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Chapter 1. Introduction 
 

A brief overview of the research on two dimensional materials, or 
nanosheets, and their heterostructures with transition metal oxides, 
especially in case of oxide nanosheets, is introduced in this chapter. The 
scope and outline of the thesis are also presented at the end of the chapter.
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I. State of the art in 2 dimensional materials and their 
heterostructures with transition metal oxides 

From the Stone Age to the Silicon Age, the development of our civilization 

has been driven by the fundamental advancement of Material Science. Up 

to now, material scientists still keep searching for new “gold” materials to 

push forward the frontiers of knowledge. In 2004, the first single layer of 

graphene was isolated, initiating intensive research in 2-dimensional (2D) 

materials.[1] Although this single layer of carbon has amazed us with its exotic 

properties in the 2D structure,[2] its superlattice at “magic angles” surprisingly 

exhibited superconducting and correlated insulator behavior.[3,4] Besides 

graphene, inorganic 2D materials, or so-called “nanosheets”, that comprise 

MXene phases, dichalcogenides and oxides, also exist. A common feature 

of nanosheets is their very high aspect ratio between the thickness of less 

than 5 nm and lateral sizes of hundreds nm to several µm. From one 

perspective, one may consider nanosheets as paper sheets on nanometer 

scale. Nanosheets have excited researchers’ interest because of a wide 

range of potential applications. For instance, 2D titanium carbide, a MXene 

nanosheet, has shown remarkable performance as supercapacitor electrode 

in energy storage applications.[5,6] An enhanced superconducting transition 

temperature was observed in the restack of exfoliated TaS2 nanosheets.[7] 

Moreover, oxide nanosheets have been potential candidates for 

nanoelectronics. Doped titanium oxide nanosheets have shown 

ferromagnetic behavior, and Ca3Na2Nb5O16 nanosheets have displayed 

ferroelectricity.[8,9] Li et al. reported that the combination of two different kinds 

of nanosheets into a so-called “superlattice” even exhibited multiferroic 

properties.[10] Furthermore, it has been shown that the superconductivity of 

Bi2Sr2CaCu2O8+δ compound was preserved after it was isolated into a single 

layer nanosheet.[11] 
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Similarly, single crystalline thin films of transition metal oxides (TMOs) have 

shown a vast range of possible applications, because of their important 

physical properties, such as magnetism, multiferroicity, high-temperature 

superconductivity and metal-insulator transitions.[12,13] These properties are 

the result of the interplay between intrinsic charge, spin, orbital orderings and 

extrinsic epitaxial strain, artificial boundaries in TMOs. A typically famous 

example is the high mobility 2D electron gas at the interface between 2 

insulators SrTiO3 (STO) and LaAlO3 (LAO).[14] It has been postulated that the 

integration of TMO thin films with Si can provide new features and resolve 

some major issues in current applications.[15,16] However, the direct epitaxial 

growth of such TMOs on Si has been a critical challenge because of the 

fundamental crystal chemistry. 

Such integration has been realized by introducing an appropriate buffer layer 

that serves as a template for growing subsequent layers. In the early 90s, 

the introduction of buffer layers yttria-stabilized zirconia (YSZ)(001)/(111) 

and MgO(001) on Si was achieved by pulsed laser deposition (PLD).[17,18] 

Later, the achieved integration of a few unit cells of STO(001) on Si(001) by 

molecular beam epitaxy (MBE) has stimulated the development of functional 

perovskite oxides on Si.[19] However, the constraint of lattice matching, crystal 

symmetry on Si and/or the existence of the native amorphous SiO2 have 

limited the number of buffer layers and functional TMOs that can be grown 

on Si. 

Moreover, for non-Si based applications, e.g. energy storage[20] and smart 

window[21],the commercialization of oxide-based devices has been partially 

hampered by high-cost and size-limited single crystal substrates. Low cost 

and large sized glass and plastic substrates have been commercially 

available, but they are amorphous substrates. It has been shown that the 

functional TMOs grown on such substrates are consequently polycrystalline 
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with random orientations and high grain boundary density, leading to poor 

device performance. 

Oxide nanosheets can act as buffer layers to loosen the constraints between 

Si/arbitrary substrate and functional TMOs. These oxide nanosheets are 

achieved by exfoliating ion-exchangeable layered compounds via a soft-

chemical process. They still inherit their crystalline layered framework from 

the parent compounds. One may regard each individual nanosheet as an 

atomic-flat single crystal substrate with well-defined surface termination. In 

addition, oxide nanosheets span a wide range of lattice constants, including 

those of perovskites, and have various 2D lattice symmetries.[22] They can 

be deposited on any substrate surfaces through solution-based processes. 

Specifically, the Langmuir-Blodgett (LB) technique is capable of assembling 

a monolayer of oxide nanosheets on a large-size substrate. Furthermore, it 

has been shown that the film orientation of TMOs can be exploited to control 

transport, magnetic, and ferroelectric properties. For instance, 

La0.7Sr0.33MnO3 film with a thickness of less than 12 nm was insulating along 

(001) and conducting along (110).[23] The employment of oxide nanosheets 

enables a free choice of substrates and manipulation of film orientations, 

which can be utilized in both fundamental studies and practical applications. 

The epitaxial growth of thin films on single crystal substrates is realized under 

strict conditions in term of structural similarity. Oxide nanosheets have been 

applied as buffer layers for TMO thin films. In 2006, Kikuta et al. deposited 

layered perovskite Ca2Nb3O10 nanosheets on glass to direct the growth of 

LaNiO3 and Pb(Zr,Ti)O3 films into one preferred (001) orientation by chemical 

solution deposition.[24] Later, other oxide thin films with preferred 

crystallographic directions were successfully grown on nanosheets, for 

example, anatase TiO2 on Ca2Nb3O10 and ZnO on MnO2.[25–33] The ability of 

locally tuning SrRuO3 film orientations and their physical properties was 

demonstrated by using an alternate line pattern of Ca2Nb3O10 and Ti0.87O2 
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nanosheets.[34] Single oriented Nb-doped TiO2(001) films were also realized 

on glass with 10% surface coverage of Ca2Nb3O10 nanosheets by the “so-

called” lateral solid phase epitaxy, which enabled the crystal grain sizes of 

these films (3-10 µm) to grow larger than the size of Ca2Nb3O10 seed 

nanosheets (≤2µm).[35] Next to oxide nanosheets, graphene and MXene 

nanosheets were recently used as promising buffer layers to grow highly 

oriented perovskites with a minority of undesired orientations.[36,37] 

II. Scope and outline of thesis 

The research described in this thesis was focused on the further exploration 

of the growth, properties and applications of TMO films on top of oxide 

nanosheets. Generally, the crystallinity and surface morphology of TMO films 

have depended on their wettability and atomic lattice matching with 

underlying substrates, which affects the grain size and overall defect density 

in TMO films and hence their physical properties. For example, the 

broadened metal insulator transition and large thermal hysteresis in VO2 

films were caused by the overall defect density and small grain size.[38,39] 

Regarding oxide nanosheets, the type of bonds between oxide nanosheets 

and underlying substrates and its influence on the whole stack of TMO 

film/oxide nanosheets have remained unknown. In order to crystallize TMO 

films, a heat treatment at high temperature is often necessary. The thermal 

expansion differences between the stack of TMO/oxide nanosheets and 

substrates can affect the physical properties of TMO films. For example, the 

thermal expansion coefficient of Si substrates, 2.6x10-6 K-1,[40] is usually 

much smaller than that of TMOs, e.g. 3.23x10-5 K-1 for STO[41], which has 

caused thermal residual strain in TMO films when cooling down from high 

temperature. Moreover, film thickness and substrate-induced strain effects 

in TMOs play important roles in controlling and tuning the physical properties 

of TMOs. For example, the metal insulator transition temperature of the 

epitaxial VO2 film could be tuned by varying the film thickness and substrate-
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induced strain on single crystal substrates.[42–44] As mentioned above in 

section I, each oxide nanosheet can be regarded as “micron-sized single 

crystal substrate”. It is therefore worth to investigate whether the film 

thickness and strain effects exist in TMO films on oxide nanosheets. 

