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Abstract

The phonon-glass electron-crystal paradigm has guided thermoelectric research in recent years.
However, the inherent conflict between atomic disorder reducing phonon conduction, and the
order required to maintain high electron mobility, creates a significant challenge in material
design, which has driven innovation in nanostructuring and composite materials. Here, vertically
aligned nanocomposites (VANs) composed of self-assembled metallic Lag ;Srg3sMnO5; (LSMO)
nanopillars in a surrounding ZnO matrix are investigated for controllable thermal conductivity.
Tuning of the crystal orientation of the substrate controls the epitaxial alignment of the LSMO and
ZnO phases along the horizontal and vertical interfaces. The VAN films on (111)-oriented STO
substrates exhibit an increased power factor of 0.52 yW-cm™!-K~2 at 600 °C beyond ZnO films of
0.15 uW-cm™~!-K~2. Detailed characterization and modeling of the thermal conductivity
demonstrates a reduction of about 75% as well as anisotropic behavior for the VAN films with
out-of-plane and in-plane thermal conductivities of respectively 9.2 and 1.5 W-m~'-K™!, in strong
contrast to the isotropic behavior in ZnO films with a thermal conductivity of 38 W-m~1.K~!.
These results show the promising strategy of VAN thin films with a nanopillar-matrix architecture
to scatter phonons and to enhance the thermoelectric performance.

1. Introduction

The internet of things (IoTs) is a vast and quickly expanding network of smart devices, gadgets, and
platforms, communicating with each other wirelessly and often autonomously. Data is gathered by sensors,
processed on an internal chip, and sent wirelessly over a network to a central server from where it can be used
to take action. Since all these steps require energy, typical [oT devices are fitted with a small battery. However,
this results in several drawbacks such as the need for periodic replacement, fire hazard, environmental
impact, and shipping restrictions of the involved batteries in those IoT devices. This could be overcome by
replacing the battery with a local energy harvester; enabling the devices to harness energy from the local
environment and to convert it into the required electrical energy. Several different energy sources are
available for local harvesting depending on the environment of the IoT device: light, heat, radiofrequency
waves and vibrations. The highest energy densities are present in light or heat, which can be converted by
respectively solar panels and thermoelectric generators (TEGs). Inside buildings thermal energy is even the
most promising candidate for energy harvesting enabling high power densities.[1]

TEGs directly convert thermal energy into electrical energy without moving parts, therefore exhibiting
little degradation and long lifetimes which surpass typical lithium-ion batteries [2]. Significant research
efforts are put into developing thermoelectric materials with a high figure of merit (ZT) by improving their
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Figure 1. Schematic illustration of the VAN concept to impact the electrical and thermal transport in a thermoelectric material.

thermoelectric properties: Seebeck coefficient, electrical conductivity, and thermal conductivity [3-5].
However, it remains very challenging to optimize these parameters individually since they are all interrelated
in a complex manner [6]. The ideal thermoelectric material is described as a ‘Phonon glass electron crystal,
an idealized material where electrons can easily travel as if it were a crystal, but where the phonons
experience a disordered material similar to glass with lots of scattering [7, 8]. This will result in high
electrical conductivity and Seebeck coefficient, but low thermal conductivity, and therefore, an optimized
conversion efficiency.

There are three main strategies to increase the thermoelectric performance of materials, doping,
nanostructuring or grain boundaries. Doping is the most widely used strategy as the electrical properties are
easier to measure than the thermal properties, and therefore, is a more accessible approach in research.
Doping is the introduction of foreign elements into a material to increase the charge carrier density, and the
corresponding electrical conductivity. For example, doping a few percent of aluminum into insulating ZnO
increases significantly the electrical conductivity. Although the Seebeck coefficient exhibits some decrease,
the overall power factor is dramatically enhanced [9]. As a second strategy nanostructuring is applied for
improving thermoelectric materials, ranging from nanoprecipitates [ 10] to superlattices [11], and nanowires
[12]. Nanostructuring enhances the ZT of a material most often by influencing the phonon transport to
reduce the thermal conductivity. The rule of thumb is that these nanostructures should be of similar length
as the phonon mean free path to influence thermal transport [13]. A reduction of dimensions to the
nanoscale can also increase the density of states significantly due to quantum confinement when the length
scale approaches the mean free path of electrons, thereby increasing the Seebeck coefficient [14]. The third
strategy is introducing grain boundaries into a material to improve thermoelectric properties by influencing
the thermal conductivity. This can be done by switching from a single crystalline to a polycrystalline
material. The added grain boundaries will scatter phonons to reduce thermal conductivity, but might also
influence the electrical properties negatively by reducing the electrical transport due to the increased
scattering of charge carriers. This can be seen in bulk thermoelectric materials, where polycrystalline
materials exhibit typically lower performance as their single-crystalline counterparts [15]. Interestingly, all
three strategies can also be combined, as was demonstrated for PbTe thermoelectric materials exhibiting the
combination of Na doping, SrTe nano-inclusions and polycrystalline grains [16].

