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Chapter 1 
 

Introduction 

 

 

 

 

 

 

1.1  Motivation 

The Internet of Things (IoT) is a vast and quickly expanding network of smart devices, 

gadgets, and platforms, communicating with each other wirelessly and often 

autonomously. Smart home security systems, smart household appliances, and parking 

sensor networks are just a few examples of all the innovations used to improve our daily 

lives. 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 such as sending a 

message to a mobile phone about a possible intruder in your house, making your coffee 

in the morning, or giving you a map of available parking spots. Since all these steps 

require energy, most IoT devices are fitted with a (lithium-ion) battery. The downsides of 

this include the need for battery replacement every few years, the fire hazard, 

environmental impact, and shipping restrictions of devices containing batteries.  

Most of these drawbacks can be overcome by replacing the battery with a local energy 

harvester; devices that can harness energy from the environment and convert this into 

electrical energy. Several different energy sources are available for harvesting depending 

on the environment of the IoT device: light, heat, radiofrequency (RF) waves, and 

vibrations. The highest energy density is in light or heat,[1] which can directly be harvested 

by solar panels and thermoelectric generators (TEGs) respectively. Inside buildings 

thermal energy is actually the most promising candidate for energy harvesting with one 

of the highest power densities.[2] 
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Figure 1.1: (a) Schematic of a thermoelectric generator, showing the internal pillar 

structure of p-type (green) and n-type (red) thermoelectric materials. (b) Schematic of a 

bar of n-type and p-type thermoelectric materials illustrating the potential difference 

caused by an applied temperature difference. 

1.2  Thermoelectric energy harvesting 

Thermoelectric generators (TEGs) directly convert thermal energy into electrical energy 

without moving parts, therefore have little degradation and long lifetimes which can 

surpass lithium-ion batteries.[3,4] A schematic overview of a TEG is shown in figure 1.1 

(a) and shows two parallel plates with pillars of thermoelectric materials in between, 

connected thermally in parallel and electrically in series. The pillars are the active 

thermoelectric materials that convert the thermal energy into electrical energy through the 

Seebeck effect.  

1.3  Thermoelectric effect 

The Seebeck effect was discovered by German physicist Thomas Johann Seebeck in 1821 

who did an experiment with a closed metal loop of two different materials (copper and 

bismuth) joined in two places. He heated one of the junctions while keeping the other 

cold, causing a compass needle inside the metal loop to deflect.[5 Later it was discovered 

that a current was induced due to the temperature gradient.[6] The Seebeck effect is one 

of three thermoelectric effects, besides the Peltier effect and Thomson effect, which will 

not be discussed here. 

What happens inside the materials is schematically shown in figure 1.1 (b). When a 

temperature gradient is established over a piece of material, the charge carriers on the hot 

side gain more kinetic energy, causing the carriers to drift to the cold side of the material. 

This results in a buildup of charges at the cold side, causing an opposite flow of charge 

carriers due to electrostatic repulsion. An equilibrium is formed between these two 

processes and the ratio between the induced potential and the temperature difference is 

given by the Seebeck coefficient: 
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𝑆 =
𝑉𝑠

∆𝑇
,  (1.1) 

where 𝑉𝑠 is the induced Seebeck voltage, and ∆𝑇 is the applied temperature difference. 

The sign of the potential and therefore also of the Seebeck coefficient is dependent on the 

type of charge carrier in the material. An n-type material has electrons as charge carriers 

and has a negative Seebeck coefficient, while a p-type material has holes as charge 

carriers and a positive Seebeck coefficient.  

A large Seebeck coefficient is beneficial for thermoelectric devices, which is reflected in 

the equation for the figure of merit of thermoelectric materials, the ZT: 

𝑍𝑇 =  
𝜎𝑆2

𝜅
𝑇, (1.2) 

where 𝜎 is the electrical conductivity, 𝑆 is the Seebeck coefficient, 𝜅 is the thermal 

conductivity, and 𝑇 is the absolute temperature. The dimensionless number ZT is an 

indicator of the performance of a thermoelectric material, where a higher value represents 

a better thermoelectric conversion, and typical values range between 0 – 3.[7]  

By combining p-type and n-type thermoelectric materials with high ZT values electrically 

in series and thermally in parallel, as seen in figure 1.1 (a), a TEG is created. By supplying 

heat at the top of the device, the n-type material will generate a negative potential while 

the p-type material will generate a positive potential. Due to their respective orientation 

in the device (they are electrically connected in series) the potentials are added together. 

By connecting more of these thermoelectric elements together, the total power output of 

the TEG device is increased. The eventual efficiency of a TEG is then dependent on the 

individual thermoelectric elements and can be expressed as:[8] 

𝜂 =
∆𝑇

𝑇ℎ

√(1 + 𝑍𝑇) − 1

√1 + 𝑍𝑇 +
𝑇𝑐

𝑇ℎ

 , (1.3) 

where ∆𝑇 is the temperature difference between the hot and cold side, 𝑇ℎ is the 

temperature of the hot side, 𝑇𝑐 is the temperature of the cold side, and the ZT here is the 

average of the ZT’s of the p-type and n-type elements. Like any other heat engine, the 

TEG is limited by the Carnot efficiency,[9] which is reached for an infinite ZT. However, 

it is estimated that a ZT of around 3 is sufficient to make thermoelectric home refrigerators 

economically competitive with traditional compressor-based refrigerators, and a ZT of 4 

would even translate into a theoretical conversion of 30% from heat to electricity, 

comparable to the efficiency of solar cells.[7]  
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Significant research efforts are put into developing materials with a high ZT by improving 

their thermoelectric properties like Seebeck coefficient, electrical conductivity, and 

thermal conductivity. However, it is very challenging to optimize these parameters 

individually since they are all interrelated in a complex manner.[9] This can be shown 

easily by comparing the equations for the electrical conductivity and the Seebeck 

coefficient, where the electrical conductivity is expressed as: 

𝜎 = 𝑛𝑒𝜇,  (1.4) 

where n is the carrier concentration, e is the elementary charge constant, and μ is the 

carrier mobility. Comparing this with the equation for the Seebeck coefficient, which can, 

(assuming a parabolic band and an energy-independent scattering approximation[10]) be 

expressed as: 

𝑆 =
8𝜋2𝑘𝐵

2

3𝑒ℎ2
𝑚∗𝑇 (

𝜋

3𝑛
)

2/3

 , (1.5) 

where kB is the Boltzmann constant, e is the elementary charge constant, h is Planck’s 

constant, m* is the effective mass, T is the absolute temperature, and n is the carrier 

concentration. By comparing equations 1.4 and 1.5 it is clear that both equations have a 

different dependence on the carrier concentration. To make the optimization of 

thermoelectric materials easier and to be able to compare the electrical transport 

properties of different materials, the Seebeck coefficient and electrical conductivity are 

often combined into the power factor: 

𝑃𝐹 =  𝜎𝑆2. (1.6) 

The power factor is then used to quantify the electric transport properties of the 

thermoelectric material.  

The different relations between the electrical conductivity and Seebeck coefficient 

become clear in figure 1.2 where the different thermoelectric properties are shown versus 

the carrier concentration. The left-hand side of the graph is the region of insulating 

materials exhibiting low carrier concentration, which have high Seebeck coefficients but 

low electrical and thermal conductivity. On the right-hand side of the graph are the 

metallic materials located, which have low Seebeck coefficients and high electrical and 

thermal conductivity. Both are not optimal for thermoelectric devices, as is evident from 

equation 1.2 where it can be seen that a high Seebeck coefficient, high electrical 

conductivity, and low thermal conductivity are required. The ZT value peaks somewhere 

in between, in the semiconductor regime, but this optimum is often not reached for pure 

materials. Therefore, almost all research effort into thermoelectric materials is put into 

(heavily) doped semiconductors and focused on the tuning of their properties. 
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Figure 1.2: Carrier-dependent behavior of important parameters in thermoelectric 

materials such as Seebeck coefficient S, electrical conductivity σ, thermal conductivity κ, 

and figure of merit ZT. 

The ideal thermoelectric material is described as a “Phonon glass electron crystal”, an 

idealized material where electrons can easily travel through as if it were a crystal, but 

where the phonons experience a disordered material similar to glass with lots of 

scattering. This also captures the two crucial aspects of thermoelectric materials that have 

to be optimized, the electrical properties and the thermal properties. 

1.4  Increasing thermoelectric performance 

There are three main strategies to increase the thermoelectric performance of materials, 

each focusing on increasing either the electrical or thermal properties.  

(1) Doping 

(2) Nanostructuring 

(3) Grain boundaries 

The first strategy, doping, is used to increase the electrical properties of a thermoelectric 

material. This method is the most widely used strategy as the electrical properties of thin 

films are easier to measure than the thermal properties and therefore is a more accessible 

branch of research. Doping is the introduction of foreign elements into a material with 
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the means of changing its electrical transport properties. In thermoelectric materials, this 

can be applied to increase the Seebeck coefficient or the electrical conductivity, and 

ideally both. An example of doping to increase the electrical conductivity has been used 

for ZnO, which is a very resistive material with a high Seebeck coefficient. Upon doping 

with a few percent aluminum, the conductivity increases significantly due to the 

introduction of more charge carriers. Even though the Seebeck coefficient decreases, the 

overall power factor increases significantly.[11] Another focus would be to introduce 

elements in a material that alter the band structure near the fermi level, which can increase 

the Seebeck coefficient, as it is directly linked to the derivative of the density of states 

with respect to energy near the Fermi level.[12] An example of this is found in the PbTe 

material system, where doping with Sr leads to a change in the band structure, increasing 

the Seebeck coefficient.[13] Even though the electrical conductivity also decreases due to 

a decrease in carrier concentration, a net increase in the thermoelectric figure of merit is 

observed. 

A wide range of nanostructures are studied for improving thermoelectrics, ranging from 

nanoprecipitates[14], to superlattices[15], and nanowires[16]. They have proven to be 

successful in increasing the thermoelectric figure of merit of a material. Nanostructuring 

can enhance the ZT of a material through several means, mostly 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.[17] Nanostructuring can also be used for the electron filtering technique 

to increase the power factor by decoupling the Seebeck coefficient and electrical 

conductivity.[18] Here, a superlattice is used to create artificial barriers that only allow 

high-energy electrons to pass. Filtering out the electrons with low energy results in a large 

increase in the Seebeck coefficient, with only a small decrease in electrical conductivity. 

The 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.[19] 

Introducing grain boundaries into a material is another strategy to improve thermoelectric 

properties by influencing the thermal conductivity. This can be done by going 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 added scattering of charge 

carriers. This can be seen in bulk thermoelectric materials, where polycrystalline 

materials have a hard time getting the same or better performance as their single-

crystalline counterparts.[20] 

All these different strategies can be combined as shown for PbTe[21] where the different 

strategies contributed to the improvement of the ZT as shown in figure 1.3. 
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Figure 1.3: Optimization of thermoelectric PbTe at different length scales showing the 

maximum achievable ZT values for the different length scales. Doping on the atomic 

scale, nanoinclusions on the nanoscale, and grain boundaries on the mesoscale. Image 

from ref [21]. 

Doping PbTe with small amounts of Na results in an enhancement in ZT due to a local 

change in the band structure, increasing the electrical transport properties.[21] The 

inclusion of nano-sized precipitates of SrTe resulted in a reduction of the thermal 

conductivity, while leaving the hole transport largely unaffected.[22] Phonons are 

generally scattered by features of similar size as their mean free path.[17] Phonons with a 

short to medium mean free path length (~3-100 nm) are generally scattered by nano-sized 

features (e.g. nano inclusions or nanostructures), while phonons with long mean free path 

are affected by features on the mesoscale like grain boundaries. By also utilizing the grain 

boundaries in polycrystalline samples of PbTe, an even larger improvement is made to 

the ZT resulting in a record-high ZT of 2.2 with all these improvements combined.[21] 

Even though it is very effective to combine different strategies into one thermoelectric 

material, they first need to be developed individually before being able to combine them 

together.  

1.5  Vertically aligned nanocomposites 

One innovative way to efficiently introduce nanostructures is through the vertically 

aligned nanocomposite (VAN) architecture. This is a composite structure consisting of 

two materials that self-assemble into nanostructures with many vertical interfaces. Such 

an architecture exhibits many interfaces and can be used to scatter phonons and improve 

the thermoelectric performance of a material. Even though lots of different applications 

have been explored for VANs,[23-28] it has interestingly never been applied before as 

thermoelectric architecture. Therefore, the main research question of this research is: Can 

the formation of a VAN structure enhance the performance of a thermoelectric material? 

VANs were first reported in 2002 for nanocomposites of (La0.67Ca0.33MnO3)1-x(MgO)x 

and were initially just referred to as composite thin films.[29] This nomenclature was later 

changed to vertical heteroepitaxial nanocomposite (VHN) thin films[30] and shortly after, 
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the name VAN was introduced to refer to these structures as Vertically Aligned 

Nanocomposites.[26] VANs are a combination of two (but it can be more) materials, which 

are deposited using physical vapor deposition techniques like pulsed laser deposition 

(PLD) with a single target consisting of the right ratio of materials. The epitaxial match 

with the substrate dictates the formation of the nanocomposite thin film in combination 

with the vertical epitaxial match between the two phases within the nanocomposite.[31,32] 

Normally the material with the best lattice match with the substrate will form the matrix, 

also called the host material. The other phase is called the epiphyte phase and will 

normally form the pillar-like nanostructures inside the host material, which is illustrated 

in figure 1.4. 

One of the largest benefits of using VANs to create nanostructures is that the formation 

is completely governed by a self-assembly process based on the immiscibility of the two 

phases.[30] The nanostructures are formed using a single deposition step and no etching 

steps or subsequent deposition steps are required, making it a very efficient way of 

introducing nanostructures. Control over the size, shape, and distribution of the 

nanostructures results in a versatile strategy to form nanostructures of the desired length 

scale.[30,33,34] Additionally, the many vertical interfaces are able to maintain strain in a 

film much thicker than a planer thin film.[34] Some drawbacks of the VANs include the 

limited (known) possible combinations of possible materials,[35] and the fact that mainly 

oxide materials are used,[36] which only have a significant figure of merit at higher 

temperatures,[37] making them inferior at lower temperature applications. Another way to 

efficiently introduce nano-features into a material is to have nanoprecipitates of for 

example SrTe into a matrix of PbTe.[22] The added advantage of VANs over 

nanoprecipitates is that VANs have many vertical interfaces where strain effects could be 

utilized to enhance the properties. However, nanoprecipitates can easily be utilized in 

both thin films and bulk materials, where the VANs are restricted to thin films only due 

to their need for a crystalline substrate. 

1.5.1  VANs for thermoelectrics 

VANs can exhibit several different nanostructures,[30] one of which is a nanopillar 

structure where vertical nanopillars of one material are embedded in a matrix of another 

material. An illustration of the concept of a VAN structure as thermoelectric material is 

shown in figure 1.4. The idea is that the many vertical interfaces in such a nanopillar 

structure cause an increase in phonon scattering to reduce the thermal conductivity. Since 

the nanopillars are surrounded by a connected matrix of thermoelectric material, it is 

expected that a percolation path remains, resulting in little to no effect on the electrical 

transport properties.  
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Figure 1.4: Schematic representation of a vertically aligned nanocomposite composed of 

a thermoelectric host material infused with epiphyte pillars whose aim is to scatter 

phonons without affecting electric transport.  

To give a proof of concept on the application of the VAN architecture for enhancement 

of the thermoelectric properties, a model system needs to be used. As VANs are typically 

made up of a combination of oxides, it is easiest to choose a combination of two oxide 

materials that have already been studied as nanocomposites. One of them should function 

as thermoelectric host material that will form the matrix, while the other should act as 

epiphyte material and form the pillars that scatter the phonons. Looking at selected 

thermoelectric oxides in figure 1.5 (a), it can be seen that there are several options with 

materials with different crystal structures. VANs normally consist of a combination of 

two materials with a dissimilar crystal structure like perovskite and wurtzite or spinel and 

perovskite.[33] Until now mainly oxide materials are used in VANs and therefore a 

thermoelectric oxide needs to be combined with an oxide that forms the pillars and 

scatters the phonons. A small overview of the thermoelectric properties of select 

thermoelectric oxide materials is given in figure 1.5 (a). Normally, a good thermoelectric 

material has a large power factor and a low thermal conductivity, like the cobaltates 

shown in figure 1.5 (a). However, in order to show the potential of the VAN architecture, 

(small) changes in thermal conductivity need to be studied. Therefore, it is easier if the 

material has a large thermal conductivity, like ZnO and SrTiO3 (STO). Both materials can 

also have increased thermoelectric properties via doping,[11,38] highlighting their potential. 

For the sake of simplicity though, only the undoped material will be used, to study purely 

the effect of the introduced nanostructure, and not unnecessarily complicate the growth 

process with one more atomic species. ZnO is a good candidate for the thermoelectric 

host material of the VAN, as it has also been reported in combination with (LSMO) in 

VANs.[25,26,39-43] Since LSMO has intrinsically a low thermal conductivity[44] and also 

poses a large mass contrast to the ZnO phase, it is a good candidate to form the epiphyte 

nanopillars. It should be noted that the low thermal conductivity of 2.8 W/m/K mentioned 

in ref [44] is for a slightly different composition (La0.6Sr0.4MnO3) than the La0.7Sr0.3MnO3 

used in the VANs, however, the thermal properties are expected to be similar between 

these compounds. In figure 1.5 (b) the contributions of phonons with different mean free 

paths to the total thermal conductivity is shown for ZnO. It shows that phonons with a 

mean free path between 100 nm and 200 nm contribute roughly one third of the total 

thermal conductivity of ZnO. Therefore the nanostructures are expected to have the 
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largest impact on the reduction of thermal conductivity if they are on that order of 

magnitude. However, as can be seen, the phonons contributing to the thermal conductivity 

lie between 10 nm and 2000 nm, and therefore smaller and larger nanostructures are also 

expected to reduce the thermal conductivity. 

 

Figure 1.5: (a) Reported power factor and thermal conductivity values at room 

temperature of several thermoelectric oxide materials, SrTiO3
[38], La:SrTiO3

[38,45], 

NaCo2O4
[46,47], Ca3Co4O9

[48,49], ZnO[11], Al:ZnO[11,50], and bismuth telluride[51] is included 

for reference. (b) Graph showing the contributions of phonons with different mean free 

paths to the thermal conductivity of ZnO. The phonons with a mean free path between 

100 and 200 nm are highlighted in blue. Image adapted from ref [52]. 

1.6  The LSMO:ZnO material system 

The first research into VANs based on LSMO and ZnO dates back to 2008[39] where the 

study was focused on the structural properties. The focus then shifted to the functional 

properties of these VANs, and especially its low field magnetoresistance (LFMR) which 

was enhanced by the VAN structure and was shown to be dependent on the differences 

in structure caused by the different deposition frequencies.[26] Hereafter, many more 

studies into the magnetotransport properties of this nanocomposite have been 

conducted,[25,41,43] most of them focusing on nanocomposites that are LSMO-rich            

(i.e. with LSMO as the majority phase), as this is the active phase for magnetotransport. 

These past studies are distinctly different from the purpose of this research, as the majority 

phase in this study will be ZnO, as this will be the active thermoelectric material. 
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Figure 1.6: (a) Illustration of the orientation of the ZnO unit cell on an STO (100) 

substrate, taken from ref [25]. (b) Representation of the atomic structure at the interface 

between LSMO and ZnO, image taken from ref [39] and adapted for visibility. 

The LSMO:ZnO material system exhibits a nucleation and growth mode as the phases of 

ZnO and LSMO are immiscible.[33] The interfacial energies of the phases and the substrate 

heavily dictate the formation of nucleation sites and the subsequent growth of the 

LSMO:ZnO films.[33,43] The growth of the LSMO:ZnO nanocomposites has been studied 

on (100) oriented perovskite substrates, such as SrTiO3, and it shows that the LSMO 

phase will grow epitaxially cube-on-cube on the substrate, with the ZnO phase growing 

in the (112̅0) orientation, with a 45° in-plane rotation of the principal axes compared to 

the substrate as seen in figure 1.6 (a). In figure 1.6 (b) the vertical relation of the two 

phases is shown with a domain-matching epitaxy of 5 unit cells of LSMO to 6 unit cells 

of ZnO. The residual mismatch of 0.47% is compensated in strain, which stabilizes the 

phases in the vertical direction.  

1.7  Thesis outline 

The central research question of this thesis is: “Can the vertically aligned nanocomposite 

architecture be utilized to improve the thermoelectric performance of thermoelectric 

materials?” To be able to answer this research question, several sub-questions have to be 

answered, which are discussed in the different chapters of this thesis. 

In chapter 2 the focus lies on the growth of vertically aligned nanocomposites of 

(LSMO)1-x(ZnO)x consisting mainly of ZnO phase (x = 0.7, 0.9). The growth of the 

nanocomposite can vary greatly depending on the ratio of the materials used, and since 

ZnO-rich LSMO:ZnO VANs have not been studied yet, it is critical to obtain a good 

understanding of the relation between VAN growth and realized nanocomposite structure. 

The question this chapter will try to answer is: “What are the optimal growth conditions 

for ZnO-rich LSMO:ZnO VANs to form an LSMO nanopillar structure inside a ZnO 

matrix?” 

The pillar structure arising in the VANs gives rise to interesting ferromagnetic properties 

which are discussed in chapter 3. As VANs with these specific ratios of ZnO and LSMO 
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have not yet been explored before, it is fundamentally interesting to explore also the 

magnetic properties besides the thermoelectric behavior. In this chapter the question: 

“Does the LSMO nanopillar structure of a ZnO-rich LSMO:ZnO VAN cause the 

magnetic anisotropy to differ from a planar thin film of LSMO?” will be addressed. 

Chapter 4 encompasses a deep analysis of the (atomic) structure of the (LSMO)0.1(ZnO)0.9 

VANs. Different orientations of the underlying substrate give rise to different orientations 

of the host and epiphyte phases. Focusing on the interfaces between the ZnO, LSMO, and 

the substrate, this chapter aims to give insight into all the epitaxial relations of the VAN. 

The central question of this chapter will be: “What is the influence of the substrate 

material and orientation on the structural characteristics of the LSMO-ZnO vertically 

aligned nanocomposite?”. 

The thermoelectric properties of the (LSMO)0.1(ZnO)0.9 VANs are discussed in chapter 5. 

Both the electrical and thermal properties of the VAN thin films are compared to ZnO 

and LSMO reference thin films to answer two main research questions; “How are the 

electrical properties influenced by the VAN architecture?” and “Can the VAN 

architecture reduce the thermal conductivity compared to a pure ZnO thin film?” 

All this together will combine into answering the general research question of the thesis, 

if the VAN architecture is a promising direction for future TEG applications.  
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Chapter 2  

 

Self-Assembly of ZnO-Rich 

LSMO:ZnO Vertically Aligned 

Nanocomposites 
 

Abstract:  

Vertically aligned nanocomposites (VANs) consisting of two oxides are a rapidly 

evolving research area, as they are investigated for a wide array of applications. One 

application not being explored yet is thermoelectrics, where a nanopillar structure is 

expected to improve thermoelectric performance. The combination of a thermoelectric 

oxide like ZnO with a compatible material with large mass contrast like La0.7Sr0.3MnO3 

(LSMO) is identified as a good model system to study the effect of a VAN architecture 

on the thermoelectric properties. In order to facilitate such a study, the growth of VANs 

containing these materials needs to be carefully studied. Since previous research into 

VANs containing ZnO and LSMO focused on LSMO-rich VANs, while this study will 

focus on ZnO-rich VANs, the effect of different growth parameters on the nanostructure 

of the VANs needs to be explored. In this chapter, VAN thin films are grown by pulsed 

laser deposition on crystalline substrates, and the effects of growth temperature, 

deposition frequency, and film composition are studied. The structure of the VANs is 

evaluated by X-ray diffraction, atomic force microscopy, and scanning electron 

microscopy to obtain a complete picture of their structural characteristics. In addition, the 

effect of the nanostructure on the electrical transport properties is obtained through 

conductivity and Seebeck coefficient measurements. The deposition temperature and 

frequency are found to play a pivotal role in the formation of the nanostructure by 

influencing the diffusion length and time, respectively. The composition influences the 

nanostructure significantly, as a clear nanopillar structure could only be obtained in 

(LSMO)0.1(ZnO)0.9 VANs. All VANs exhibit an LSMO layer at the interface with the 

underlying substrate, which shunts the thin film and limits the thermoelectric performance 

of the VAN thin film. 

 

Part of the work discussed in this chapter is also used in a manuscript: Marijn van de Putte et al., 

“Magnetic anisotropy in ZnO-rich LSMO:ZnO vertically aligned nanocomposites”, manuscript in 

preparation. 
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2.1  Introduction 

Oxide materials display a wide range of interesting properties and combining two 

materials to create a new unique material can result in enhanced and exotic properties. 

Combining materials into a specific structure can be a tedious process using top-down 

approaches that involve patterning, lithography, and etching steps. If the properties of the 

involved materials allow them to controllably self-assemble into nanostructures, new 

possibilities open up to exploit materials combinations and structures on a scale never 

possible before.  

An architecture that covers these prerequisites is the vertically aligned nanocomposite 

(VAN). This is a combination of two or more materials that self-assemble based on the 

fact that the materials are immiscible or will phase-separate during growth or subsequent 

cooling. Due to the resulting nanostructure, many vertical interfaces are present where 

strong interfacial coupling results in enhanced properties and stabilization of strained 

crystalline phases up to much thicker films than their single-phase counterparts. This 

VAN strategy can be employed to create nanocomposites with a wide range of 

functionalities such as strain-enhanced ferroelectricity and multiferroics[1], 

ferromagnetism[2], enhanced low field magnetoresistance[3,4], electronic transport[5], and 

coupled dielectric and optical effects[6]. 

One application that has not yet been explored for VANs is thermoelectric energy 

generators, where a pillar structure can potentially improve the thermoelectric properties 

through enhanced phonon scattering at the many interfaces. A thermoelectric host 

material can be combined with an epiphyte material with a large atomic mass contrast to 

enhance the interface scattering. In this study, a thermoelectric host material of ZnO is 

chosen for its high Seebeck coefficient[7], its proven ability to be combined with 

perovskite materials in VANs[8], and counterintuitively a high thermal conductivity[7]. For 

high-performance thermoelectrics materials one would choose a material with low 

thermal conductivity, but since experimental measurements of thermal conductivity 

(especially in-plane) are challenging and involve complex modeling of the data it is easier 

to have a material with high thermal conductivity for larger absolute differences. In 

literature, several studies are already available where the combination of wurtzite ZnO is 

made with perovskite materials, specifically La0.7Sr0.3MnO3 (LSMO).[9-13] Since LSMO 

has a mix of heavy cations like strontium and lanthanum it will pose a large mass contrast 

to the zinc atoms at the interfaces, which will be beneficial for phonon scattering. 

Additionally, LSMO has a relatively low intrinsic thermal conductivity.[14] 

To achieve controllable and predictable growth of VANs, they are grown with a physical 

vapor deposition technique such as pulsed laser deposition (PLD). The predetermined set 

of growth parameters results in predictable and reproducible growth with precise control 

over the nanostructure and therefore its properties. These parameters include O2 

background pressure, deposition frequency, substrate temperature, laser fluence, and 

target composition. To obtain the desired nanostructured VAN thin film, the combination 

of these parameters needs to be optimized, which is different for each material and each 
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combination of materials. Since the ZnO - LSMO combination has already been explored 

in VANs, some of these optimal growth parameters are already known. However, in those 

studies, the focus was always on the LSMO phase and its magnetoresistive 

properties[3,4,10]. For thermoelectric applications, the focus should be on the ZnO phase 

and its transport properties, which could require different optimal growth.  