Oxide nanosheets as templates for TMO film growth with one preferred out-

of-plane orientation have resulted in clear improvements of physical 

properties of TMO films. The (001) oriented PbZr0.52Ti0.48O3 film grown on 

Ca2Nb3O10 nanosheets on an glass substrate showed the best piezoelectric 

coefficient of 490 pm/V among piezoelectric films.[45] Furthermore, the (001)pc 

oriented ferromagnetic SrRuO3 film on Ca2Nb3O10 nanosheets had the out-

of-plane saturated moment of 1.1 µB/Ru that was comparable with 1.25 µB/Ru 

in the SrRuO3(001)pc film on a single crystal STO(001).[34] However, a 

common issue of TMO films on oxide nanosheets as buffer layers is that they 

are only singly oriented in the out-of-plane direction whereas they are non-

oriented in the in-plane direction because of the randomness of oxide 

nanosheet deposition on substrates. Generally, the physical properties of 

polycrystalline TMO films are, in most cases, inferior to their epitaxial single 

crystalline ones. The random in-plane orientation of nanosheets leads to the 

misorientation of TMO crystal planes in the in-plane direction, scattering 

electrons (or holes) and degrading their physical properties. For example, 

the random in-plane orientation of (001)pc oriented SrRuO3 film on Ca2Nb3O10 

nanosheets was one of the reasons that lead to its higher resistivity than the 

one on single crystal substrate STO(001).[34] Moreover, large angle 

misorientation between grain boundaries in VO2 films would  introduce large 

thermal hysteresis.[38] In high mobility electron or hole systems such as 

LAO/STO,[14] STO/LAO/STO[46] and La doped BaSnO3,[47] the random in-

plane orientation can severely reduce the mobility of the charge carriers. The 

second aspect of this thesis discusses the strategies to improve the in-plane 

random orientation of oxide nanosheets and thus TMO films on arbitrary 

substrates. 
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In order to conduct the research, I have employed synthesizing techniques 

ranging from chemical to physical routes as well as different 

characterizations. Powders of various parent compounds of oxide 

nanosheets were synthesized using conventional solid-state and molten salt 

routes. I have used LB technique to deposit oxide nanosheets on hydrophilic 

and hydrophobic substrates and PLD equipped with reflection high energy 

electron diffraction (RHEED) to grow oxide thin films in the research. In the 

other hand, I have investigated the structures and physical properties of 

oxide nanosheets and TMO thin films using atomic force microscopy (AFM), 

X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning 

electron microscopy (SEM), electron backscatter diffraction (EBSD) and 

Physical Properties Measurement System (PPMS). Scanning transmission 

electron microscope (TEM) and X-ray absorption spectroscopy (XAS) 

techniques were performed by Dr. Nicolas Gauquelin (Electron Microscopy 

for Materials Science (EMAT), Prof. Jo Verbeeck) and by Georgios Araizi-

Kanoutas (Quantum Materials Amsterdam group, Prof. Mark S. Golden), 

respectively. 

Chapter 2 explores the hetero-epitaxial growth and controlled-orientation of 

vanadium dioxide (VO2), a non-perovskite oxide, on two types of oxide 

nanosheets on arbitrary substrates. Epitaxy was realized via lattice or 

domain matching and 2D structures between the films and oxide nanosheets. 

The results showed the determining role of oxide nanosheets in VO2 film 

orientation and transport properties. The VO2 films on oxide nanosheets also 

demonstrated the possibility of X-ray or electron transparent 

characterizations in transmission geometry. 

Chapter 3 continues on the same VO2 films on NbWO6 nanosheets on 

arbitrary substrates and further investigates the transport properties of this 

system. A tunable metal-insulator transition temperature of nanosheet-

templated VO2 films was achieved by controlling the film thickness. On the 
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other hand, the results showed a negligible influence of the underlying 

substrates on the transport properties of these films. 

Chapter 4 discusses a strategy to resolve the randomness of in-plane 

orientation of epitaxial TMO films templated by oxide nanosheets. The 

equilibrium shape of Ca2Nb3O10 nanosheet parent layered compound was 

the key control in the self-assembly of nanosheets during LB deposition. The 

results showed a certain degree of the in-plane orientation control over 

nanosheets. 

Chapter 5 describes a strategy to grow freestanding TMO films by PLD. Free-

standing oxide perovskite films were released from single crystal substrates 

by dissolving the sacrificial layer between them. The results showed the full 

control over orientation in high quality TMO films, that could be transferred 

onto engineering substrates for further applications. 

Chapter 6 presents challenges and opportunities for future work.  
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Chapter 2. Tailoring Vanadium Dioxide 
Film Orientation using Nanosheets: A 

Combined Microscopy, Diffraction, 
Transport and Soft X-ray in Transmission 

Study 
VO2 is a much-discussed material for oxide electronics and neuromorphic 

computing applications. Here, heteroepitaxy of vanadium dioxide (VO2) was 

realized on top of oxide nanosheets that cover either the amorphous silicon 

dioxide surfaces of Si substrates or X-ray transparent silicon nitride 

membranes. The out-of-plane orientation of the VO2 thin films was controlled 

at will between (011)M1/(110)R  and (-402)M1/(002)R by coating the bulk 

substrates  with Ti0.87O2 and NbWO6 nanosheets, respectively, prior to VO2 

growth. Temperature-dependent X-ray diffraction and automated crystal 

orientation mapping in microprobe transmission electron microscope mode 

(ACOM-TEM) characterized the high phase purity, the crystallographic and 

orientational properties of the VO2 films. Transport measurements and soft 

X-ray absorption in transmission are used to probe the VO2 metal-insulator 

transition, showing results of a quality equal to those from epitaxial films on 

bulk single-crystal substrates. Successful local manipulation of two different 

VO2 orientations on a single substrate is demonstrated using VO2 grown on 

lithographically-patterned lines of Ti0.87O2 and NbWO6 nanosheets 

investigated by electron backscatter diffraction. Finally, the excellent 

suitability of these nanosheet-templated VO2 films for advanced lens-less 

imaging of the metal-insulator transition using coherent soft X-rays is 

discussed. 

*This chapter is based on the published article: “Tailoring Vanadium Dioxide Film 

Orientation Using Nanosheets: A Combined Microscopy, Diffraction, Transport, and 

Soft X-Ray in Transmission Study.” Adv. Funct. Mater. 2020, 30 (1), 1900028. Author 

contribution was described in List of publications.  
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I. Introduction 

Vanadium dioxide (VO2) has been drawing attention since the discovery of 

its metal-insulator transition (MIT), signaled by a several orders of magnitude 

resistivity change close to 340 K[1,2]. Given these remarkable properties, it 

may not be a surprise that VO2 is a leading candidate material for the 

development of oxide devices for both low power electronics (high off-

resistance), either in a more conventional field effect type of device or 

alternatively, neuromorphic electronic architectures[3,4] as a memristive 

material. It has been known that the MIT occurs alongside an abrupt, first-

order structural phase transformation from a metallic, tetragonal rutile (R) 

phase (P42/mnm), to an insulating, monoclinic (M1) phase (P21/C). Recent 

work[5] points out that this transition is preceded by a purely electronic 

softening of Coulomb correlations within the V-V singlet dimers that 

characterize the insulating state, setting the energy scale for driving the near-

room-temperature insulator-metal transition in this paradigm complex, 

correlated oxide. 

Up to now, most studies of epitaxial VO2 thin films have used Al2O3 and TiO2 

single crystal substrates to control film orientation[6,7], bringing along 

challenges of cost, limited size and incompatibility with the current Si-based 

technology for future VO2-based devices. Direct deposition of VO2 on glass 

or Si substrates with a native amorphous silicon dioxide layer leads to a 

polycrystalline film with predominant (011)M1 orientation[8], whereas VO2 is 

favorably grown (010)M1-oriented when a buffer layer of Pt(111) is used on a 

Si substrate[9]. Epitaxial growth of VO2 with (010)M1 orientation is possible on 

epitaxial layers of yttria-stabilized zirconia - YSZ(001) - on Si(001)[10,11]. 

Ideally, one would wish for direct control over VO2 film orientation on Si or 

even on arbitrary substrates at will, without any concessions being made on 

the VO2 film quality. Oriented growth is not only an important enabler for the 

fundamental study of the mechanism of the VO2 MIT[12], but also for potential 
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applications for next-generation transistors[13], memory metamaterials[14], 

sensors[15], and novel hydrogen storage technology[16]. Recently, various 

metal oxide films have been successfully grown on glass and Si substrates 

using epitaxy on so-called oxide nanosheets[17–20]. Oxide nanosheets are 

essentially two dimensional (2D) single crystals with a thickness of a few 

nanometers or less, and lateral size in the micrometer range. They can be 

made spanning a wide range of crystal lattices and 2D structural symmetries 
[21], allowing for new possibilities to tailor the important structural parameters 

and properties of thin films on arbitrary – and thus also technologically-

relevant - bulk substrates. Successful implementation of nanosheets in fact 

means that the choice of the bulk substrate becomes a free parameter that 

can enter the engineering cycle of each individual application. 

In the research presented here, Ti0.87O2 (TO) and NbWO6 (NWO) nanosheets 

have been identified as being ideal templates for the orientation of thin films 

of the important complex oxide VO2 on varying substrates. Monolayers of 

nanosheets were deposited on Si substrates and alternatively on 20nm thick 

Si3N4 transmission electron microscope (TEM) grids using the Langmuir-

Blodgett (LB) method. Then, utilizing pulsed laser deposition (PLD), single-

phase VO2 thin films were grown epitaxially on both TO and NWO 

nanosheets with (011)M1 [(110)R] and (-402)M1 [(002)R] out-of-plane 

orientation of the low temperature monoclinic M1 phase [high-T rutile phase], 

respectively. The high structural and orientational quality of the VO2 made 

possible by the nanosheet epitaxy was proven using TEM and X-ray 

diffraction across the Mott MIT, as well as by electron backscatter diffraction 

(EBSD) studies. In addition, both transport and soft X-ray spectroscopic 

probes of the MIT showed data of excellent quality, matching those for VO2 

grown on bulk single-crystalline substrates. Importantly, the use of a 

nanosheet-coated Si3N4 membrane as a PLD substrate allowed soft X-ray 

absorption spectroscopy (XAS) to be carried out in the fully bulk-sensitive 

and highly direct transmission mode. Finally, the nanosheet-approach is 
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shown to provide a high degree of control of the crystallographic orientation 

of the VO2 film. This is illustrated by the use of a single film-growth run to 

generate two different orientations on a single substrate deterministically, by 

arranging both TO and NWO nanosheets in an alternating, stripe-like pattern 

using lithography. 