One innovative way to efficiently introduce nanostructures is through the self-assembly of a vertically
aligned nanocomposite (VAN) architecture, which can be formed from two immiscible oxides and can
exhibit specific properties not available in single-phase materials [17, 18]. These are composites consisting of
two materials that self-assemble into a nanopillar-matrix structure with many vertical interfaces, which
seems promising to scatter phonons and to improve the thermoelectric performance of a material. To study
for the first time the concept of a VAN architecture to enhance the thermoelectric properties, a model system
is required in which one material functions as thermoelectric host material that will form the matrix, while
the other material should act as epiphyte material and form the nanopillars that scatter the phonons
(figure 1). Previous studies have shown that VANSs typically consist of a combination of two oxide materials
with a dissimilar crystal structure, such as perovskite—wurtzite or spinel-perovskite [19, 20]. To observe the
impact of introducing nanopillars onto the enhanced scattering of phonons, the chosen matrix material
should exhibit a high thermal conductivity in bulk while the inclusion of a nanopillar material should
enhance the phonon scattering and reduce the thermal conductivity.

Here, VANs composed of Lag 7Sro3MnO3 (LSMO) nanopillars in a surrounding ZnO matrix are
investigated for the first time for a controllable thermal conductivity. VANs composed of LSMO and ZnO
have previously been studied for their low-field magnetoresistance [21-25] in which ZnO nanopillars are
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introduced in the LSMO film matrix. More recently, we have demonstrated the role of introducing LSMO
nanopillars in the ZnO film matrix to influence the magnetic anisotropy [26]. ZnO is an interesting material
for thermoelectric applications, as its properties can be influenced by doping [9, 27]. Although the high
thermal conductivity in bulk ZnO of 49 W-m~!-K~! [9] at 300 K normally poses a major problem for
thermoelectric performance, it is the ideal material for our model system. It was shown previously that
thermal conductivity in ZnO was based on phonons with mean free path in the range between 10 nm and

2 pm, in which phonons in the 100-200 nm range cover about one third [9]. Furthermore, LSMO exhibits a
much lower thermal conductivity in bulk of 2.8 W-m~!-K~! [28] and is therefore a good candidate to form
the epiphyte nanopillars. In this study it is shown that highly ordered, crystalline LSMO:ZnO VAN films can
be realized through self-assembly in which the achieved nanopillar-matrix architecture depends on the
specific epitaxial relation to the underlying substrate SrTiOs substrate, being either (100), (110), or
(111)-oriented out-of-plane. Tuning of the crystal orientation of the perovskite SrTiO; substrate controls the
epitaxial alignment of the pseudo-cubic perovskite LSMO and hexagonal wurtzite ZnO phases along the
horizontal and vertical interfaces. The VAN films on (111)-oriented STO substrates exhibit a high Seebeck
coefficient at 600 °C of about 980 ;V-K—!, comparable to N-doped ZnO, in combination with an enhanced
electrical conductivity by a factor of 3 due to the inclusion of LSMO nanopillars. This results in an increased
power factor of 0.52 yW-cm™!-K~2 at 600 °C for the VAN film beyond the result for ZnO films of

0.15 uW-cm~!-K~2. Detailed characterization and modeling of the thermal conductivity demonstrates a
reduction of about 75% as well as anisotropic behavior for the VAN films with out-of-plane and in-plane
thermal conductivities of respectively 9.2 and 1.5 W-m~!-K™!, in strong contrast to the isotropic behavior in
ZnO films with a thermal conductivity of 38 W-m~!-K~!. These results show the promising strategy of VAN
thin films with a nanopillar-matrix architecture to scatter phonons and to enhance the thermoelectric
performance.

2. Experimental

VAN thin films with ratio of (LSMO)g1(Zn0), 9 were grown by pulsed laser deposition on SrTiO3 (STO)
substrates with different orientations (100, 110, 111). For comparison also pure Lay 7Sro3MnO; (LSMO)
films and pure ZnO films were grown by using stoichiometric targets. An oxygen pressure of 0.27 mbar was
used for a growth temperature of 850 °C. A laser frequency of 5 Hz was used for the (LSMO);(ZnO)g thin
films (250 nm thickness) to achieve the self-assembled VAN formation [26], while 1 Hz was used for the pure
LSMO (100 nm) and ZnO (200 nm) thin films to ensure high quality [29]. The surface morphology, crystal
structure, composition, and thin film thickness were investigated by respectively atomic force microscopy
(AFM, Bruker ICON Dimension Microscope), x-ray diffraction (XRD, PANalytical X’Pert PRO), and
scanning electron microscopy (SEM, Zeiss Merlin). High-angle annular dark-field scanning transmission
electron microscopy (STEM) and energy dispersive x-ray spectroscopy (EDX) were performed on a FEI Titan
80-300 aberration corrected electron microscope operated at 300 kV, equipped with a Super-X EDX
detector, to study the structural and compositional properties in more detail. The cross-section STEM
lamellas were prepared using a FEI Helios 650 dual-beam focused ion beam. The temperature dependent
electrical transport properties were characterized for temperature range 10-300 K by using a Dynacool
PPMS system (Quantum Design), while a Linseis LSR-3 system was used for temperature range 300-900 K.
The high-temperature thermoelectric properties of the VAN films were determined with a rate of