In this chapter, an exploratory study into the effects of the growth parameters (substrate 

temperature, laser pulse frequency, and target composition) on the structure of ZnO-rich 

LSMO:ZnO vertically aligned nanocomposites will be studied. One of the parameters not 

being explored in this chapter is the oxygen pressure since this mainly influences the 

oxidation state of the atoms and the phases formed. As this has already been studied 

before for thin films of LSMO[15] and has demonstrated good quality LSMO:ZnO 

nanocomposites[4] it will not be investigated here. The research question will be: “What 

are the optimal growth conditions for ZnO-rich LSMO:ZnO VANs to form an LSMO 

nanopillar structure inside a ZnO matrix?”. These highly ordered VAN structures will 

subsequently enable the detailed investigation of the impact on the thermoelectric 

properties. 

2.2  Experimental 

All VAN thin films discussed in this chapter were grown by PLD on single terminated 

(100)-oriented SrTiO3 (STO) substrates. To establish this single termination, the 

procedure described by Koster et al.[16] was applied, in which the substrates were cleaned 

with acetone and ethanol after which they were put into deionized water and put into an 

ultrasonic bath for 30 minutes to hydroxylate the SrO layer to increase its sensitivity to 

buffered hydrofluoric acid etching. After a 30-second etching step, the substrates were 

annealed at 950 °C for 90 minutes under an oxygen flow of 150 L/h after which they are 

fully TiO2 terminated. The films were all grown with the following parameters unless 

otherwise stated. An oxygen pressure of 0.267 mbar (200 mTorr) was used and the 

substrate was heated to 850 °C before starting the growth. A KrF excimer laser (Lambda 

Physik LPX Pro) with a wavelength of 248 nm was used to ablate the La0.7Sr0.3MnO3:ZnO 

target with a fluence of 2.3 J/cm2, resulting in a deposition rate between 0.17 – 0.24 

Å/pulse for the different targets, using typically 21600 pulses. Thin film x-ray diffraction 

(XRD) measurements were performed on a PANalytical X’Pert PRO diffractometer, 

using a PIXcel1D detector and a Cu Kα source (λ = 1.5406 Å). A four-bounce Ge (220) 

monochromator was used unless otherwise stated. Powders and targets were measured on 

a similar PANalytical X’Pert PRO diffractometer with a rotating sample stage and a 

PIXcel1D detector. Atomic force microscopy (AFM) was performed with a Bruker ICON 

Dimension Microscope using the tapping mode using a tip with tip radius of 20 nm. RMS 

roughness was obtained from AFM images using the Gwyddion software (version 2.58). 

A Zeiss Merlin HRSEM was used to make scanning electron microscopy images, using 

an in-lens detector. Cross-sections were obtained using a focused ion-beam (FIB). For 

resistivity measurements, a Dynacool physical properties measurement system (PPMS) 

from Quantum Design was used and Seebeck measurements were done at room 

temperature on a home-built setup.  
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2.3  Target synthesis 

To study the effect of temperature, laser pulse frequency, and target composition on the 

formation and structure of the nanocomposite thin films, a set of 4 targets was made; 

LSMO, (LSMO)0.3(ZnO)0.7 (LZ37), (LSMO)0.1(ZnO)0.9 (LZ19), and ZnO. The synthesis 

of these targets was adapted from literature[4,13] and the following procedure was used. 

First, the La0.7Sr0.3MnO3 (LSMO) powder was synthesized. A stoichiometric mixture of 

high purity La2O3, SrCO3, and Mn2O3 was finely ground and ball milled for one day after 

which it was sintered at 900 °C for 12 hours with a heating and cooldown ramp of 

respectively 3 °C/min and 5 °C/min. A second grinding, ball milling, and sintering step 

was added to ensure that all the precursors have reacted and therefore increase the phase 

purity of the powder. However, this time the powder was heated to 1000 °C for 12 hours 

and a heating and cooling ramp of respectively 3 °C/min and 5 °C/min. Afterwards, the 

crystallinity and phase purity of the powder was evaluated using XRD without a 

monochromator, and all peaks could be assigned to the rhombohedral/pseudo-cubic 

LSMO phase, as seen in figure 2.1 (a), with a pseudo-cubic lattice parameter of a = 3.88 

Å. Subsequently, LSMO and ZnO (Sigma-Aldrich >99.0%, Wurtzite, a = 3.24 Å, c = 5.21 

Å) were mixed stoichiometrically to obtain (LSMO)0.3(ZnO)0.7 and (LSMO)0.1(ZnO)0.9 

and were ball milled for one day to achieve thoroughly mixed powders. The powders 

were pressed into disks using a hydraulic press at 10 metric tons for one hour, followed 

by a sintering step at 1300 °C for 12 hours. Targets of pure LSMO and pure ZnO were 

prepared in a similar fashion to obtain four different compositions. 

 

Figure 2.1: A comparison of the goniometric XRD spectra of the LSMO powder, 

(LSMO)0.3(ZnO)0.7 target, and (LSMO)0.1(ZnO)0.9 target. The peaks of LSMO are 

indicated by ●, peaks of ZnO are indicated by □, and impurity peaks are indicated by *. 
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The phase purity of the targets was examined by XRD without a monochromator for 

maximum intensity, and the comparison of the spectra is shown in figure 2.1. As indicated 

by the ● and □ symbols, the majority of peaks correspond to the expected phases of 

pseudo-cubic LSMO and wurtzite ZnO, respectively. Small contributions of impurity 

phases are denoted by * and correspond to SrCO3 and Mn2O3 but are not expected to 

contribute significantly to the formation of the VAN structure or its properties. To 

evaluate the crystallite size of the LSMO powder, the Scherrer equation was used: 

𝐷 =
𝑘𝜆

𝛽 𝑐𝑜𝑠𝜃
, (2.1) 

where D is an estimation of the crystallite size, k is the shape factor, λ is the wavelength 

of the used x-rays, β is the full-width half maximum (FWHM) of the peak, and θ is the 

diffraction angle. The (001)pc peak was chosen because it has no overlapping peaks and 

has a FWHM of 0.145° ± 0.010°, corresponding to a crystallite size of about 56 ± 2 nm 

for the LSMO powder. Additionally, by employing the same method to the targets, the 

crystallite size can be determined in the target. Here, the LSMO (001)pc and ZnO (011̅1) 

peaks were chosen and the crystallite sizes are determined to be 48 ± 2 nm and 54 ± 2 nm 

respectively for the LZ19 target, and 56 ± 2 and 47 ± 2 nm respectively for the LZ37 

target. This shows that the crystallites of both LSMO and ZnO are of similar size in both 

targets. 

2.4  Influence of temperature on crystallinity 

The ordering of atoms in a lattice requires energy, which in the case of PLD is supplied 

via heating of the substrate beside the kinetic energy of the arriving species in the plasma 

plume. By varying the temperature of the substrate, the amount of energy can be regulated 

which is crucial for the formation of crystalline phases, since a different ordering of atoms 

in a lattice requires a different amount of energy. Since temperature is not the only 

variable in the phase formation, phase diagrams normally contain both temperature and 

pressure, or in the case of multi-component systems, both temperature and composition.  

The phase diagrams of ZnO and LSMO are depicted in figure 2.2 as pressure versus 

temperature and composition versus temperature, respectively. Upon evaluation of the 

phase diagram of ZnO, it can be seen that there is no phase transition at low pressures 

over the whole temperature range. Therefore it can be expected that the wurtzite ZnO 

phase forms at all temperatures during the self-assembly process. The LSMO phase 

diagram needs to be evaluated at the composition of x = 0.3, and besides a magnetic 

transition around 350 K, no structural transition is expected. Bulk LSMO is 

rhombohedral, denoted by the capital R in figure 2.2 (b) with an angle of 89.74°. Since 

this angle is very close to the 90° angle in a cubic system, the crystal is described as 

pseudo-cubic. Since temperature will not play a role in the phase formation, in this case, 

the substrate temperature is not varied to form the right phases but to tune the crystallinity 

of the individual phases, the ordering in the VAN structure, and the surface morphology 



22 Chapter 2 

 

 

of the thin film.[12] It should be noted that other factors like oxygen pressure also play a 

major role in the phase formation, but since this was studied previously for LSMO and 

LSMO:ZnO nanocomposites it will not be discussed in this work. 

Figure 2.2: Phase diagrams of (a) ZnO with pressure versus temperature and (b) LSMO 

with Sr concentration versus temperature taken from refs [17] and [18] respectively. 

Orange lines indicate the relevant path of the phases during the growth and cooling of 

the nanocomposites in this study.  

From literature it becomes apparent that the temperature is a very critical factor for the 

achievable structure of the VAN and therefore it is an important parameter to study the 

self-assembly process in detail. Several kinetic Monte Carlo simulations have been 

employed previously where the effect of growth temperature on the morphology of VANs 

was studied.[19-22] A higher temperature was found to result in a larger size of the 

nanopillars (and therefore a lower number density) of nanopillars due to the increased 

diffusion length. Several experimental studies confirmed this relation in various VAN 

material systems.[23] For example, lithium-based oxide nanocomposites were used to 

demonstrate that a higher growth temperature increases the pillar size and that the 

experimentally obtained activation energies for hopping enable an accurate kinetic Monte 

Carlo simulation of the temperature dependence for the VAN growth.[22]  

Previous studies into the LSMO:ZnO combination for a VAN system have used growth 

temperatures of 750 °C and therefore this will be the starting point of this study.[3,4,10,13] 

It should be noted, however, that this temperature is optimized for studies into LSMO-

rich LSMO:ZnO VANs with interest in its magnetotransport properties. The optimal 

temperature for a study into the thermoelectric properties of a ZnO-rich LSMO:ZnO VAN 

could be different since different nanostructures are pursued. Therefore, also a higher 

temperature of 850 °C was chosen, which is expected to promote a more vertically 

oriented pillar structure. 

Here, in order to explore the influence of temperature on the structural characteristics of 

the (LSMO)0.3(ZnO)0.7 nanocomposites, two samples have been grown at substrate 

temperatures of 750 °C and 850 °C. The structural quality was evaluated by XRD 
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analysis, as shown in figure 2.3, and shows that the ZnO and LSMO grow epitaxially in 

the (112̅0) and (100) out-of-plane orientation respectively on STO (100) substrates, in 

agreement with literature.[3] Some minor impurities are found at 29.5° and 33.15° which 

correspond to SrCO3 and Mn2O3 respectively, two phases also present in small fractions 

in the (LSMO)0.3(ZnO)0.7 target, but are not expected to have a significant influence on 

the crystallinity and nanostructure of the nanocomposite. The sample grown at 850 °C 

has lower intensity impurity peaks, suggesting that a higher temperature could diminish 

the formation of such impurity phases. Comparing the ZnO peaks of both samples does 

not show any significant differences in peak intensity, however, the FWHM does differ 

between the two samples. With a FWHM of 0.48° for the lower temperature and 0.35° 

for the higher temperature, it shows that at 850 °C the crystallite size is larger than at 

lower temperature, as can be determined from equation 2.1. Since the LSMO peaks partly 

overlap with the substrate peaks, no FWHM can be extracted from them. This could be 

circumvented in future measurements by going to larger 2θ angles (e.g. to the (004)pc 

peak). 

 

Figure 2.3: Goniometric XRD scans of (LSMO)0.3(ZnO)0.7 nanocomposite thin films 

grown at 750 °C and 850 °C. Substrate peaks are indicated by ○, impurity peaks are 

indicated by *, and film peaks are denoted by text. 

The surface morphology of the samples was evaluated by AFM, as seen in figure 2.4      

(a-b). The RMS roughness was determined from the images as 48 nm and 36 nm for the 

samples grown at 850 °C and 750 °C respectively. The higher roughness at higher 

temperatures is likely the result of a higher diffusion causing the arriving species to have 

a larger diffusion length to diffuse to the top of a nano-pillar on the surface. Additionally, 

more diagonal features are seen at higher temperatures which correspond to the (0001) 
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direction in-plane of the ZnO phase, as indicated by the diagonal lines in figure 2.4 (a). 

These features are not present in the sample grown at 750 °C where only horizontal and 

vertically oriented features are seen as indicated by the white lines in figure 2.4 (b). The 

effect of temperature on the internal nanostructure of the nanocomposite was evaluated 

using cross-sectional SEM images. The images in figure 2.4 (c-d) show the LSMO phase 

in dark and the ZnO phase in bright contrast because of the higher metallicity of LSMO. 

Interestingly, the nano-features are between 20 – 40 nm for both growth temperatures but 

appear to be more vertically oriented in the sample grown at 850 °C as indicated by the 

vertical lines in figure 2.4 (c). The VAN grown at the lower temperature of 750 °C 

exhibits more horizontal interfaces, as indicated by the white dotted lines in figure 2.4 

(d). This is likely the result of a higher diffusion caused by the higher growth temperature. 

 

Figure 2.4: (a-b) AFM images showing the surface morphology of the (LSMO)0.3(ZnO)0.7 

VANs grown at 850 °C and 750 °C, respectively. Dotted lines are added to indicate the 

orientation of the surface features. (c-d) SEM images of the same VANs grown at 750 °C 

and 850 °C, respectively. Vertical and horizontal lines are added to indicate selected 

horizontal and vertical interfaces.  

The higher crystalline quality for the sample grown at a higher temperature, as observed 

from the FWHM values of the ZnO peak, complies with the observation made that the 

pillars seem more vertical. When a structure is more randomized like the sample grown 

at 750 °C, instead of vertical interfaces, also many horizontal interfaces form between 

ZnO and LSMO, and when a material (ZnO) has to grow heteroepitaxially (on LSMO) it 

will naturally grow less crystalline than when it can grow homoepitaxially (on ZnO). 

Summarized, the growth of LSMO:ZnO nanocomposites at substrate temperatures of   

750 °C and 850 °C results in the same crystal phases of LSMO and ZnO for both 

temperatures. However, at 850 °C the film has larger crystallite sizes, fewer impurity 

phases, and exhibits a more vertically oriented nanostructure as observed by HRSEM.     
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A downside of the higher temperature is the higher roughness as observed by AFM, but 

this could be mitigated by tuning other growth parameters (e.g. the laser pulse frequency). 

Taking all these into account, the higher temperature of 850 °C is the most promising 

because the desired vertical pillar structure is more prevalent. 

2.5  Influence of frequency on nanostructure formation 

Just like temperature, the laser pulse frequency also has a large influence on the structure 

by influencing the surface diffusion time of arriving species. A lower laser pulse 

frequency gives the arriving species more time to diffuse before the next pulse arrives, 

and provided there is enough energy (i.e. high substrate temperature) they have a larger 

diffusion length. This underlines the synergy between the temperature and laser pulse 

frequency parameters. It has been shown in literature that decreasing the laser pulse 

frequency, and therefore increasing the diffusion time, results in larger features (e.g. 

nanopillars)[22-24]. This is limited, however, by the number of islands formed during the 

initial growth stage, and therefore, reducing the deposition frequency below a certain 

critical value will not result in larger nanopillars.[20,22,23] 

To evaluate the dependence of the laser pulse frequency on the internal nanostructure of 

the nanocomposites, samples are grown on STO (100) substrates using laser pulse 

frequencies in the range of 1 Hz to 20 Hz. It is expected that the samples grown at lower 

frequencies exhibit larger features than the ones grown at higher frequencies, but that 

there will be a critical deposition frequency below which the nanofeature size does not 

increase anymore.  

Table 2.1: Peak positions and corresponding lattice parameters of (LSMO)0.3(ZnO)0.7 

nanocomposites grown at different laser pulse frequencies. 

Frequency (Hz) 2θ peak position (°) Lattice parameter (Å) 

1 46.880 3.873 

3 46.825 3.877 

5 46.775 3.881 

10 46.706 3.887 

20 46.729 3.885 

 

The crystalline quality of the samples was evaluated by a goniometric XRD scan and is 

shown in figure 2.5 (a). All samples grown at different laser pulse frequencies show the 

LSMO peaks are convoluted with the STO substrate peaks, suggesting the out-of-plane 

lattice parameters are very similar. Also, all samples show a peak corresponding to the 

ZnO (112̅0) phase, although at 1 Hz this peak is very faint, suggesting either a near 

amorphous phase or a misoriented/tilted ZnO phase. Additionally, a peak was observed 

at 29.5° in all samples, corresponding to an impurity phase of SrCO3. The intensity is 

decreasing at higher frequencies of 10 and 20 Hz. Taking a closer look at the LSMO 

(002)pc peak, it becomes evident that the peak position is shifting to lower angles for 

higher deposition frequencies. The peaks have been fitted and their peak positions and 
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corresponding out-of-plane lattice parameters are shown in table 2.1. Interestingly, the 

strain state of the LSMO phase changes with deposition frequency, going from an in-

plane tensile strained phase at lower deposition frequencies, to an out-of-plane tensile 

strained phase at higher deposition frequencies (assuming a constant unit cell volume, 

and no change in the composition of the LSMO). Given the fact that a thin film of LSMO 

grows tensile strained in-plane on STO (100) substrates,[25] it becomes clear that the 

influence of the substrate is much larger at lower deposition frequencies. Looking at the 

ZnO peak in figure 2.5 (c) it becomes clear that the ZnO peak of the sample grown at 1 

Hz is faint. The peaks of the remaining frequencies are fitted and show no change in the 

peak position between samples (56.55° ± 0.01°), suggesting that even though the strain 

in the LSMO changes drastically, the strain in the ZnO does not. Additionally, the FWHM 

of the peaks is not significantly different, showing that the crystalline quality of the ZnO 

phase of the samples grown at different deposition frequencies is very similar. 

  
Figure 2.5: (a) Comparison of the goniometric XRD scans of (LSMO)0.3(ZnO)0.7 

nanocomposite thin films grown at different frequencies. Small contributions of a SrCO3 

impurity phase are present around 29.5°. (b) Zoom-in of the LSMO (200) peak, where the 

LSMO peak positions are indicated by the dotted lines. (c) Zoom-in of the ZnO (112̅0) 

peak. 

The morphology of the samples was evaluated by AFM and is shown in figure 2.6 (a-e). 

The lowest surface roughness was obtained for samples grown at laser pulse frequencies 

of 3 and 5 Hz, while both the lower and the higher frequencies show an increased surface 

roughness of the films. Interestingly, the diagonal features (indicated by the white lines) 

observed on the sample surfaces of the higher frequencies disappear at lower frequencies. 

These diagonal features match with the (0001) in-plane direction of the ZnO phase as 

observed in literature.[3] 
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Figure 2.6: (a-e) AFM images of the surfaces of the (LSMO)0.3(ZnO)0.7 nanocomposite 

thin films grown at different deposition frequencies of 1, 3, 5, 10, and 20 Hz, respectively. 

(f) The calculated RMS roughness is shown as a function of the deposition frequency. 

 
Figure 2.7: (a-c) SEM images of (LSMO)0.3(ZnO)0.7 nanocomposite thin films grown at 

different deposition frequencies of 1, 5, and 10 Hz respectively. Captured with the in-lens 

detector, the contrast is given by the metallicity of the phases, with the dark phase in the 

nanocomposite being LSMO and the light phase ZnO.  

To evaluate the internal nanostructure of the VAN thin films and the influence of the laser 

pulse frequency, the cross-section of several samples was imaged with SEM and the 

images are shown in figure 2.7 (a-c). The nanocomposite thin film grown at 1 Hz exhibits 

a continuous interface layer of LSMO phase as indicated by the white lines. On top of 

this, some larger features (20-30 nm) of ZnO are present, but also some unexpected 

smaller features (5-10 nm). At such low deposition frequencies, larger features are 

expected due to the increased diffusion of arriving species during growth. However, as 

discussed before in literature, this is limited by the number of islands formed during the 

initial growth phase.[20,22,23] From this SEM image it can be observed that most ZnO pillars 

do not connect to the substrate, possibly caused by a lack of nucleation points in the initial 

growth stage. This in turn could be the result of the increased diffusion, where perovskite 
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LSMO is favored to wet the surface of the perovskite STO substrate due to the better 

lattice match.[26] This also explains why the LSMO phase is in-plane tensile strained as 

given by the XRD scans in figure 2.5 (b) since a pure LSMO film will also grow under 

tensile strain on an STO (100) substrate. The nanocomposite thin film grown at 5 Hz 

shows a well-mixed nanocomposite with features ranging from 25 - 50 nm in figure 2.7 

(b), although the interface between the STO substrate and the nanocomposite still consists 

mainly of an LSMO layer. The nanocomposite thin film grown at 10 Hz shows a different 

structure in figure 2.7 (c) than the other two samples, as the more random maze-like 

internal structure is replaced by a vertical arrangement of the phases. Furthermore, more 

ZnO pillars seem to originate from the STO substrate, suggesting that more nucleation 

centers were present during the initial growth step, as expected at higher deposition 

frequencies. The presence of the vertical interfaces is also causing the LSMO nanopillars 

to no longer be predominantly strained by the STO substrate, but by the surrounding ZnO 

matrix, explaining the change of strain state as observed in the XRD scans in figure 2.5 

(b), and listed in table 2.1.  

In summary, the effect of deposition frequency was studied to reveal its influence on the 

nanocomposite structure. It was found that at a laser pulse frequency of 1 Hz a thick 

LSMO interface layer was formed strained to the STO substrate, on which the ZnO phase 

formed without well-defined crystallinity. Growing the nanocomposite thin film at a 

higher deposition frequency of 5 Hz shows a better distribution of LSMO and ZnO phases 

throughout the whole thickness of the substrate. However, still a preference of LSMO at 

the substrate interface was observed caused by a better lattice match than ZnO. Increasing 

the deposition frequency even further to 10 Hz showed a more vertically aligned 

nanostructure with more ZnO pillars originating from the substrate, suggesting more 

nucleation centers were present during the initial growth phase. Additionally, the LSMO 

phase is less influenced by the substrate and more by the vertical interfaces with ZnO, as 

evident from the out-of-plane tensile strain. Going to higher frequencies like 20 Hz the 

out-of-plane lattice parameter seems to stabilize, suggesting the strain has reached a 

maximum in the film as determined by the lattice parameters of the ZnO phase.  

2.6  Compositional effect on properties 

Vertically aligned nanocomposites consist of two materials, which can either be both 

active phases or a combination of an active phase and a passive phase used to enhance 

the properties of the active phase. To study VANs for thermoelectric energy generation, 

a combination of an active thermoelectric phase of semiconducting ZnO is used with a 

passive semi-metallic LSMO phase to enhance the scattering of phonons. It is expected 

that upon changing the ratio between ZnO and LSMO the transport properties will also 

drastically change. The critical ratio to form a percolation path of conducting LSMO 

phase in (LSMO)1-x(ZnO)x nanocomposites is determined to be close to x = 0.7.[3] For 

thermoelectric applications you want to be below this threshold since metallic materials 

tend to have low Seebeck coefficients and very poor thermoelectric behavior, and 

therefore a well-defined percolation path is undesirable. By using the molar masses and 
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densities of the LSMO and ZnO phases in an (LSMO)0.3(ZnO)0.7 VAN, the volume ratio 

can be calculated to be 51% to 49% respectively. For any application, it is sensible to 

increase the amount of active material in a nanocomposite for better performance which 

in the case of thermoelectrics is ZnO. A ratio of (LSMO)0.1(ZnO)0.9 is chosen which 

equals a volume ratio of 21% to 79% respectively, well below the percolation threshold, 

but still a significant amount of LSMO to be able to form nanopillar VAN structures. 

To study the effect of the composition on the nanostructure and transport properties, thin 

films were grown by PLD on (100)-oriented STO substrates using stoichiometric targets 

of LSMO, (LSMO)0.3(ZnO)0.7, (LSMO)0.1(ZnO)0.9, and ZnO. Their crystalline structure 

was evaluated by XRD and the surface morphology was studied with AFM. SEM images 

were used to compare the nanostructure of the VAN thin films and electrical 

measurements were performed in a PPMS system using the van der Pauw geometry over 

the temperature range of 10 – 380 K to evaluate the transport behavior. 

 

Figure 2.8: (a) Comparison of the goniometric XRD scans of LSMO, (LSMO)0.3(ZnO)0.7 

(LZ37), (LSMO)0.1(ZnO)0.9 (LZ19), and ZnO thin films which show the orientation of 

LSMO and ZnO is the same in all films with (100) and (112̅0) respectively. A minor SrCO3 

impurity phase contribution is seen in the (LSMO)0.3(ZnO)0.7 film around 29.5°. (b) The 

comparison of the LSMO peak with a shift to higher 2θ angles with increasing LSMO 

content in the film, whereas the ZnO peak (c) shifts to lower 2θ angles with increasing 

ZnO content in the film.  

The crystallographic phases and orientations of the different compositions are evaluated 

by goniometric XRD scans seen in figure 2.8. All samples containing LSMO exhibit a 

pseudo-cubic (100)-oriented LSMO phase, while the samples containing ZnO all show a 

(112̅0)-oriented phase. A minor SrCO3 impurity phase is present in the 
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(LSMO)0.3(ZnO)0.7 composition, as discussed in the previous section, but is not seen in 

the (LSMO)0.1(ZnO)0.9 composition. Looking at the LSMO peak in more detail in       

figure 2.8 (b) and the summarized peak positions in table 2.2, a trend can be observed 

where the peak position shifts to larger 2θ values with increasing LSMO content. This 

means that also the out-of-plane lattice parameter is decreasing with increasing LSMO 

content, reaching a lattice parameter of 3.853 Å for the pure LSMO film. Since the bulk 

lattice parameter of LSMO is ~3.889 Å,[27] the LSMO film is strained in-plane to the STO 

substrate. Increasing to an out-of-plane lattice parameter of 3.891 Å for the 

(LSMO)0.1(ZnO)0.9 nanocomposite thin film, it becomes clear that the strain-state of the 

LSMO phase is changing when going from a single layer LSMO thin film with only 

substrate interaction to the vertically aligned nanocomposite structure with additional 

strain at the vertical interfaces to ZnO.  

Table 2.2: Peak positions (2θ) and corresponding lattice parameters of different 

compositions of (LSMO)1-x(ZnO)x nanocomposites. 

Composition LSMO (200) (°) Lattice 

parameter (Å) 
ZnO (11�̅�0) (°) Lattice 

parameter (Å) 
LSMO 47.134 3.853 - - 

(LSMO)0.3(ZnO)0.7 46.775 3.881 56.560 3.252 
(LSMO)0.1(ZnO)0.9 46.65 3.891 56.467 3.257 

ZnO - - 56.311 3.265 

 

The ZnO phase changes from a relaxed film on STO to an out-of-plane compressed phase 

in the nanocomposite, driven by the differences in lattice matching at the interfaces 

between the ZnO and LSMO phases. With a lattice matching of 5:6 at the vertical 

interfaces between LSMO and ZnO respectively (as discussed in chapter 1), a lattice 

mismatch of 0.46% is still present, which is compensated by tensile straining the LSMO 

and compressing the ZnO phases in the out-of-plane direction.[8]  

To evaluate the morphology of the films, several images were taken by AFM. In figure 

2.9 the processed images are visible, which show some peculiar patterns on the surfaces. 

Some diagonal surface features are visible in the single-layer ZnO thin film (figure 2.9 

a), which line up with the (0001) in-plane orientation of the ZnO, but overall the film is 

very smooth with an RMS roughness of only 4 nm. Similarities are observed with the 

single layer LSMO film, where a different surface pattern is present corresponding with 

a relaxed LSMO surface, but also a very smooth film with an RMS roughness of <1 nm 

is observed. Upon combining the ZnO and LSMO phases into a nanocomposite thin film, 

the RMS roughness is increasing to 9 nm and 31 nm for the (LSMO)0.1(ZnO)0.9 and 

(LSMO)0.3(ZnO)0.7 films respectively, likely resulting from the more complex growth 

with multiple components. 
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Figure 2.9: (a-d) AFM images of thin films of ZnO, (LSMO)0.1(ZnO)0.9, 

(LSMO)0.3(ZnO)0.7, and LSMO respectively, showing the morphology of the surfaces.     

(e-f) HRSEM cross-section images of the (LSMO)0.1(ZnO)0.9 and (LSMO)0.3(ZnO)0.7 thin 

films respectively, display their internal nanostructure. 