II. Results and discussion 

Figure 1 shows a plan view of the TO and NWO nanosheet planes in panels 

(a) and (d), respectively. For the TO[NWO] nanosheets, the relevant 2D unit 

cell is highlighted in green[pink]. In panels (b) and (c), the relevant VO2 

planes are shown for the M1 and R structures with the 2D unit cell of the TO 

nanosheets superimposed. Likewise, in panels (e) and (f) the 2D unit cell of 

the NWO nanosheets is superimposed on the relevant planes in the M1 and 

R VO2 phases. What these figures show, backed up by the data of Table 1, 

is that the (011)M1 [(110)R] and (-402)M1 [(002)R] out-of-plane orientations of 

M1[R] VO2 are compatible with the TO and NWO nanosheet symmetry and 

lattice constants, respectively. 

In the following, the reasoning and data that led to this conclusion are gone 

through in a step-by-step manner. A closer examination of Figure 1 shows 

that - considering the oxygen sub-lattices as the dominating structural entities 

driving potential epitaxy between the VO2 and the nanosheets - the two 

distinct O-O distances of 2.90 Å and 2.84 Å for the VO2 (011)M1 plane are 

close to the O-O distance of 2.97 Å for the TO nanosheet in the b direction. 

In the a direction, there are also two distinct O-O distances for the VO2 

(011)M1 plane, i.e. 3.38 Å and 4.51 Å, respectively, which are very different 

from the O-O distance of 3.82 Å for TO nanosheets. Highly relevant in this 

regard is the concept of domain matching epitaxy[22], which can be seen as 

a generalization of the more common lattice match epitaxy. In domain 

matching epitaxy, integral multiples of lattice planes match across the film–

substrate interface, with the size of the domain (equaling integral multiples 
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of planar spacing), determined by the degree of mismatch. This can yield 

epitaxy when mismatches exceed the usual 7-8% limit for regular lattice 

epitaxy[22]. 

 

Figure 1. Excellent epitaxy conditions for nanosheets and VO2. Schematic 

illustration of atomic structures for (a) TO nanosheet, (b) VO2 (011)M1, (c) VO2 (110)R. 

A suitable TO unit cell is shown shaded in green. (d) NWO nanosheet, (e) VO2 (-

402)M1 and (f) VO2 (002)R. A suitable NWO unit cell is shown shaded in pink. 

If one considers the domain epitaxy approach, it can be seen that the slightly 

distorted (only 0.35o away from a right-angle) rectangular oxygen domain of 

7.56 x 5.74 Å2 for the VO2 (011)M1 plane is close to that of 7.64 x 5.94 Å2 for 

the TO nanosheets. This results in a small domain mismatch of only 1% and 

3.4% in the a- and b-directions at room temperature, respectively, suggesting 

that the M1 monoclinic phase of VO2 (011)M1 film can be stabilized by TO 

nanosheets at room temperature. At the growth temperature of 520oC, it is 

the rutile phase of VO2 that is being formed[2], and analogous considerations 
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show that as the (110)R plane is very closely related to the room temperature 

(011)M1 plane of VO2 a similar domain epitaxial relationship will be at work. 

Table 1. Symmetry and lattice constants of TO and NWO nanosheets. 

Nanosheet 2D structure Lattice constant (Å) 

Ti0.87O20.52- Rectangular a = 3.76 ; b = 2.97 

NbWO6- Square a = 4.68 

In addition to the domain epitaxy ideas, it is also worth to point out that as 

the nanosheets are exfoliated layered materials without chemically active 

dangling bonds, there are only isotropic Coulomb and/or Van der Waals 

interactions between the growing film and the nanosheet surface. 

Consequently, lateral adatom-adatom interactions are significant drivers of 

the energetics of the early stages of (epitaxial) growth, thus helping to favor 

epitaxial growth also in the presence of relatively large lattice mismatch. In 

this manner, retention of epitaxy with lattice mismatch as high as 13% have 

been reported[19,23], supporting the ability of TO nanosheets to successfully 

template the (110)R growth of the rutile phase of VO2. 

Regarding to the NWO nanosheet case, epitaxial growth of (-402)M1 or (002)R 

VO2 films are expected via straightforward lattice matching considerations. 

The 2D atomic structure of the (-402)M1 plane is distorted away from a square 

planar symmetry (by 3o off the right-angle). The lattice mismatch between 

this plane and the nanosheets is 3.6% and 7.9% in the a- and b-directions, 

respectively, which – especially given the arguments above as regards the 

non-directional nature of the adatom-nanosheet interactions - one would 

expect to support epitaxial growth with the VO2 film oriented in the [-402]M1 

direction at room temperature. For the NWO case, the high-T situation is 

simpler still, as the lattice mismatch between the high temperature (002)R 

plane and the NWO nanosheet is only 3.2%, with the same 2D square atomic 

structure present in both cases. 
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To summarize this section: detailed consideration of the oxygen sub-lattice-

driven epitaxial relationships shows that for TO nanosheets, a combination 

of domain matching epitaxy and the weak adatom-nanosheet interactions 

should enable epitaxial growth of VO2, with the out-of-plane orientation being 

(011)M1 and (110)R at room temperature and elevated temperature, 

respectively. For the NWO nanosheets, the VO2 orientation is expected to be 

(-402)M1 and (002)R. 

Turning to the first step of the nanosheet-templated film growth process in 

practice, Figure 2 shows AFM images of the morphology of the bare-

nanosheets of TO and NWO in panels (a) and (b). It is clear that monolayers 

of TO and NWO nanosheets can be fabricated on Si substrates successfully 

with a surface coverage exceeding 95%. The lateral size of the individual 

nanosheets is 3-5 μm for both TO and NWO, which is partly governed by the 

grain size of the parent layered crystals obtained by solid state reaction[24]. 

The exfoliated nanosheets were deposited using a LB-method to form a 

monolayer film on Si substrates and on Si3N4 membranes. 

 

Figure 2. AFM of nanosheets and automated crystal orientation mapping of VO2 

using TEM. The top [bottom] row of figures is from samples with TO[NWO]-

templates. AFM images of the (a) TO and (b) NWO nanosheets showing the 

homogeneous coverage (scale bar: 5 µm). Panels (c) and (d) show high temperature 

automated crystal orientation mapping TEM mode (ACOM-TEM) characterization of 
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the rutile VO2 phase at 423K (scale bar: 200 nm). (e) and (f) correspond to pole 

figures for the (110)R and (002)R directions, respectively, with a color-scaled intensity 

as shown in the index on the right side. Including is the triangular color scale wedge 

for the ACOM-TEM data, which also shows the orientational relationship between 

the M1 and R phases. (Panels (c)-(f) are collected and analyzed by collaborators, 

Electron Microscopy for Materials Science (EMAT) group, University of Antwerp, 

Belgium)  

Using these nanosheet layers on Si3N4 TEM grids as substrates, thin films of 

VO2 were grown using PLD. In order to determine the homogeneity and 

epitaxial quality of the VO2 films with nm lateral spatial precision, orientation 

maps were recorded using TEM, the results of which are shown in Figure 

2(c)-(f). The data were measured in the rutile VO2 phase at a temperature of 

423K. For the TO-templated system, a remarkably homogeneous (110)R 

orientation of the VO2 film results (Figure 2(c)), and apart from a very few 

rogue patches, Figure 2(d) shows that the NWO nanosheets perform just as 

well, generating (002)R VO2. These results are confirmed in the pole figures 

for these two rutile orientations shown in panels (e) and (f). With this 

nanoscopic confirmation of the excellent epitaxial growth on each individual 

nanosheet, the next step is a more global measure of the VO2 structure, in 

both the rutile and monoclinic phases using X-ray diffraction (XRD). 

Figure 3 presents the XRD data measured below and above TMIT of VO2 

films grown using PLD at 520oC on monolayers of TO (panel (a)) and NWO 

nanosheets (panel(b)) on Si substrates. At 303 K, the peaks seen at 2θ 

values of 27.90o and 57.72o in Figure 3(a) are from the (011)M1 and (022)M1 

VO2 reflections, respectively. In Figure 3(b), the peak at 65.07o corresponds 

to the (-402)M1 VO2 reflection. At 403K - above the MIT temperature – peaks 

measured at 27.70o, 57.27o and 65.28o now correspond to the (110)R, (220)R 

and (002)R Bragg peaks of rutile VO2, respectively. These XRD data confirm 

the excellent orientational integrity of the VO2 films at the macroscopic scale, 

confirming what was seen in the TEM data. This points towards the major 



Tailoring Vanadium Dioxide Film Orientation using Nanosheets: A Combined 
Microscopy, Diffraction, Transport and Soft X-ray in Transmission Study 

21 
 

role of the oxygen framework in the determination of the epitaxial 

relationships between both nanosheet systems and the VO2 overlayer, as 

discussed earlier. 

 

Figure 3. Temperature-dependent identification of the VO2 structural phases using 

X-ray diffraction. XRD patterns of VO2 films on (a) TO and (b) NWO nanosheets, 

measured at 303 K (M1 phase) and 403 K (R phase). The three peaks labelled ‘*’ 

originate from the Inconel alloy 625/718 clamps holding the sample on the 

diffractometer heating stage. The VO2 Bragg peaks can be indexed using the film 

orientation discussed in the text, fully in agreement with the TEM data of Figure 2 

and literature values of the temperature-dependence of the VO2 crystal structure.  

One of the motivations for choosing VO2 for this study was its dual role as a 

model system for both understanding strongly correlated MIT, as well as its 

tunable/switchable large resistance change near room temperature[3]. 