3 °C min~! during heating and cooling. To exclude the effect of possible thermal degradation, films are
cycled consecutively from room temperature to a target temperature and back to room temperature (i.e.
RT-100 °C-RT, RT-200 °C-RT, ..., RT-600 °C-RT) to confirm the absence of irreversible changes in the
materials. A gas mixture of 1.0 bar helium and 0.1 bar oxygen was used as a successful method to prevent
irreversible oxygen vacancy formation in oxide thin films up to 600 °C [30].

The thermal conductivity was measured by frequency-domain thermoreflectance (FDTR) measurements
using the method as described in [31] of a previous study. FDTR is a non-contact optical pump—probe
technique, in which one beam of light (the pump) acts as a heat source while a second beam (the probe)
detects the resulting temperature change through a change in surface reflectivity The samples were coated
with a 60 nm gold layer to act as a heat transducer. The intensity of the pump laser, A = 405 nm, was
modulated from 2 kHz to 50 MHz, and the periodic variation of the Au thermoreflectance was probed at
A = 532 nm. The probe beam is split before reaching the sample to work as a reference signal, improving the
signal-to-noise ratio at low frequencies and compensating phase-shift offsets from beam paths and
electronics.

The thermal properties of the sample were determined through multi-parameter fitting of the phase lag
of the pump/probe lasers, ¢ (w), as explained in [32]. The different parameters of the model were measured
independently or obtained from the literature, so that « of the film is the only fitting parameter. For instance,
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Table 1. Parameters used in the fitting of FDTR data for all components present in the thin films.

LSMO 7Zn0O (LSMO)o.1(ZnO)ge  STO
Density (g-cm™)  6.45 [34] 5.61[35] 5.79 5.12 [36]
Cp J-mol K1) 128.6([37] 40.3[35] 49.1 99.1 [38]

the thermal conductivity of the SrTiO; substrates was derived from Langenberg et al [33]; for Au we
measured the electrical conductivity in co-deposited samples and applied the Wiedemann—Frantz law to
determine its thermal conductivity. The Cp of the SrTiO; substrate (see table 1) and Au transducer

(Cp = 25.4 J-mol~!-K™!) were derived from previous studies. The thickness of the Au transducer layer was
determined by x-ray reflectivity and was kept fixed in all the experiments. Finally, two different spot sizes,
Gaussian 1/¢? radius ~ 3.7 or 10.5 um, were used to increase the sensitivity to the in-plane/out-of-plane
thermal conductivity.

3. Results and discussion

3.1. Structural properties

To investigate if the host—epiphyte phase formation of a LSMO:ZnO nanocomposite can be affected by
using a different substrate orientation, VANs have been grown on STO (100), (110), and (111)-oriented
substrates. Since the pseudo-cubic perovskite LSMO phase (lattice parameter a = 3.889 A [39]) is
structurally close to the cubic perovskite STO substrate (a = 3.905 A [36]), it is expected that the LSMO
matches the substrate better than the hexagonal wurtzite ZnO phase for all orientations and, therefore, will
always form the matrix. This would naturally result in LSMO interface layers on all samples if surface
diffusion is high enough. However, the exposed surfaces of the differently oriented STO substrates could
exhibit variations in activation energies for surface diffusion of different materials. To predict the expected
orientations of the crystal structures for both LSMO and ZnO phases within the VAN films, the lattice
matching with the substrate is considered.

In figure 2 the top view schematics are shown for the STO, LSMO, and ZnO unit cells and their possible
orientations with respect to each other and the corresponding lattice mismatches. Only the horizontal
interfaces with the substrates are considered here, while the vertical interfaces between the LSMO and ZnO
phases are not taken into account. On a STO (100) substrate the LSMO phase fits best if it grows cube on
cube, while the ZnO phase matches best in the (1120) orientation although with some significant strain. On
a STO (110) substrate the LSMO phase grows in the same (110) out-of-plane orientation, however, the ZnO
phase now fits best if it grows in the (0001) orientation. Even though it has only a small mismatch of only
1.9% in one direction, the other direction has a very large mismatch of more than 17%. On a STO (111)
substrate the LSMO is again predicted to grow in the same (111) orientation as the substrate, while the ZnO
is again growing in the (0001) orientation with an in-plane strain of 4.1%. These predictions are based solely
on lattice matching with the substrate. As is known, in VAN the vertical interfaces are very important and
dominate the strain states and crystal phases of materials. Therefore, the actual orientations in the
nanocomposites could differ from these predictions if the vertical interfaces created by these predicted
orientations are energetically very unfavorable.