To verify if the wanted vertical pillar structure was obtained, HRSEM images were taken 

and are displayed in figure 2.9 (e-f). The (LSMO)0.1(ZnO)0.9 thin film shows a well-

defined vertical pillar structure, as expected for an optimal VAN. With increased LSMO 

content in the VAN film, the structure becomes less defined and the vertical pillars change 

into a more maze-like structure in the (LSMO)0.3(ZnO)0.7 thin film. Here, the LSMO, 

identified by the dark contrast, is the main phase at the substrate interface where it seems 

to creep under the ZnO phase. A better lattice match of LSMO to the STO substrate is 

likely the reason for this, as it has been observed before[26] that LSMO is more likely to 

form the matrix material. Looking closely at the interface between the (LSMO)0.1(ZnO)0.9 

thin film and the substrate, a dark interface layer seems to be present as well, indicating 

that a thin LSMO interface layer might also be present. Transmission electron microscopy 

can be employed to study the substrate interface to confirm the existence of such an 

interface layer, which will be discussed in detail in chapter 4. However, since LSMO 

behaves metallic at room temperature, the transport properties can be measured to confirm 

the existence of a continuous LSMO interface layer because the VAN thin film would 

exhibit metallic behavior. If a conduction path is present through the LSMO phase at the 

substrate interface, the VAN film would show transport behavior similar to a pure LSMO 

film. If no percolation path would be present, the film would show semiconducting 

behavior like ZnO. To verify this, the resistivity of the LSMO film and the 

(LSMO)0.1(ZnO)0.9 thin film was measured in a PPMS system using the van der Pauw 

geometry. The resistivity was measured over the temperature range of 5 K to 380 K and 

the results are shown in figure 2.10.  
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Figure 2.10: Comparison of the resistivity of an LSMO thin film, an (LSMO)0.3(ZnO)0.7 

VAN and an (LSMO)0.1(ZnO)0.9 VAN showing similar temperature dependence. 

A metallic behavior is observed for LSMO, (LSMO)0.3(ZnO)0.7 and (LSMO)0.1(ZnO)0.9 

thin films in the temperature range 5 K – 350 K. This metallic behavior confirms that both 

the VAN thin films have a conduction path through the LSMO phase, formed at the 

substrate interface as observed from the SEM image in figure 2.9 (e). However, above 

the typical metal-insulator transition of LSMO around 350 K, the resistivity decreases in 

the VAN thin films, in contrast to the LSMO thin film where the resistivity continues to 

increase. 

Seebeck measurements are performed at room temperature to further investigate the 

existence of the LSMO interface layer. The room temperature Seebeck values are given 

in table 2.3. It can be seen that the magnitude of the Seebeck coefficient of LSMO is very 

low and conform to literature values[28] as one would expect for a metallic material, 

whereas the absolute value of the ZnO film is much higher, as expected from a more 

insulating material, and also corresponds to literature.[7] By comparing the values of the 

nanocomposite thin films with their single-component thin films, it can be seen that they 

are much closer to the value of the LSMO film than of the ZnO film, further corroborating 

the existence of an LSMO interface layer and the metallic behavior of the nanocomposite 

thin films. 

Table 2.3: Measured room temperature Seebeck coefficients and resistivity values for 

thin films of different compositions.  

Composition Seebeck coefficient (μV/K) Resistivity (Ωcm) 

LSMO -1.1 0.0036 

(LSMO)0.3(ZnO)0.7 -3.9 0.015 

(LSMO)0.1(ZnO)0.9 -10.2 0.51 

ZnO -450 94 
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In summary, the nanocomposite thin films exhibit epitaxial growth and seem to be 

strained at the vertical interfaces. SEM images show a vertical nanopillar structure for the 

(LSMO)0.1(ZnO)0.9 thin film and a nanomaze-like structure for the (LSMO)0.3(ZnO)0.7 thin 

film. Additionally, the existence of an LSMO interface layer is confirmed by the metallic 

transport behavior of the film. AFM images show that the surface of the 

(LSMO)0.1(ZnO)0.9 thin film is much smoother than the surface of the (LSMO)0.3(ZnO)0.7 

thin film, but not as smooth as the ZnO and LSMO films. Combining all this knowledge, 

the (LSMO)0.1(ZnO)0.9 thin film has the most desired (pillar) nanostructure for 

thermoelectric applications, but the existence of an LSMO interface layer harms the 

thermoelectric properties of the film, as a more semiconducting behavior is required.  

2.7  Conclusion 

In this chapter, it was shown that a high growth temperature of 850 °C is needed to form 

the desired vertical pillar structure and to minimize the formation of impurity phases. A 

low deposition frequency was found to result in a thick interface layer of LSMO and a 

poorly crystalline ZnO phase, whereas higher deposition frequencies resulted in better-

defined pillar structures, with a higher degree of crystallinity. The structure of the 

(LSMO)0.3(ZnO)0.7 thin film grown at 10 Hz and the structure of the (LSMO)0.1(ZnO)0.9 

thin film grown at 5 Hz exhibit a similar pillar structure, highlighting the connection 

between the laser pulse frequency and composition. The nanocomposite thin films show 

the presence of an LSMO interface layer as confirmed by metallic transport behavior. The 

unwanted conduction path harms the thermoelectric properties and should be prevented. 

Since this interface layer is a result of the good lattice match between the STO substrate 

and the LSMO in the nanocomposite, a deeper study into the influence of the substrate 

on the formation of the nanocomposite will be conducted in chapter 4. 
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Magnetic Shape Anisotropy in 

LSMO:ZnO Vertically Aligned 

Nanocomposites  
 

 

Abstract: 

Vertically aligned nanocomposites (VANs) can exhibit enhanced properties due to the 

coupling at the many vertical interfaces. Combining La0.7Sr0.3MnO3 (LSMO) and ZnO 

together in nanocomposites has been shown to enhance the low-field magnetoresistance 

properties. However, the combination of these materials into a nanopillar structure is also 

expected to result in interesting ferromagnetic behavior which has not been studied 

before. In this work, the focus lies on the ferromagnetic behavior of LSMO:ZnO VANs 

and how the nanostructure influences the magnetic properties. Several VANs with 

different nanostructures are grown by pulsed laser deposition and based on their internal 

nanostructure, revealed by scanning electron microscopy, a model is used to predict the 

ferromagnetic response of the film. The magnetic properties are measured using a 

vibrating sample magnetometer in a physical properties measurement system between   

10 K and 380 K. It is shown that the different architectures in the different LSMO:ZnO 

VAN samples induce different magnetic anisotropy behavior. Going from a planar LSMO 

thin film towards a film with vertical LSMO nanopillars results in a switch from an in-

plane magnetic easy axis towards a more out-of-plane easy axis, although, a full out-of-

plane magnetic easy axis is not realized. It is shown that the different proposed scenarios 

of the model predicted the magnetic response accurately in nearly all situations.  

 

 

 

 

Part of the work discussed in this chapter is also used in a manuscript: Marijn van de Putte et al., 

“Magnetic anisotropy in ZnO-rich LSMO:ZnO vertically aligned nanocomposites”, manuscript in 

preparation. 
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3.1  Introduction 

La0.7Sr0.3MnO3 (LSMO) is a pseudo-cubic perovskite oxide with a lattice parameter            

a = 3.88 Å[1] exhibiting a large magnetic moment (3.7 μB/Mn)[2] and a high Curie 

temperature (~370 K)[2,3] and is, therefore, a very interesting candidate for room 

temperature and above room temperature applications like sensors[4], catalysts[5], 

biomedical treatments[6], and data storage[7]. The wide variety of compositions possible 

with LaxSr1-xMnO3 results in a rich phase diagram as can be seen in the previous chapter 

in figure 2.2 (b), with many different magnetism-related properties like ferromagnetism, 

magnetoresistance, spin tunneling, etc.  

LSMO has been combined with ZnO in a variety of material architectures such as planar 

films[8], core-shell nanoparticles[9], and vertically aligned nanocomposites (VANs)[10]; 

and their enhanced electrochemical[9], magnetoresistive[11,12], and ferromagnetic[13] 

properties have been explored. Vertically aligned nanocomposites of (LSMO)1-x(ZnO)x 

are mostly studied for their low-field magnetoresistance (LFMR)[11,14,15], but due to the 

shape and strain present in pillar structures of LSMO and ZnO, the vertically aligned 

nanocomposite is also expected to show an interesting ferromagnetic response.  

There are four main factors that can play a role in magnetic anisotropy. 

Magnetocrystalline anisotropy, shape anisotropy, strain anisotropy, and step-edge 

anisotropy. Magnetocrystalline anisotropy is the result of the atomic arrangement of the 

crystal which causes certain directions in the crystal to require lower energy to fully 

magnetize, which in the case of LSMO thin films is negligibly small.[16] Step edges are 

known to influence the magnetic anisotropy of thin films such that the easy axis would 

align with the step direction.[17] Since VAN films are relatively thick (>200 nm) and have 

a quite disordered structure, the step edges are not expected to contribute significantly to 

the magnetic response of the VAN thin film. This leaves only the contributions of strain 

and shape anisotropy.  

The strain state of an LSMO thin film has a large effect on its magnetic response. An in-

plane tensile strained LSMO phase (e.g. grown on substrates with larger cubic crystal 

structure, for example on SrTiO3 (STO) (a = 3.905 Å), will exhibit an in-plane magnetic 

easy axis[18,19], whereas an in-plane compressively strained LSMO phase (e.g. grown on 

substrates with smaller cubic crystal structure, such as LaAlO3 (LAO) (a = 3.82 Å), will 

exhibit a magnetic easy axis in the out-of-plane direction.[20] Additionally, it has also been 

shown that in LSMO nanowires with a large aspect ratio, a tensile strain perpendicular to 

the nanowire axis would cause the easy axis to lie perpendicular to the nanowire axis, 

overcoming the shape anisotropy.[21] 

Shape influences the magnetic behavior such that the magnetic easy axis tends to align 

perpendicular to the reduced dimension of the shape; along the axis of a pillar or 

nanowire, or in the plane of a 2D thin film. This magnetic shape anisotropy has been 

studied previously in thin films of magnetic pillar structures fabricated through a top-

down approach by etching channels into an Al2O3 matrix and depositing Co into the pillar-
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shaped holes. These films of Co pillars showed a magnetic response dominated by the 

shape anisotropy, where the easy axis aligns with the pillar direction for nanopillars with 

an aspect ratio of more than 1.6.[22] Vertically aligned nanocomposites (VANs) have a 

similar nanopillar structure and therefore a similar magnetic response is expected in these 

films. The advantage of VANs is that they are grown via a one-step, self-assembly process 

whereas the Co nanopillars were made through multiple process steps which involve 

growing a matrix, etching holes, and depositing Co in them.  

The nanopillar structure in the LSMO:ZnO vertically aligned nanocomposites with out-

of-plane tensile strain (as discussed in chapter 2) arising from the LSMO:ZnO interfaces 

has both strain and shape effects working synergistically, both forcing the magnetic easy 

axis to the out-of-plane direction. However, based on the study into the magnetic response 

of LSMO nanowires where the substrate-induced strain anisotropy overcomes the shape 

anisotropy[21] it might be possible that the shape anisotropy does not contribute 

significantly to the anisotropic behavior of the VAN. Most of the changes in magnetic 

response compared to a plain LSMO film are expected to be caused by the strain present 

in the VAN structure. For example, a similar study into BaTiO3:CoFe2O4 VANs pillar 

structures revealed that the compressive out-of-plane strain in the magnetic CoFe2O4 

nanopillars was the main cause for the magnetic anisotropy with the easy axis aligning 

with the pillar direction.[23] 

In this chapter, thin films of LSMO, (LSMO)0.3(ZnO)0.7, and (LSMO)0.1(ZnO)0.9 (see 

figure 3.1 (a-d)) and their relation between the structural and magnetic properties are 

discussed. All thin films are grown on STO (100) substrates as discussed in chapter 2. 

The differences in the nanostructure, substrate-film interaction, and vertical LSMO:ZnO 

interfaces are used to model and predict the magnetic behavior of the three thin films. The 

central research question of this chapter is: “Does the LSMO nanopillar structure of a 

ZnO-rich LSMO:ZnO VAN cause the magnetic anisotropy to differ from a planar thin 

film of LSMO?”. To answer this question, the magnetic properties of the thin films are 

measured, discussed and compared with the scenarios proposed below. 

3.2  Model 

To predict the magnetic behavior of the VANs, a different scenario is proposed for all 

samples in this paragraph. The structures of the thin films can be seen in the SEM images 

in figure 3.1 (e-g) and four scenarios are made by simplifying the structure and describing 

its impact on the magnetic response of the thin films. Since the (LSMO)0.3(ZnO)0.7 thin 

film has a complicated structure, two different scenarios (2a and 2b) are proposed to 

simplify the nanostructure. 

Scenario 1:  In-plane tensile strained LSMO thin film due to clamping to the STO 

substrate. 

Scenario 2a:  (LSMO)0.3(ZnO)0.7 thin film consisting of an interconnected LSMO 

matrix, with large (typical dimension ~40 nm) disconnected ZnO 



40 Chapter 3 

 

features, and in-plane tensile strain in the LSMO arising mainly at the 

interface with the substrate. 

Scenario 2b:  (LSMO)0.3(ZnO)0.7 thin film with large diameter, isolated LSMO 

nanopillars in a ZnO matrix with two significant strain contributions. A 

tensile in-plane strain contribution in the LSMO at the interface with 

the substrate, and a tensile out-of-plane strain contribution at the 

vertical interfaces with the ZnO matrix. 

Scenario 3:  (LSMO)0.1(ZnO)0.9 thin film with small diameter, isolated LSMO 

nanopillars with out-of-plane tensile strain in the LSMO phase at the 

vertical interfaces with the ZnO matrix, while the strain influence from 

the substrate is negligible. 

These four scenarios and their impact on the magnetic response of the thin films are 

described hereafter, starting with the two extreme cases of the LSMO and 

(LSMO)0.1(ZnO)0.9 thin films. 

 

Figure 3.1: Illustrations of the structures of the scenarios used to predict the magnetic 

response of the thin films of (a) LSMO, (b-c) (LSMO)0.3(ZnO)0.7, (d) (LSMO)0.1(ZnO)0.9. 

On the right are the scanning electron microscopy images shown of the thin films of         

(e) LSMO, (f) (LSMO)0.3(ZnO)0.7, and (g) (LSMO)0.1(ZnO)0.9. 
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Scenario 1:  LSMO – tensile strained film  

A tensile strained LSMO film on an STO 

substrate is a well-known and studied 

system.[18,19] The in-plane (IP) tensile strain 

forces the easy axis in-plane, while the shape 

anisotropy strengthens this by also forcing the 

easy axis to lie in the film plane. All magnetic 

domains switch upon applying a small, in-plane oriented magnetic field, resulting in a 

small coercive field (Hc), and a remnant magnetization (Mr) close to the maximum 

magnetization. Applying a magnetic field in the out-of-plane (OOP) direction switches 

the magnetization in the film proportionally to the applied magnetic field with a small Hc, 

and small Mr. From the anisotropy field (Han) the net anisotropy energy constant K         

(i.e. the energy difference between OOP and IP magnetization state) can be determined. 

A feather-like magnetization domain structure is expected in such a tensile strained 

LSMO thin film.[24,25] 

Scenario 2a:  (LSMO)0.3(ZnO)0.7 – interconnected LSMO layer 

One way to approximate the structure of the 

(LSMO)0.3(ZnO)0.7 thin film is to approach it as 

a perforated LSMO thin film with the ZnO phase 

with no specific shape distributed throughout the 

whole film. This is a complicated scenario where 

the interface effects not only occur at vertical 

interfaces but also at the horizontal (and 

otherwise oriented) interfaces, as well as at the interface with the substrate. Shape 

anisotropy is not trivial anymore with no shape to approximate this film with, although 

the ZnO phase seems to have a preferential orientation in the vertical and horizontal 

directions. The overall magnetic behavior will be an intermediate state between the 

LSMO thin film and the (LSMO)0.1(ZnO)0.9 VAN thin film, but with characteristics that 

are closer to the LSMO thin film because nearly half of the volume of the thin film 

consists of an interconnected LSMO phase. The different strain states in the film (OOP 

tensile strain at the vertical LSMO:ZnO interface, and IP tensile strain at the horizontal 

LSMO:ZnO and LSMO:STO interface) result in magnetic domains with an IP easy axis 

near the substrate interface and horizontal LSMO:ZnO interfaces, and an OOP easy axis 

near the vertical interfaces. However, since the substrate influence is the same as in the 

LSMO film, and the LSMO phase is completely interconnected with relatively small 

amounts of LSMO:ZnO interfaces compared to the (LSMO)0.1(ZnO)0.9 thin film, the 

overall magnetic behavior is expected to resemble that of the LSMO thin film. In the IP 

direction, the M-H loop will be more rounded than the LSMO loop, with a larger field 

required to fully magnetize the film and therefore a smaller Mr. Less energy will be 

required to fully magnetize the thin film in the OOP direction, which lowers the Han 

compared to the LSMO thin film.  
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Scenario 2b:  (LSMO)0.3(ZnO)0.7 – thick nanopillars 

Another way to simplify the structure of the 

(LSMO)0.3(ZnO)0.7 thin film is as a nanopillar 

structure with thick pillars of around 40 nm. 

With a film thickness of 360 nm, the nanopillars 

have an aspect ratio of 9, (smaller than the 

(LSMO)0.1(ZnO)0.9 thin film) and therefore one 

expects a smaller contribution of the shape 

anisotropy to the net anisotropy. The larger diameter of the pillars results in less vertical 

interface area and therefore less domain wall pinning would occur compared to the 

smaller diameter pillars of the (LSMO)0.1(ZnO)0.9 thin film. This would lower the Hc for 

the OOP direction compared to the (LSMO)0.1(ZnO)0.9 thin film. If the pillars switch as 

single domains, the Hc could be reduced even further. In the hard direction, the coercive 

field is in principle equal to zero, however, because of possible domain wall pinning at 

the substrate-film interface, a small Hc might still be present. The pillar structure is 

expected to result in magnetic pillars that contain only a single domain as predicted for 

LSMO nanoislands of similar size and strain states.[26] Additionally, IP compressively 

strained LSMO thin films of similar thickness as the (LSMO)0.3(ZnO)0.7 thin film were 

shown to contain magnetic domains with much larger lateral sizes (165 nm)[27], further 

strengthening the idea that the nanopillars only consist of a single domain. However, 

where the nanopillars are connected to the substrate, a second domain may form in which 

the easy axis lies IP instead of OOP, due to IP tensile strain imposed at the substrate 

interface. These two different domains with different easy axes will cause the film to have 

an overall easy axis that is neither IP nor OOP, but somewhere in between. Adjacent 

pillars will exhibit alternating magnetic orientations to minimize the stray field energy 

(demagnetization energy) of the thin film. Since vertical strain plays a much smaller role 

in this pillar structure than in the (LSMO)0.1(ZnO)0.9 thin film, the magnetic behavior is 

less affected. However, the small amounts of OOP tensile strain in the LSMO phase at 

the vertical interfaces, combined with the pillar shape, are still expected to force the easy 

axis along the pillar axis. Compared to the LSMO thin film, this film will be more easily 

magnetized in the OOP direction due to its pillar shape and therefore will have a lower 

Han than the LSMO thin film. In the IP direction, the Han will be lower than that of the 

(LSMO)0.1(ZnO)0.9 thin film since the anisotropy and strain effects will be more 

pronounced in the smaller pillars of the (LSMO)0.1(ZnO)0.9 thin film. 

Scenario 3:  (LSMO)0.1(ZnO)0.9 – thin nanopillars 

The (LSMO)0.1(ZnO)0.9 thin film has nanopillars 

with an average diameter of about 15 nm and a 

length (equal to the film thickness) of about    

265 nm, resulting in an aspect ratio of 17.7. This 

large aspect ratio in combination with the tensile 

strain of 0.46% along the pillar axis will cause 

each pillar to consist of one single magnetic 
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domain[26]. Like the (LSMO)0.3(ZnO)0.7 thin film with thick pillars, the adjacent pillars 

will have an alternating magnetization direction to reduce the stray field. Because the 

LSMO pillars are tensile strained OOP, the combined strain and shape effects force the 

easy axis along the pillar axis. Due to the many interfaces present in the VAN pillar 

structure, the magnetic domains can be affected by domain wall pinning. This can create 

an extra energy barrier which can be overcome by applying a larger field to switch the 

magnetization, which will present itself by the opening of the M-H loop for the OOP 

direction, with a large Hc and Mr. In addition, it is shown experimentally that when the 

aspect ratio of nanoparticles increases, the Hc also increases,[28] which is expected to also 

increase the Hc of the VAN thin film. 

To test the validity of these scenarios, the magnetic properties of the samples have been 

measured in a physical properties measurement system (PPMS) with a vibrating sample 

magnetometer (VSM) option in both the IP and the OOP directions. The data is compared 

to the expectations from the scenarios and conclusions about the scenarios are drawn. 

3.3  Experimental 

Thin films were grown by pulsed laser deposition on (100)-oriented STO substrates using 

stoichiometric targets as described in section 2.2. An oxygen pressure of 0.267 mbar was 

used, and a laser pulse frequency of 5 Hz for the (LSMO)0.3(ZnO)0.7 and 

(LSMO)0.1(ZnO)0.9 thin films was used to grow 10800 pulses. A laser pulse frequency of 

1 Hz for 7168 pulses was used for the LSMO sample to ensure a good (magnetic) quality 

of the LSMO phase, which was not possible for the nanocomposites as it would affect the 

nanostructure. The structural quality of the thin films was evaluated by X-ray diffraction 

(XRD) and is shown and discussed in chapter 2.6. Magnetic measurements were carried 

out using a Dynacool PPMS from Quantum Design equipped with the VSM option. To 

determine the Curie temperature (TC) the sample was field-cooled to 10 K under an 800 

kA/m (1 T) magnetic field, followed by a careful reduction of the field to 8 kA/m, after 

which it was heated at 3 °C/min while constantly measuring the magnetization. 

 

Figure 3.2: Schematic depictions of (a) an M-T measurement and the fit to extract the TC 

and of (b) an M-H measurement and determination of Hc, Han, Mr, and Mmax. 
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The TC was extracted from the data by making a linear fit between two temperatures in 

the practically linear regime close to the TC and extrapolating this data to zero 

magnetization, as illustrated in figure 3.2 (a). In-plane and out-of-plane M-H loops were 

collected by mounting the sample parallel or perpendicular to the applied magnetic field. 

The samples were field cooled to 10 K under a 1600 kA/m magnetic field after which the 

M-H loops were measured by sweeping the field to -1600 kA/m and back to 1600 kA/m 

at selected temperatures. Upon increasing the temperature between measurements, the 

field was kept constant at 1600 kA/m. The maximum magnetization (Mmax) was extracted 

from the M-H loops by averaging the magnetization values in the fully magnetized 

regime, as demonstrated in figure 3.2 (b). To calculate the values of the Hc and Mr an 

interpolation was done between the two values around zero magnetization and field 

respectively. The final value for the Hc is then determined by averaging the absolute 

values of the negative and positive Hc, and the same was done for the Mr. It should be 

noted that calculations for the magnetization use the film thickness extracted from SEM 

images, and an estimated error of 5% was used. The Han was extracted from the hard axis 

loops by extrapolating a linear fit of the M-H curve at zero magnetization to the maximum 

magnetization as illustrated in figure 3.2 (b). This is repeated for the negative field and 

the average absolute value is taken.  

3.4  Magnetic properties of LSMO:ZnO VANs 

3.4.1  Curie temperature 

To compare the magnetic quality of the samples with different compositions the TC was 

determined and the data is compared in figure 3.3 (a). A zoom-in of the region around the 

TC is shown in figure 3.3 (b), where the linear fits are shown from which the TC of the 

three samples was extracted. The TC of the LSMO film is the highest with 355 K, and in 

the nanocomposite thin films the TC slightly decreases to 350 K for the (LSMO)0.3(ZnO)0.7 

film and is much more reduced to 327 K for the (LSMO)0.1(ZnO)0.9 film. This can be 

explained by the loss of long-range structural ordering of the LSMO phase due to the 

interfaces with ZnO, resulting in a weaker double exchange interaction.[15] A similar 

effect was seen for LSMO nanoparticles where the TC reduces drastically upon 

introducing a ZnO shell around the LSMO nanoparticles, which was discussed to be 

originating from the local structural deformation at the interfaces due to strain, atomic 

intermixing, and/or oxygen vacancies breaking the long-range ferromagnetic ordering of 

the Mn atoms.[9] A large interface density is present in the (LSMO)0.1(ZnO)0.9 film due to 

the pillar structure, resulting in the reduction of the TC. Because the (LSMO)0.3(ZnO)0.7 

nanocomposite thin film has larger features and consequently less interface area, this 

effect only plays a minor role, reducing the TC by only a few degrees from the LSMO thin 

film. The TC value of the LSMO thin film is close to the values found in the literature for 

LSMO.[2,3] However, the Curie temperatures of the nanocomposite thin films are higher 

than those of comparable nanocomposite thin films in literature.[11,15,29] 
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Figure 3.3: Comparison of magnetization versus temperature measurements of the thin 

films measured at a field of 8 kA/m in the in-plane direction (a) over the whole 

temperature range and (b) a zoom-in around the Curie temperatures. (c) M-H loops for 

the thin films measured at 10 K in the in-plane direction at 10 K with (d) a zoom-in of the 

loops around zero applied field. 

3.4.2  Maximum magnetization 

The in-plane M-H loops of the thin films are compared in figure 3.3 (c), with a zoom-in 

of the loops to highlight the Hc and Mr of the thin films in figure 3.3 (d). The Mmax of the 

LSMO film is 3.73 ± 0.20 μB/Mn atom, which is in good agreement with the theoretical 

magnetization of 3.7 μB/Mn for La0.7Sr0.3MnO3. The (LSMO)0.3(ZnO)0.7 thin film has a 

Mmax of 3.60 ± 0.19 μB/Mn atom, which falls within the same error margin as the LSMO 

film. The (LSMO)0.1(ZnO)0.9 thin film has a higher Mmax of 4.07 ± 0.24 μB/Mn, higher 

than the theoretical maximum of 3.7 μB/Mn. A similar observation has been made in 

nanocomposites of Fe3O4:BiFeO3 where the Mmax was enhanced by a factor 2 compared 

to a Fe3O4 thin film,[30] which was ascribed to the reduced dimension of the Fe3O4 

phase.[31] However, in similar studies into LSMO thin films it was shown that a reduced 

dimension resulted in a lower Mmax due to the presence of a magnetic ‘dead layer’[32] and 

is therefore likely not the cause. There could be several causes for a higher magnetic 

moment such as a larger volume of LSMO in the thin film than expected, a phase with a 
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higher spin state (e.g. pure LaMnO3 or La1-xSrxMnO3 (0 < x < 0.3))[2] is present, or the 

film is polluted with an element with higher spin. The volume of the LSMO phase is 

determined by the thickness of the film and the ratio between the LSMO and ZnO phases 

in the target. The thickness is determined by SEM images and has a maximum error of 

5%, which does not cover the increase in saturation magnetization. Also, the ratio of the 

LSMO and ZnO are assumed to be stoichiometrically transferred from the target, and not 

much deviation is expected. The other option is that a phase with a higher spin state is 

present in the thin film, this is unlikely as well, as XRD does not show any indication of 

other crystalline phases, and neither pure LaMnO3 nor La0.7+xSr0.3-xMnO3 compounds 

have such a large magnetic moment. Another possibility is that a contamination is present 

with a high magnetic moment. However, this contamination should then be present in 

very large amounts to result in such high magnetic moment for the total film that it seems 

highly unlikely to be the cause. 