Consequently, the transport behavior of VO2 grown using PLD on nanosheet 

templates is of great interest, and these data are shown in Figure 4. Defining 

the midpoint of the transition in the resistance curve measured upon heating 

as the phase transition temperature, TMIT, our data show transition 

temperatures close to the canonical value of 341 K for bulk VO2 single 

crystals[1,2]. The TMIT of the films with out-of-plane (110)R texture (rutile c-axis 

in-plane) grown on TO nanosheets was 347 K, whereas for the out-of-plane 

(002)R textured film on NWO nanosheets TMIT was 332 K. These values are 
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in agreement with what has been found in the literature on the orientation 

dependence of TMIT on different bulk TiO2 substrates[25]. 

 

Figure 4. Transport characterization of the Mott metal-insulator transition of VO2. 

Resistance ratio (R[R phase]/R[M1 phase]) of VO2 films grown on TO and NWO 

nanosheets as a function of temperature. For the M1 phase, the resistance was 2.6 

x 105 Ω [5.6 x 104 Ω] for TO [NWO] nanosheet-templated VO2, respectively. The 

resistance in the VO2-R phase was a factor 810 [280] times lower than in the M1-

phase for TO [NWO] nanosheet-templated VO2 growth, respectively. 

The TMIT in VO2 is related to the V-V distance along the rutile c-axis, which 

affects the orbital overlap and the metallicity in the rutile phase[26]. In the past, 

this had been studied as a function of film orientation [25], chemical doping [26], 

thickness [27]
 and strain (001)R

[28] for films grown on single crystal substrates. 

For example, under compressive strain, the TMIT of a 24 nm thick (001)R VO2 

film grown on TiO2 decreased to 330 K, while it was the same as the bulk 

VO2 value of 341 K for a fully-relaxed 74 nm thick film[27].  When the rutile c-

axis is under tensile strain, similar to using TiO2 (110) single crystal 

substrates, TMIT is seen to increase to 350-369 K[25]. Therefore, as TMIT for 

VO2 grown on TO nanosheets is higher than that of strain-free, bulk VO2, this 
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indicates that the R-VO2 c-axis (2.86 Å when unstrained) is under a degree 

of tensile strain in the [010] direction of the TO nanosheet which has b = 2.97 

Å. The situation is the other way around for the VO2 grown on NWO 

nanosheets: here TMIT is lower, suggesting compressive strain along the 

rutile c-axis, as could be expected from the Poisson effect given the tensile 

strain along the [100] and [010] directions of VO2 (a = 4.53 Å) due to coupling 

to the NWO nanosheet (a = 4.68 Å). 

The MIT for the TO-templated VO2 shows a steep-sided hysteresis curve. In 

comparison, the data of Figure 4 shows that the VO2 grown on NWO 

nanosheets displays a relatively broad MIT. A possible explanation for this 

observation could be related to the fact that the NWO-templated VO2 

possesses a surface roughness of order 10 nm, compared to 2 nm for the 

TO-templated VO2 films (see Figure A1 for AFM data from the VO2 films). As 

the MIT in VO2 possesses a strongly percolative character[29], the increased 

roughness, on top of an increased density of grain boundaries due to inter-

nanosheet boundaries[17] can be at least a partial explanation of the broader 

transition for the case of VO2 grown on NWO nanosheet templates. In 

addition, the larger deviation from 90o bond angles of the 2D atomic structure 

of the (-402)M1 plane in the NWO case compared to the (011)M1 plane for TO-

templated growth (see Figure 1) is also compatible with a larger domain/grain 

boundary contribution to the transport for the NWO-templated VO2.  

From the experimental data thus far, it is clear that the nanosheets provide 

an elegant and effective method to control the orientation of VO2 films on two 

widely different bulk substrates. In order to both emphasize the added 

possibilities that freedom from ‘hard’ substrate epitaxy enables, as well as to 

illustrate how this can also be controlled on the micron scale, the next section 

reports a new strategy to manipulate different orientations of VO2 on a single, 

arbitrary substrate. To do this, NWO nanosheets were lithographically line-

patterned on top of a monolayer of TO nanosheets, with subsequent VO2 
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growth on this structured template layer to demonstrate the local 

manipulation of the orientation of the resulting high-quality VO2 film. 

Figure 5 presents the high-resolution scanning electron microscopy (HR-

SEM) cross-sectional view of the line-patterned VO2, showing in panel (a) 

that the film thickness was roughly 50 nm on both types of nanosheets. In 

addition, the HR-SEM plan-view (Figure 5(b)) clearly reveals the different 

surface morphologies alluded to earlier on either side of the nanosheet 

boundary, consistent with the AFM data of VO2 films grown on ‘single 

species’ TO and NWO nanosheets (see Figure A1). In both situations the 

resulting VO2 film has a smoother surface on TO than on NWO nanosheets. 
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Figure 5. Micron-level, deterministic control over the VO2 orientation on a single 

substrate. Room temperature HR-SEM images of the cross-section (a) and plan (b) 

views at the line boundary of VO2 film (left side is VO2 grown on NWO nanosheet; 

right side is growth on TO nanosheet). (c) and (d) show inverse pole figure maps, 

measured using EBSD at room temperature, displaying the VO2 film orientation in 

the out-of-plane (c) and in-plane (d) directions. In panel (c), the left- and right-side of 

the image shows growth on NWO nanosheet (gold color). Here, the film normal is 

the monoclinic (-402) axis ((002)R). The central, purple-colored strip represents 

growth on TO nanosheet where the film normal is (011)M1, equivalent to (110)R. 

Panel (d) shows the in-plane texture of the VO2 films along the horizontal direction 

(x). The scale bars represent 100 nm in (a), 500 nm in (b) and 10 μm in both (c) and 
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(d). Panel (e) shows out-of-plane inverse pole figures corresponding to the four 

different regions marked on panel (c). The out-of-plane orientation is clearly 

controlled by the type of nanosheets used. Panel (f) displays in-plane inverse pole 

figures corresponding to the same four regions marked in panel (d). Four different 

domains on each individual nanosheet result from the reduced monoclinic symmetry 

compared to the tetragonal rutile case. Only half of the stereographic projection is 

shown due to symmetry resulting in only two spots. 

In addition to SEM imaging, electron backscatter diffraction (EBSD) maps 

were recorded, providing crystallographic information on the VO2 film on the 

lithographically patterned nanosheet layers, shown in Figure 5(c) and (d). As 

these data were recorded at room temperature, the crystallographic notation 

uses the M1 film orientations (the corresponding R-phase orientation was 

shown in Figure 2). The inverse pole figure maps reveal the out-of-plane 

orientations (-402)M1 (shown in gold color, becoming (002)R at elevated 

temperature) and (011)M1 (shown in purple, becoming (110)R at elevated 

temperature). Taking a closer look at a domain on single-typed nanosheet 

regions, the four inverse pole figures of Figure 5(e) correspond to the four 

chosen regions indicated in Figure 5(c). These show the presence of a single 

out-of-plane orientation for each type of nanosheet. It is evident that the VO2 

film out-of-plane orientations follow the underlying nanosheets with high 

fidelity, down to the micron level as it was designed. 

The in-plane EBSD orientation map displayed in Figure 5(d) shows a random 

orientational distribution, resulting from the randomness of in-plane 

orientation of nanosheets during LB deposition. On each single nanosheet, 

the reduced symmetry of the monoclinic VO2 lattice when cooling down from 

the high-temperature rutile phase is expected to induce the formation of four 

in-plane structural domains [30]. The inverse pole figures shown in Figure 5(f) 

show two of these because, due to symmetry (presence of a mirror plane) of 

the monoclinic phase, only half of the complete stereographic projection is 
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displayed. Furthermore, in domain 2, only 1 orientation is seen as one is 

looking along the 21 axis.  

Having proven the excellent crystalline quality and the exquisite control over 

the orientation of VO2 grown on nanosheets of different types, spectroscopy 

in the soft X-ray regime is now used to benchmark the epitaxial samples 

grown on TO nanosheets and provide comparison of the sample quality to 

what is known in the literature. As shown in the data of Figure 2(c)-(f), the 

nanosheet approach enables deposition of high-quality VO2 on Si3N4 

membranes that are soft X-ray transparent, opening a route to conducting 

XAS in transmission. This yields a bulk-sensitive and direct measure of the 

absorption that can directly be correlated with local measurements carried 

out in the TEM. The majority of previous XAS studies of VO2 have used 

indirect methods such as Total Electron Yield (TEY) to monitor the X-Ray 

absorption process [5,31–35]. 

 

Figure 6. Soft X-ray absorption in transmission. V-L2,3 XAS of nanosheet-supported 

VO2 recorded in transmission at the temperatures shown for grazing incidence of the 

linearly polarized X-rays. Subtle yet clear differences in the spectral features mirror 

alterations in the electronic structure, reflecting changes in orbital energies as the V-

d|| states split and an energy gap opens in the insulating, low temperature phase. 