The surface morphology and internal nanostructures of the VAN films grown on differently oriented
STO substrates are characterized by SEM and AFM analysis (figure 3). The SEM cross-sectional images reveal
the dark LSMO nanopillars within a bright ZnO matrix. A clear separation of the LSMO and ZnO phases
was previously confirmed by STEM-EDX analysis for the VAN film grown on (100)-oriented STO substrates
[26]. The rms roughness of the VAN films is very similar for all nanocomposites grown on STO (100), (110),
and (111) substrates with values of 7 nm, 6 nm, and 3 nm respectively.

A structural characterization of the VANs grown on different STO substrates has been performed and the
corresponding goniometric and phi scans are shown in figure 4. As described above, the ZnO and LSMO
phases in the nanocomposite grown on a STO (100) substrate are oriented respectively in the (1120) and
(100) directions (figure 4(a)), as was demonstrated previously [17, 26]. The in-plane symmetry indicates that
the LSMO phase grows in the same orientation (in-plane and out-of-plane) as the STO (100) substrate
(figure 4(d)), while the ZnO phase is 45° rotated in-plane as compared to the principal axes of the STO
structure. In figure 4(g) a schematic representation of the unit cells is shown indicating their match to the
substrate, which is in good agreement with literature [24].

The VAN film grown on a STO (110) substrate shows a single (0001) out-of-plane orientation for the
ZnO phase (figure 4(b)). The LSMO phase shows up in the tail of the STO peaks on the right side, indicating
growth in the (110) orientation. The in-plane orientation of the phases is shown in figure 4(e) and indicates
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Figure 2. Schematic view of the lattice matching of the ZnO and LSMO phases on different STO substrate orientations, with
lattice parameters and epitaxial mismatch.

STO(110)

=

Figure 3. (a)—(c) Cross-section SEM images of the (LSMO).1(Zn0O)o.9 nanocomposites grown on STO (100), (110), and (111)
substrates, respectively. (d)—(f) AFM images showing the surface morphology the nanocomposites grown on STO (100), (110),
and (111) substrates, respectively.

a twofold symmetry for both the STO substrate and the LSMO phase, which confirms that the LSMO grows
in the same orientation (in-plane and out-of-plane) as the substrate. The ZnO (0111) peaks show a sixfold
in-plane symmetry with an offset of 30° from the STO (111) peaks indicating that the ZnO phase grows as
indicated in the schematic in figure 4(h). The epitaxial relations are determined to be

(0001),,6//(110)510//(110) 51
(1100)4,6//(110)s10//(110) 1500
(1120),6//(001) g1, //(001) gpp6)
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Figure 4. Comparison of goniometric XRD scans of vertically aligned nanocomposites grown on (a) STO (100), (b) STO (110),
and (c) STO (111) substrates. Phi scans of nanocomposites grown on (d) STO (100), (e) STO (110), and (f) STO (111) substrates.
(g)—(i) Schematic representations of the crystal orientations of the LSMO (orange) and ZnO (green) phases within the
nanocomposites on the differently oriented STO (blue) substrates.

The goniometric scan of the VAN film grown on the STO (111) substrate in figure 4(c) shows the ZnO
phase grown in the (0001) orientation out-of-plane and the LSMO phase grown in the (110) direction.
Interestingly, the LSMO phase does not follow the same orientation as the STO substrate, in contrast to the
other two cases for VAN films grown on (100)- and (110)-oriented STO substrates, indicating that the
epitaxial relationship is determined more strongly by the internal vertical interfaces in the nanocomposite
itself rather than the horizontal substrate interface. In the phi scans shown in figure 4(f) the in-plane relation
of the nanocomposite is determined. The STO substrate shows a threefold symmetry of the (110) peak, while
the ZnO (0111) peaks exhibit a sixfold symmetry with a 30° offset. The LSMO (200) peaks show the same
sixfold symmetry as the ZnO at the same phi angles which confirms that the orientation of the LSMO phase
is indeed dependent on the ZnO phase. The orientations of the phase are illustrated in figure 4(i). The
epitaxial relations are determined to be

(0001),,6//(111)51//(110); 00
(1100) 10/ /(110)s70//(110) 500
(1120),6//(112)s70//(001) g0

When comparing the epitaxial relations of all three VAN films, the epitaxial alignment of the LSMO and
the ZnO crystal structures is always equal, suggesting that these internal interfaces in the nanocomposites are
energetically the most favorable to create.