3.4.3  Coercive field 

The LSMO thin film has a very small Hc as seen typically for in-plane tensile strained 

LSMO thin films, with an average value of 0.95 ± 0.24 kA/m. The (LSMO)0.3(ZnO)0.7 

thin film has a larger Hc of 15.4 ± 1.4 kA/m, and the (LSMO)0.1(ZnO)0.9 thin film has an 

even larger Hc of 35.7 ± 0.6 kA/m. This increase of Hc is likely related to the reduced 

dimensions of the LSMO phase, as it is also seen in LSMO thin films with decreasing 

thickness.[32] A similar effect has also been observed in cobalt nanopillar arrays where a 

smaller diameter of the pillars resulted in a larger Hc.[22] What could be causing this is the 

pinning of magnetic domains at the LSMO:ZnO interfaces due to local structural 

distortions. This results in a larger energy requirement for switching the single domain 

pillars and therefore the Hc values increase. The increased interface density in samples 

with larger ZnO content would cause more interface pinning, resulting in a larger Hc for 

those thin films. 

3.4.4  Remnant magnetization 

The Mr of the LSMO thin film is relatively large with a value of 2.75 ± 0.17 μB/Mn, 

however, since the loop is so small it will be very susceptible to random field fluctuations 

and is therefore not suitable for applications like data storage. The Mr of the 

(LSMO)0.3(ZnO)0.7 is smaller with a value of 1.22 ± 0.11 μB/Mn, but combined with the 

increased Hc it is much more resistant to small field fluctuations. The Mr of the 

(LSMO)0.1(ZnO)0.9 thin film is lowest at 0.66 ± 0.05 μB/Mn. The reduction of the Mr is a 

result of the M-H loop becoming less square for the nanocomposite thin films. This is the 

consequence of the less defined easy and hard axis for the (LSMO)0.3(ZnO)0.7 and a switch 

of easy and hard axes for the (LSMO)0.1(ZnO)0.9 thin film, which will be discussed in 

detail in the next section. 
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3.5  Magnetic anisotropy  

3.5.1  LSMO 

The magnetic response of the thin films at select temperatures is shown in figure 3.4 for 

both the IP and OOP direction. The tensile strained LSMO film is shown in figure 3.4 (a) 

and shows a clear easy axis in the IP direction and a hard axis in the OOP direction, as 

expected from tensile strained LSMO films.[18,19] A small hysteresis loop is seen for the 

OOP direction likely resulting from a partly relaxed surface layer of LSMO.  

 

Figure 3.4: Comparison of M-H curves at select temperatures of (a) LSMO, (b) 

(LSMO)0.3(ZnO)0.7, and (c) (LSMO)0.1(ZnO)0.9 for in-plane and out-of-plane orientations. 

3.5.2  (LSMO)0.3(ZnO)0.7 

The magnetic response of the (LSMO)0.3(ZnO)0.7 thin film is shown in figure 3.4 (b) and 

shows a clear distinction between IP and OOP magnetization where the easy axis is still 

aligned in the IP direction. The loop is rounded compared to the LSMO thin film, 

indicating that most domains switch at low applied fields but larger fields are required to 

fully magnetize the whole sample. The OOP direction has a much steeper slope than the 

pure LSMO sample, indicating this film has less anisotropy than the LSMO thin film. 

This is a direct result of the structure of the film, where the homogeneous LSMO thin 

film has been replaced by a thin film with many imperfections in the form of ZnO 

inclusions, breaking the shape anisotropy. At the vertical strained interfaces with ZnO, 

the LSMO is strained OOP, favoring a more easy axis in the OOP orientation in those 

domains. As a consequence, the overall Han is reduced in the OOP orientation reducing 

the anisotropy in the thin film.  
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3.5.3  (LSMO)0.1(ZnO)0.9 

The magnetic response of the (LSMO)0.1(ZnO)0.9 thin film is shown in figure 3.4 (c). The 

easy axis is not directly evident from the qualitative comparison of the two loops, 

although the OOP direction seems to be more of an easy axis than the IP direction. The 

OOP loop opens up considerably with the Hc increasing to 116 ± 4 kA/m at 10 K and a 

large Mr of 2.62 ± 0.29 μB/Mn. The switch to easy axis in the OOP direction is a direct 

result of the pillar vertically aligned nanocomposite structure with both contributions 

from strain and shape anisotropy. A more detailed analysis of the contributions of both 

shape and strain-induced anisotropy will be discussed in section 3.6. The IP direction 

tends towards being a hard axis but differs a lot from the hard axis of the LSMO film 

which has a more linear relation between applied field and magnetization. It seems to be 

a mixed easy and hard axes possibly caused by the thin LSMO interface layer at the 

substrate interface, coupling the pillars in the IP direction. Therefore, the easy axis would 

also have a pronounced IP component, which results in the easy axis of the total film 

lying at a certain angle between IP and OOP. The Mr in the OOP direction is much larger 

compared to the LSMO film and more resistant to small field fluctuations, providing 

promising characteristics for data storage applications.  

All relevant magnetic parameters of the M-H loops at 10 K discussed in paragraphs 3.4 

and 3.5 are summarized together in table 3.1 for clarity.  

Table 3.1: Summary of magnetic parameters of the thin films at 10 K. 

 LSMO (LSMO)0.3(ZnO)0.7 (LSMO)0.1(ZnO)0.9 

IP OOP IP OOP IP OOP 

Hc (kA/m) 0.95 ± 0.2 10.5 ± 0.1 15.4 ± 1.4 23.2 ± 0.2 35.7 ± 0.6 116 ± 4 

Mr (μB/Mn) 2.8 ± 0.2 0.42 ± 0.03 1.22 ± 0.11 0.29 ± 0.02 0.66 ± 0.05 2.62 ± 0.29 

TC (K) 355 ± 1 350 ± 1 327 ± 1 

Mmax (μB/Mn) 3.73 ± 0.20 3.60 ± 0.19 4.07 ± 0.24 

 

3.6  The origin of magnetic anisotropy in LSMO:ZnO 

nanocomposites 

Magnetic anisotropy can arise from a few different factors; shape anisotropy, strain-

induced anisotropy (magnetoelastic anisotropy), magnetocrystalline anisotropy, step 

edge-induced anisotropy, and exchange anisotropy. In the specific case of these 

LSMO:ZnO nanocomposites there is no exchange anisotropy which only appears at 

interfaces of ferromagnetic and antiferromagnetic materials and though the LSMO is 

ferromagnetic, the ZnO is diamagnetic and therefore no exchange anisotropy is expected. 

Step edge-induced anisotropy is expected to have no significant influence since the films 

are relatively thick. The magnetocrystalline anisotropy is also not expected to have any 

contribution since the LSMO phase in the nanocomposite is cubic, and the 

crystallographic axes along which the magnetic properties are measured are (001) for 
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OOP and (100) and (010) for IP, which in a cubic system are equivalent. This leaves only 

contributions for the shape and strain-induced anisotropy which are both expected to 

contribute significantly due to the pillar shape of the LSMO and the strain at the 

LSMO:ZnO interfaces.  

3.6.1  Anisotropy field 

The magnetic easy axis of the thin films can be determined qualitatively from the M-H 

loops in figure 3.4 to be IP for the LSMO thin film, IP for the (LSMO)0.3(ZnO)0.7 film, 

but can not be determined easily for the (LSMO)0.1(ZnO)0.9 film. To fortify any claims 

about the easy axes, the Han is determined by fitting a linear (i.e. ax + b) relation through 

the M-H loop at zero magnetization. The value for the Han is then obtained by equating 

the fit to the maximum magnetization and solving for x. These values can be heavily 

influenced by large coercive fields, and therefore this equation is also solved while setting 

b to 0 manually, displacing the slope to go through the origin (0,0) as illustrated in figure 

3.2 (b). This compensates for the coercive fields present in the thin films, and the obtained 

values are given in table 3.2. The anisotropy field is only defined for hard axes, as it 

should be zero for the easy axis in theory. In practice, this is never the case since these 

are not ideal materials, and therefore the values are determined also for the easy axes of 

the thin films. Comparing the obtained values for the Han for the LSMO thin film,             

0.6 ± 0.1 kA/m in the IP direction and 1106 ± 10 kA/m in the OOP direction, it becomes 

clear the IP Han is negligible compared to the OOP value, confirming a clear easy axis in 

the IP direction as expected. The Han of the (LSMO)0.3(ZnO)0.7 thin film is 27 ± 5 kA/m 

in the IP direction, and 310 ± 8 kA/m in the OOP direction. Compared to the LSMO thin 

film, the IP value is almost two orders of magnitude higher, while the OOP value is one 

order of magnitude lower. The difference between IP and OOP is still large enough to 

conclude that the easy axis is still oriented IP. The difference from the LSMO film is 

likely caused by the ZnO imperfections introduced in the LSMO film where the 

introduced interfaces can pin the magnetic domains, requiring more energy (larger 

applied field) to switch all the domains and therefore rounding the in-plane M-H loop and 

increasing Han. The reduction of Han in the OOP direction is also the result of the 

LSMO:ZnO interfaces. The vertical interfaces generate local OOP strain in the LSMO, 

resulting in easier switchable domains and reducing the Han. However, the relatively low 

amount of LSMO:ZnO interfaces still results in a magnetic behavior resembling that of 

the LSMO thin film. The Han of the (LSMO)0.1(ZnO)0.9 film is 207 ± 16 kA/m in the IP 

direction and 167 ± 8 kA/m in the OOP direction. These values are in the same order of 

magnitude, and therefore there is no clear easy and hard axis along the IP and OOP 

directions. However, since the OOP direction has a lower Han, the easy axis is slightly 

more aligned in the OOP than in the IP direction, but it is clear that there is not a big 

distinction between the IP and OOP directions. Likely the real easy axis is aligned at some 

angle between the IP and OOP directions. 
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Table 3.2: Anisotropy field values extracted from M-H curves by linear fitting at M=0 for 

LSMO, (LSMO)0.3(ZnO)0.7, and (LSMO)0.1(ZnO)0.9 thin films for both taking the coercive 

field into consideration and not taking it into consideration (b=0). 

 LSMO (LSMO)0.3(ZnO)0.7 (LSMO)0.1(ZnO)0.9 

IP OOP IP OOP IP OOP 

Han (kA/m) 2.5 ± 1.5 907 ± 10 42 ± 3 334 ± 8 239 ± 16 286 ± 8 

Han (KA/m) (b=0) 0.6 ± 0.1 1106 ± 10 27 ± 5 310 ± 8 207 ± 16 167 ± 8 

 

To elucidate the contributions of the shape- and strain-induced anisotropy to the magnetic 

response of the nanopillars in the VAN thin film, the theoretical contributions for the 

(LSMO)0.1(ZnO)0.9 thin film in the OOP direction are calculated, compared, and 

discussed. 

3.6.2  Shape anisotropy 

The diameter of the nanopillars of the (LSMO)0.1(ZnO)0.9 thin film is estimated as 15 nm. 

With a film thickness of 265 nm, an aspect ratio of 18 is obtained which corresponds to a 

demagnetizing factor of Nz = 0.007[33] and from here on approximated by 0. Since the sum 

of the demagnetizing factors in the x, y, and z directions must equal 1, this means that    

Nx = Ny = (1-Nz)/2 = 0.5, where x and y lie in the plane of the thin film, perpendicular to 

the nanopillar axis. For magnetization in the OOP direction, the value of the shape 

anisotropy field can be calculated by: 

𝐻𝑠ℎ𝑎𝑝𝑒 =
2𝐸𝑠ℎ𝑎𝑝𝑒

𝑀𝑚𝑎𝑥

, (3.1) 

where Hshape is the shape contribution to the anisotropy field in A/m, and Eshape is the 

associated energy density given by: 

𝐸𝑠ℎ𝑎𝑝𝑒 =
(𝑁𝑥 − 𝑁𝑧)

2
𝑀𝑚𝑎𝑥

2 , (3.2) 

where Mmax is the maximum magnetization in the OOP direction in A/m. An anisotropy 

field of 359 kA/m is calculated for these pillars in the OOP direction, which is in the same 

order of magnitude as the experimentally obtained value of 167 ± 8 kA/m. 
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3.6.3  Strain-induced anisotropy 

The strain-induced magnetic anisotropy field can be calculated through the following 

expression:  

𝐻𝑠𝑡𝑟𝑎𝑖𝑛 =
2𝐸𝑠𝑡𝑟𝑎𝑖𝑛

𝑀𝑚𝑎𝑥

, (3.3) 

where Estrain is the anisotropy energy associated with the stresses in the LSMO phase as a 

result of the strain and can be expressed as:[34] 

𝐸𝑠𝑡𝑟𝑎𝑖𝑛 = −
3

2
𝜆 𝜎001 

≈ −
3

2
𝜆 𝐸𝜀001 

, (3.4) 

where 𝜆 is the magnetostriction coefficient, E is Young’s modulus, and 𝜀 is the strain in 

the OOP direction. In the LSMO:ZnO nanocomposite a maximum theoretical OOP tensile 

strain of 0.46% is present, assuming a 5:6 domain matching model[10] with lattice 

parameters of 3.87 Å and 3.24 Å (19.35 Å and 19.44 Å) respectively. Assuming a fully 

strained LSMO phase, a magnetostriction coefficient[35] of ~25x10-6, a Young’s 

modulus[36] of 128 GPa, the associated Han is calculated to be 4 kA/m. This contribution 

is negligible to the estimated Han of 359 kA/m associated with the shape anisotropy.  

This result indicates that in LSMO:ZnO VANs with nanopillar morphology the main 

contribution to the magnetic anisotropy comes from the shape of the nanopillars and not 

from the strain induced in the LSMO phase. The difference between the experimentally 

obtained value for Han and the calculated value can be explained by the non-ideal nature 

of the film. It is not an ideal nanopillar array, since an interface layer of LSMO is also 

present at the substrate interface which magnetically couples the nanopillars, making the 

easy axis lie not exclusively in the OOP direction, and therefore also decreasing the Han. 

The fact that shape is the contributor to the anisotropy is a somewhat unexpected result 

as it has been shown previously in the literature that LSMO nanowires can have easy axes 

perpendicular to the nanowire axis due to substrate-induced strain effects.[21] There it was 

shown that the strain-induced anisotropy is stronger than the shape anisotropy for these 

LSMO nanowires. Even though the strain in the nanowires was larger than the strain in 

the (LSMO)0.1(ZnO)0.9 VAN thin film, a larger strain in the nanopillars would not result 

in a large enough Han to compete with the shape anisotropy field. Additionally, in similar 

vertically aligned nanocomposite thin films of BaTiO3:CoFe2O4, it was shown that the 

OOP easy axis was mainly the result of strain effects, with only a small contribution of 

the shape.[23] The difference between these VAN thin films and the VAN thin films 

described in this research is the lower aspect ratio of the BaTiO3:CoFe2O4 pillars, 

resulting in a lower shape anisotropy contribution, combined with the higher 

magnetostriction coefficient of CoFe2O4, resulting in a dominant strain-induced 

anisotropy contribution. 
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3.6.4  Increasing the anisotropy 

There are several ways to increase the anisotropy of such a pillar structure. The first 

option is to increase the aspect ratio since this will also increase the shape anisotropy 

field. However, since the aspect ratio of 18 already gives a very low Nz of 0.007, close to 

the lowest theoretically possible Nz of 0 for an aspect ratio of infinite, any further increase 

has no significant effect. The second option is to improve the architecture of the thin film 

by preventing the LSMO interface layer that magnetically couples the pillars. The third 

option is to increase the strain-induced anisotropy by increasing the OOP tensile strain in 

LSMO. However, with a ZnO phase the strain cannot be increased as the lattice 

parameters are fixed. The last option is to increase the magnetostriction coefficient of 

LSMO, which could be done by doping LSMO with Tb on the La site,[37] increasing the 

magnetostriction coefficient one order of magnitude. This would subsequently result in 

one order higher anisotropy field of 40 kA/m in case all other parameters stay the same. 

This value is still one order of magnitude lower than the shape anisotropy field. 

3.7  Model evaluation 

The predictions made by the proposed scenarios in section 3.2 are compared to the 

experimentally observed data and the scenarios are evaluated based on their ability to 

correctly predict the magnetic behavior of the thin films. 

The LSMO thin film shows a magnetic response that was expected from the proposed 

scenario: a tensile strained thin film of LSMO with an IP easy axis, a square MH-loop 

with a near-zero Hc and high Mr. In the OOP direction a hard axis is observed with a large 

Han, low Hc, and low Mr. The only difference between the scenario and the experimentally 

determined properties is the small hysteresis loop in the hard axis M-H curve, which is 

possibly the result of a partly relaxed layer, but overall the model was sufficient to 

describe the general behavior of the LSMO thin film. 

The (LSMO)0.1(ZnO)0.9 thin film was predicted to have an OOP easy axis due to combined 

effects of strain and shape anisotropy, which is not completely the same as was observed 

experimentally. The Han was lower in the OOP direction compared to the IP direction, 

pointing at an easy axis in the OOP direction. However, the difference between the Han 

values is small, and therefore the easy axis is likely to lie at an angle between IP and OOP 

directions. The Hc was predicted to be larger than the LSMO film for both the IP and 

OOP direction due to the shape of the pillars and increased interface density and this is 

indeed what is observed. Additionally, the Hc was observed to be larger in the OOP 

direction compared to the IP direction, as predicted. The Mr was predicted to be large in 

the OOP direction while being small in the IP direction which is also what was observed 

experimentally. Since these predictions were all experimentally confirmed, the scenario 

for the (LSMO)0.1(ZnO)0.9 thin film with small pillars is concluded to be sufficient to 

describe the general magnetic response of such a structure, with the addition that the easy 

axis will not align completely to the pillar direction due to the non-perfect nature of the 

film. 
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For the description of the magnetic behavior of the (LSMO)0.3(ZnO)0.7 thin film, two 

scenarios have been discussed. Both are evaluated here to find the most suitable one. 

Scenario 2b simplifies the thin film as an array of nanopillars with a large diameter. The 

Hc in the OOP direction is expected to be lower than the (LSMO)0.1(ZnO)0.9 thin film due 

to less interface pinning and a lower aspect ratio of the pillars, and higher than the LSMO 

thin film due to more interface effects, which indeed is seen in the experiments. In the IP 

direction, the Hc is expected to lie in between those of the LSMO and (LSMO)0.1(ZnO)0.9 

thin film which is confirmed as well by experimental data. The Han is expected to be lower 

in the OOP direction and higher in the IP direction due to the pillar shape compared to 

the LSMO thin film, which is indeed observed experimentally. However, the biggest 

difference between the model and the data is the orientation of the easy axis. A pillar 

structure is expected to force the easy axis to lie OOP due to the shape anisotropy. 

However, the easy axis is observed to be IP from experimental data confirming this 

scenario is not accurate enough to represent the magnetic response of this 

(LSMO)0.3(ZnO)0.7 thin film. 

Scenario 2a describes the structure of the (LSMO)0.3(ZnO)0.7 thin film as a matrix made 

of an LSMO layer perforated by the ZnO phase and is therefore expected to behave as an 

intermediate state between the LSMO and (LSMO)0.1(ZnO)0.9 thin films because it will 

show the effects of contributions from both the connected LSMO layer as well as from 

the interfaces with ZnO. The only outlier is the Mr of the OOP direction, which is lower 

than the LSMO thin film. This could be the result of the small hysteresis loop observed 

for the LSMO film that could be caused by a partly relaxed film. Just like the LSMO thin 

film, the easy axis here lies IP whereas the hard axis lies OOP. In short, almost all values 

of the magnetic parameters lie between those of the LSMO and (LSMO)0.1(ZnO)0.9 thin 

films but lie closer to those of the LSMO thin film. Therefore this scenario is a good 

description of the (LSMO)0.3(ZnO)0.7 thin film, predicting a magnetic response similar to 

the LSMO thin film.  

3.8  Conclusion 

The magnetic response of thin films of LSMO, (LSMO)0.3(ZnO)0.7, and 

(LSMO)0.1(ZnO)0.9 have been described successfully using scenarios based on a 

combination of nanostructure, shape effects, and interface effects. The magnetic response 

of the (LSMO)0.3(ZnO)0.7 VAN thin film is similar to that of an LSMO thin film even 

though only about half of the volume consists of LSMO. Nanopillar-structured vertically 

aligned nanocomposites of (LSMO)0.1(ZnO)0.9 have been shown to have an easy axis that 

lies more in the out-of-plane direction than in the in-plane direction, as opposed to an 

LSMO thin film grown on the same substrate. The origin of the anisotropy seen in these 

pillar structures in (LSMO)0.1(ZnO)0.9 VAN thin films is shown to mainly originate from 

the shape anisotropy, with a negligible contribution of the strain-induced anisotropy.  
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3.9  Outlook 

The magnetic pillar structure of the (LSMO)0.1(ZnO)0.9 thin films with their large Mr and 

Hc could be used in robust data storage applications if the pillars can be switched 

individually. The one-step deposition process involved in creating these thin films would 

be much cheaper than the multi-step processes used nowadays to produce memory chips. 

One downside is that the pillars are not grown in a pre-defined pattern, but are defined by 

the nucleation and growth dynamics, resulting in a semi-random distribution. If it is 

assumed that one pillar can carry one bit of information, the information density can be 

calculated by dividing the number of pillars by the area of the film. If the pillars are 

assumed to be circular with an average diameter of 15 nm, the average volume that one 

pillar and the surrounding ZnO phase take up can be calculated using the volumetric ratio 

of LSMO and ZnO. This problem can be reduced to two dimensions using a top-down 

view, if the pillars are assumed to have a homogeneous diameter over the length of the 

pillar. The area of one pillar can be calculated by 𝜋𝑟2 and using the volumetric ratio of 

21.2:78.8 for (LSMO)0.1(ZnO)0.9 VANs, the area of the ZnO phase accompanying the 

pillar is calculated by:  

( 
78.8

21.2
 ) 𝜋𝑟2. (3.5) 

The total area of the LSMO pillar and surrounding ZnO phase is then calculated by adding 

up the contributions of LSMO and ZnO: 

(1 +
78.8

21.2
 ) 𝜋𝑟2. (3.6) 

For pillars with a diameter of 15 nm this corresponds to an area of 834 nm2 per pillar, 

which equals a bit density of 0.12 Tbits/cm2
 and 0.77 Tbits/inch2, very close to a recent 

hard drive density of 1 Tbits/inch2.[38] Since this thin film is not yet optimized for data 

storage, there are many possibilities for improvement. One way to increase the pillar 

density would be to reduce the pillar diameter by depositing at a higher laser pulse 

frequency. However, reducing the dimensions of the pillars might have more adverse 

effects on the TC, complicating the data storage. Another possibility is to increase the 

pillar density by increasing the ratio of LSMO:ZnO, which will require additional tuning 

of the deposition parameters to obtain the desired pillar structure. 
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Chapter 4  

 

Host and Epiphyte Phases in 

LSMO:ZnO Nanocomposites 

Controlled by the Substrate 
 

 

Abstract: 

To be able to take full advantage of nanostructuring in self-assembled systems like 

vertically aligned nanocomposite (VAN) thin films, a good understanding is required of 

how the substrate influences the growth of VAN thin films. An important aspect in the 

growth of LSMO:ZnO VANs is to prevent the unwanted interface layer of LSMO, since 

it electrically short-circuits the VAN thin film in the lateral direction and renders it useless 

for thermoelectric applications. The substrate has a great influence on the structure of a 

VAN, and can therefore be a great tool to tune the structure towards a specific application. 

In this research, LSMO:ZnO VANs are grown by pulsed laser deposition on different 

substrate materials and substrate orientations. The lattice match between the substrates 

and the ZnO and LSMO phases of the VAN is used to predict the orientations of the 

phases in the VAN thin film. The structure of the VANs on the different substrates is 

evaluated by X-ray diffraction, scanning electron microscopy, and scanning transmission 

electron microscopy to study the influence of the substrate on the obtained nanostructure 

in the film. The substrate material is found to be able to switch the host and epiphyte 

phases of the VAN thin film, whereas the different substrate orientations are found to 

have a large effect on the electrical transport properties. Even though an LSMO interface 

layer appears to be present on all different SrTiO3 (STO) substrate orientations, the thin 

film grown on STO (111) shows a semiconductor behavior, indicating that no LSMO 

conduction path is present through the in-plane direction of the film. For all VANs grown 

on different substrates, the epitaxial relations are given and show that the interface 

between the LSMO and ZnO phases is always consisting of the LSMO (110) and ZnO 

(1̅100) planes.  

 

Part of the work discussed in this chapter is also used in a manuscript: Marijn van de Putte et al., 

“Vertically aligned nanocomposites as new thermoelectric architecture”, manuscript in preparation. 
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4.1  Introduction 

Properties of composite materials can change drastically upon changing the ratio of the 

two components. This also holds for vertically aligned nanocomposites (VAN) as the two 

components can have very different properties. If one of the two materials is for example 

conductive, it has a huge impact on the electrical properties whether a percolation path 

can be formed or not.  

A vertically aligned nanocomposite consists of two phases, a host and an epiphyte phase 

where the host forms a matrix with epiphyte regions inside. The substrate dictates which 

of the two materials will form the matrix phase depending on the crystallographic 

relations, surface energies, and wetting strength.[1,2] As a large crystallographic mismatch 

gives rise to large interfacial energy, normally the phase with the best lattice match with 

the underlying substrate will tend to form the matrix while the other material will form 

the epiphyte phase.[3] 

Using this knowledge, two distinct substrate parameters need to be considered, the 

substrate material and its crystallographic orientation, which can both influence the 

growth of the host and epiphyte phases. It has been previously shown for a vertically 

aligned nanocomposite of BiFeO3:CoFe2O4 that the host and epiphyte materials can be 

switched by changing the SrTiO3 (STO) substrate orientation.[1] Additionally, it has been 

shown that in La0.7Sr0.3MnO3 (LSMO) - ZnO VANs the host and epiphyte material can 

also be switched by growing on a completely different substrate, Al2O3 instead of SrTiO3, 

provided that the ratio of the materials is in a specific window.[4] 

As presented in Chapter 3, the VANs grown on STO (100) substrates suffered from an 

LSMO interface layer forming at the substrate-film interface. This conductive layer harms 

the thermoelectric properties by lowering the Seebeck coefficient. In literature, these 

VANs are grown without an LSMO interface layer at relatively low temperatures of      

750 °C as was shown by their semiconductive transport behavior.[5] However, it is 

necessary to find a solution to prevent this interface layer formation at higher 

temperatures (e.g. 850 °C) as well, to enable increasing the pillar size of the VAN. For a 

larger pillar size, a larger diffusion is required which is achieved with a high substrate 

temperature and low deposition frequency. Therefore, it is critical that different options 

are explored to prevent the LSMO interface layer formation even at high temperatures or 

low deposition frequencies. 

In this chapter, the influence of the substrate material on the growth of (LSMO)0.1(ZnO)0.9 

VANs will be studied by synthesizing vertically aligned nanocomposites on STO, ZnO, 

and ZnO-buffered STO substrates. In addition, VANs are grown on STO substrates 

exhibiting different crystal orientations to investigate their influence on the formation of 

the nanocomposite. A thorough structural study is performed, including a detailed STEM 

analysis of the interfaces in the nanocomposite. The central research question in this 

chapter is: “What is the influence of the substrate material and orientation on the structural 

characteristics of the LSMO-ZnO vertically aligned nanocomposite?”. 
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4.2  Experimental 

Nanocomposite thin films were grown by PLD on different substrates using a 

stoichiometric (LSMO)0.1(ZnO)0.9 target and a pure ZnO target. Using an oxygen 

background pressure of 0.267 mbar and a substrate temperature of 850 °C, the 

nanocomposite films were grown with a laser pulse frequency of 5 Hz using typically 

10800 pulses, whereas the ZnO buffer layers were grown at 1 Hz using 500 pulses. 

Goniometric XRD scans and phi scans were made on a PANalytical X’Pert PRO 

diffractometer, using a PIXcel1D detector and a Cu Kα source (λ = 1.5406 Å) and a four-

bounce Ge (220) monochromator. Atomic force microscopy (AFM) was performed with 

a Bruker ICON Dimension Microscope using the tapping mode in air option, using a tip 

with a tip radius of 20 nm. RMS roughness was obtained from AFM images using the 

Gwyddion software (version 2.58). A Zeiss Merlin HRSEM was used to make scanning 

electron microscopy images, using an in-lens detector. For resistivity measurements, a 

Dynacool physical properties measurement system (PPMS) from Quantum Design was 

used and Seebeck measurements were done at room temperature on a home-built setup. 