The details of the difference spectrum agree very well with published polarization-



Chapter 2 

28 
 

dependent V-L2,3 X-ray absorption data from VO2 grown epitaxially on bulk single 

crystalline substrates.[27] Panel (b) shows the O-K edge recorded at normal incidence 

as a function of temperature. The insets - whose data-points are color-coded to 

match the spectra from which they are taken - show the T-dependence of the two 

main absorption features signaling the MIT. Increasing leading edge intensity (black 

arrow/inset) tracks the closing of the insulating gap as the rutile phase is reached, 

and a different aspect of the same physics yields to the decrease of the d||* feature 

at 530.6 eV (grey arrow/inset). The identity of the different peaks, together with a 

schematic representation of the corresponding density of states is given under the 

data of panel (b). (Data are collected and analyzed by collaborators, Quantum 

Materials Amsterdam group, Van der Waals-Zeeman Institute, Institute of Physics, 

The Netherlands) 

Linking to the transport data presented in Figure 4, XAS experiments at the 

vanadium-L2,3 (2p→3d transitions) and oxygen-K (1s→2p transitions) 

absorption edges also directly probe the MIT, and are readily accessible 

using soft X-rays provided by a synchrotron light source. In correlated 

transition metal oxides such as VO2, the ability of soft XAS to provide detailed 

information on the manifold and coupled degrees of freedom (e.g. lattice, 

spin, charge and orbital) using the transition metal-L2,3 and O-K edges have 

been studied extensively [5,30–35]. Panel (a) of Figure 6 shows V-L2,3 edge 

data both for the metallic (rutile) and insulating (monoclinic) phases for the 

TO nanosheet templated VO2. As reported by Aetukuri et al.[27], the changes 

seen to occur across the MIT are related to the orbital occupation, and in 

particular they underscore the transformation of the three-dimensional rutile 

situation to one in which V-dimers form along the direction of the rutile c-axis, 

leading to shifts and splitting of electronic states related to the orbitals 

polarized in this direction, referred to as the d|| states. For grazing incidence 

(E⊥crutile) the temperature dependent changes shown in Figure 6(b) agree 

excellently with published data on films grown on single crystalline, bulk 

substrates[27], attesting to the quality of the nanosheet templated VO2 thin 

films. Closer examination of the insets yields that the bulk (transmission) XAS 
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shows an onset of the MIT on warming at 340 K, and that ca. 40 K of further 

heating are required to complete the conversion to the rutile phase. The 

transport data shown in Figure 4 from fully analogous VO2 films, show an 

earlier onset and faster completion of the transformation on heating. This can 

be understood straightforwardly as resulting from the percolative nature of 

the transport probe on the one hand and to the bulk-sensitive, volume-

fraction-driven absorption of soft X-ray radiation on the other hand. 

One of the clear order parameters for the MIT is the opening of an energy 

gap in the insulating phase. This can be clearly seen in XAS at the O-K edge, 

as shown in Figure 6(b) and panels (b) and (c) of Figure 7, and reported in 

the literature recently[5]. With reference to the electronic structure schematic 

shown under the data of Figure 6(b), the most marked spectroscopic 

changes in the O-K edge spectra while entering the metallic phase are due 

to the closure of the gap, and the disappearance of the unoccupied d||* 

states, the latter present in the monoclinic phase due to a splitting of the 

highly directional d|| states. The insets to Figure 6(b) show how these 

changes to the gap [d||* states] leads to an increase [decrease] of the XAS 

absorption at the characteristic energy of 529.1 [530.6] eV. 

Figure 7(a) illustrates the experimental configuration used for polarized XAS 

in transmission. For the TO-nanosheet-templated VO2 films, the rutile c-axis 

is in the film plane, and its in-plane orientation varies from one nanosheet to 

the next. The synchrotron X-ray beam is large enough to average over a 

large number of nanosheets, meaning that one can consider vertically 

polarized radiation (LV) at grazing incidence to yield an unpolarized 

spectrum. Horizontally polarized radiation (LH) aligns the E-vector 

perpendicular to the film plane and hence E⊥crutile is always realized, 

regardless of the direction of the in-plane orientation of the rutile c-axis in 

each individual nanosheet-templated epitaxial grain. In Figure 7(b) and 7(c), 

polarization-dependent XAS spectra are shown for both grazing and normal 
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incidence of the beam, respectively. As is clear from the earlier discussion, 

for normal incidence (Figure 7(c)), whether LV or LH radiation is used makes 

no difference to the absorption spectra, as in all cases a mixture of E||crutile 

and E⊥crutile is the result. For grazing incidence (Figure 7(b)) and LH 

radiation, the E vector is E⊥crutile, compared to mixed E⊥crutile and E||crutile for 

linear vertical. This is of high relevance for future experiments such as those 

outlined in Figure 8 in the next section. The major advantages are the 

presence of: (i) the O-K leading edge shift at ~529 eV (ii) the directional d||* 

states in the monoclinic phase at ~530.5 eV and (iii) the σ* states in the rutile 

phase at ~531.5 eV which all show up clearly in the transmission XAS 

measurements, also without the need of a full suite of polarization-dependent 

measurements. 

 

Figure 7. V orbital occupancy across the MIT. (a) Schematic of soft X-ray absorption 

experiments on TO-nanosheet-supported VO2 thin films grown on 20 nm thick silicon 

nitride TEM windows. Linearly polarized synchrotron radiation impinges in grazing 

incidence, as indicated (the transmitted beam is measured using a diode 
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downstream of the sample, not shown). The c-axis of the (110)R-VO2 film is oriented 

differently in each of the nanosheet domains, but is always in the plane of the film. 

Therefore, LH fixes E⊥crutile and LV polarization probes a mix of E⊥crutile and E||crutile. 

Polarization dependent measurements at the O K-edge above and below the 

transition for both grazing [panel (b)] and normal [panel (c)] incidence show the in-

plane polarization of the unoccupied portion of the highly directionally aligned d|| 

states. (Data are collected and analyzed by collaborators, Quantum Materials 

Amsterdam group, Van der Waals-Zeeman Institute, Institute of Physics, The 

Netherlands) 

 

Figure 8. Lens-less imaging of the MIT of VO2. Schematic of a soft X-ray holography 

experiment on nanosheet-supported VO2 thin films which incorporate with a gold 

mask structure. The VO2 films can be grown using PLD on TO nanosheets that are 

deposited on commercial, 200 nm thick silicon nitride TEM windows (e.g. Simpore). 

A gold mask is subsequently deposited and a sample window (diameter 2μm) + 

reference slit are machined into the mask using a focused ion beam (FIB). The 
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window reveals the VO2 film, whereas the slit goes right through the whole structure 

(including the VO2, the nanosheets and silicon nitride, too). Illumination with coherent 

X-rays yields a far-field diffraction pattern, and using a differential filter and fast 

Fourier transform it is possible to reconstruct a real space image of the different 

phases of VO2 during the MIT. At an X-ray free electron laser, sufficient intensity in 

a single ultrafast flash of X-rays would also allow a pump-probe version of this 

experiment, so enabling a stop-motion film to be built up of how VO2 switches on 

both the fs timescale and nm length scales. (Schematic experiment by collaborators, 

Quantum Materials Amsterdam group, Van der Waals-Zeeman Institute, Institute of 

Physics, The Netherlands) 

Summarizing, the research reports on the successful deposition of high-

quality vanadium dioxide thin films on Si substrates and Si3N4 membranes 

using oxide nanosheets of Ti0.87O2 (TO) and NbWO6 (NWO) as a templating 

layer. Each nanosheet is a single crystal template, able to orient the growth 

direction of the VO2 film as a result of lattice match of the oxygen frameworks 

of the two systems and compatibility of the 2D atomic structure between the 

nanosheets and the VO2 crystal planes. X-ray diffraction, SEM imaging, 

EBSD and ACOM-TEM data all agree on the film orientation, attesting to the 

epitaxial relationship such that TO nanosheets template (110)R growth and 

NWO templates (002)R growth of VO2. It was also shown that even micron-

scale, local control over the VO2 orientation is achievable, when using 

lithographically patterned nanosheet templates on a single, monolithic 

substrate. 

The second main strand in the research presented deals with the MIT of the 

nanosheet templated VO2 films.  Due to strain effects along the c-axis of VO2 

rutile phase, TMIT was 10 K higher [9 K lower] on TO [NWO] nanosheets, 

compared to bulk VO2 single crystal values. Truly bulk-sensitive soft X-ray 

experiments carried out in transmission also underlined the excellent quality 

of the VO2 thin films, which displayed all the hallmarks of the MIT known from 

films grown on bulk substrates. The significant soft X-ray transmission 
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contrast – for example at the O-K leading edge, or at the position of d||* 

feature – combined with the ability to work in transmission, means such 

nanosheet templated VO2 films are ideal for advanced soft X-ray techniques 

such as lens-less imaging of the MIT with spatial resolution of tens of nm. 

Such techniques involve holographic reconstruction of the real-space 

patterns formed during the MIT, and can be carried out on a modified version 

of the samples used for the studies reported here. Figure 8 shows a 

schematic for such an experiment. It is the first step towards such 

experiments and have recently successfully reconstructed first images 

during the MIT of VO2 using the holography with extended reference by 

autocorrelation linear differential operator reconstruction technique [36-38]. 

III. Conclusions 

To conclude, this chapter has shown that nanosheets can act as templates 

for heteroepitaxial growth of high-quality VO2 thin films on arbitrary 

substrates. The latter can be amorphous or have a very different 

crystallographic structure compared to the target material VO2 itself. This 

approach allows this important test-case material for oxide-based devices 

and switching to be grown tailored for specific device applications and for 

fundamental research. An example is given of how micro-structured areas of 

differing VO2 orientation can be generated, and how the nanosheet-

templated growth approach can be used to enable soft X-ray holographic 

lens-less imaging of the MIT in VO2. 