3.2. Nanopillar-matrix structure alignment

To evaluate the nanostructures in more detail, STEM analysis was performed on lamella cut along the STO
(110) direction for the VAN film grown on a STO (111) substrate. The thickness of the STEM lamella is
about 10 nm, which results in overlap regions where both LSMO and ZnO phases seem to be present. The
width of the LSMO pillars in this (LSMO)g 1(Zn0O)g9 VAN thin film on (111)-oriented STO substrate is
estimated to be between 10 and 30 nm, similar to nanopillar dimensions of (LSMO);(Zn0O)y9 VAN thin
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Figure 5. Scanning transmission electron microscopy images of the (a) VAN film grown on a STO (111) substrate, (b), (c)
zoom-in of the substrate-VAN interface. (c) Intensity profiles of the substrate and ZnO phases taken along the colored lines in
figure c.

film on (001)-oriented STO substrate [26]. A bright interface layer can be seen at the VAN-substrate
interface, see figure 5. Since the contrast is given by the atomic number, where heavier elements are brighter
than the lighter atoms, the interface layer most likely consists of La atoms. This layer is only a few atomic
layers thin, and its structure exhibits the same perovskite structure as the underlying STO substrate,
suggesting the formation of an LSMO interface layer. No significant crystallographic defects can be observed
for both phases of the VAN composite, suggesting a good lattice matching between them. The ZnO and
LSMO phases seem to separate well, although, some areas exist where the two crystal structures overlap.

Detailed analysis of the horizontal interface between the STO substrate and the VAN film indicates
periodic matching between the Zn atoms and the Sr atoms (figure 5(b)). The intensity profiles of both ZnO
and LSMO/STO phases are shown figure 5(d), where every third ZnO atom matches its position with a Sr
atom. The intensity profiles are not taken directly at the interface to obtain the general relation between the
two crystal structures without interference from the interface. The first row of Zn atoms at the interface are
distorted from their bulk positions, as the distance between them is not equal everywhere, which is likely
caused by the hexagonal wurtzite phase adapting to the perovskite phase of the substrate/interface layer. The
interlayer distance at the interface is close to the distance between Zn atoms along the c-axis, suggesting that
the ZnO phase starts with an oxygen layer, bonded to the underlying perovskite LSMO phase. The top
(La/Sr)O layer of the perovskite LSMO phase at the interface seems to be distorted to enable the lattice
matching to the hexagonal wurtzite ZnO phase.

When characterizing the vertical interfaces in the VAN film close to the underlying STO substrate, LSMO
phase is continued growing in the (111) out-of-plane direction while the ZnO grows in the (0001)
orientation (figure 6). However, XRD analysis indicated growth of the LSMO phase in the VAN film on STO
(111) substrates primarily along the (110) orientation (figure 4(c)). Interestingly, in the first stages of VAN
growth, there are only a limited number of vertical interfaces between the LSMO and ZnO phases, and
therefore the perovskite LSMO phase aligns with the perovskite STO substrate. A similar effect has been
observed in SmO:BiFeO3; VANs, where in the initial 20 nm the strain state is dictated by the substrate,
whereas for thicker layers the vertical interfaces determine the strain state [17]. Here, it is not the strain state
that is affected, but the crystallographic orientation of the LSMO phase. Furthermore, due to the thickness of
the lamella the overlapping LSMO and ZnO phases show an interesting moiré-like interference pattern, as
indicated by the white arrows in figure 6(a). Every 8 atomic planes of ZnO, the atomic plane lines up with the
LSMO phase, exhibiting 9 atomic planes for the same length (figure 6(b)). The intensity profiles for the ZnO
and LSMO phases are shown in figure 6(c) and by overlapping the out-of-plane distances an 8:9 ratio in
atomic planes is confirmed. Epitaxial alignment of the bulk ZnO (dzno =7 5 = 18.26A) and LSMO

(dismo = 8 * ‘/Tga = 17.924) crystal lattices would lead to a theoretical mismatch of 1.9%. As the ZnO phase
dominates the VAN composition, an induced out-of-plane tensile strain is expected for the LSMO phase,
leading to a theoretical elongation of the structure in the (111) direction from the bulk 2.24 A to 2.28 A. At
the horizontal interface between the perovskite STO substrate and the perovskite LSMO phase an epitaxial
alignment occurs, as discussed above. However, further away from the STO substrate the LSMO phase is
influenced mainly by the vertical interfaces with the ZnO phase and experiences no significant influence
from the substrate. In figures 7(a) and (b) can be seen that the LSMO phase is oriented out-of-plane in the
(110) orientation, as evidenced by the 45° rotated cubic perovskite unit cell, while the ZnO phase is still
oriented out-of-plane in the (0001) direction. Although the sharp vertical interface suggests a 1:1 lattice
matching between the LSMO and ZnO phases along the out-of-plane direction, the measured out-of-plane
lattice parameters from the XRD analysis (figure 4(c)) of 2.609 A and 2.733 A for ZnO and LSMO
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Figure 6. Scanning transmission electron microscopy images of the (a) VAN film grown on an STO (111) substrate, (b) zoom-in
of the overlapping ZnO and LSMO phases. (c) Intensity profiles of the LSMO and ZnO phases taken along the colored lines in
figure b.

respectively, indicate a lattice mismatch of almost 5%. To determine the presence of possible domain
matching along this orientation, the intensity profiles of the LSMO and ZnO phases are overlapped in
figure 7(c), which reveals a domain matching of 22 atomic planes of LSMO with 23 planes of ZnO. This
corresponds to a unit cell ratio of 21:22 unit cells for LSMO(110):ZnO(0001) with a low mismatch of only
0.008%. Previous study of (LSMOQ)g1(Zn0O)e9 VAN films grown on STO (100) substrates showed domain
matching of 5:6 unit cells for LSMO(100):ZnO(11-20) [17, 26]. An illustrative schematic of the domain
matching in these LSMO:ZnO VAN films is shown in figure 7(d).

