules in the experimental Raman spectra of ZnO:HQ superlattices. These
fingerprint modes are slightly different from the IR fingerprint modes at about 1500 and 1220 cm™:
for the IR modes, the C=C stretching and C-O stretching are clearly coupled with C—H in-plane
bending, but for the Raman fingerprint modes there is no such coupling. Thus the IR and Raman
fingerprint modes might change in rather different ways if the organic building block of the
ZnO:organic superlattice is modified via aromatic substitution.

In contrast to the theoretical IR spectrum, the bulk-like ZnO modes occurring at frequencies
smaller than 600 cm™ show only small intensities in the predicted Raman spectrum of the ZnO:HQ
superlattice 1. The Raman intensities shown in Figure 4 have been predicted for a polycrystalline
sample and for a single-crystalline sample the intensities would be direction-dependent. At least for
the polycrystalline case, the Raman spectrum of the ZnO:HQ superlattice 1 appears to be dominated

by the modes arising from the organic parts of the superlattice.

3. Electronic Properties and Band Structure Engineering

We also investigated the fundamental electronic properties of the ZnO:HQ superlattices to
understand the effects of introducing the inorganic-organic interfaces to ZnO. From a computational
point of view, it is important to note that the standard DFT-GGA functionals such as PBE clearly
underestimate the band gap of ZnO, typically predicting Egyp = 0.9 eV in comparison to the
experimental 0 K estimate of 3.44 eV.* % This issue can be corrected by applying Hubbard-like
corrections (PBE+U) or by applying hybrid density functionals where no semi-empirical corrections
are necessary. Since we use the hybrid DFT-PBEO functional, the band structure and band gap
predicted for bulk ZnO are in very reasonable agreement with the experiment. The direct band gap
of bulk ZnO is predicted to be 3.81, 3.55, and 3.53 eV at the PBEO/SVP, PBEO/TZVP, and

PBEO/TZVPP levels of theory, respectively. The result obtained using the TZVP basis set is already
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rather well-converged with respect to the extended and computationally much more expensive
TZVPP basis set. The PBEO/TZVP band gap of 3.55 eV also compares well with the experimental 0
K estimate of 3.44 eV.*® Concerning previous computational studies on ZnO, PBEO band gaps of
3.32 and 3.2 eV have been predicted using full-potential linearized augmented-planewave
(FLAPW) and projector-augmented-wave (PAW) basis sets, respectively.*’*°

The band structure of bulk ZnO calculated at the PBEO/TZVP level of theory is shown in Figure
5a and a comparison to the band structures calculated with the SVP and TZVPP level basis sets is
shown in Supporting information. Figure 5 also shows the band-projected electron densities for the
highest valence band (VB) and the lowest conduction band (CB). In the case of bulk ZnO, it is clear
that both VB and CB shown in Figure 5 are highly delocalized over the whole structure, possessing
O and mixed O-Zn character, respectively.

Comparison of the band structure of the ZnO:HQ superlattice 1 in Figure 5b to the band structure
of bulk ZnO reveals interesting differences. The pseudo band-gap originating from the ZnO part of
the structure now has two rather flat bands in it, which decrease the band gap of the ZnO:HQ
superlattice 1 to 1.94 eV. Furthermore, the band gap is no longer direct. The origin of these
molecular-type bands immediately becomes clear by inspection of the band-projected electron
densities: The VB is dominated by contributions from the organic HQ molecules and by running a
molecular calculation on isolated HQ, we could confirm that the HOMO of HQ is indeed located
within the energy gap of ZnO. In contrast to the VB, the CB is a delocalized band dominated by
contributions from ZnO, showing just some minor contributions from the HQ molecule. We also
checked the effect of alternative HQ bonding pattern on the ZnO surface by calculating the band
structure of the checkerboard-type bonding pattern of HQ molecules (ZnO:HQ superlattice 1b, see
Supporting information). The band gap remains indirect also for the checkerboard-type bonding

pattern, but the obtained band gap of 2.10 eV is slightly larger than for the superlattice 1.