IV. Experimental section 

Preparation of nanosheet films 

Potassium carbonate K2CO3 (Fluka), lithium carbonate Li2CO3 (Riedel-de 

Haen), titanium (IV) dioxide TiO2 (Sigma-Aldrich), niobium (V) oxide Nb2O5 

(Alfa Aesar), and tungsten (VI) oxide WO3 (Alfa Aesar) had a purity of 99.0% 

or higher and were used as received. Nitric acid HNO3 (65%, ACROS 
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Organics) and tetra-n-butylammonium hydroxide TBAOH (40% wt. H2O, Alfa 

Aesar) were used as received. Demineralized water was used throughout 

the experiments. 

K0.8Ti1.73Li0.27O4 and LiNbWO6 were synthesized as reported in the literature 
[39,40], and the layered protonated titanate, H1.07Ti1.73O4.H2O, and protonated 

HNbWO6.xH2O were obtained by treating with 2 M HNO3 for 3 days and 

replacing new acid solution every day. The rapid exfoliation with TBAOH, 

which has been reported for H1.07Ti1.73O4.H2O [41] was also observed for 

HNbWO6.xH2O. Full-coverage TO and NWO nanosheet films were 

generated on Si substrates and Si3N4 TEM grips using the LB method. 

The micron-scale patterned nanosheet template combining TO and NWO 

nanosheets was prepared as follows. A monolayer of TO nanosheets was 

deposited on a Si substrate. On top of this monolayer, hexamethyldisiloxane 

(Merck) was spin-coated at 3000 rpm for 30 s and then a thick layer of 

photoresist (OiR 907-12 from Olin Microelectronic Materials Inc.) was spin-

coated at 3000 rpm for 30 s. After heating at 90oC for 2 min, the sample was 

exposed to a Hg lamp with a wavelength of 365 nm for 10 s under a 20 µm 

spaced line grating mask (in a Karl Suss MA56 Mask Aligner). The 

photoresist was developed for 1 min (in OPD 4262 from Arch Chemicals) and 

baked at 110oC for 2 min. Subsequently, a monolayer of NWO nanosheets 

was deposited on this line-patterned sample. Lastly, the sample was dipped 

and held upside-down in acetone for 1 min for lift-off, in order to remove the 

NWO nanosheets on top of the photoresist. The sample was then rinsed with 

ethanol and dried in a N2 gas stream. 

Pulsed laser deposition of VO2 thin films 

PLD was carried out in a vacuum system equipped with a KrF excimer laser, 

with a wavelength of 248 nm (COMPEX from Coherent Inc.). The central part 

of the laser beam was selected with a mask and focused on a polycrystalline 

V2O5 target. The deposition conditions of the VO2 films were: laser repetition 
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rate 4 Hz, energy density 1.3 J cm-2, spot size 1.8 mm2, oxygen pressure 7.5 

mTorr, deposition temperature 520oC, number of pulses 15000, and 

substrate-target distance 50 mm. After deposition, the samples were cooled 

down to room temperature at a maximum rate of 5oC min-1 at the deposition 

pressure. 

Analysis and characterization 

The surfaces of the nanosheet films and of the VO2 on Si substrates were 

investigated using atomic force microscopy (AFM, Bruker Dimension ICON) 

operating in tapping mode and the data were processed using Gwyddion 

software (version 2.48) [42]. The relative coverage of nanosheets on 

substrates was determined at four different locations. The temperature 

dependent crystal structure of VO2 thin films was analyzed using X-ray 

diffraction θ-2θ scans (XRD, PANalytical X’Pert Pro MRD) equipped with an 

Anton Paar DHS 1100 Domed Hot Stage. The temperature dependence of 

the resistance was measured using a Quantum Design Physical Properties 

Measurement System. A two-probe measurement was performed to extract 

the MIT behavior, hysteresis, and transition temperature. High resolution 

scanning electron microscopy (HR-SEM) and electron backscattering 

diffraction (EBSD) were performed on a Merlin field emission microscope 

(Zeiss 1550) equipped with an angle-selective backscatter detector at room 

temperature. The automated crystal orientation maps in microprobe TEM 

mode (ACOM-TEM) were acquired on a FEI Tecnai G2 microscope (FEG, 

200 kV), equipped with the ASTAR system from Nanomegas. Electron 

precession was applied to acquire quasi-kinematical data and to facilitate 

automated indexation. The precession angle used of 0.4° yielded an electron 

probe size of ~1.5 nm. Interface mapping was achieved in post treatment 

with the orientation imaging microscopy (OIM) analysis software from 

Ametek EDAX company, including noise reduction and texture analysis. Mis-

indexed or non-indexed points were corrected using a standard EBSD 
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cleanup procedure. Furthermore, grains smaller than 5 pixels or with a low 

reliability (<10%) were removed from the analysis. The pole figures were 

calculated using the harmonic series expansion and were generated along 

the common directions (001, 110, etc.) with the Gaussian half-width set at 5 

degrees. The average orientation was taken from every identified grain. 

Soft X-ray transmission experiments were carried out at the UE56-PGM1 

beamline at the BESSY II synchrotron source located at the Helmholtz 

Centre HZB in Berlin. Linearly polarized X-rays (horizontal and vertical) were 

generated using the UE56 helical undulator, and the energy resolution of the 

beamline was set to 80 meV. The sample temperature was carefully 

controlled using a Janis cryostat, and the transmission of X-rays was 

monitored by comparing photon flux monitors before (refocusing mirror 

current) and after the sample (on a diode), and included correction for 

mirror/diode contamination by division with an ‘empty scan’ in which no VO2 

sample is held in the beam path. The soft X-ray lensless imaging 

exepriments were conducted using the COMET end-station at the 

SEXTANTS beamline of the SOLEIL synchrotron [43]. 
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Appendix 

 

Figure A1. AFM micrographs VO2 films on nanosheets. (a) VO2 on TO nanosheets 

and (b) VO2 on NWO nanosheets. In each case, the relevant z-scale is shown. 

Figure A1 shows the difference in morphology as observed by AFM of VO2 

thin films grown on two types of nanosheets. In particular, there is a 

difference in domain size, where the growth domains have a roughly 2-3 

smaller size when VO2 is grown on TO compared to NWO. The films grown 

on NWO have a larger peak-to-peak roughness. This difference presumably 

is a result of the difference in growth kinetics on either type of nanosheet. 

Note that the individual nanosheets are non-discernable in these images. 
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Chapter 3. Tuning the Metal Insulator 
Transition of Vanadium Dioxide on Oxide 

Nanosheets 
 

For practical applications, tuning the metal insulator transition (MIT) behavior 

of high-quality vanadium dioxide (VO2) on arbitrary substrates, such as Si 

and glass, is desirable. This chapter demonstrates the ability to tune the MIT 

temperature (TMIT) of VO2 films by growing them on NbWO6 (NWO) 

nanosheets on arbitrary substrates and varying the film thickness. The 

oxidation and crystal structure of VO2 films are determined by X-ray 

photoelectron spectroscopy and temperature-dependent X-ray diffraction, 

respectively. It is observed that as the film thickness increases, the TMIT also 

increases to the bulk value, 341 K, because of the increase in the rutile c-

axis of VO2. The strain effect accompanying with the film thickness variation 

on NWO nanosheets contribute to the shortening of the rutile cR axis in thin 

films and hence the lowering of TMIT of VO2. Furthermore, the arbitrary 

underlying substrates have negligible influence on the MIT behavior of VO2 

on NWO nanosheets. These results open up the possibility to tune the MIT 

of VO2 films with the free choice of substrates. 
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I. Introduction 

Vanadium dioxide (VO2) shows a sharp and reversible metal-insulator 

transition (MIT) near room temperature, 341 K in bulk VO2, which is 

accompanied by a structural transformation from a tetragonal rutile (R) phase 

(P42/mnm) to a monoclinic (M1) phase (P21/C).[1,2] The distinct changes in 

the electrical and optical properties across the MIT enable many promising 

applications, such as next-generation transistors[3], memory metamaterials[4], 

sensors[5], smart windows[6] and optical switching devices[7]. However, the 

ability of tuning the VO2 MIT temperature (TMIT) is necessary for successful 

application. Indeed, many methods have been utilized to tune the TMIT of VO2, 

such as doping[8,9], oxygen vacancies[10], hydrogenation[11,12] and strain 

effect[13–21].  

The strain effect in VO2 epitaxial films has been an effective approach to tune 

the TMIT. It is worth noting that the strain effect results from the elastic strain 

due to lattice mismatch and the residual thermal strain upon cooling due to 

the difference in thermal coefficients between the substrate and the film. 

Many reports on the growth of VO2 films on single crystal substrates showed 

a strain-dependent TMIT accompanying with the film thickness variation.[13–

17,19–21] For example, Muraoka et al. reported that the TMIT of VO2 film could 

be decreased to room temperature on the single crystal rutile TiO2(001)R 

substrate.[13] When the VO2 film thickness increases beyond a critical 

thickness of 15 nm, the strained VO2 film is partially or fully relaxed, which 

leads to the increase of its rutile c-axis, cR, and hence TMIT.[14,18] Furthermore, 

Aetukuri et al. demonstrated that an effective way to vary the strain effect in 

the fixed thickness film VO2 on TiO2(001)R substrates was to vary the 

thickness of the RuO2 buffer layer, leading to a TMIT in the range 285 to 345 

K.[16] 

In Chapter 2, it has been shown that VO2 films with high structural and 

orientational quality can be epitaxially grown on oxide nanosheets on 
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arbitrary underlying substrates. Tuning the VO2 TMIT on such substrates is 

necessary for practical applications. However, it has been unknown whether 

the strain effect accompanying with the film thickness variation of VO2 films 

can be induced on NWO nanosheets. Likewise, the influence of underlying 

substrates on the physical properties of VO2/NWO nanosheets has remained 

unknown. Therefore, in this presented research, the VO2/NbWO6 (NWO) 

nanosheet/substrates was comprehensively investigated. A monolayer of 

NWO nanosheets was deposited on SiO2/Si(111) substrates and other 

substrates such as  single crystal SrTiO3(001), ultralow expansion (ULE) 

glass and 200nm Si3N4/Si. With pulsed laser deposition (PLD), single out-of-

plane oriented VO2 films were grown epitaxially on NWO nanosheets with a 

thickness ranging from 20 to 90 nm at 520oC unless otherwise stated. In situ 

X-ray photoelectron spectroscopy (XPS) was used to determine the oxidation 

of the V atom, whereas the crystal structure of VO2 films was determined by 

X-ray diffraction (XRD). When the film thickness of VO2 increased, the TMIT 

increased toward the bulk value because of the increase of the distance V-V 

atoms in the cR axis direction. The strain effect accompanying with the film 

thickness variation on NWO nanosheets played a role on the TMIT of VO2. 