3.3. Electrical properties
To determine the influence of the substrate crystal orientation on the resistivity of the different VAN films,
temperature dependent measurements were performed using the van der Pauw geometry (figure 8). As
shown previously, the LSMO:ZnO VAN film on a STO (100) substrate shows a metallic-like temperature
dependence of the resistivity (dp/dT > 0) behavior below room temperature [26]. However, for
temperatures above 320 K the resistivity values become constant and even decrease slightly above the
metal-semiconductor (dp/dT < 0) transition. In contrast, the VAN film grown on a STO (110) substrate
exhibits much higher resistivity values over the full temperature range with a clear semi-conducting
behavior. There is still a metal-to-insulator transition visible around 200 K, indicating that an electronic
percolation path still exists through the LSMO phase, which becomes more dominant at lower temperatures.
Finally, the VAN film grown on a STO (111) substrate exhibits even higher resistivity values reaching the
limit of the equipment. Interestingly, the LSMO interface layer of a few atomic layers at the STO substrate
surface does not play a significant role in the electrical transport. It has previously been demonstrated that a
critical thickness exists of a few unit cells for a LSMO layer to exhibit conducting behavior [29]. Strain can
cause the differences in electrical properties between the VAN films on substrates with different crystal
orientations, as it is known that large amounts of strain can drastically change the transport behavior of
LSMO from metallic to semi-conductive [40]. Not only do the different VAN films consist of
nanocomposites with different strain states of the LSMO phase after thin film growth, as discussed above, the
different thermal expansion coefficients (1.5 x 107> K~! for ZnO [41] and 1.34 x 107> K~! for LSMO
[42]), can affect the strain even further upon cooling down below room temperature.

To study the differences in thermoelectric properties of the VAN films as compared to pure ZnO or
LSMO thin films, the resistivity and Seebeck coefficient values were simultaneously measured (figure 9). The
differences in resistivity for the VAN films on differently oriented STO substrates are gradually reduced when
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Figure 7. Scanning transmission electron microscopy images of the (a) vertical interface between the LSMO and ZnO in the bulk
of the nanocomposite, (b) zoom-in of the vertical interface. (c) Intensity profiles of the LSMO and ZnO phases taken along the
colored lines in figure b. (d) Illustrative schematic of domain matching in LSMO:ZnO VAN films.
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Figure 8. Temperature dependent resistivity for LSMO:ZnO VAN films grown on (100), (110) and (111)-oriented STO substrates.

temperatures increase from room temperature upto 600 °C. All three samples exhibit semiconducting
behavior with a decreasing resistance with increasing temperature. The resistivity values of the phase pure
LSMO (100 nm) and ZnO (200 nm) reference films on STO (100) substrates are shown for comparison. The
LSMO thin film shows a near-constant resistivity above the metal-insulator transition, in good agreement
with previous study [43]. The ZnO thin film exhibits a much higher resistivity, which is known to dependent
highly on the presence of native defects [44]. The temperature dependent Seebeck coefficient values are
shown in figure 9(b). The VAN films on STO (100) and STO (110) substrates show very similar behavior,
while the VAN film on the STO (111) substrate shows an order of magnitude higher absolute Seebeck
coefficients at room temperature. This is the typical charge carrier dependent inverse relation between (low)
electrical conductivity and (high) Seebeck coefficient. At 600 °C the VAN films on STO (100) and STO (110)
substrates exhibit Seebeck coefficient values of respectively 260 and 320 uV-K~!. However, the VAN films on
STO (111) substrates achieve values of about 980 ;1V-K~! very close to the results for ZnO films, in good
agreement with DFT calculations for N-doped ZnO [45].
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Figure 9. Temperature dependent (a) resistivity and (b) Seebeck coefficient of LSMO:ZnO VAN films grown on (100), (110) and
(111)-oriented STO substrates (resp. blue, red and black squares), as well as LSMO and ZnO thin films grown on (100)-oriented
STO substrates (resp. orange circles and green triangles). (c) Arrhenius plot of conductivity behavior of VAN films in (a).
Temperature dependent power factor of VAN films as well as LSMO and ZnO films.