The cross-section STEM lamellas were prepared via focused ion beam (FIB) using a Fei 

Helios 650 dual-beam Focused Ion Beam device. During the preparation process, carbon 

and platinum protective layers were deposited on top of the film. The aberration-corrected 

high angular annual dark-field scanning transmission electron microscopy (HAADF-

STEM) and energy-dispersive X-ray spectroscopy (EDX) was performed on a probe 

aberration-corrected ‘cubed’ Fei Titan 80-300 electron microscope operated at 300 kV 

equipped with a Super-X EDX detector system. 

4.3  Effect of substrate material on host-epiphyte 

structure 

First, the effect of the substrate material on the structural properties of the nanocomposites 

is investigated by growing vertically aligned nanocomposites on three different 

substrates: one that matches best with the LSMO phase (STO (100)), one that matches 

best with the ZnO phase (ZnO (0001)), and finally a ZnO-buffered STO substrate.  

The different surfaces of the STO, ZnO, and ZnO-buffered STO are expected to result in 

different structures of the VANs grown on top due to the different lattice matching with 

the ZnO and LSMO phases. As it has been shown in literature that the material which 

matches best with the substrate will form the host matrix, it is expected that the STO 

substrate will promote an LSMO matrix formation, while the ZnO substrate will promote 

a ZnO matrix. As it is expected that the matrix material will form a connected layer, the 

electrical properties are expected to change drastically since the LSMO layer is 

conductive while the ZnO is semiconductive. The third substrate is an STO substrate with 

ZnO buffer, to study if the growth of the nanocomposite is similar in both structure and 

properties when grown on a buffer layer. This is important for the eventual integration on 

silicon technology, where STO-buffered silicon is already used as a template for the 

integration of functional oxide thin films and devices.[6] 
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By considering the (relaxed) lattice parameters of the LSMO and ZnO phases and the 

ones of the substrate, a prediction can be made in what orientation the nanocomposite 

will grow. On the STO (100) substrate, the orientations of the nanocomposite are known 

as they have been described in literature before.[4,5,7,8] To summarize, the LSMO grows 

cube on cube on the STO, and the ZnO grows in the (112̅0) orientation, with an in-plane 

rotation of 45 degrees with respect to the principal axis of the STO. This results in a lattice 

mismatch of 0.6% for the LSMO phase and 1.9% - 5.8% for the two axes of the ZnO 

phase. For the ZnO (0001) substrate, it is expected that the ZnO grows in the same 

orientation as the substrate, as they have no lattice mismatch. The LSMO is expected to 

grow in either the (110) or (111) out-of-plane orientation. In the (110) orientation it has a 

mismatch of 2.5% along the (001) and (112̅0) directions of LSMO and ZnO respectively, 

however, in the perpendicular direction it has a mismatch of 16%. The other option is that 

the LSMO grows in the (111) direction and then it has a lattice mismatch of 3.4%. 

Considering only the lattice mismatches with the substrate, it is likely that the LSMO will 

grow in the (111) orientation since it has the lowest lattice mismatch along both in-plane 

axes. However, in the (110) orientation the LSMO has the lowest lattice mismatch along 

one direction and if domain matching would take place, the 16% mismatch in the other 

direction could be reduced. Additionally, it has been shown that LSMO will grow in the 

(110) orientation on ZnO (0001) oriented substrates[9], making it more likely to grow in 

this orientation. It is expected that the ZnO buffer layer would result in LSMO and ZnO 

orientations similar to the ZnO substrate if the buffer layer exhibits the same surface plane 

with out-of-plane orientation as the substrate.  

4.3.1  ZnO buffer layer preparation 

Several important aspects of the ZnO buffer layer are crystallinity, roughness, and crystal 

orientation. It is expected that the orientation of the ZnO phase can be controlled by the 

orientation of the STO substrate[10], while the crystallinity and roughness of the buffer 

layer can be tuned by controlling the growth temperature. The temperature will be 

optimized first to ensure the right phase and crystallinity of the buffer layer, and 

afterward, the orientation of the substrate is varied to determine which orientation would 

result in the same (0001) crystal orientation as a bulk ZnO substrate.  

The ZnO buffer layers are grown in a PLD system using a pure ZnO target made by 

conventional ceramic target synthesis, as described previously in chapter 2.3. The oxygen 

background pressure was the same as for the nanocomposite with 0.267 mbar. 500 laser 

pulses were used to grow the thin ZnO films at a frequency of 1 Hz and laser fluence of 

2.3 J/cm2. The thickness of the films was estimated to be around 10 nm with a growth 

rate of 0.20 Å/pulse.  



Host and Epiphyte Phases in LSMO:ZnO Nanocomposites Controlled by the Substrate 63 

 

 

Figure 4.1: (a) comparison of the goniometric XRD spectra of the two main ZnO peaks 

of the ZnO buffer layer grown at different temperatures on STO (100) substrates.              

(b) comparison of the goniometric XRD spectra of the two main ZnO peaks of the ZnO 

buffer layer grown on different STO substrate orientations at a deposition temperature of        

600 °C. (c) AFM images showing the surface morphology of the ZnO buffer layers grown 

at different temperatures. (d) AFM images showing the surface morphology of the ZnO 

buffer layers grown on different substrate orientations.  

To obtain the most suitable temperature for growing the ZnO buffer layer, several growth 

temperatures were explored and the structural characteristics of the buffer layers, like 

crystallinity and morphology, were evaluated. To investigate the crystallinity of the thin 

ZnO buffer layers grown at different temperatures, XRD scans were made and are shown 

in figure 4.1 (a). The two peaks corresponding to the ZnO thin film have been enlarged 

for clarity. The sample grown at 850 °C does not show peaks corresponding to a 

crystalline ZnO phase, while for a lower temperature of 600 °C there are peaks appearing 

for both the (0002) and the (112̅0) orientation. Comparing the film grown at 400 °C to 

the one grown at 600 °C, the (0002) peak is equally intense while the (112̅0) peak is more 

intense, suggesting a more (112̅0) oriented film has formed at a lower temperature, 

possibly the result of a more crystalline film. AFM scans of these samples are shown in 

figure 4.1 (c) and reveal the surface morphology of the films. It can be seen that the lower 

temperature has a relatively rough surface with lots of larger particles on top, while the 

sample grown at 600 °C appears much more smooth. The sample grown at 850 °C has an 

interesting surface morphology of nanowires running along the diagonals of the substrate. 

Most likely the nanowire axis is the ZnO (0001) orientation which is known to match 

with the STO (110) orientation.[5] The RMS roughness of these samples is 3.5 nm, 2.2 

nm, and 5.5 nm respectively for ZnO buffer layers grown at 400 °C, 600 °C, and 850 °C. 

Combining these results, it becomes clear that the buffer layer grown at 400 °C is the 

most oriented film, with possibly a higher degree of crystallinity, but because the buffer 

layer grown at 600 °C has a smoother surface and a relatively high crystallinity, the most 

suitable temperature for the growth of the buffer layer was determined to be 600 °C. 
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To obtain the same orientation as the ZnO (0001) substrate, the buffer layers were grown 

on STO substrates with different orientations at a temperature of 600 °C. The structure is 

evaluated by XRD which is shown in figure 4.1 (b). The ZnO buffer layer grown on STO 

(100) shows a preferred (112̅0) orientation but also has a small (0002) peak, whereas the 

(111) orientation shows a very strong (0002) peak indicating a clear (0001) oriented ZnO 

buffer layer. The STO (110) does not show any significant ZnO peaks, and the tail shown 

left of the (0002) peak position is from the substrate. The AFM scans of these buffer 

layers are shown in figure 4.1 (d) and all show very comparable surface morphologies. 

The RMS roughness was determined to be 2.2 nm, 3.0 nm, and 2.3 nm for the STO (100), 

(110), and (111) orientations respectively. The buffer layer grown on STO (111) is the 

only one showing the preferred (0001) orientation and also has a relatively low roughness 

and is, therefore, the most suitable one for the comparative study of VAN growth on 

different surfaces. 

4.3.2  VAN structure on different substrates 

Nanocomposites of (LSMO)0.1(ZnO)0.9 are grown on top of STO (100) substrates, ZnO 

(0001) substrates, and a (0001) oriented ZnO buffer layer grown on an STO (111) 

substrate to compare the structural characteristics and their effect on the properties of 

these VAN structures. It must be noted that the nanocomposite on top of the ZnO buffer 

layer was grown completely in-situ to prevent any unwanted contaminations on the 

surface.  

The XRD spectra of the goniometric scans of the nanocomposite thin films are shown in 

figure 4.2. It can be seen that on top of the ZnO (0001) substrate the ZnO phase grows in 

the same orientation as the substrate, while the LSMO grows in both the (100) and (110) 

orientations. From the intensity ratio between the peaks, a rough estimation of the LSMO 

orientation ratio can be made. In this nanocomposite, the ratio between the (200) and 

(220) peak intensity is 0.5 while the theoretical ratio for bulk, polycrystalline LSMO 

should be ~2.[11] Therefore it can be estimated that there is a factor 4 more (110) oriented 

LSMO present in the nanocomposite, if the phases have the same degree of ordering and 

crystallinity in the thin film. For the (0001)-oriented ZnO buffer layer on STO (111) it is 

seen that the ZnO in the nanocomposite also grows exclusively in the (0001) orientation. 

The LSMO phase mainly grows in the (110) orientations, although a small tail on the 

right of the STO (111) peak indicates that also some (111) oriented LSMO seems to be 

present. Interestingly, there are no peaks indicating a (100) oriented LSMO phase like on 

the ZnO (0001) substrate. Possibly the (100) oriented LSMO can only form on a smooth 

surface like the ZnO substrate, whereas the relatively rough surface of the ZnO buffer 

layer prevents that specific LSMO orientation. Another option is that the ZnO buffer layer 

has other crystal facets exposed and the LSMO grows differently on those. On the STO 

(100) substrate the expected orientations form, in agreement with a previous study[5], with 

the ZnO growing in the (112̅0) orientation and the LSMO following the (100) orientation 

from the STO substrate as evident from the tails to the right of the STO peaks.  
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Figure 4.2: Comparison of the XRD spectra of (LSMO)0.1(ZnO)0.9 nanocomposites grown 

on different substrates. 

To elucidate exactly how the different crystal structures grow and fit on each other, the 

epitaxial relations are determined from phi scans shown in figure 4.3 (a,b). The phi scans 

of the VAN grown on an STO (100) substrate shown in figure 4.3 (a) show a fourfold 

symmetry of the (222) peak in both the STO and LSMO phases, confirming a cube-on-

cube growth of the LSMO on the STO substrate. The matching fourfold peaks of the ZnO 

(011̅0) planes confirm a ZnO phase with a 45° rotation with respect to the principal axes 

of the STO substrate. A representation of how the phases align on the substrate is seen in 

figure 4.3 (c) showing the blue STO substrate with the green ZnO phase with a 45° 

rotation in-plane and the orange LSMO phase growing cube-on-cube. The epitaxial 

relations are in agreement with previous observations in literature[5] and are given by 

(112̅0)ZnO//(100)STO//(100)LSMO, 

(0001)ZnO//(011)STO//(011)LSMO, 

(0001)ZnO//(01̅1)STO//(01̅1)LSMO. 
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Figure 4.3: (a) Phi scans of the nanocomposite grown on STO (100) where the scan of 

ZnO is multiplied by 100 for visibility. (b) Phi scans of the nanocomposite grown on a 

ZnO (0001) substrate where both scans of the LSMO peaks are multiplied by 100 for 

visibility. (c) Schematic representation of how ZnO (green) and LSMO (orange) phases 

grow on the STO (blue) substrate. (d) Schematic representation of how ZnO (green) and 

LSMO (orange) fit on the ZnO substrate. (e) Representations of how the unit cells of ZnO 

and LSMO are represented in the schematics. (f) Illustration of different planes in the 

ZnO unit cell. 

The phi scans of the VAN grown on the ZnO (0001) substrate are shown in figure 4.3 (b). 

The main out-of-plane orientation of LSMO is (110), and the corresponding plane that is 

scanned to obtain the in-plane information is the LSMO (200). It shows the same sixfold 

symmetry as the ZnO (011̅1) plane of the substrate with peak positions appearing at the 

same phi angles. Also, two very intense peaks are seen with no apparent symmetry 
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relation to the substrate or VAN and are caused by the setup (likely silicon (220) 

reflections caused by exposed silicon of the background plate in the setup, since their 

Bragg angles are very similar). To reveal the in-plane orientation of the (100) oriented 

LSMO, a phi scan of the (110) plane was made and shows a twelvefold symmetry with 

an offset of 15° compared to the ZnO (011̅1) peaks, suggesting an in-plane rotation of 

15° with respect to both the (112̅0) and (11̅00) planes of the ZnO phase as illustrated in 

figure 4.3 (d). The plane in between these is the (314̅0) plane, and has an intrinsic 

twelvefold symmetry. It also has an in-plane rotational offset of 14° with respect to the 

(011̅1) plane, which corresponds well with the measured ~15° offset that is observed in 

the phi scan. Looking closer at the (314̅0) plane in figure 4.3 (f), the full length of the line 

can be determined to be equal to √13𝑎. The obtained value of 11.682 Å has a lattice 

mismatch of only 0.4% with three unit cells of LSMO (11.64 Å) which is likely the reason 

that this unusual epitaxial relation is observed. The epitaxial relations are given by 

(0001)ZnO//(0001)ZnO-sub//(110)LSMO-1//(100)LSMO-2, 

(1̅100)ZnO//(1̅100)ZnO-sub//(11̅0)LSMO-1, 

(112̅0)ZnO//(112̅0)ZnO-sub//(001)LSMO-1, 

(314̅0)ZnO//(314̅0)ZnO-sub//(001)LSMO-2, 

where LSMO-1 and LSMO-2 denote the LSMO phases with out-of-plane orientations 

of (110) and (100) respectively.  

 

Figure 4.4: (a-c) AFM images showing the surface morphology of the (LSMO)0.1(ZnO)0.9 

nanocomposite grown on different substrates. (d-e) SEM images of the cross-section of 

the nanocomposites grown on STO (100) and ZnO (0001) substrates, respectively. 
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The surface morphology of the VANs grown on the different substrates was evaluated by 

AFM and the images are shown in figure 4.4 (a-c). The RMS roughness is 7 nm, 12 nm, 

and 11 nm respectively for VANs grown on STO (100), ZnO (0001), and STO (111) with 

a (0001)-oriented ZnO buffer. The VAN grown on an STO substrate is slightly smoother 

than the VANs grown on ZnO and ZnO-buffered STO, which exhibit similar roughness 

despite having visibly different surface morphologies. Comparing the internal nanopillar 

structure as shown in the SEM images in figure 4.4 (d-e), it can be seen that the LSMO 

pillars (in dark contrast) have a considerably larger diameter in the VAN grown on the 

ZnO substrate. When comparing the two nanocomposite structures, there is a clear 

interface layer present between the VAN and the underlying STO (100) substrate, which 

is absent for the VAN on the ZnO substrate. This dark contrast at the interface is pointing 

towards an LSMO interface layer, however, this can not be concluded from these SEM 

images alone and therefore a STEM analysis has been performed. 

4.3.3  STEM analysis of interfaces in the VANs grown on different 

substrates 

To get a better understanding of the interfaces of the VAN with the substrate, and also 

the interfaces within the VAN itself, lamella were cut from the thin film samples and 

analyzed with STEM. An EDX analysis was performed on the nanocomposite grown on 

STO (100) substrate to further elucidate the nanostructure and the results are shown in 

figure 4.5 (a-f). It can be seen clearly that there is a separation of the elements of the 

LSMO and ZnO phases in the nanopillar structure, with the La, Sr, and Mn elements 

occurring in the same pillars, while the Zn mostly occurs in the other structures. The 

thickness of the STEM lamella of about 10 nm results in regions in the STEM images 

where elements of both LSMO and ZnO phases seem to be present. What also can be seen 

is that the LSMO interface layer is present over the whole substrate interface causing the 

metallic behavior as observed in chapter 2.6. The pillar size of this nanocomposite is 

estimated to be between 10 and 30 nm. 

 

Figure 4.5: Non-quantified EDX maps showing the different elements within the VAN 

structure grown on STO (100) substrate with (a) HAADF overview image, and (b) Zinc, 

(c) Oxygen, (d) Lanthanum, (e) Strontium, and (f) Manganese atoms.  
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Figure 4.6: Scanning transmission electron microscope images of (a) the vertically 

aligned nanocomposite grown on the STO (100) substrate, (b) a zoom-in of the substrate 

interface, and (c) a zoom-in of the horizontal ZnO-LSMO interface with edge dislocations 

marked with a red T.  

Looking at the substrate interface in figure 4.6 (a), it can be seen that the STO substrate 

is covered with an interface layer of LSMO (in bright contrast) of one to three atomic 

layers thick, but that it is not a homogeneously closed layer. Small regions can be seen 

where the ZnO phase connects to the STO substrate directly. A dark vertical line is seen 

in the ZnO phase, which is most likely a grain boundary or another defect in the crystal 

phase. Above this defect line, a pillar of LSMO has formed, most likely nucleating on the 

defect of the ZnO phase. Looking closer at the substrate interface in figure 4.6 (b), it can 

be seen that the lattice mismatch between the ZnO and the STO causes stresses in the 

ZnO that are relieved in the form of edge dislocations, which are marked in the image by 

the red T’s. The mismatch between the ZnO and the STO is as high as 5.8% along the c-

axis of ZnO, which should correspond to a defect formed once every 100/5.8 = 17 unit 

cells, which matches with the 14 and 20 unit cells between defects observed in figure 4.6 

(b). Similar defects are observed in the horizontal interface between the ZnO and LSMO 

phase in figure 4.6 (c), where the edge dislocations are also indicated. Interestingly, the 

defects occur in the ZnO phase, whereas it is the LSMO phase that grows on top of the 

ZnO phase. Large distortions in the unit cell size are seen in the LSMO phase which 

seems to be vertically elongated at the interfaces with the ZnO.  
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Figure 4.7: Scanning transmission electron microscope images of (a) an LSMO pillar in 

a matrix of ZnO phase, (b) a zoom-in of the vertical interface between the LSMO and ZnO 

phases. (c) Intensity profiles of the LSMO and ZnO phases along the lines in figure b. 

Going further away from the substrate, an area is found which is free from influences of 

the substrate. In figure 4.7 (a) the vertical alignment of the LSMO nanopillar can be seen. 

Zooming in closely at the vertical interface in figure 4.7 (b), it can be seen that the 

interface is not completely vertically sharp, which could be explained by the slight 

difference of LSMO-atoms diffusing towards this specific pillar during the growth 

process, causing every layer to have slight variations of the number of LSMO atoms 

which would be accommodated on the sides of the pillar. However, there is still a domain-

matching relation found at this interface. Two intensity profiles are taken by averaging 

the intensity over a few pixels wide along the colored lines and plotted in figure 4.7 (c). 

The line of LSMO is plotted in orange and the large peaks correspond to the La and Sr 

atoms, although most of the contrast comes from the La atoms. In between the La atoms, 

a small peak is shown which corresponds to the Mn atoms. The line of ZnO is plotted in 

green and the peaks correspond to Zn atoms with a total of 13 atoms. The six La peaks 

mark the five unit cells of LSMO, and they match six unit cells of ZnO marked by the 13 

Zn atoms. This domain matching of five to six unit cells is observed previously in 

literature[7] and minimizes the total strain in the system. This, however, does not get rid 

of the strain completely as the total length of 5 (relaxed) unit cells of LSMO correspond 
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to a distance of 1.940 nm whereas 6 unit cells of (relaxed) ZnO correspond to a distance 

of 1.959 nm. If the lattice parameters are taken from the XRD data shown in figure 4.2 

(a), the 6 unit cells of ZnO correspond to a distance of 1.954 nm, indicating the ZnO is 

compressively strained to minimize the lattice mismatch with the LSMO. The LSMO 

peak can not be accurately fitted to obtain a lattice parameter since it is overlapping with 

the STO substrate peak, but it closely resembles the same distance as the 6 unit cells of 

ZnO. 

 

Figure 4.8: (a) HAADF image of the vertically aligned nanocomposite grown on a ZnO 

(0001) substrate. (b-f) non-quantified EDX maps of Zinc, Oxygen, Lanthanum, Strontium, 

and Manganese atoms respectively. Transmission electron microscopy image of (g) the 

substrate interface, and (h) the vertical pillars of the vertically aligned nanocomposite.  

In figure 4.8 the STEM images of the VAN grown on the ZnO (0001) substrate are shown. 

An overview of the VAN structure is shown in the HAADF image in figure 4.8 (a), and 

the EDX results of the same area are shown in figure 4.8 (b-f) for the different elements 

present in the structure. It can be seen that the La, Sr, and Mn atoms all are accumulated 

in the same pillars, whereas the Zn atoms are mostly found in the areas where none of the 

LSMO atoms are found, in the ZnO matrix. Due to the thickness of the lamella being 

greater than the LSMO pillar diameter, there are also Zn atoms indicated in the LSMO 

pillar areas, but this does not mean that Zn atoms are intermixed within the LSMO pillars. 

Oxygen is homogeneously distributed throughout the whole VAN as can be expected 

with a combination of two oxide materials. It can be seen that no horizontal LSMO 

interface layer is present at the ZnO substrate for these samples, which is logical since the 

ZnO in the VAN has an ideal chemical and lattice match with the ZnO substrate. In    



72 Chapter 4 

 

figure 4.8 (g) a zoom-in of the substrate interface region is shown, however, it is unclear 

where the substrate ends and where the VAN film begins, indicating a good epitaxial 

matching of the ZnO phase from the substrate to the VAN thin film. In figure 4.8 (h), the 

vertical interfaces between the LSMO and ZnO phases are shown, and indicate clear 

phase separation and vertically well-defined pillars.  

4.3.4  Structure-property relation for LSMO:ZnO VANs grown on 

different substrates 

To further elucidate the impact of the different structure of the nanocomposites grown on 

various substrate geometries, the functional properties were measured. In figure 4.9 the 

resistivity as a function of temperature is shown for all VANs grown on the different 

substrates. The resistivity curve of the VAN grown on STO (100) looks typical of a 

semimetal-like LSMO with a metallic behavior below the TC and a semiconducting 

behavior above the TC. This confirms that an interconnected LSMO phase is present in 

the VAN, most likely caused by the interconnected LSMO interface layer as observed by 

STEM as seen in figure 4.5 (a). 

 

Figure 4.9: Resistivity of the nanocomposites grown on different substrates as a function 

of temperature in the low-temperature range. 

The resistivity curve of the VAN grown on the ZnO substrate shows a clear 

semiconducting behavior over the temperature range of 150 K to 380 K, where data at 

lower temperatures was excluded as it exceeded the measurement range of the PPMS. 

This semiconducting behavior over the whole temperature range confirms that there is no 

interconnected metallic LSMO phase present in this VAN film as expected from STEM 

and SEM data. The VAN grown on the ZnO buffer layer behaves similar to the VAN 

grown on the STO (100) substrate, as the resistivity increases with increasing temperature 
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like a metallic phase up to a TC where the resistivity decreases with increasing temperature 

like a semiconducting phase, although the absolute value of the resistance does not change 

much over the whole temperature range. Interestingly, there is still a metallic-like 

behavior in the thin film even though the ZnO buffer layer should prevent the LSMO 

interface layer growth. However, the resistivity values are one to two orders of magnitude 

higher than the VAN grown on an STO (100) substrate which does exhibit an LSMO 

interface layer. Since the starting surface of the VAN growth is a relatively rough buffer 

layer of ZnO, the VAN film will also have a less ordered structure. In this way, a 

percolation path could have formed with very small conductive LSMO channels, and even 

the possibility of tunneling barriers. It must be noted that the resistivity values presented 

here are calculated using the thickness of the VAN thin film. This is accurate for the 

VANs grown on STO substrates (with or without the ZnO buffer layer) since the substrate 

does not contribute significantly to the resistance of the total sample. However, the VAN 

grown on the ZnO substrate has an interconnected ZnO phase that acts as the main 

conductor, and since the ZnO substrate underneath is similar, it can be expected that a 

portion of the current goes through the substrate. Therefore the “real” resistivity of the 

VAN thin film on the ZnO substrate could be three orders of magnitude higher than shown 

in the graph, as the thickness of the substrate is about three orders of magnitude higher 

than the film thickness. The values around room temperature are one order of magnitude 

higher for the VAN on the STO substrate compared to the VAN grown on the ZnO 

substrate, while the VAN grown on the ZnO buffer has a resistance of even one more 

order of magnitude higher.  

The room temperature Seebeck coefficients are measured to confirm the (semi)-metallic 

and semiconducting behavior observed through the resistance measurements above. The 

measured values are -46 ± 4, -711 ± 95, and -202 ± 28 μV/K respectively for the VANs 

grown on STO (100), ZnO (0001), and the ZnO-buffer. The relatively low Seebeck 

coefficient of the VAN thin film grown on the STO (100) substrate can be explained by 

the conducting LSMO interface layer which negates the buildup of charges from the 

Seebeck effect in the ZnO matrix. The high Seebeck coefficient measured in the VAN 

grown on the ZnO substrate is likely to be influenced heavily by the substrate, as pure 

ZnO is a semiconductor and has a large Seebeck coefficient.[12] The VAN grown on the 

ZnO buffer has a Seebeck value in between the ones of the other thin films, which is more 

likely to be the real Seebeck coefficient of the VAN thin film since the STO substrate and 

the ZnO buffer are not expected to have a large influence on the measured Seebeck 

coefficient of the VAN layer. This also confirms that the possible percolation path is not 

of large influence on the thermoelectric properties, since it does not reduce the Seebeck 

coefficient like the LSMO interface layer does on the STO (100) substrate.  

To summarize, the STO (100) substrate forced the LSMO in the VAN to become the 

matrix material due to the better lattice match of LSMO to the substrate. The LSMO 

interface layer acts as a conductive matrix that harms the thermoelectric performance by 

reducing the Seebeck coefficient of the thin film. Growing LSMO:ZnO VANs on 

substrates that match the lattice parameter of the ZnO phase better, (e.g. ZnO substrates) 

causes the ZnO phase to form the host matrix and prevents the formation of an LSMO 
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interface layer. However, the ZnO substrate contributes significantly to the electrical 

transport, which makes it impossible to accurately measure any thermoelectric properties 

of the VAN thin film. The ZnO buffer layer eliminates the disadvantages of both previous 

samples since the ZnO buffer on an STO (111) substrate prevents an LSMO interface 

layer from forming, while the STO substrate does not contribute to the electrical and 

Seebeck measurements.  

4.4  Effect of substrate orientation on host-epiphyte 

structure 

4.4.1  VAN structure on different substrate orientations 

To investigate if the host and epiphyte phases of an LSMO:ZnO nanocomposite can be 

switched by using a different substrate orientation, VANs have been grown on STO (100), 

(110), and (111) substrates. Since the perovskite LSMO phase is structurally so close to 

the perovskite STO substrate and has very similar lattice parameters, it is expected that 

the LSMO matches the substrate better than the 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 different 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. 

 

Figure 4.10: Schematic view of the lattice matching of the ZnO and LSMO phases on 

different STO substrate orientations, with lattice parameters and epitaxial mismatch. 
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In figure 4.10 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 and 

not the vertical interfaces between the LSMO and ZnO phases. It can be seen that on an 

STO (100) substrate the LSMO fits best if it grows cube on cube, while the ZnO matches 

best in the (112̅0) orientation although with some significant strain. On an STO (110) 

substrate the LSMO phase grows in the same (110) 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 giant mismatch of more 

than 17%. On an 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 vertically aligned nanocomposites the vertical 

interfaces are very important and dominate the strain states and crystal phases of 

materials. Therefore the actual orientations in the nanocomposites can differ from these 

predictions if the vertical interfaces created by these predicted orientations are very 

energetically unfavorable.  