Moreover, the underlying substrates had a negligible effect on the 

characteristics of the MIT in VO2 films on NWO nanosheets. 

II. Results and discussion 

VO2 is one of many phases in the VxOy family, so XPS is useful to confirm 

the oxidation state of V atom in VO2 film on NWO nanosheets. The XPS data 

was collected in situ at room temperature from VO2 on NWO nanosheets 

grown in PLD chamber connected with XPS analyzer. Figure 1a shows a 

typical two peak structure of V2p, which is due to the spin-orbit splitting.[22] 

The position of the V2p3/2 core-level peak is 515.8 eV with the full width at 

half maximum (FWHM) of 2.42 eV and that of V2p1/2 core-level peak is 523.3 

eV. These values are matched to the reported values for V4+ in VO2.[22,23] 
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Regarding the crystal structure, Figure 1b presents the XRD data collected 

at 303 K and 403 K that are below and above the TMIT of 90 nm VO2 film 

grown on a monolayer of NWO nanosheets on a Si(111) substrate. At 303 

K, the peak at 64.86o corresponded to the (-402)M1 VO2 reflection. Meanwhile 

at 403 K, the peak shifted to 65.19o corresponding to (002)R VO2 reflection. 

The epitaxial relationship between NWO nanosheets and the VO2 overlayer 

was discussed in chapter 2.[24] 

 

Figure 1. (a) In situ XPS data collected on the 20 nm VO2/NWO/Si(111) confirmed 

the oxidation of V4+. (b) Temperature-dependent XRD patterns of the 90 nm 

VO2/NWO/Si(111) were measured at 303 K and 403 K, at which M1 and R phases 

are stable, respectively. The two peaks labelled “*” originate from the silver paste 

used to glue the sample on the heater stage. 

a. TMIT tuned by VO2 film thickness on NWO nanosheets 

The transport properties of VO2 films were characterized by measuring the 

resistivity change during the MIT transition. Figure 2 shows the resistivity 

curve of the 90nm VO2/NWO/Si(111) as a function of temperature and AFM 

data of the film surface topography. Three characteristic MIT parameters are 

defined  as follows[25] (see Figure 2b) : during heating of a VO2 film, (1) the 

TMIT is the temperature at the minimum of the derivative curve, d[log(ρ)]/dT; 
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(2) the sharpness of the MIT, ∆T, is characterized by the FWHM of the 

derivative curve; and (3) the thermal hysteresis, ∆H, is defined as the 

difference in temperature at which the derivative curves have the minimum 

during heating and cooling a VO2 sample. According to the literature,[25–28] ∆T 

is directly proportional to the overall defect density of the VO2 film, including 

point defects, clusters, impurities, dislocations and grain boundaries, 

whereas ∆H is proportional to the degree of misorientation between grain 

boundaries. TMIT, ∆T and ∆H values of different VO2 film thicknesses were 

determined from the resistivity measurements (see Appendix Figure A1). 

 

Figure 2. (a) The resistivity curve of 90 nm VO2/NWO/Si(111) as a function of 

temperature, its quantitative characteristic paramaters of the MIT (b) and its AFM 

data (c) with scale bar 1 µm. 

As summarized in Table 1, ∆T fluctuated around the mean values of 23.7 

(±2.8) K over the whole range of VO2 film thicknesses, hence it was 

independent on the film thickness of VO2 on NWO nanosheets. Moreover, 

the AFM data of VO2 films with different thicknesses shows that surface 

roughness RMS, surface morphology and grain size remained unchanged 

(see Appendix Figure A2). It indicated that the overall defect density 

remained unchanged in VO2 films on NWO nanosheets in spite of the film 
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thickness. Meanwhile, ∆H slightly increased with the increase of the film 

thickness. Although VO2 films were grown single oriented (001)R in the out-

of-plane direction, their in-plane orientation[24] was random, which leaded to 

a relative large ∆H. In addition, there were always few gaps between NWO 

nanosheets, where the bare substrate was exposed during VO2 deposition. 

As a result, randomly oriented VO2 grains on these gaps may have 

contributed a small degree of misorientation to the film and hence a slight 

increase of ∆H as the film became thicker. 

Table 1. The sharpness of the MIT, ∆T, and the thermal hysteresis, ∆H, of 

VO2/NWO/Si(111) with different film thickness. The margin of error due to the 

instrumental error was ± 0.1 K.  

Film thickness (nm) ∆T (K) ∆H (K) 

20 25.1 7 

30 23.3 8 

40 26.4 7 

50 20.4 8.5 

60 24.1 8 

70 18.8 12 

80 23.3 9 

90 28.1 10 

Figure 3 shows the change of TMIT and the lattice constant of the cR axis as 

a function of film thickness of VO2/NWO/Si(111). TMIT increased linearly with 

the increase of film thickness below 60 nm, and levels off at the value of bulk 

VO2, 341 K, beyond 70 nm thickness. According to the literature, the increase 
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of TMIT of VO2 is directly related to the increase of  V-V ion distance along the 

rutile cR axis, which influences the orbital overlap and the metallicity in the 

rutile phase.[14,16–19,21] Indeed, the cR of VO2 films on NWO nanosheets 

followed the same trend as that of TMIT as the film thickness increased. 

When an epitaxial film is grown on a bulk single crystal substrate, one can 

argue that as the film thickness increases beyond a critical limit, the elastic 

strain induced by a substrate is gradually relaxed in the film. In case of VO2 

films on single crystal TiO2(001)R substrates, fully strained films were 

observed below the critical thickness of 15nm - 18 nm with TMIT of 290 K, 

whereas above that thickness, the partially and fully relaxed VO2 films 

resulted in a gradual increase of cR and hence of TMIT to the bulk values of 

VO2.[14,17,18,21] In addition to the mentioned strain effect, the finite size effect 

on thin films is simultaneously present in oxide thin films, varying the lattice 

constants of the oxide thin films. The 20 nm VO2 film with dominant (110)R 

orientation deposited on a Si substrate under the same conditions as VO2 on 

NWO nanosheets showed a TMIT of 357 K (see Appendix Figure A3), higher 

than the bulk VO2 value because it had dominant (110)R orientation, while 

the finite size effect led to elongation of the cR in-plane.[29] It reasonably 

assumes that both strain and finite size effects can affect the cR value of VO2 

films grown on bulk single crystal substrates, and hence the TMIT of VO2. 



Chapter 3 

48 
 

 

Figure 3. Plots showing the change of TMIT and cR as a function of the film thickness 

of VO2/NWO/Si(111). cR values were calculated from the peak position of VO2(002)R 

films at 403K. Both parameters followed the same trend, linearly increasing until 

reach the constant value.   

It must be mentioned that the finite size effect is difficult to disentangle from 

the effect of epitaxial strain and vice versa. It is reasonable to assume that 

the finite size effect still plays a role in VO2 films on NWO nanosheets. 

However, it is still unclear whether epitaxial strain is present in VO2 thin films 

on NWO nanosheets (or how much). In order to verify the effect of epitaxial 

strain, 30 nm VO2 films were grown on single crystal TiO2(001)R, 100 nm 

TiO2(001)R/NWO/Si(111) and NWO/Si(111) substrates at 400oC instead of 

520oC. The reason to choose the relatively low temperature is because it was 

reported that the diffusion of Ti atoms from TiO2 substrates into VO2 films 

was observed above 400oC, forming (Ti,V)O2 phases.[30] Indeed, it was 

observed that the appearance of the peak at 63.09o (see Appendix Figure 
A4) probably originated from the Ti-rich (Ti,V)O2 phase due to the Ti 

diffusion. Indeed, this is also our experience as the insertion of one 

monolayer of NWO nanosheets on single crystal TiO2(001)R substrate limited 
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the Ti diffusion as the peak at 63.09o was strongly suppressed (see Appendix 

Figure A4).  

In this series, a single out-of-plane oriented TiO2(001)R film with a smooth 

surface was grown at 400oC on NWO nanosheets (see Appendix Figure A5). 

In Figure 4a, it can be seen that the VO2 (002) peaks of three VO2 films 

grown at 400oC on the aforementioned substrates are at the same angle, 

indicating the same cR lattice constant. It must be noted that the peak-shape 

seen in Figure 4a for the three films is not the same, suggesting some 

inhomogeneities across the thickness of the films. In addition, in the 

reciprocal space map (RSM) around the off-axis TiO2(112)R reflection, it was 

observed that the VO2 films were strained on single crystal TiO2(001)R and 

100 nm TiO2(001)R/NWO/Si(111) substrates, and their VO2(112)R reflections 

were at the same position, indicating the same in-plane aR lattice constant. 