Interestingly, a transition from n-type to p-type charge carrier behavior can be observed for all VAN films
at 481 °C, 496 °C and 437 °C for respectively STO (100), STO (110) and STO (111) substrates. This
transition is absent for a phase pure LSMO film for which the Seebeck coefficient remains negative between
—4 and —18 pV-K~1, in good agreement with literature [46, 47]. Also previous studies by us on the same
LSR-3 system did not exhibit such transition at elevated temperatures, for example phase pure Ca;Co40Oq
[30] or SnSe films [48]. It also indicates that the used STO substrate and the measurement setup are not the
origin for the observed n-p transition in the VAN films. However, the temperature dependent Seebeck
coefficient of a phase pure ZnO film exhibits a very similar n—p transition at 510 °C indicating a change in
the electronic structure. Interestingly, the opposite p-type to n-type transition is typically observed with
increasing temperature for some materials in previous studies. For example, a semiconductor to metal
transition in Pb;_,Eu,Te [49], selenium vacancy formation in Cu,;4FeSe, [50], or a structural transition in
CaMn; _;Mo,Oj3 [51]. Such transition has not been reported yet for ZnO, but should be due to a change in
the atomic or electronic structure.

Detailed temperature-dependent XRD analysis of the VAN film grown on a STO (100) substrate
confirmed the expected thermal expansion of the ZnO and STO crystal structures, respectively
3.25596-3.26436 A and 3.90462—3.92644 A from 30 °C to 600 °C [52, 53]. The limited volume of the LSMO
phase in the VAN film hampers detailed analysis of its crystal structure. However, the ZnO phase dominates
the Seebeck coefficient behavior and does not exhibit a structural transition at such elevated temperatures.
Furthermore, a change in electronic structure could be caused by thermally activated carriers. The observed
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transition temperature of around 437 °C-510 °C, suggests an activation barrier of about 61-68 meV. It is
known that relatively small concentrations of native point defects (i.e. vacancies, interstitials, and antisites)
and impurities can significantly affect the electrical properties in ZnO [40]. Often unintentional n-type
conductivity is observed at room temperature for as-grown ZnO crystals, and thought to be caused by
oxygen vacancies and/or zinc interstitials. However, combined experimental and theoretical studies have led
to the conclusion that it is the unintentional incorporation of impurities that act as shallow donors, such as
hydrogen which is present in almost all growth and processing environments [44].

Here, the phase pure ZnO thin film exhibits very high resistivities at low temperature (figure 9(a))
suggesting the absence of significant number of impurities. For higher temperatures (250 °C-510 °C) n-type
conductivity was determined, most likely caused by interstitial hydrogen acting as shallow donors with a
reported ionization energy of about 35 meV [44, 54, 55]. However, the phase pure ZnO film exhibits a
transition to p-type conductivity above 510 °C. Previous studies have indicated p-type conductivity in
N-doped ZnO in which N substitutes for O and acts as a shallow acceptor with a reported ionization energy
of about 100 meV [56-58]. For all VAN films a n-type to p-type transition was observed in the temperature
range 437 °C—496 °C, which were fully reversible as confirmed by consecutive measurements over the same
temperature range (not shown). To gain more insight into the behavior of the thermally activated carriers, an
Arrhenius-type plot was made using the conductivity data of the three VAN films (figure 9(c)). There exist
distinct slopes, indicating two different conduction mechanisms present in the VAN films. The calculated
activation energies of 34 meV and 98 meV for the VAN film on STO (100) are in good agreement with
previously reported values for respectively hydrogen and nitrogen doping, as discussed above. The VAN films
on STO (110) and STO (111) exhibit higher activation energies most likely caused by the differences in
nanopillar-matrix structures. Possible ionic conductivity of oxygen in ZnO can be excluded, as previous
studies reported two orders of magnitude lower ionic conductivity values as compared to electronic
conductivity for this temperature range [59].

The VAN films exhibit values for the achieved power factor of about 3 x 107° yW-cm~!-K—2 for
temperatures between room temperature and 400 °C. The LSMO film provides a power factor of about
4 x 1072 uW-cm~1-K~2 for the same temperature range, which is higher than previously observed of about
7 x 107% yW-cm™1-K~2 at 250 °C for mesoporous LSMO thin films [46, 47]. Above 400 °C the power factor
for the LSMO thin film reduces, due to a decrease in Seebeck coefficient from —18 to —10 uV-K~!. However,
the VAN films as well as the ZnO film exhibit above 400 °C a sharp increase in power factor of several orders
of magnitude, caused by the dramatic change in Seebeck coefficient as discussed above. The VAN films on
STO (100) and STO (110) substrates show very similar behavior to the ZnO film reaching a power factor of
0.15 uW-cm~!-K~2 at 600 °C. In contrast, the VAN film on the STO (111) substrate exhibits a power factor
of 0.52 pW-cm~!-K~2 at 600 °C. In this specific VAN nano-architecture the high Seebeck coefficient typical
for ZnO is combined with an enhanced electrical conductivity by a factor of 3 due to the inclusion of LSMO
nanopillars.