 

Figure 4.11: 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 representation of how the LSMO (orange) and ZnO (green) 

phases within the nanocomposites fit on the differently oriented STO (blue) substrates. 
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A structural characterization has been performed on the VANs grown on different STO 

substrates and the corresponding goniometric and phi scans are shown in figure 4.11. As 

described before in section 4.3.2, the ZnO and LSMO phases in the nanocomposite grown 

on an STO (100) substrate orient in the (112̅0) and (100) directions respectively for as 

seen in figure 4.11 (a). The in-plane symmetry was revealed through a phi scan, as shown 

in figure 4.11 (d), and indicates that LSMO grows in the same orientation (in-plane and 

out-of-plane) as the STO (100) substrate, while the ZnO is 45° rotated in-plane compared 

to the principal axes of STO. In figure 4.11 (g) a schematic representation of the unit cells 

is shown indicating their fit on the substrate, which matches literature.[5] 

The VAN grown on an STO (110) substrate shows a single (0001) out-of-plane 

orientation for the ZnO phase in figure 4.11 (b). The LSMO phase shows up in the tail of 

the STO peaks on the right side, indicating it also grows in the (110) orientation. The in-

plane orientation of the phases was checked with a phi scan, as shown in figure 4.11 (e), 

and indicates 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 (011̅1) peaks show a sixfold in-plane symmetry with an offset of 30° 

from the STO (111) peaks indicating that the ZnO grows as indicated in the schematic in 

figure 4.11 (h). The epitaxial relations are determined to be 

(0001)ZnO//(110)STO//(110)LSMO, 

(1̅100)ZnO//(11̅0)STO//(11̅0)LSMO, 

(112̅0)ZnO//(001)STO//(001)LSMO. 

The goniometric scan of the VAN grown on the STO (111) substrate in figure 4.11 (c) 

shows the ZnO phase grown in the (0001) orientation out-of-plane and the LSMO 

growing in the (110). Interestingly, the LSMO does not follow the same orientation as the 

substrate, in contrast to the case for VANs grown on STO (100) and (110), indicating that 

the epitaxial relationship is determined more strongly by the interfaces in the 

nanocomposite itself rather than the substrate interface. In the phi scans shown in figure 

4.11 (f) the in-plane relation of the nanocomposite is determined. The STO substrate 

shows a threefold symmetry of the (110) peak and the ZnO (011̅1) peak exhibits 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 this phase is indeed dependent on the 

ZnO phase and they grow on the substrate as illustrated in figure 4.11 (i). The epitaxial 

relations are determined to be  

(0001)ZnO//(111)STO//(110)LSMO, 

(1̅100)ZnO//(11̅0)STO//(11̅0)LSMO, 

(112̅0)ZnO//(112̅)STO//(001)LSMO. 

To dive a bit deeper into the reason why the LSMO grows in a different orientation than 

the substrate, it seems that all the interfaces between the ZnO and LSMO are the same. 
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When comparing the epitaxial relations of all three VAN films, the relations between the 

LSMO and the ZnO are the same for the VANs grown on all substrates, suggesting this 

interface is energetically the most favorable to create.  

Comparing the actual orientations of the VANs with the predictions made in figure 4.10, 

it can be seen that most of the predictions were accurate. The nanocomposite grown on 

STO (100) and (110) substrates had the correct predictions based on only the substrate 

mismatch considerations. The nanocomposite grown on an STO (111) substrate was, 

however, not predicted correctly since the LSMO grows in a different orientation as the 

substrate.  

 

Figure 4.12: (a-c) AFM images showing the surface morphology of the 

(LSMO)0.1(ZnO)0.9 nanocomposites grown on STO (100), (110), and (111) substrates, 

respectively. (d-f) SEM images of the cross-section of the nanocomposites grown on STO 

(100), (110), and (111) substrates, respectively. 

The surface morphology and internal nanostructures of the VANs grown on differently 

oriented STO substrates are revealed through AFM images and cross-section SEM 

images shown in figure 4.12. The RMS roughness of the VAN films is very similar with 

7 nm, 6 nm, and 3 nm for the nanocomposites grown on STO (100), (110), and (111) 

substrates respectively. The cross-sections as viewed by SEM in figure 4.12 (d-f) reveal 

the nanopillars of LSMO in dark contrast. There seems to be a dark line visible at the 

substrate interface for the samples grown on STO (100) and STO (111) substrates which 

is most clearly visible in the VAN grown on STO (100). This could indicate the presence 

of an LSMO interface layer, but this can only be confirmed by detailed STEM analysis. 

The VAN on an STO (110) substrate does not show this feature, but a possible LSMO 

interface layer cannot be fully excluded. The pillar sizes are similar for the VANs grown 

on all three STO substrates with different orientations, in contrast to the VAN grown on 

the ZnO substrate which had significantly thicker pillars. To evaluate the nanostructure 

in more detail, STEM images were taken from lamella cut from the VAN grown on the 

STO (111) substrate in the STO (112̅) and (11̅0) directions.  
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4.4.2  STEM analysis of interfaces in the VANs grown on different 

substrate orientations 

On the STEM image in figure 4.13 (a), a bright interface layer is seen at the substrate-

VAN interface. Since the contrast in this STEM image is given by the atomic number 

where heavier elements are brighter than the lighter atoms, the interface layer most likely 

consists of La atoms. The structure at the interface exhibits the same perovskite structure 

as the STO substrate, so it is most likely that an LSMO interface layer has formed. This 

layer is present all over the interface as observed in all the overview images. Being 

approximately four atomic layers thick, this 1 nm layer is formed due to the better lattice 

match with the substrate. In the image it also can be seen that the two phases of the VAN 

have no visible crystallographic defects, suggesting a good match between the two 

materials. The phases seem to separate well, however, since the lamella is thicker than 

the size of the LSMO pillars, there are areas where the two crystal structures overlap.  

 

Figure 4.13: Scanning transmission electron microscopy images of the (a) vertically 

aligned nanocomposite grown on an STO (111) substrate, (b) zoom-in of the substrate 

interface. (c) Intensity profiles of the substrate and ZnO phases taken along the colored 

lines in figure b. 

Looking closer at the interface between the substrate/LSMO interface layer and the ZnO 

phase in figure 4.13 (b), the Zn atoms and the Sr atoms seem to have a periodic matching. 

The intensity profiles of both ZnO and LSMO/STO phases are shown in figure 4.13 (c), 

where it can be seen that 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. It can be seen 

that the first row of Zn atoms at the interface are distorted from their equilibrium 

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 interface is shown to have a relatively thick layer with dark contrast with a 

thickness close to the distance between Zn atoms along the c-axis. This likely means that 
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the ZnO phase starts here with an oxygen layer, bonded to the perovskite phase. The 

LSMO phase at the interface is also seen to be distorted with the last layer of La/Sr atoms 

at the interface being pulled closer to the LSMO layer. 

 

Figure 4.14: Scanning transmission electron microscopy images of the (a) vertically 

aligned nanocomposite 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. 

Figure 4.14 (a) shows a vertical interface within the VAN close to the substrate. The 

LSMO interface layer is present in these images as well. The perovskite LSMO phase is 

seen to be continuing in the (111) orientation as can be seen on the left of the overview 

image, while the ZnO immediately grows in the (0001) orientation. As seen in the XRD 

data, the LSMO phase in the VAN grown on STO (111) should grow mainly in the (110) 

orientation. However, in the first stages of growth, there are little to no vertical interfaces 

between the LSMO and ZnO phase, and therefore it can be expected that the LSMO grows 

in the same orientation as the substrate. A similar effect has been observed in 

SmO:BiFeO3 VANs, where in the first 20 nm the strain state is dictated by the substrate, 

whereas after this 20 nm the vertical interfaces determine the strain state.[7] Here, it is not 

the strain state that is influenced, but the crystallographic orientation of the LSMO phase, 

however, it shows that the interface effects only start to play a role after a certain thickness 

of the nanocomposite thin film. In this orientation, the overlapping phases of LSMO and 

ZnO show an interesting moiré-like interference pattern as indicated by the white arrows 

in figure 4.14 (a). Every 8 atomic planes of ZnO, the atomic planes line up with the LSMO 

phase, which has 9 atomic planes in the same distance which is seen in figure 4.14 (b). 
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The intensity profiles are taken for the ZnO and LSMO phases to confirm this in figure 

4.14 (c). By taking only the out-of-plane component of the LSMO profile, the profiles 

can be overlapped and it becomes clear that an 8:9 ratio is indeed present. The distances 

between 8 and 9 planes of relaxed ZnO and LSMO respectively can be calculated with 

the following equations: 

𝑑𝑍𝑛𝑂 = 7 ∗
𝑐

2
= 18.26 Å, 

𝑑𝐿𝑆𝑀𝑂 = 8 ∗
√3

3
𝑎 = 17.92 Å, 

and they have a mismatch of 1.9%, which is likely accommodated by straining the phases. 

When looking at the goniometric XRD scan in figure 4.11 (c), there seems to be a small 

peak on the left of the STO, suggesting the presence of (111) oriented LSMO with a larger 

lattice parameter than STO. If LSMO is indeed out-of-plane tensile strained by the ZnO 

phase, then the out-of-plane lattice parameter could indeed be larger than that of STO, up 

to a value of 3.95 Å if all the strain necessary for a lattice match is induced in the LSMO 

phase. However, most likely the strain is shared between both phases. 

Further away from the substrate, the LSMO phase is influenced mainly by the vertical 

interfaces with the ZnO phase and has little to no influence from the substrate anymore. 

In figure 4.15 (a-b) can be seen that the LSMO is indeed growing in the (110) orientation 

as evidenced by the 45° rotated cubic perovskite unit cell, and the ZnO grows in the same 

(0001) orientation. The sharp interface looks at first glance like it has a 1:1 lattice 

matching between the LSMO (110) and ZnO (0001) phases. However, taking the out-of-

plane lattice parameters from the XRD scans in figure 4.11 (c) of 2.609 Å and 2.733 Å 

for ZnO and LSMO respectively, it would correspond to a mismatch of almost 5%. To 

figure out if domain matching is present in this orientation, the intensity profiles of the 

LSMO and ZnO phases are overlapped in figure 4.15 (c), which reveals a domain 

matching of 22 atomic planes of LSMO with 23 planes of ZnO. This match corresponds 

to a unit cell ratio of 10.5 unit cells of LSMO matching with 11 unit cells of ZnO, and 

converting this to whole unit cells, a ratio of 21:22 unit cells of LSMO:ZnO is found. 

Combining this with the lattice parameters obtained from XRD, the resulting mismatch 

can be calculated to be as low as 0.008%, further solidifying the idea of a domain-

matching model with this unusually large matching. Additionally, the VAN grown on the 

STO (100) substrate also exhibits domain matching, making it an accepted phenomenon 

in this material combination. An illustrative model of the domain matching in the 

LSMO:ZnO vertically aligned nanocomposite system is shown in figure 4.16. Depending 

on the growth conditions of the nanocomposite, and specifically the oxygen background 

pressure, the domain matching ratio could change slightly. Oxygen vacancies can cause 

slight changes in the lattice parameter of both materials, which could alter the domain 

matching specifically in the 21:22 domain matching direction. The exact ratio can be 

determined easiest from the lattice parameters obtained from XRD data of VANs grown 

on STO (111), since here the ZnO and LSMO peaks can both be easily identified.  
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Figure 4.15: 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. 

 

Figure 4.16: lllustrative model of the domain matching in LSMO:ZnO nanocomposites.  
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4.4.3  Structure-property relation for LSMO:ZnO VANs grown on 

different substrate orientations  

To verify the influence of the LSMO interface layers on the functional properties, the 

resistivity of the nanocomposites is measured as a function of temperature using the van 

der Pauw geometry. The data is shown in figure 4.17 and it can be seen that the 

nanocomposites grown on differently oriented STO substrates exhibit very different 

resistivities. As discussed previously, the VAN film on an STO (100) substrate shows a 

clear metallic behavior below room temperature. However, around 330 K the resistivity 

levels off and decreases slightly above the metal-insulator transition (MIT). The VAN 

grown on an STO (110) substrate has a much higher resistance over the whole 

temperature range, indicating that there is little to no influence from a possible LSMO 

interface layer. There is still an MIT visible around 200 K, indicating that there is still a 

percolation path through the LSMO phase present which only becomes dominant for 

transport at lower temperatures. The VAN grown on an STO (111) substrate has an even 

higher resistance and appears to have an MIT at a slightly lower temperature of 180 K. It 

is not clear if this MIT actually appears here since the resistance values approached the 

limit of the equipment and therefore it could not be measured at lower temperatures. 

Interestingly, the resistance of the VAN film on an STO (111) substrate is much higher 

than the VAN on an STO (100) substrate, even though in the STEM data it can be seen 

that a ~1 nm thick LSMO interface layer is present on the STO (111) substrate. An 

explanation for this can lie in the very small thickness of the LSMO interface layer, as it 

is known that below a threshold of a few unit cells the LSMO is not conductive 

anymore.[13] This limit has been explored in LSMO (100) oriented films, and the limit 

might differ for other orientations of LSMO, like the (111) orientation, and could lie in 

the order of the film thickness we observe in our VAN thin film. Another explanation 

could lie in the strain of the LSMO phases present in the different nanocomposites. It is 

known that large amounts of strain can drastically change the transport behavior of LSMO 

from metallic to semi-conductive[14] and these vertically aligned nanocomposites have 

lots of strained material. Due to the different thermal expansion coefficients                       

(1.5 x 10-5 K-1 for ZnO[15] and 1.34 x 10-5 K-1 for LSMO[16]), the strain changes upon 

cooling down which can in turn change the conduction behavior.  
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Figure 4.17: Comparison of resistivity versus temperature for the vertically aligned 

nanocomposites grown on differently oriented STO substrates. 

When the resistivity of the films grown on STO (111) in figure 4.17 and on STO (111) 

with a ZnO buffer layer in figure 4.9 are compared, an interesting difference in behavior 

can be seen. The buffer layer was prepared to prevent LSMO interface layer formation 

which should result in more semiconducting behavior of the VAN. However, it can be 

seen that the VAN grown directly on STO (111) has a much higher resistance value over 

the whole temperature range. This is possibly the result of different amounts of strain in 

the LSMO phase in both VANs or originates from the nano/microstructure of the film 

itself. A more detailed analysis of the transport properties will be presented in the next 

chapter. 

4.5  Conclusion 

A ZnO buffer layer in the (0001) orientation was grown successfully on STO (111) 

substrates at 600 °C. (LSMO)0.1(ZnO)0.9 vertically aligned nanocomposites grew 

epitaxially on the ZnO buffer layer similar to the VAN grown directly on a crystalline 

ZnO substrate, but exhibit less different orientations of LSMO. The nanocomposites 

grown on STO (100) and ZnO (0001) substrates exhibit a similar nanostructure as 

revealed by SEM, with LSMO nanopillars in a matrix of ZnO. However, the VAN grown 

on the STO substrate has nanopillars with a smaller diameter, and an LSMO interface 

layer. STEM confirms the presence of this interface layer and the measured electrical 

transport properties show metallic behavior due to the presence of a percolation path in 

the LSMO. The VAN grown on the ZnO substrate shows a semiconducting behavior, due 

to the absence of an LSMO interface layer, indicating a ZnO host phase. Concluding, in 

LSMO:ZnO nanocomposites the material with the best lattice match with the substrate 

will form the host material. 
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The epitaxial relationships of (LSMO)0.1(ZnO)0.9 VANs grown on STO substrates with 

different orientations have been determined and show that all of them exhibit the same 

LSMO:ZnO interface of the LSMO (110) and ZnO (1̅100) planes. At the interface, a 

domain matching is present of 5:6 along the (001) axis of the LSMO phase and 21:22 

along the (110) axis of the LSMO. STEM shows an LSMO interface layer present on both 

the STO (100) and STO (111) substrates, which only leads to metallic behavior in the 

VAN on STO (100) substrate. The LSMO layers on the STO (111) substrate do not cause 

the VAN film to become metallic, probably caused by either the strain in the LSMO phase 

or its limited thickness. The different orientations of the STO structure in the substrates 

do not cause the host (LSMO) and epiphyte to switch under these specific growth 

conditions, as evident by the presence of the LSMO interface layer. However, given the 

pillar structure of LSMO in the ZnO matrix, it can be seen that the ratio of LSMO and 

ZnO of 1:9 causes the ZnO to form the host material and LSMO the epiphyte in the bulk 

of the film. 
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Chapter 5 
 

Thermoelectric Properties of 

LSMO:ZnO Vertically Aligned 

Nanocomposites 
 

 

Abstract: 

Self-assembled vertically aligned nanocomposites (VANs) are interesting for 

thermoelectric applications as the many interfaces are expected to reduce thermal 

conductivity and thus increase thermoelectric performance. As VANs have not yet been 

explored for thermoelectric applications, a model system of La0.7Sr0.3MnO3 and ZnO is 

used in this research to study the effect of a self-assembled nanopillar structure on the 

electrical and thermal transport properties. The central question in this chapter is if the 

VAN architecture can reduce thermal conductivity without affecting the electrical 

transport properties significantly. Electrical conductivity and Seebeck measurements are 

investigated over a broad temperature range to study the electrical transport properties of 

VANs grown on differently oriented SrTiO3 substrates and to compare them with a ZnO 

reference thin film. An unexpected n-p transition was found around 470 °C in the VAN 

thin films and the ZnO reference thin film. Several possible mechanisms for this transition 

are discussed. The thermal conductivity of the thin films is measured by frequency 

domain thermoreflectance and showed that the VANs exhibit an anisotropic thermal 

conductance with an out-of-plane thermal conductivity of 9.2 ± 2.0 Wm-1K-1 and an in-

plane thermal conductivity as low as 2.0 ± 0.5 Wm-1K-1. Compared to the ZnO reference 

thin film, The VANs have a reduction of the in-plane thermal conductivity of a factor of 

20. 

 

 

 

 

Part of the work discussed in this chapter is also used in a manuscript: Marijn van de Putte et al., 

“Vertically aligned nanocomposites as new thermoelectric architecture”, manuscript in preparation. 
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5.1  Introduction 

Thermoelectric materials are difficult to optimize due to the fact that their properties are 

interrelated in complex ways as discussed in more detail in chapter 1. The performance 

of thermoelectric materials is evaluated by its figure of merit, ZT. The ZT of a material 

can be calculated in the following way: 

𝑍𝑇 =
𝑆2

𝜌𝜅
𝑇, (5.1) 

where S is the Seebeck coefficient, ρ is the electrical resistivity, κ is the thermal 

conductivity, and T is the absolute temperature. The properties are often separated into an 

electrical and a thermal part, with 𝑆2/𝜌 as the electrical part, also called the power factor 

(PF), and κ as the thermal part. This is not an entirely accurate separation though, as the 

charge carriers also participate in the transport of heat through the material. The thermal 

conductivity can therefore be written as a sum of two parts, a lattice thermal conductivity, 

and an electronic thermal conductivity: 

𝜅𝑡𝑜𝑡 = 𝑘𝑙 + 𝑘𝑒 , (5.2) 

where κl is the lattice thermal conductivity and κe is the electronic thermal conductivity. 

However, it is generally accepted that only the lattice thermal conductivity needs to be 

optimized, and the electronic contribution will just be accepted what it is at a certain 

optimized PF as reducing the electronic part of the thermal conductivity will harm the 

power factor even more.  

An effective way to improve thermoelectric properties is via nanostructuring of the 

material. Certain nanostructuring strategies introduce scattering centers and/or grain 

boundaries for phonons to reduce the thermal conductivity. Nanostructuring can also 

decouple the thermal and electrical transport and make it easier to optimize the electronic 

and thermal properties separately, for example in a superlattice.[1] The nanostructuring 

approach was also demonstrated for the SnTe thermoelectric compound, where tuning the 

material on different length scales resulted in improvements of the ZT of the material.[2] 

One way to introduce nanostructuring to increase phonon scattering is by introducing 

many vertical interfaces in a thin film. A very efficient way of synthesizing such complex 

material would be through a self-assembly process. Vertically aligned nanocomposites 

(VANs) are self-assembled two-material systems that can achieve such architecture in the 

form of nanopillars of one material in a matrix of a second material.  

To explore the impact of a VAN architecture on the thermoelectric performance of a 

material the approach is used to have a matrix of a thermoelectric material containing 

pillars of a secondary material with the sole purpose of scattering the phonons. By 

choosing the materials in such a way that the mass contrast at the interfaces is large, the 

phonon scattering can be maximized to reduce the thermal conductivity as much as 

possible. A schematic image of the proposed structure is shown in figure 5.1. 
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Figure 5.1: Illustration of the concept of the vertically aligned nanocomposite structure 

as thermoelectric material. 

The proposed mechanism within this nanopillar structure is that the electric transport is 

not influenced by the pillars, while the thermal transport is reduced by the enhanced 

phonon scattering at the interfaces. The biggest benefits of this proposed nanostructuring 

strategy are that the crystal structures of the two materials can be epitaxially aligned to 

each other and the size of the nanopillars can be controlled down to the nanoscale.[3-5] 

Furthermore, the VANs are synthesized by a self-assembly process, therefore no extra 

process steps (e.g. etching, multiple deposition steps) are required. If this concept is 

proven to work, then efforts can be made to also enhance the electric properties of the 

thermoelectric material using doping. In this chapter, the high-temperature thermoelectric 

properties of (LSMO)0.1(ZnO)0.9 VANs are explored and their relation to the vertically 

aligned nanocomposite structure is discussed. Two main research questions are central to 

this chapter: “How are the electrical properties influenced by the VAN architecture?” and 

“Can the VAN architecture reduce the thermal conductivity with respect to a pure ZnO 

thin film?”  

5.2  Experimental 

The (LSMO)0.1(ZnO)0.9 VAN thin films were grown by pulsed laser deposition as 

described in chapter 4 where their structural characteristics are also discussed extensively. 

Electrical contacts were applied through sputter deposition with a shadow mask by first 

depositing a thin layer (~2 nm) of titanium to promote adhesion to the oxide film, 

followed by the deposition of a 100 nm thick gold layer. 

The high-temperature thermoelectric properties of the thin film nanocomposite samples 

were measured on a Linseis LSR-3 system using specially designed thin film clamps. The 

samples were measured from 40 °C to 600 °C with a heating rate of 3 °C/min during 

heating and cooling. Five measurements of the Seebeck coefficient and resistance were 

made every 20 °C, with a stabilization time of 1 minute between every measurement. For 

the Seebeck coefficient measurements, a temperature gradient of 50 °C was applied 

between the upper and lower electrode, which translated to an effective gradient of about 

4 °C between the thermocouple probes on the samples. Due to the linear equal-spaced 
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configuration of the electrodes on the sample, the resistivity was calculated using the 

following relation: 

𝜌 = 𝑅
𝜋

ln(2)
𝑡, (5.3) 

where ρ is the resistivity of the thin film, R is the measured resistance, and t is the 

thickness of the film. To obtain the Seebeck coefficient, the contribution of the platinum 

thermocouples was subtracted from the measured values. For both the Seebeck coefficient 

and resistivity, the five data points per temperature were averaged to obtain the final 

values.  

High-temperature XRD measurements were performed on a PANalytical X’Pert PRO 

diffractometer, using a PIXcel1D detector and a Cu Kα source (λ = 1.5406 Å), equipped 

with an Anton-Paar DHS 900 temperature stage. The sample was heated at 10 °C/min to 

the target temperature after which a stabilization time of 5 minutes was used. After 

performing a goniometric scan, this process was repeated at all target temperatures. 

Frequency-domain thermoreflectance (FDTR) measurements were performed on the 

nanocomposite thin films in addition to an STO reference substrate and a ZnO reference 

film. The samples were coated with a 40 nm gold layer to act as a heat transducer and the 

measurements were performed similar to as described in ref [6]. The measurements were 

performed from 2 kHz to 50 MHz using two continuous wave lasers. The intensity of the 

pump laser (Coherent Obis 405 nm LX, M2 ≤ 1.2) is modulated from 2 kHz to 50 MHz 

to heat the sample, and the second probe laser (Coherent Obis 532 nm LX, M2 ≤ 1.1) is 

used to monitor the change in thermoreflectance of the gold transducer layer. Two 

different spot sizes were used to refine the data (4 μm and 11 μm in diameter). The data 

was fitted with a thermal model which is elaborated in section 5.4. These measurements 

and the data fits were carried out by Dr. Alexandros Sarantopoulos and Dr. Francisco 

Rivadulla at the Centro Singular de Investigación en Química Biológica y Materiales 

Moleculares (CIQUS) at the University of Santiago de Compostela in Santiago, Spain. 

5.3  Electrical transport properties of LSMO:ZnO 

VANs 

The electrical transport properties of the VANs were measured from room temperature to 

600 °C to be able to discuss the origins of the electrical transport behavior of the 

nanocomposite. An LSR-3 Seebeck measurement system with specially designed thin 

film clamps, as seen in figure 5.2 (a), was used to measure the Seebeck coefficient and 

resistivity of the nanocomposite thin film over a wide temperature range. The schematic 

of the measurement setup is displayed in figure 5.2 (b). 
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Figure 5.2: (a) Photo of the thin film sample mounted in the LSR-3 setup using the 

specially designed thin film clamps. (b) Schematic representation of the setup.  

The setup was calibrated using a bulk piece of constantan (Cu55Ni45) reference material 

supplied by Linseis. The measurement results are shown in figure 5.3 (a-b) for both the 

resistivity and Seebeck coefficient values respectively. Red dots indicate the database 

reference values for constantan and the black squares indicate the measured values on the 

constantan piece. The measured resistivity values are in good agreement with the 

reference values, even though there seems to be some noise present in the data possibly 

caused by a suboptimal electrical connection of the probes. The measured Seebeck 

coefficient values also seem to be in good agreement with the reference values, although 

especially at higher temperatures there seems to be a maximum deviation of 8%. This 

error of 8% will be added to the uncertainty of the measurements over the whole 

temperature range.  

 

Figure 5.3: Calibration curves of a constantan (Cu55Ni45) reference material for (a) 

resistivity values and (b) the Seebeck coefficient. Database reference values supplied by 

Linseis. 

To prevent making incorrect claims about the nanocomposite thin film due to possible 

thermal degradation, the film is 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 verify that the properties of the films stay the same when measuring at 

higher temperatures and no irreversible changes happen in the material. If the properties 

of the film measured during heating are different from the values measured upon cooling 



92 Chapter 5 

 

down, the sample has changed irreversibly and the measurement is not representative of 

the thin film. Especially for oxide thin films, it is a known problem that upon heating of 

the film, the properties might change as a result of the formation of oxygen vacancies.[7] 

It has been previously shown by our group that (in the same LSR-3 system) a gas mixture 

of 1.0 bar helium and 0.1 bar oxygen is the ideal ratio to prevent oxygen vacancy 

formation for cobaltate thermoelectric thin films up to 600 °C.[7] The same gas mixture is 

used for the cycling test of the nanocomposite and the measurement results are given in 

figure 5.4 (a-b). 

 

Figure 5.4: (a) Resistivity values and (b) Seebeck coefficients obtained from cycling a 

typical VAN sample between room temperature and different temperatures.  

In figure 5.4 (a) the resistivity values of a typical nanocomposite thin film sample are 

shown as measured both during heating and cooling. The different cycles are marked with 

different colors and it can be seen that all the curves overlap. The curve measured at 600 

°C does seem to have a slightly higher resistance when measuring during cooldown, 

which might indicate a small change in the electronic structure of the sample. However, 

the change in properties is so minimal that it might just be the result of a slightly 

suboptimal electrical contact of the measurement probes.  

The Seebeck values of the different cycles are given in figure 5.4 (b) and show good 

overlap with one another. Some deviation is seen at the highest temperatures between the 

cycle to 500 °C (orange) and the cycle to 600 °C (blue), but this seems to fall within the 

error of the setup. The highest temperature cycle up to 600 °C shows the same Seebeck 

value at room temperature before heating as after cooling down again, confirming that 

the nanocomposite thin film remains stable up to 600 °C under these conditions. 