19



Band structure Highest valence band Lowest conduction band

a) 0.a0

/ >/ N

-0.30

Energy (a.u.)
o
=

o
f
S

LAA

-
I

b) 0.10

0.00

[T V/ATA

Energy (a.u.)

| i |

[T T W11

Figure 5. Band structures, band gaps, and band-projected electron densities for a) ZnO, b) ZnO:HQ

superlattice 1, c) saturated modification of 1, and d) saturated + fluorinated modification of 1
(showing the two highest energy valence bands HOCO and HOCO-1) Density isovalues: 0.01 and
0.002 a.u. for VB and CB in ZnO:HQ superlattices, 0.02 and 0.01 a.u. in ZnO.
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Considering the notable effect of the HQ molecule on the band structure of the ZnO:HQ
superlattice 1, we investigated several hypothetical modifications of 1, where we used other organic
molecules than HQ. First, we substituted the four hydrogen atoms in the aromatic ring of the HQ
molecule with electron-withdrawing fluorine atoms. This resulted in a clearly increased band gap
from 1.94 eV to 2.32 eV. Substituting the hydrogen atoms with electron-donating amine groups
(NH2) shows a consistent effect in the other direction, the band gap decreasing from 1.94 eV to 1.70
eV. After these preliminary tests we carried out a more detailed investigation for ZnO:organic
superlattices where the organic molecule is the saturated analogue of HQ, i.e. 1,4-cyclohexanediol
(CHD). The band structure and band-projected electron densities of the ZnO:CHD superlattice are
shown in Figure 5c. Replacing the aromatic HQ molecules with the saturated CHD molecules
changes the energy levels of the organic interface significantly, resulting in a band gap of 3.41 eV.
However, the band gap remains indirect similar to the superlattice 1 and the highest valence band is
a localized band arising from the CHD molecules. To push the energy levels of the organic part
further down, we replaced the hydrogen atoms in the CHD ring with fluorine atoms. The band
structure and band-projected electron densities of the resultant ZnO:CHDF superlattice are
illustrated in Figure 5d, showing how this modification brings the highest-energy band of the
organic part to the level of the topmost ZnO valence bands. The band gap increases to 3.91 eV and
becomes direct as in bulk ZnO. Inspection of the band-projected electron densities reveals that the
highest occupied crystal orbital (HOCO) is still a localized molecular band, while the second
highest HOCO-1 band lying only 0.03 eV below HOCO at the I" point is a ZnO-type delocalized
band. The valence maximum of the molecular band has thus shifted from the S point to the I" point.
The overall message from the band structures illustrated in Figure 5 is that by changing the organic
molecule in the ZnO:organic superlattices, the magnitude of the band gap can be tuned rather
flexibly. Obtaining direct band gap superlattices is a more challenging task, but the most
straightforward way towards such materials might be to focus on organic molecules having HOMO

energies clearly lower than the ZnO valence bands.
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The band gap of ZnO:CHDF is even larger than for bulk ZnO (3.91 vs 3.55 eV) due to well-
known quantum confinement effects arising from the nanostructuring: the band gap of the
nanosized ZnO layers is higher than that of bulk ZnO. The role of the quantum confinement is
confirmed by comparing the band gaps of all the four ZnO:HQ superlattices 1-4: the band gaps are
1.94, 1.79, 1.73, and 1.69 eV, respectively. Hence, the pseudo ZnO band gap of the ZnO:HQ
superlattice decreases with increasing thickness of the ZnO block, the decrease being mainly due to
the shifting of the lowest CB. Similar quantum confinement effect has been recently reported for
ZnO surfaces and nanowires by Dominguez et al.>® The band structures of the ZnO:HQ
superlattices 2—4 are given in Supporting Information.

The trend in basic electronic properties illustrated in Figure 5 suggests that the transport
properties of the ZnO:organic superlattices could be tailored by the choice of the organic
constituent. Experimentally, the key question is whether we can develop a feasible ALD/MLD
process for the selected inorganic:organic superlattice composition. The first criterion is whether we
can find a suitable deposition temperature. For 1,4-cyclohexanediol the melting and boiling points
are 98 and 150 °C, respectively, being lower than those for HQ (172 and 285 °C), Hence it is
important to note that crystalline ZnO thin films can be grown in an wide temperature range, and at
temperatures considerably lower than the deposition temperature employed for the present ZnO:HQ

superlattices.™

Conclusions

We first derived atomic-level structural models by quantum chemical methods for inorganic-
organic ZnO:HQ superlattices fabricated through alternating atomic and molecular layer deposition
(ALD/MLD) cycles. Then through a first-principles study the structural, spectroscopic and
electronic properties of these superlattice structures were investigated. In particular, we were able to
perfectly interpret the infrared spectra measured for these materials to prove the presence of organic

interfaces within the crystalline ZnO matrix. Then, most excitingly we demonstrated with several
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illustrative examples how the band structure of the superlattice could be engineered in an
experimentally feasible way by making small modifications in the organic constituent. We foresee
that our atomic-level approach to model the ALD/MLD hybrid materials and the guidelines
revealed thereof for the band-structure engineering are an important step ahead towards the rational
design and tailoring of these unique hybrid materials for novel material functionalities and/or

enhanced performance.

Supporting Information Available: Additional computational details, supplementary
computational results, and unit cell coordinates of the studied structures. This material is available

free of charge via the Internet at http://pubs.acs.org.
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