3.4. Thermal conductivity

The impact of the nanopillar-matrix architecture in the VAN films on the thermal conductivity was studied
by FDTR. As explained before, the thermal properties of the sample were determined through
multi-parameter fitting of the phase lag of the pump/probe lasers, ¢p(w) [32]. For the different materials
present in the VAN film samples (STO, LSMO, ZnO), the volumetric heat capacity was calculated using the
density and molar heat capacity as determined in previous studies (table 1). For the (LSMO)g1(Zn0O)g
nanocomposite films, the values were estimated based on the molar ratio of its components. The thickness of
the films was determined by the number of laser pulses during the PLD growth process. For the interface
thermal conductance between the film and the substrate, typical values of oxide—oxide interfaces

(~2370(20) MW-m~2-K~!) were used. Given the relatively large thickness of the films, the sensitivity of the
fitting to this parameter is small. Moreover, by measuring films with different thicknesses but with the same
composition, any possible influence of the thermal conductance of the interface was minimized in the results.
For the oxide—gold interfaces a value of ~70(15) MW-m~2-K~! provided the best fitting of the data, and was
used for all interfaces. This value is in the range expected for Au/oxide interfaces of the quality of our films
[60]. Keeping all these parameters fixed and only fitting the thermal conductivity of the films increases the
robustness of the extracted thermal conductivity parameters, and increases the sensitivity to the relative
differences between the films.

The data measured for the ZnO thin film reference sample and the VAN films on STO (100) substrates
with different thicknesses of 250 nm, 160 nm, and 80 nm are shown in figure 10(a). A sensitivity analysis
showed that the high-frequency range between 100 kHz and 50 MHz has maximum sensitivity to the thermal
conductivity. The VAN films exhibit a strongly reduced phase in the high-frequency range as compared to
the ZnO thin film, which is characteristic of a large reduction in thermal conductivity. In figure 10(b) the
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Figure 10. (a) FDTR results at room temperature for a ZnO thin film and VAN films with variable thickness (80, 160 and
250 nm). (b) Fitting of isotropic thermal models to the FDTR data. (c) Comparison of fitting isotropic and anisotropic thermal
models to the FDTR data of a 160 nm thick VAN film.

results are shown of the fitting to an isotropic thermal conduction model, where only fitting parameter is k,,
i.e. the thermal conductivity along the film thickness. Although the fitting is not perfect, it provides reliable
insights into the thermal conductivity behavior. The thermal conductivity of the ZnO reference film is
determined to be 38 + 5 W-m~!-K™, in good agreement with literature [9]. The (LSMO),;(Zn0)g9 VAN
films show a strong reduction of the thermal conductivities, decreasing to 12 & 2 W-m~1.K™1,

94+ 2W-m 1K™, and 8 & 2 W-m~!-K™! for film thicknesses of respectively 250 nm, 160 nm, and 80 nm.
The thermal conductivity is completely dominated by the nanopillar-matrix architecture, with the thickness
being a small contribution to k; in this range.

To investigate a possible anisotropy between in-plane and out-of-plane components of the thermal
conductivity, the experimental data has been fitted using an anisotropic thermal conduction model. In the
case of the ZnO reference film, including the thermal anisotropy in the model does not improve the fitting.
For thicker VAN films (thickness of 250 nm) the anisotropy is also very small, with k, = 12(2) W-m~!.K~!
and ky, = 10(2) W-m~'-K~!. On the other hand, including the anisotropy improves the fitting of the thinner
films (VAN 160 nm), and suggests a much larger thermal anisotropy: s, = 9.2 & 2.0 W-m~!.K~! and
Kxy = 1.54 0.5 W-m~!.K~! (figure 10(c)). Note that the values of k, are similar to the ones obtained
through fitting to the isotropic thermal model, indicating the robustness of the result.

4, Conclusion

VANs composed of self-assembled metallic Lag ;Srg3MnO; (LSMO) nanopillars in a surrounding ZnO
matrix are investigated for controllable thermal conductivity. The nanopillar-matrix architecture of the VAN
films, with the introduction of small LSMO regions within a ZnO thin film, enhances the scattering of the
phonons while enabling the easy transport of electrons. Tuning of the crystal orientation of the substrate
controls the epitaxial alignment of the LSMO and ZnO phases along the horizontal and vertical interfaces.
Highly ordered, crystalline LSMO:ZnO VAN films can be realized through self-assembly in which the
epitaxial relation to the underlying substrate strongly affects the nanopillar-matrix architecture. The VAN
films on (111)-oriented STO substrates exhibit a high Seebeck coefficient at 600 °C of about 980 pV-K~!,
typical for N-doped ZnO, in combination with an enhanced electrical conductivity due to the inclusion of
LSMO nanopillars. This results in an increased power factor of 0.52 yW-cm~!-K~2 at 600 °C for the VAN
film beyond the result for ZnO films of 0.15 yW-cm~!-K~2. Detailed characterization of the thermal
conductivity demonstrates a strong reduction, of nearly 75%, due to the nanostructure of the composite
films. Also, signature of thermal anisotropy has been observed in the thinner VAN films, in strong contrast to
the isotropic behavior in ZnO films. These results show the promising strategy of VAN thin films with a
nanopillar-matrix architecture to scatter phonons and to enhance the thermoelectric performance.

Data availability statement

The data that support the findings of this study are openly available at the following URL/DOI: https://data.
4tu.nl/.
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