Interestingly, a change in the sign of the Seebeck coefficient is seen above a temperature 

of ~470 °C, which will be discussed in section 5.4.  
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5.3.1  VANs grown on differently oriented STO substrates 

To study the differences in electrical transport properties of the nanocomposites 

compared to pure ZnO or LSMO thin films, the resistivity and Seebeck coefficient values 

of the thin films were simultaneously measured in the LSR-3 system and are plotted in 

figure 5.5. In figure 5.5 (a) the resistivity values of the VANs on different orientations of 

SrTiO3 (STO) substrates are shown as a function of temperature. It can be seen that the 

VAN on STO (100) has the lowest electrical resistivity, followed by the VAN on STO 

(110), while the VAN on STO (111) has the highest resistivity. The dataset of the VAN 

on STO (111) only has resistivity values in the temperature range of 420 °C – 600 °C, 

since below this temperature range the resistance limit of the measurement setup was 

reached. All three samples show a semiconducting behavior with a decreasing resistance 

with increasing temperature.  

 

Figure 5.5: (a) Resistivity values of (LSMO)0.1(ZnO)0.9 nanocomposite thin films grown 

on differently oriented SrTiO3 substrates. (b) Resistivity values of LSMO and ZnO thin 

films grown on SrTiO3 (100) substrates. (c) Seebeck coefficient values of 

(LSMO)0.1(ZnO)0.9 nanocomposite thin films grown on differently oriented SrTiO3 

substrates. (d) Seebeck coefficient values of LSMO and ZnO thin films grown on SrTiO3 

(100) substrate. 
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In figure 5.5 (b) the resistivity values of the LSMO and ZnO reference films are shown. 

The LSMO thin film shows a near-constant resistivity over the whole temperature range 

from 100 °C and up, comparable as in literature.[8] Below 100 °C the resistivity goes down 

as a result of the metal-insulator transition around 70 °C.[8] The ZnO thin film only has 

resistivity values between 500 °C and 600 °C because below this temperature the 

resistance limit of the measurement setup was reached. In this temperature range, a 

semiconductive behavior is observed for ZnO, similar to the VANs. It should be noted 

that the conductivity of ZnO is highly dependent on native defects, and therefore difficult 

to compare to literature values. Comparing the VANs to the reference materials it can be 

seen that the VANs all have resistivities in between the LSMO and ZnO reference 

materials. 

Figure 5.5 (c) shows the measured Seebeck coefficients of the VANs grown on STO 

substrates with different orientations. It can be seen that the VANs on STO (100) and 

STO (110) show very similar behavior, although the VAN on the STO (110) substrate 

shows higher absolute values at both lower and higher temperatures. The VAN on STO 

(111) shows a very large absolute Seebeck coefficient at both low and high temperatures, 

which is an order of magnitude higher than the other VANs. Here one of the biggest 

tradeoffs in thermoelectric materials is seen, materials with a large Seebeck coefficient 

are often paired with a very high resistivity as well. And often when trying to reduce the 

electrical resistivity, the Seebeck coefficient is also reduced. The most interesting thing 

to note here, however, is the unique transition from n-type to p-type behavior for all three 

of the VANs around 470 °C. This unusual behavior could be the result of several different 

phenomena. One option is that a structural change happened in one of the components of 

the nanocomposite, whereas another option could be an electronic transition or thermally 

activated hole carriers. Other options like substrate effects or setup-related effects have 

to be considered.  

To rule out contributions arising from other factors than the VAN thin film, reference thin 

films of LSMO and ZnO were measured and the Seebeck coefficient values are shown in 

figure 5.5 (d). For the LSMO thin film, the n-p transition is absent from the data. Over 

the whole temperature range, the Seebeck coefficient of LSMO stays negative, indicating 

no n-p transition is happening in the LSMO phase and the values agree well with 

literature.[9,10] This also indicates that the n-p transition in the VANs is not caused by the 

STO substrate and neither by the setup, as the LSMO thin film uses the same 

measurement setup and also the same substrate (material) as the VANs. In the Seebeck 

coefficient values of ZnO, the n-p transition is also visible around the same temperature 

as the VANs. The temperature where the n-p transition happens (Tn-p) is slightly different 

between the VANs and the ZnO thin film with a Tn-p of 481 °C, 496 °C, 437 °C, and      

510 °C respectively for the VAN grown on STO (100), STO (110), STO (111), and the 

ZnO reference film. However, the fact that the n-p transition is also happening in the ZnO 

phase indicates that the cause of the n-p transition is either a change in the atomic structure 

or the electronic structure of the ZnO phase. 
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5.3.2  Origin of the n-p transition 

The observed n-type to p-type transition with increasing temperature (as seen in          

figure 5.5 (c-d)) is quite unique, as these transitions are normally found to be from p-type 

to n-type with increasing temperature as shown in different materials in literature. For 

example, the p-n transition in Pb1-xEuxTe, which is the result of a semiconductor to metal 

transition in the material[11], A p-n transition in Cu1+xFeSe2 occurs above room 

temperature and is ascribed to Se vacancies[12], and the p-n transition in CaMn1-xMoxO3 

as a result of a structural transition.[13] The observed transitions here, are to the best of our 

knowledge, not seen before in literature for ZnO. There can be two major causes for the 

observed transition, a change in the atomic structure, or a change in the electronic 

structure of the ZnO phase. A structural change can be measured with high-temperature 

XRD measurements, whereas a change in the electronic structure of the materials can be 

resolved in several different ways with the Seebeck measurements presented in           

figure 5.5 (c-d) being one of them. Another measurement method could be high-

temperature Hall measurements to confirm the sign, amount, and mobility of the charge 

carriers around the transition temperature.  

Structural change  

To check if the n-type to p-type transition is caused by a structural change within the 

VAN thin film, a temperature-dependent XRD study was performed. Goniometric scans 

of the nanocomposite thin film grown on an STO (100) substrate were made at different 

temperatures around the transition temperature of 470 °C, including a scan at room 

temperature for reference. As can be seen from the scans in figure 5.6, the scan at room 

temperature already has many more peaks than just the ones from the substrate and 

nanocomposite. These are all either caused by the setup, or by the gold contacts sputtered 

on top of the sample and are not discussed further here. The most important peaks are the 

STO substrate peaks for reference, the LSMO tail on the right side of the STO peaks, and 

the ZnO peak. Both STO peaks move towards lower 2θ angles for higher temperatures, 

indicating that the unit cell is expanding and that the measurements were made accurately 

as these results are in good agreement with literature.[14] The cubic perovskite STO lattice 

parameter expands from 3.90462 Å at 30 °C to 3.92644 Å at 600 °C. The ZnO (112̅0) 

peak also shows a shift towards lower 2θ angles for higher temperatures, and expands 

from 3.25596 Å at 30 °C to 3.26436 Å at 600 °C, which is in good agreement with 

literature.[15] The peaks corresponding to the perovskite LSMO crystal structure are 

hidden in the tail of the STO peaks at all temperatures indicating that the lattice parameter 

of LSMO increases similarly with temperature as the STO. Additionally, all other peaks 

that appear in the room temperature scan also appear in the higher temperature scans, and 

no new peaks appear. Therefore, it can be concluded that there are no unexpected 

structural changes in the nanocomposite thin film, only the expected thermal expansion, 

and the origin of the sign change in the Seebeck coefficient seems not to be caused by a 

structural transition.  
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Figure 5.6: Comparison of goniometric XRD scans of the same nanocomposite thin film 

sample measured at different temperatures. 

Electronic change 

The other option that could cause the n-type to p-type transition is an electronic change 

in the material. Several phenomena can cause an n-type to p-type transition. These include 

thermally activated hole carriers, such as oxygen vacancies, or mobile Zn2+ ions. It is 

clear that the transition is activated at a certain energy requirement around 437 °C –       

510 °C, pointing to an activation energy between 61.2 meV and 67.5 meV. However, it 

remains unclear what mechanism is causing the transition. One mechanism to exclude is 

mobile Zn2+ ions, as the accompanying zinc vacancies have such high formation energy 

that they are unlikely to play a role in p-type conductivity.[16] The possibilities for the 

mechanisms causing the n-type to p-type transition will be discussed in detail below.  

 

Figure 5.7: Two distinct Arrhenius-type plots of the VAN grown on STO (100) with (a) 

ln(σ) vs 1000/T and (b) ln(σT) vs 1000/T. 
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To gain more insight into the behavior of the thermally activated carriers, two Arrhenius-

type plots were made using the conductivity data of the VAN grown on an STO (100) 

substrate. In figure 5.7 (a) the natural logarithm of the electrical conductivity is plotted 

against the inverse of the temperature to extract the activation energies from the slope of 

these plots by linear fitting and relating the slope to the activation energy through the 

Arrhenius equation: 

𝜎 = 𝜎0 exp (−
𝐸𝑎
𝑘𝐵𝑇

), (5.4) 

where σ is the electrical conductivity, σ0 is the pre-exponential factor, Ea is the activation 

energy, kB is the Boltzmann constant, and T is the absolute temperature. It can be seen 

that there are two distinct slopes, one below and one above the transition temperature. 

Below the transition temperature, an activation energy of 34 meV is found while above 

the transition temperature an activation energy of 118 meV is obtained through linear 

fitting. This shows that there are two different conduction mechanisms present in the 

nanocomposite thin film. However, if ionic conduction is present in the thin film, this 

empirical model is not accurate to describe it.[17] If ionic conduction is present, a slightly 

modified Arrhenius equation is commonly used, which can be derived from the random 

walk theory using the Nernst-Einstein relationship[17] to be: 

𝜎′ =
𝜎′

0

𝑇
exp (−

𝐸′
𝑎

𝑘𝐵𝑇
), (5.5) 

where σ’ is the electrical conductivity, σ’0 is the pre-exponential factor, E’a is the 

activation energy, kB is the Boltzmann constant, and T is the absolute temperature. The 

extra inclusion of the temperature factor at the pre-exponential factor results in ln(σT) 

being plotted versus the inverse of the temperature as seen in figure 5.7 (b). For clarity 

this model will further on be denoted as the ionic conduction model. The extracted 

energies are then 79 meV for the lower temperature regime and 172 meV for the higher 

temperature regime.  

As the ionic conductivity of oxygen ions in ZnO below the transition temperature is 

significantly lower than the measured conductivity in the VAN thin film (0.037 S/cm[18] 

vs 1.75 S/cm at 475 °C), it is most likely that the transport behavior below the transition 

temperature is caused mainly by electrons. Comparing the linear fits of both Arrhenius-

type equations in the lower temperature range in figure 5.7 (a-b) the fit using the empirical 

model gives an R2-value of 0.99856, while the ionic conduction model gives an R2-value 

of 0.99548. While both values indicate a good fit of the data, the R2-value of the empirical 

model is higher and is therefore a better fit. This serves as another indication that the 

conduction mechanism below the transition temperature is (mainly) caused by electrons.  

Above the transition temperature, it is a different case. The ionic conductivity of oxygen 

ions in ZnO is 0.09 S/cm at 550 °C[18] while the electrical conductivity measured in the 

nanocomposites is 1.99 S/cm at that temperature. Therefore, from these values one could 
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conclude that the electrical conductivity is still mainly governed by electrons (or holes in 

this case). However, with the nano- and microstructure present in the nanocomposite, 

there are a lot of grain boundaries, defects, and interfaces present along which it is easier 

for ionic transport to take place, which could have increased the ionic conductivity such 

that it dominates the transport behavior. Additionally, the R2-value of the fit of the 

empirical model (0.99871) is lower than the R2-value of the ionic transport model 

(0.99923), indicating the ionic transport model is a better fit.  

Oxygen vacancy mechanisms 

Often when effects are seen in oxide materials that can not be explained by a simple 

charge carrier model, the conclusion is drawn that it probably has something to do with 

oxygen vacancies. In this case, this could also very well be the cause of the transition 

observed in the ZnO and nanocomposite thin film samples. Several mechanisms could be 

at the origin of the transition caused by oxygen vacancies and they will be discussed 

below: 

1. Oxygen vacancies already present in the ZnO exhibiting enhanced mobility 

above a certain temperature.  

2. The ZnO film loses oxygen to the measurement environment to create oxygen 

vacancies which become mobile above the transition temperature. 

3. Oxygen ions migrate from the ZnO grains to the grain boundaries, or into the 

LSMO pillars to leave behind positively charged oxygen vacancies that become 

mobile above the transition temperature or trap electrons to create p-type 

behavior. 

In the first mechanism, it has to be assumed that mobile oxygen vacancies do exist already 

in the structure without the necessity of creating more mobile oxygen ions at elevated 

temperatures. Oxygen vacancies in ZnO exhibit a charge of 2+ as opposed to the popular 

belief that they are neutrally charged[19] and they normally cause the ZnO to become n-

type due to the 2 free electrons it donates to the lattice. However, if the oxygen vacancies 

themselves become mobile and can therefore act as charge carriers they could cause a p-

type behavior if the oxygen vacancy current becomes dominant over the electron current. 

Oxygen vacancy mobility in other materials like Ba0.5Sr0.5TiO3 films has already shown 

to be significant for the electrical transport.[20] Since the activation energy for the ionic 

current in that oxide is much higher than the one for the nanocomposite thin film, it is 

plausible that the p-type behavior is caused by the thermally activated oxygen vacancies. 

In addition, theoretical calculations based on the local density approximation (LDA+U) 

show that the charged oxygen vacancy (VO
2+) has a migration barrier of 1.7 eV[21], 

meaning the charged oxygen vacancy becomes mobile above 650 K (377 °C)[16], close to 

the transition temperature observed in our thin films. However, no definitive conclusion 

can be drawn at this moment, but it is plausible that some kind of ionic transport is taking 

place in the ZnO phase. 

The second mechanism relies mostly on the same principles as the first mechanism, where 

the oxygen vacancies are thermally activated to contribute significantly to the electrical 
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conductivity. The big difference here is that extra oxygen vacancies are created at higher 

temperatures due to the fact that the thin film loses oxygen to the measurement 

environment at elevated temperatures. This can be verified by repeating the same 

measurement in a different environment without oxygen. This way, the oxygen loss 

during the heating procedure is much less likely to be recovered during cooling down.  

The third mechanism is a migration of oxygen ions from the ZnO phase towards grain 

boundaries or the LSMO phase. The resulting absence of some oxygen ions in the ZnO 

film is normally compensated by extra free electrons, to maintain charge balance. 

However, in the VANs that does not need to be the case if the oxygen ions migrate to the 

grain boundaries or to the LSMO phase, as the charge balance in the film is then 

maintained. Therefore these extra oxygen vacancies could cause the ZnO phase to become 

p-type. A similar reversible effect is also seen in interfaces of LSMO with Hf0.5Zr0.5O2,[22] 

where applied electrical fields cause reversible oxygen ion migration to the LSMO phase, 

resulting in ferroelectric behavior of the Hf0.5Zr0.5O2 phase. If a similar mechanism causes 

the oxygen ions of ZnO to move to either the LSMO pillars or the grain boundaries, the 

ZnO phase could exhibit p-type behavior. However, the n-p transition has also been 

observed in the pure ZnO thin films without the presence of an LSMO phase. Therefore, 

the LSMO phase does not seem to play a crucial role. 

5.3.3  Combined electrical transport properties 

To evaluate the overall electrical part of the thermoelectric performance of the 

nanocomposites, the power factors of the different samples are calculated through the 

relation 𝑃𝐹 = 𝑆2/𝜌 and are plotted as a function of temperature in figure 5.8. The 

reference ZnO thin film in green and the VAN film on an STO (111) substrate in black 

are only shown at higher temperatures since this is the only region where both resistivity 

and Seebeck coefficient data were successfully measured due to the high resistances at 

lower temperatures. The power factor of the ZnO thin film increases with increasing 

temperature up to a value of 0.15 ± 0.02 μWcm-1K-2 at 600 °C, which is an order of 

magnitude lower than bulk ZnO at the same temperature.[23] Towards lower temperatures 

the value quickly decreases as a result of the change in sign of the Seebeck coefficient, 

where at the transition temperature the power factor will be equal to zero. Both the 

nanocomposites grown on STO (100) and STO (110) substrates show the same behavior 

as the ZnO thin film and have very similar values at higher temperatures. However, for 

these nanocomposites, the data is known over the whole temperature range and shows a 

constant power factor of about 0.003 μWcm-1K-2 over the lower temperature range below 

the transition temperature. A small measurement artifact is seen in the power factor of the 

VAN grown on STO (110) substrate at around 360 °C, which is the result of an artifact 

in the resistivity measurement. The LSMO thin film grown on the STO (100) substrate 

shows a constant power factor over the whole temperature range, which decreases at 

lower and higher temperatures due to the lower Seebeck coefficient there. The VAN 

grown on an STO (111) substrate shows similar behavior as the ZnO thin film, but 

exhibits higher values for the power factor up to 0.52 ± 0.06 μWcm-1K-2 at 600 °C. This 

is mostly due to the increased electrical conductivity of the VAN thin film compared to 

the ZnO thin film, as the Seebeck coefficient is comparable at higher temperatures.  
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Figure 5.8: Comparison of the calculated power factor of LSMO:ZnO nanocomposite 

thin films grown on differently oriented STO substrates and two reference thin films of 

LSMO and ZnO. 

When comparing the power factor data of the ZnO thin film to that of the VANs grown 

on different orientations of STO, it can be seen that the power factor at higher 

temperatures does not decrease due to the introduction of the LSMO pillars into the ZnO 

matrix. Moreover, the power factor even increases by almost one order of magnitude for 

the VAN thin film grown on an STO (111) substrate compared to the ZnO thin film 

reference sample.  

5.4  Thermal transport properties of LSMO:ZnO VANs 

The thermal conductivity of a thermoelectric thin film is the most difficult parameter to 

determine, but crucial for calculating the figure of merit ZT. Where in bulk materials the 

thermal properties can be determined by simply heating one side of the material and 

determining the amount of heat transported through the material, this is not that trivial for 

thin films due to the limited thickness of the thin film compared to the thick substrate. 

However, several optical techniques have been developed to probe the thermal properties 

of thin films based on the reflection of the film which is dependent on the temperature. 

These optical probe techniques utilize two lasers, a pump laser to heat the sample, and a 

probe laser to probe the thermoreflectance. This technique can either be applied as a 

function of the time between the pump pulse and the probe pulse, called time-domain 

thermoreflectance (TDTR), or as a function of the frequency of the applied pump laser, 

which is called frequency-domain thermoreflectance (FDTR).  

The data obtained from an FDTR measurement is the phase lag of the probe beam 

reflected from the sample relative to the incoming probe beam, as a function of frequency. 

The relevant physical parameter (κ) is extracted from the measurement by means of fitting 
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a thermal model to the phase data. This model, described in detail in ref [24] describes 

the frequency response of the surface temperature of a sample in response to a Gaussian 

heat source on a multilayer stack of materials. Every layer in the multilayer stack requires 

the fitting of five physical parameters; out-of-plane thermal conductivity, in-plane 

thermal conductivity, layer thickness, volumetric heat capacity, and the interface 

conductance between the modeled layer and the neighboring layer. The more parameters 

are known before fitting, the more robust the fitting will be and the more reliable the 

extracted parameters will be.  

For the different materials present in the nanocomposite thin film samples (STO, LSMO,  

and ZnO), the volumetric heat capacity was calculated using the density and molar heat 

capacity found in literature. For the (LSMO)0.1(ZnO)0.9 nanocomposites, the values were 

estimated based on the molar ratio of its components, and are shown in table 5.1. The 

thickness of the films was determined by the number of pulses during the PLD growth 

process (10800 pulses = 250 nm) and for the interface conductance typical values of 

oxide-oxide interfaces (390 MWm-2K-1) and oxide-gold interfaces (56 MWm-2K-1) were 

used and were kept fixed for all samples. Keeping all these parameters fixed and only 

fitting the thermal conductivity values increases the robustness of the extracted thermal 

conductivity parameters, and additionally increases the sensitivity to the relative 

differences between the films.  

Table 5.1: Parameters used in the fitting of the FDTR data for all components present in 

the thin films. 

 LSMO ZnO (LSMO)0.1(ZnO)0.9 STO 

Density (g/cm3) 6.45[25] 5.61[26] 5.79 5.12[27] 

Cp (J/mol/K) 128.6[28] 40.3[26] 49.1 99.1[29] 

 

The data measured for the ZnO thin film reference sample and the nanocomposites on 

STO (100) substrates of 250 nm, 160 nm, and 80 nm are shown in figure 5.9 (a). It can 

be seen that the nanocomposites have a strongly reduced phase in the high-frequency 

range compared to the ZnO thin film, which is characteristic of a large reduction in 

thermal conductivity. A sensitivity analysis of the measurement procedure showed that 

the high-frequency range has maximum sensitivity to the thermal conductivity, and 

therefore the data was fit between 100 kHz and 50 MHz. In figure 5.9 (b) the data fits of 

the ZnO and nanocomposite thin film samples are shown which are made using an 

isotropic thermal conduction model, where only the out-of-plane thermal conductivity 

can be extracted from the fit. The fits are not excellent due to the fact that almost all 

parameters were kept fixed, however, the most important are the positions of the peaks 

and valleys of the fit. In this way reliable conclusions can be drawn about the thermal 

conductivity, even though the fits are not perfect.  
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Figure 5.9: (a) FDTR data of ZnO thin film and (LSMO)0.1(ZnO)0.9 VAN thin film samples 

at room temperature. (b) Data fits of the measurement results of ZnO thin film and VAN 

thin film samples. 

The out-of-plane thermal conductivity of the ZnO reference film extracted from the fit is 

38 ± 5 Wm-1K-1, which is comparable to values found in literature.[23] The datasets of the 

(LSMO)0.1(ZnO)0.9 VANs of different thicknesses are fit using the isotropic thermal 

conductivity model and out-of-plane thermal conductivities of 9 ± 2 Wm-1K-1,                        

9 ± 2 Wm-1K-1, and 8 ± 2 Wm-1K-1 are extracted respectively for film thicknesses of        

250 nm, 160 nm, 80 nm. The nanocomposites all have similar values that fall within the 

error margins, and can therefore be considered to have the same thermal conductivity 

values. This also indicates that no finite thickness effects are influencing the thermal 

conductivity of the thin films at these thicknesses.  

Anisotropic thermal conduction model 

As the nanostructure of the vertically aligned nanocomposite is very different in the in-

plane direction compared to the out-of-plane direction, it is very likely that the thermal 

conductivity is not isotropic for these thin films. By using an anisotropic thermal 

conduction model, the in-plane component and the out-of-plane component of the thermal 

conductivity are fitted as separate values. The sensitivity to the in-plane component of the 

thermal conductivity is relatively low, however, including this component in the data 

fitting gives interesting results. The data fit of the 250 nm thick VAN thin film sample is 

shown in figure 5.10. The first thing to note about the fit is that the value of the out-of-

plane thermal conductivity component (κz = 9.2 ± 2.0 Wm-1K-1) does not change upon the 

introduction of an in-plane component in the fitting, indicating that the out-of-plane value 

is robust. The other interesting thing is that the fit can only be made using a very small 

in-plane component resulting in a value for κx of 2.0 ± 0.5 Wm-1K-1 being extracted from 

the fit. Even though the uncertainty is relatively high, the fact that the in-plane component 

is an order of magnitude lower than the out-of-plane component shows that the in-plane 

thermal conductivity is significantly affected by the VAN architecture. By comparing the 

R-squared values of both fits, it can be seen that the fit is significantly improved by adding 

an in-plane component to the model, as the R-squared value increases from 0.99968 to 
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0.99997. This means that it is likely that there is indeed anisotropy in the thermal 

conductivity, as expected from the nanopillar structure of the VAN thin films, and that 

the in-plane component is relatively small. The nanocomposite of 160 nm thick was also 

fitted (not shown here) with an anisotropic conductivity model, resulting in an in-plane 

thermal conductivity of κx of 1.5 ± 0.5 Wm-1K-1, showing that the low value is 

reproducible and represents the nanocomposite thin film quite well. The Anisotropic 

conduction model was also applied to the ZnO thin film conductivity data, but could not 

improve the fit. Therefore the ZnO thin film is assumed to have an isotropic thermal 

conductivity at room temperature.  

 

Figure 5.10: Comparisons of the fits of both an isotropic and anisotropic thermal 

conductivity model of a 250 nm thick (LSMO)0.1(ZnO)0.9 VAN thin film sample. Thermal 

conductivity values and R-squared values of the fits are listed to indicate the quality of 

the fit. 

To summarize, the ZnO thin film was found to have an isotropic thermal conductivity of 

38 ± 5 Wm-1K-1. The thermal conductivity of the (LSMO)0.1(ZnO)0.9 vertically aligned 

nanocomposites is approximately four times lower than the ZnO reference film when 

fitted with an isotropic thermal conductivity model. Using an anisotropic thermal 

conductivity model, however, the nanocomposites were found to have a much lower in-

plane component of 2.0 ± 0.5 Wm-1K-1, while the out-of-plane component did not change. 

The anisotropic model results in a better fit to the data, confirming the hypothesis that the 

introduction of a secondary phase of LSMO nanopillars into the ZnO matrix strongly 

reduces the in-plane thermal conductivity of the thin film. This shows that the VAN thin 

films are indeed very promising architectures to enhance the thermoelectric properties of 

(oxide) materials. 
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5.5  Combined thermoelectric properties 

Normally, the performance of a thermoelectric material is expressed in its figure of merit 

ZT by combining the measured quantities of electrical resistivity, Seebeck coefficient, 

and thermal conductivity. However, since the thermal conductivity is only measured at 

300 K, and the electrical properties are measured from 350 K and up it is not possible to 

come to a conclusive value for the ZT. However, it is possible to estimate the 

improvement that such vertically aligned nanocomposite structures can achieve. Focusing 

on the electrical properties, only the high-temperature values can be compared as the 

values of ZnO could not be measured at lower temperatures. Comparing the ZnO film to 

the VAN film grown on an STO (100) substrate, figure 5.8 shows that the power factor 

remains the same, indicating that the vertically aligned nanocomposite structure does not 

reduce its electrical transport properties. However, the in-plane thermal conductivity is 

reduced from 38 ± 5 Wm-1K-1 for the ZnO thin film to 2.0 ± 0.5 Wm-1K-1 for the VAN 

thin film at room temperature, a reduction of a factor of 20. Naively one could say the ZT 

value could be improved by a factor of 20 as well, but this would depend on the 

temperature behavior of the thermal conductivity at higher temperatures as well as the 

electrical properties at room temperature. However, it is clear from the data that a 

significant improvement in the thermoelectric properties can be realized by utilizing the 

vertically aligned nanocomposite structure. Furthermore, the VAN film on an STO (111) 

substrate exhibits a power factor of an order of magnitude higher at elevated temperatures 

as compared to a VAN film on a STO (100) substrate. Therefore, it would be very 

interesting to explore the thermal conductivity in this VAN architecture at such elevated 

temperatures. 

5.6  Conclusion 

In this chapter, the thermoelectric properties of the (LSMO)0.1(ZnO)0.9 vertically aligned 

nanocomposites were measured to study the effect of the nanopillar structure on the 

transport properties. It was expected that the pillars would severely hinder thermal 

transport by increasing phonon scattering at the many interfaces, while leaving the 

electrical transport mostly untouched. Here it was shown that at higher temperatures the 

power factor of the nanocomposite thin film was indeed nearly identical to that of a ZnO 

reference film, confirming the nanostructure did not harm the electrical transport 

properties. The in-plane thermal conductivity measurements showed that the thermal 

conductivity at room temperature was reduced by a factor of 20, confirming that the 

nanopillars reduce the thermal conductivity significantly. Combining these individual 

conclusions it becomes clear that the vertically aligned nanopillar architecture is 

successful in improving the thermoelectrical properties of ZnO.  
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Conclusion 
 

The goal of this study was to identify if the vertically aligned nanocomposite (VAN) 

architecture is a promising direction to pursue for thermoelectric applications. After the 

research performed in this thesis, the main question of this study can be answered by 

combining the knowledge gained in the different chapters. In chapter two the growth of 

the ZnO-rich LSMO:ZnO nanocomposite was studied and the growth conditions were 

identified that resulted in the desired pillar structure. In the third chapter, a small side step 

was made into the ferromagnetic properties of the VAN with LSMO pillars. It was shown 

that the pillar structure results in an easy axis that shifts from in-plane in an LSMO thin 

film to a more out-of-plane oriented easy axis. The fourth chapter was dedicated to the 

structure of the VANs grown on different substrates. It was found that the interface 

between the LSMO and ZnO phase always exhibits the same epitaxial relationships no 

matter the crystalline orientation of the substrate. The different structures obtained on 

different substrates influenced the properties of the VAN thin film drastically, as was also 

seen in chapter five where the thermoelectric properties were discussed. The VAN grown 

on the STO (111) oriented substrate showed a larger power factor at higher temperatures 

than the ZnO thin film and the VANs grown on the other differently oriented STO 

substrates, which all had similar power factors at higher temperatures. This showed that 

the electrical properties of the ZnO thin film did not decline with the introduction of the 

LSMO pillars and therefore the VAN architecture did not alter the electrical properties of 

the thin film. However, the thermal conductivity of the VANs is a whole different story. 

It was shown that the VAN architecture reduced the thermal conductivity of the thin film 

significantly. More specifically, the in-plane thermal conductivity was reduced by 95%, 

proving that the VAN architecture indeed reduces the thermal conductivity of the thin 

film significantly. This brings us to the answer to the main research question of this 

complete study: “Can the vertically aligned nanocomposite architecture be utilized to 

improve the thermoelectric performance of thermoelectric materials?”. This question is a 

bit tricky to answer, as there are no ZT values of a VAN and a ZnO thin film that can be 

compared. However, in chapter five the electrical and thermal properties of the VAN film 

were compared to the plain ZnO thin film. It was shown that the electrical properties 

remained unharmed, while the thermal conductivity was reduced significantly. 

Combining these two facts results in the answer that the VAN architecture can definitely 

improve thermoelectric performance of a thin film through the significant reduction of 

the thermal conductivity.  
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Outlook 
 

Now that the concept of vertically aligned nanocomposites (VANs) was shown to be an 

effective strategy in improving the thermoelectric properties by reducing the thermal 

conductivity, several interesting follow-up research directions are identified. 

First, it would be really interesting to measure the thermal conductivity over a wide 

temperature range. With only a thermal conductivity value measured at room temperature 

for different VAN thin films shows that the VAN architecture lowers the thermal 

conductivity significantly at room temperature. However, since it was also shown that the 

VANs (and oxides in general) have the highest power factor at elevated temperatures, it 

would be interesting to be able to determine the ZT at those temperatures using thermal 

conductivity values over the whole temperature range. Only then the full impact of the 

VAN architecture can really be known. To be able to make this full comparison over the 

whole temperature range between a pure ZnO thin film and a VAN thin film, it is also 

necessary to know the electrical properties of the ZnO film at lower temperatures 

(between room temperature and 500 °C). By combining this with the thermal properties 

of both the ZnO thin film and VAN thin film, the ZT can be calculated and compared 

over the full temperature range to fully comprehend the impact of the VAN architecture 

on the thermoelectric performance. 

Furthermore, it is important to obtain detailed fundamental insight into the n-p transition 

happening in the VAN and ZnO thin films. The cause of this transition and the mechanism 

behind it are fundamentally interesting as it could be exploited in the future to create 

interesting thermoelectric devices with different behavior at different temperatures. High-

temperature hall measurements could give more insight in the charge carriers present at 

the different temperatures, but also high-temperature TEM could give interesting 

information about possible oxygen vacancies and/or changes in lattice parameters of the 

phases above and below the transition temperature.  

Additionally, it is interesting to study the effect of the pillar size and distribution on the 

thermal conductivity. As shown in the fifth chapter, the pillars reduce the thermal 

conductivity a lot, but the interesting question is if the pillars can be optimized to 

maximize the thermal conductivity reduction. By changing the length scale of the pillars, 

(diameter, interpillar distance) phonons of different length scales can be affected, and it 

would be interesting to observe which pillar size and distribution will reduce the thermal 

conductivity the most. In addition, the thickness of a thin film also has a large influence 

on its thermoelectric properties like in superlattices, or ultrathin films. And it would be 

interesting to see if these VAN thin films can have their properties improved by either 

reducing the film thickness until finite thickness effects start to come into play or to make 

a superlattice with another material or even another VAN.  
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A follow-up that would be promising, is to increase the electrical properties of the VAN 

thin film by introducing dopants into the ZnO phase. It is already known that ZnO can be 

doped with aluminum to increase the thermoelectric properties.[1,2] However, 

incorporating this into the VAN will complicate the growth process significantly. It will 

be challenging to get the aluminum atoms into the ZnO phase, since aluminum is more 

likely to bond with La and O to form LaAlO3 (LAO), as it has a low formation enthalpy.[3] 

Several research directions can be explored here, either to find growth conditions where 

the Al only goes into the ZnO phase, finding other suitable dopants that incorporate only 

into the ZnO phase, or finding a different epiphyte material that will not bond with Al 

(for example a different perovskite phase). This also opens doors to study different 

materials combinations altogether. As interesting as the ZnO:LSMO material 

combination is, it is also critical to research other material combinations. Starting off with 

replacing one of the components of the LSMO:ZnO VAN (i.e. replacing the LSMO phase 

with a different perovskite phase) to study the effect of the epiphyte phase on the thermal 

conductivity reduction. Especially the effect of the mass contrast of the perovskite phase 

compared to the ZnO phase will be interesting to study by combining ZnO with 

perovskites consisting of heavy or light atoms. Additionally, it will be interesting to 

explore other high-performing thermoelectric oxides. One example are cobaltates like 

NaxCo2O4 and Ca3Co4O9 as their complex crystal structure (double layer structure of two 

CdI2-type CoO2 layers with Na ions around them,[4] and a combination of disordered 

rocksalt and CdI2-type layers,[5] respectively) has not been explored yet in VANs. 

Therefore it is interesting to see which materials and phases they are compatible with and 

to see if their incorporation in VANs can help improve their thermoelectric properties. It 

would also be interesting to explore non-oxide materials in VANs, from both a 

fundamental and application point of view. As non-oxides have not been introduced in 

VANs (excluding some metallic epiphyte phases), it would be interesting to see if 

interesting thermoelectric materials like bismuth telluride or SiGe can be incorporated 

together with another material in a VAN structure.  
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Summary 
 

The internet of things is a collection of smart devices ranging from smart doorbells to 

parking sensor networks, mostly powered by (lithium-ion) batteries. As these batteries 

need to be replaced every few years, pose a fire hazard, and have a large environmental 

impact it is necessary to look for alternatives like energy harvesting devices. One way to 

efficiently harvest energy is by using thermoelectric generators (TEGs), which directly 

convert thermal energy into electrical energy. The technology for TEGs is already 

available, but the materials involved still need to be improved to make the devices more 

efficient. An often applied strategy to improve the figure of merit of thermoelectric 

materials is nanostructuring. The most efficient way to introduce nanostructures is 

through self-assembly like what happens in vertically aligned nanocomposites (VANs). 

These VANs are a combination of two oxide materials that self-assemble into 

nanostructures due to their immiscibility. This is an interesting new research direction as 

VANs are novel structures and have not yet been explored for thermoelectric applications. 

It was hypothesized that the nanopillar structure present in the VANs will improve the 

thermoelectric figure of merit by reducing the thermal conductivity while keeping the 

electrical transport properties intact. A model system of La0.7Sr0.3MnO3 (LSMO) and ZnO 

was used to study the applicability of the VAN architecture for thermoelectric 

applications, where the ZnO is the thermoelectric phase and LSMO forms the nanopillars 

to improve the properties. This material combination has been studied before in literature, 

but only with LSMO as the majority phase, whereas for thermoelectric applications the 

ZnO needs to be the majority phase.  

VANs of LSMO and ZnO were grown by pulsed laser deposition and the effect of the 

growth parameters like substrate temperature, deposition frequency, and VAN 

composition was studied. It was found that a higher temperature better promotes a more 

vertical orientation of the nanopillars, whereas a lower temperature resulted in a more 

maze-like orientation of the nanofeatures. The deposition frequency was shown to be 

influencing the nanostructure greatly by changing the diffusion time of the arriving 

species during deposition. A low frequency resulted in a thick LSMO interface layer with 

a maze-like oriented nanostructure on top, whereas going to higher frequencies seems to 

improve the verticality of the nanofeatures and forming nanopillars. The composition has 

a great effect on the nanostructure as well, as the composition with less LSMO tends to 

form well-defined vertical nanopillars, whereas the VANs with a larger LSMO content 

show a more maze-like structure. The change in composition also resulted in different 

strain states in the LSMO phase, where the nanopillar structure had a more tensile strained 

LSMO phase in the out-of-plane direction, resulting from the coupling at the many 

vertical interfaces. For thermoelectric applications, the nanopillar structure is desired, and 

therefore the composition of (LSMO)0.1(ZnO)0.9 is chosen, combined with a deposition 

temperature of 850 °C and a deposition frequency of 5 Hz. However, a measurement of 

the electrical properties showed metallic behavior of the VANs instead of the expected 
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semiconducting behavior, which is expected to be the result of an LSMO interface layer 

at the substrate interface.  

Before diving deeper into the nanostructure and thermoelectric properties of the 

nanocomposites, a sidestep was made to look into the magnetic properties. As the 

nanopillar structure of magnetic material (LSMO) is unique, it is fundamentally 

interesting to study its magnetic behavior. A model was used to predict the ferromagnetic 

properties of the VAN with the nanopillar structure, a VAN with a maze-like 

nanostructure, and an LSMO thin film for reference. The model was found to predict the 

behavior of the thin films quite accurately. The magnetic response of the LSMO thin film 

and the VAN thin film with nanomaze structure had similar behavior, however, the VAN 

with the LSMO nanopillars behaved quite differently. Whereas the LSMO thin film and 

VAN with nanomaze structure had a clear easy axis in-plane, the VAN with nanopillars 

exhibited a more out-of-plane oriented easy axis. The origin of this change in easy axis 

was calculated to be originating mainly from the shape anisotropy, with only a negligible 

contribution of the strain-induced anisotropy.  

In the pursuit of a thermoelectric application for the VANs, a deeper understanding of the 

structure of the VAN is necessary. Especially the structure at the substrate interface is 

important as the hypothesis is that an LSMO interface layer is present which short-circuits 

the thin film, rendering it useless for thermoelectric applications. The growth of the 

(LSMO)0.1(ZnO)0.9 VAN was studied on several different substrates in order to find a way 

to prevent the LSMO interface layer formation. It was found that by growing the VAN 

on a ZnO substrate, the LSMO interface layer could be prevented as the ZnO in the VAN 

had a better lattice match to the substrate than the LSMO in the VAN. However, the 

problem arose that the substrate also contributes significantly to the electrical transport. 

A VAN was grown on a ZnO buffer layer on SrTiO3 (STO) substrates to try to prevent 

the LSMO layer formation. However, even on a ZnO buffer layer, the VAN thin film 

behaved like a metal, indicating the existence of an interconnected LSMO phase. To study 

the influence of the substrate orientation on the formation of the VAN structures several 

VAN thin films were grown on differently oriented STO substrates, (100), (110), and 

(111). A STEM study revealed that all VANs exhibited an LSMO interface layer, 

however, the electrical transport properties varied wildly as the resistivity of the films 

indicated that the films grown on STO (110) and (111) showed semiconducting behavior 

around room temperature, whereas the VAN on STO (100) is still behaving metallic at 

room temperature. Additionally, the STEM study revealed interesting domain-matching 

relations in different directions, in addition to the 5:6 ratio that was observed before in 

literature along the (112̅0) orientation of ZnO and the (001) orientation of LSMO, also a 

21:22 relation is seen along the (1̅100) orientation of ZnO and the (11̅0) orientation of 

LSMO. It was shown that the LSMO:ZnO VAN prefers to form interfaces between the 

ZnO (1̅100) and the LSMO (110) planes, as the LSMO even grew in the (110) orientation 

on STO (111) substrates to accommodate this specific interface.  

Finally, the thermoelectric properties of the VAN thin films were measured, starting with 

the resistivity and Seebeck coefficient of the VANs grown on different orientations of 
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STO over a wide temperature range. It was shown that the samples exhibited a 

semiconducting behavior over the whole temperature range, with their values lying in 

between those of the LSMO thin film and ZnO thin film. The VAN on STO (100) exhibits 

the lowest resistance over the whole temperature range, followed by the VAN on STO 

(110), and the VAN on STO (111) exhibits the highest resistance, closest to the ZnO 

reference thin film. The Seebeck coefficient of the VANs on STO (100) and STO (110) 

showed very similar relatively low values, whereas the VAN grown on STO (111) 

showed large absolute values both at low and high temperatures. Additionally, all three 

VANs showed an interesting transition from n-type at lower temperatures, to p-type at 

higher temperatures, just as the ZnO reference thin film showed. To try to figure out the 

mechanism behind this transition, an X-ray diffraction study was performed at 

temperatures below and above the transition temperature of about 470 °C. No structural 

change was observed from this study, pointing towards a change in the electronic 

structure of the material being the cause for the transition. Using Arrhenius-type plots to 

fit two different models to the resistivity data indicated that the low-temperature 

electronic transport is governed by electrons, while the high-temperature transport is more 

likely to be governed by ionic conduction, like oxygen vacancies. Several possible 

mechanisms for oxygen vacancies are discussed, but no conclusions can be drawn as of 

yet. By combining the Seebeck and resistivity data into the power factor, the effect of the 

VAN architecture on the electrical transport properties was shown. At high temperatures, 

the VANs grown on STO (100) and STO (110) had nearly identical power factor values 

as the ZnO reference thin film, indicating that the VAN architecture does not harm the 

electrical transport properties of the thin films. The VAN grown on STO (111) exhibits 

an even higher power factor at higher temperatures compared to the ZnO reference thin 

film. Therefore the VAN architecture not only does not harm the electrical transport 

properties, but it can also even improve them.  

The thermal conductivity of the thin films was obtained through frequency-domain 

thermoreflectance measurements. The obtained data over a wide frequency range was 

modeled to a standard isotropic thermal conduction model and showed a decrease of 

factor four in the thermal conductivity of the VANs compared to the ZnO reference thin 

film. However, as the nanopillar structure is not isotropic and is expected to affect the 

thermal conductivity most in the in-plane direction, an anisotropic thermal conductivity 

model was also fitted to the data. This resulted in the same out-of-plane thermal 

conductivity of 9.2 ± 2.0 Wm-1K-1, and an in-plane thermal conductivity of only 2.0 ± 0.5 

Wm-1K-1, a reduction of factor 20 compared to the ZnO reference thin film. This result 

showed that the VAN architecture can indeed reduce the thermal conductivity without 

reducing (and even enhancing) the electrical transport properties.  

In summary, using the model system LSMO:ZnO, it was shown that the vertically aligned 

nanocomposite architecture is a very promising strategy to improve the thermoelectric 

properties of thin films. This exciting new research direction for both the thermoelectric 

community and the vertically aligned nanocomposite community is one worth pursuing 

to push the boundaries even further.  
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Samenvatting 
 

Het internet der dingen is een verzameling slimme apparaten variërend van slimme 

deurbellen tot parkeersensor netwerken, die meestal voorzien worden van energie door 

lithium batterijen. Doordat deze batterijen elke paar jaar vervangen moeten worden, ze 

een brandgevaar kunnen vormen, en ze een grote milieu-impact hebben, is het 

noodzakelijk om te zoeken naar alternatieven zoals apparaten die energie uit de omgeving 

kunnen terugwinnen. Een manier om efficiënt energie terug te winnen is door het 

gebruiken van een thermo-elektrische generator (TEG), die warmte energie direct om kan 

zetten in elektrische energie. De technologie voor een TEG is al langer beschikbaar, maar 

de actieve materialen moeten verbeterd worden om de generatoren efficiënter te maken. 

Een veelgebruikte strategie om de ZT waarde (een maatstaf van goed een thermo-

elektrisch materiaal presteert) van thermo-elektrische materialen te verbeteren is door 

nanostructuren aan te brengen. De meest efficiënte manier om nanostructuren aan te 

brengen is door middel van zelf-assemblage, zoals wat er gebeurd in verticaal uitgelijnde 

nanocomposieten (VANs). Deze VANs zijn een combinatie van twee verschillende oxide 

materialen die spontaan nanostructuren vormen doordat de twee materialen niet mengbaar 

zijn. Dit is een interessante nieuwe onderzoeksrichting omdat VANs nieuwe structuren 

zijn en ze nog niet zijn onderzocht voor thermo-elektrische eigenschappen. De hypothese 

is dat een nanopilaar-structuur in de VANs de ZT waarde kan verhogen door de 

warmtegeleiding te verminderen zonder de elektrische eigenschappen te verminderen. 

Een modelsysteem van La0.7Sr0.3MnO3 (LSMO) en ZnO is gebruikt om te onderzoeken 

of de VAN-architectuur geschikt is voor thermo-elektrische toepassingen, waarbij de 

ZnO het actieve thermo-elektrische materiaal is en de LSMO de nanopilaren vormt om 

de eigenschappen te verbeteren. Deze combinatie van materialen is al eerder bestudeerd 

in de literatuur, maar alleen met overwegend LSMO in de VAN, terwijl voor thermo-

elektrische toepassingen de VAN grotendeels uit ZnO moet bestaan.  

VANs van LSMO en ZnO zijn gegroeid met gepulseerde laser depositie en het effect van 

de groeiparameters zoals de substraattemperatuur, depositiefrequentie, en VAN 

samenstelling is onderzocht. Het bleek dat een hogere temperatuur beter zorgt voor een 

meer verticale oriëntatie van de nanopilaren, terwijl een lagere temperatuur juist voor een 

meer doolhofachtige nanostructuur. De depositiefrequentie bleek de nanostructuur veel 

te beïnvloeden door de diffusietijd van aankomende (clusters van) atomen te veranderen. 

Een lage frequentie resulteerde en een dikke tussenlaag van LSMO tussen het substraat 

en de dunne VAN laag, terwijl een hogere frequentie de verticaliteit van de 

nanostructuren verbeterde wat resulteerde in nanopilaren. De samenstelling van de VAN 

had ook een groot effect op de nanostructuur, aangezien de samenstelling met relatief 

weinig LSMO de neiging heeft om goed gedefinieerde verticale nanopilaren te vormen, 

terwijl de VANs met meer LSMO nanodoolhof-structuren neigt te vormen. De 

verandering in samenstelling resulteerde ook in een LSMO fase die meer of minder 

uitgerekt is, waarbij de nanopilaar structuur zorgde voor de grootste rek in de LSMO, wat 
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veroorzaakt wordt door de vele verticale interfaces tussen de LSMO pilaren en de ZnO. 

Voor thermo-elektrische toepassingen is de nanopilaar structuur gewenst, en daarom is 

de samenstelling (LSMO)0.1(ZnO)0.9 gekozen, in combinatie met een 

depositietemperatuur van 850 °C en een depositiefrequentie van 5 Hz. Echter toonde een 

meting van de elektrische eigenschappen aan dat de VANs metallisch gedrag vertoonden 

en niet het halfgeleider gedrag wat er verwacht was, dit is waarschijnlijk het resultaat van 

een LSMO tussenlaag tussen het substraat en de VAN.  

Alvorens dieper in te gaan op de nanostructuur en thermo-elektrische eigenschappen van 

de nanocomposieten, nemen we een zijsprong naar de magnetische eigenschappen. 

Omdat de nanopilaar structuur van magnetisch materiaal (LSMO) uniek is, is het 

fundamenteel interessant om het magnetische gedrag ervan te bestuderen. Een model 

werd gebruikt om de ferromagnetische eigenschappen te voorspellen van de VAN met de 

nanopilaar structuur, een VAN met een doolhofachtige nanostructuur en een dunne 

LSMO laag ter referentie. Het model bleek het gedrag van de dunne lagen vrij nauwkeurig 

te kunnen voorspellen. De magnetische eigenschappen van de dunne LSMO laag en de 

dunne VAN laag met nanodoolhof-structuur vertoonden vergelijkbaar gedrag, maar de 

VAN met de LSMO nanopilaren gedroeg zich beduidend anders. Terwijl de dunne LSMO 

laag en VAN met nanodoolhof-structuur een duidelijke “easy axis” in het vlak hadden, 

vertoonde de VAN met nanopilaren een meer uit het vlak georiënteerde “easy axis”. Er 

werd berekend dat de oorsprong van deze verandering van “easy axis” voornamelijk 

afkomstig was van de vormanisotropie, met slechts een verwaarloosbare bijdrage van de 

deformatie-geïnduceerde anisotropie. 

Bij het nastreven van een thermo-elektrische toepassing voor de VANs is een dieper 

begrip van de structuur van de VAN noodzakelijk. Vooral de structuur op het 

substraatinterface is belangrijk omdat de hypothese is dat er een LSMO-interfacelaag 

aanwezig is die de dunne laag kortsluit, waardoor deze onbruikbaar wordt voor thermo-

elektrische toepassingen. De groei van de (LSMO)0.1(ZnO)0.9 VAN werd bestudeerd op 

verschillende substraten om een manier te vinden om de vorming van de LSMO-

interfacelaag te voorkomen. Het bleek dat door de VAN op een ZnO-substraat te laten 

groeien, de LSMO-interfacelaag kon worden voorkomen, omdat de ZnO in de VAN een 

betere roosterovereenkomst had met het substraat dan de LSMO in de VAN. Het 

probleem deed zich echter voor dat het substraat ook een belangrijke bijdrage levert aan 

het elektrisch transport. Een VAN werd gegroeid op een ZnO bufferlaag op SrTiO3 (STO) 

substraten om de vorming van de LSMO laag proberen te voorkomen. Maar zelfs op een 

ZnO bufferlaag gedroeg de dunne VAN laag zich als een metaal, wat wijst op het bestaan 

van een onderling verbonden LSMO-fase. Om de invloed van de substraatoriëntatie op 

de vorming van de VAN-structuren te bestuderen, werden verschillende dunne VAN 

lagen gegroeid op verschillend georiënteerde STO-substraten, (100), (110) en (111). Een 

STEM-studie onthulde dat alle VANs een LSMO interfacelaag vertoonden, maar de 

elektrische transporteigenschappen varieerden enorm tussen de verschillende VANs 

aangezien de meting van de elektrische weerstand erop wees dat de dunne VAN lagen die 

op STO (110) en (111) waren gegroeid halfgeleidend gedrag vertoonden rond 

kamertemperatuur, terwijl de VAN op STO (100) nog steeds metaalachtig gedrag 
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vertoonde bij kamertemperatuur. Bovendien onthulde de STEM-studie interessante 

domein-matching-relaties in verschillende richtingen, naast de 5:6-verhouding die eerder 

in de literatuur werd waargenomen langs de (112̅0) oriëntatie van ZnO en de (001) 

oriëntatie van LSMO, werd er hier ook een 21:22-verhouding gezien langs de (1̅100) 

oriëntatie van ZnO en de (11̅0) oriëntatie van LSMO. Er werd aangetoond dat de 

LSMO:ZnO VAN de voorkeur geeft aan het vormen van interfaces tussen de ZnO (1̅100) 

en de LSMO (110) vlakken, aangezien de LSMO zelfs groeide in de (110) oriëntatie op 

STO (111) substraten om deze specifieke interface te accommoderen. 

Ten slotte werden de thermo-elektrische eigenschappen van de VAN dunne lagen 

gemeten, te beginnen met de elektrische weerstand en Seebeck-coëfficiënt van de VANs 

gegroeid op verschillende oriëntaties van STO over een breed temperatuurbereik. Er werd 

aangetoond dat de VANs een halfgeleidend gedrag vertoonden over het hele 

temperatuurbereik, met hun waarden tussen die van de dunne LSMO laag en dunne ZnO 

laag. De VAN op STO (100) vertoont de laagste weerstand over het hele 

temperatuurbereik, gevolgd door de VAN op STO (110), en de VAN op STO (111) 

vertoont de hoogste weerstand, het dichtst bij de ZnO referentielaag. De Seebeck-

coëfficiënt van de VANs op STO (100) en STO (110) vertoonde zeer vergelijkbare en 

relatief lage waarden, terwijl de VAN gegroeid op STO (111) grote absolute waarden 

vertoonde, zowel bij lage als hoge temperaturen. Bovendien vertoonden alle drie de 

VANs een interessante overgang van n-type bij lagere temperaturen naar p-type bij 

hogere temperaturen, net zoals de ZnO referentielaag liet zien. Om het mechanisme achter 

deze overgang te achterhalen, is een röntgendiffractiestudie uitgevoerd bij temperaturen 

onder en boven de overgangstemperatuur van ongeveer 470 °C. Uit deze studie werd geen 

structurele verandering waargenomen, wat erop wijst dat een verandering in de 

elektronische structuur van het materiaal de oorzaak moet zijn van de overgang. Door 

Arrhenius-type plots te gebruiken om twee verschillende modellen toe te passen op de 

resistiviteitsdata werd duidelijk dat het elektronische transport bij lage temperatuur wordt 

bepaald door elektronen, terwijl het transport bij hoge temperatuur waarschijnlijk wordt 

bepaald door ionische geleiding, zoals zuurstofvacancies. Verschillende mogelijke 

mechanismen voor zuurstofvacancies worden besproken, maar er kunnen nog geen 

conclusies worden getrokken. Door de Seebeck- en resistiviteitsgegevens te combineren 

in de power-factor, werd het effect van de VAN-architectuur op de elektrische 

transporteigenschappen aangetoond. Bij hoge temperaturen hadden de VANs gegroeid op 

STO (100) en STO (110) bijna identieke power-factorwaarden als de dunne ZnO 

referentielaag, wat aangeeft dat de VAN-architectuur de elektrische 

transporteigenschappen van de dunne lagen niet schaadt. De VAN gegroeid op STO (111) 

vertoont een nog hogere power-factor bij hogere temperaturen in vergelijking met de 

dunne ZnO-referentielaag. Daarom schaadt de VAN-architectuur niet alleen de 

elektrische transporteigenschappen niet, maar kan het deze zelfs verbeteren. 

De warmtegeleding van de dunne lagen werd verkregen door middel van frequency-

domain thermoreflectance metingen. De verkregen gegevens over een breed 

frequentiebereik werden gemodelleerd naar een standaard isotroop 

warmtegeleidingsmodel en toonden een afname van een factor vier in de warmtegeleiding 
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van de VANs in vergelijking met de dunne ZnO referentielaag. Omdat de 

nanopilaarstructuur zelf echter niet isotroop is en naar verwachting de thermische 

geleidbaarheid het meest in de richting van het vlak zal beïnvloeden, werd ook een 

anisotroop warmtegeleidingsmodel op de gegevens gebruikt. Dit resulteerde in dezelfde 

warmtegeleiding uit het vlak van 9,2 ± 2,0 Wm-1K-1 en een warmtegeleding in het vlak 

van slechts 2,0 ± 0,5 Wm-1K-1, een vermindering van een factor 20 vergeleken met de 

dunne ZnO referentielaag. Dit resultaat toonde aan dat de VAN-architectuur inderdaad 

de warmtegeleiding kan verminderen zonder de elektrische transporteigenschappen te 

verminderen (en zelfs te verbeteren). 

Samenvattend werd met behulp van het modelsysteem LSMO:ZnO aangetoond dat de 

verticaal uitgelijnde nanocomposiet-architectuur een veelbelovende strategie is om de 

thermo-elektrische eigenschappen van dunne lagen te verbeteren. Deze interessante 

nieuwe onderzoeksrichting voor zowel de thermo-elektrische gemeenschap als de 

verticaal uitgelijnde nanocomposiet-gemeenschap is het waard om na te streven om de 

grenzen nog verder te verleggen. 
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