The VO2 film on NWO nanosheets/Si(111) without intermediate TiO2(001)R 

layer did not give a clear signal in the RSM. As mentioned above, epitaxial 

strain in oxide thin films has a pure elastic component and a component due 

to residual thermal strain. Because the lattice constant measured for the 100 

nm TiO2(001)R film was the same as the value for bulk single crystal 

TiO2(001)R (Figure 4) and obviously their thermal expansion coefficient was 

the same, the strain effect in VO2 films in these two samples should be the 

same. Meanwhile, the lattice mismatch of the bulk VO2(001)R (aR = 4.55 Å) 

with TiO2(001)R (aR = 4.59 Å) is 0.85 %, and with NWO nanosheets  (a = 4.68 

Å) it is 2.78 %, VO2 films would experience the in-plane tensile strain on these 

materials. Due to the Poisson effect in the case of VO2(001)R, an in-plane 

tensile strain should result in an out-of-plane compressive strain that 

shortens the cR axis. We can safely assume that the finite size effect on VO2 

lattice constants of 30 nm VO2(001)R films on the three mentioned substrates 

would be similar. Then, the strain effect, causing the shortening of cR axis of 

VO2(001)R films, in VO2 film on NWO/Si(111) apparently is the same for both 
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single crystal TiO2(001)R as well as the 100 nm TiO2(001)R/NWO/Si(111) 

substrates given the same cR lattice constant. 

 

Figure 4. (a) XRD patterns of 30 nm VO2 grown at 400oC on single crystal 

TiO2(001)R, 100 nm TiO2(001)R/NWO/Si(111) and NWO/Si(111) substrates. The 

position of VO2 peaks were the same in all VO2 films. The reciprocal space maps of 

30 nm VO2 films on (b) single crystal TiO2(001)R and (c) 100 nm 

TiO2(001)R/NWO/Si(111) substrates showing the in-plane reflections of TiO2(112)R 

and VO2(112)R in two samples at the similar position. 

However, fully disentangling the origins of the strain effect in VO2 film on 

NWO nanosheets is complicated because of undetermined variables. For 

example, thermal coefficients of NbWO6 nanosheets and even their parent 

compounds, LiNbWO6 and HNbWO6.xH2O, are unknown. Generally, 

nanosheets are generally used for flexible devices because of their own 

flexibility,[31,32] but their Young and shear moduli so far remain unknown. 

Thus, the relationship between lattice mismatch and elastic strain of NWO 

nanosheets and VO2 film in particular has been also unclear. For instance, it 

remains the question whether lattice constants of both NWO nanosheets and 

VO2 film simultaneously will change to minimize the elastic energy or if there 
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are other possibilities. Further study is necessary to clarify the strain effect 

between oxide nanosheets and deposited oxide thin films. 

b. Influence of underlying substrates on VO2/NWO nanosheets 

To the best of our knowledge, after oxide nanosheets were subsequently 

deposited on substrates at room temperature and then processed at high 

temperature, i.e. 520oC, prior to PLD deposition of the VO2 film, the type of 

interaction or bond between nanosheets and substrates still remains 

unknown. The difference in thermal expansion coefficients between 

VO2/NWO nanosheets and underlying substrates may have caused a 

residual thermal strain upon cooling down from deposited temperature, 

probably affecting the TMIT of the overlaid VO2 films. Figure 5 shows TMIT of 

20 nm VO2/NWO nanosheets on various substrates as a function of thermal 

expansion coefficient. The TMIT remained almost unchanged even though the 

change of the thermal expansion coefficient varies over three orders of 

magnitude. Moreover, the surface morphology, ∆T and ∆H of these VO2 films 

were similar (see Appendix Figure A2 and Figure A6). Thus, the influence 

of underlying substrates on the MIT behavior of VO2 on NWO nanosheets 

was negligible. 

 

Figure 5. TMIT of 20 nm VO2/NWO on 4 different substrates is almost constant in the 

wide range of thermal expansion coefficient. 
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III. Conclusions 

This chapter has shown the ability to tune the MIT behavior of VO2 on NWO 

nanosheets and the influence of the underlying substrates. The existence of 

V4+ oxidation state was confirmed as well as the phase transformation 

between low temperature M1 monoclinic and high temperature R rutile 

phases in VO2/NWO nanosheets. It was observed that the sharpness of VO2 

MIT, ∆T, remained constant and the thermal hysteresis, ∆H, slightly 

increased as the VO2 film became thicker on NWO nanosheets. Meanwhile, 

the TMIT of VO2 films decreased when the film thickness was reduced 

because of the shortening of the cR axis. The strain effect accompanying with 

the thickness variation on NWO nanosheets contributed to the shortening of 

the cR axis. Lastly, the underlying substrates had negligible influence on the 

MIT behavior of VO2/NWO nanosheets. These results demonstrate that 

tuning VO2 properties on NWO nanosheets is feasible for practical 

applications with the free choice of engineering substrates. 

IV. Experimental section 

 Preparation of NWO nanosheet films 

Lithium carbonate Li2CO3 (Riedel-de Haen), niobium (V) oxide Nb2O5 (Alfa 

Aesar), and tungsten (VI) oxide WO3 (Alfa Aesar) had a purity of 99.0% or 

higher and were used as received. Nitric acid HNO3 (65%, ACROS Organics) 

and tetra-n-butylammonium hydroxide TBAOH (40% wt. H2O, Alfa Aesar) 

were used as received. Demineralized water was used throughout the 

experiments. 

LiNbWO6 and HNbWO6.xH2O were synthesized as described in chapter 2. 

NWO nanosheet solution was obtained by exfoliating HNbWO6.xH2O powder 

with TBAOH. Full-coverage NWO nanosheet films were deposited on various 

substrates using the Langmuir-Blodgett method. 

 Pulsed laser deposition of VO2 thin films 
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PLD was carried out in a vacuum system equipped with a KrF excimer laser, 

with a wavelength of 248 nm (COMPexPro from Coherent Inc.). The central 

part of the laser beam was selected with a mask and focused on a 

polycrystalline V2O5 target. The deposition conditions of the VO2 films were: 

laser repetition rate 4 Hz, energy density 1.3 J cm-2, spot size 1.8 mm2, 

oxygen pressure 0.01 mbar, deposition temperature 520oC and 400oC, and 

substrate-target distance 50 mm. The growth rate of VO2 was 1 nm per 300 

pulses at 520oC and 1 nm per 200 pulses at 400oC (see Appendix Figure 
A7). The film thickness was controlled by varying the number of pulses in the 

deposition. The deposition conditions of rutile TiO2 films were: laser repetition 

rate 2 Hz, energy density 1.0 J cm-2, spot size 1.8 mm2, oxygen pressure 

0.02 mbar, deposition temperature 400oC, and substrate-target distance 50 

mm. The growth rate of TiO2 was 1 nm per 151 pulses (see Appendix Figure 

A7). After deposition, the samples were cooled down to room temperature at 

a maximum rate of 10oC min-1 at the deposition pressure. The single crystal 

TiO2(001)R substrates from CrysTec GmbH were used. 

Analysis and characterization 

The morphology of the VO2 films were investigated using atomic force 

microscopy (AFM, Bruker Dimension ICON) operating in tapping mode and 

the data were processed using Gwyddion software[33]. In situ XPS was 

performed with an Omicron XM-1000 monochromated Al-Kα source. The 

temperature-dependent crystal structure of VO2 thin films was analyzed 

using X-ray diffraction (XRD, PANalytical X’Pert Pro MRD) equipped with an 

Anton Paar DHS 1100 Domed Hot Stage and the Inc. beam Monochr. 

4xGe220 Cu asym. LF monochromator was used at the incident X-ray beam 

to select Cu Kα1. The transport measurements were done in four-probe Van 

der Pauw configuration using a Quantum Design Physical Properties 

Measurement System. High resolution scanning electron microscopy (HR-

SEM) were performed on a Merlin field emission microscope (Zeiss 1550).  
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Appendix 

 

Figure A1. Resistivity curves of different film thicknesses of VO2/NWO/Si(111) 

grown at 520oC. 
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Figure A2. AFM data of PLD VO2 films with scale bar 1 µm. 

 

 

Figure A3. Resistivity curve of 20 nm VO2/SiO2/Si(111). 
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Figure A4. XRD pattern recorded at 403 K of 20nm VO2 grown at 520oC on single 

crystal TiO2(001)R substrate and one monolayer of NWO nanosheets on single 

crystal TiO2(001)R substrate. The peak at 63.09o was originated from the Ti-rich 

(Ti,V)O2 phase. The broadening of the peak at 64.75o from VO2 film on single crystal 

TiO2(001) substrate resulted from the (Ti,V)O2 phases. The insertion of one 

monolayer of NWO nanosheets suppressed the Ti diffusion, resulting in the strongly 

reduction of the 63.09o peak intensity. The suppression was not 100% because the 

average coverage of one monolayer of NWO nanosheets was only 95-97%. The 

large broadening of the peak at 65.54o from VO2 film on NWO/TiO2(001)R resulted 

from VO2 on NWO nanosheets and (Ti,V)O2 phases on bare TiO2(001)R substrate, 

where the Ti diffusion occurred. 
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Figure A5. XRD pattern of TiO2 grown at 400oC on NWO/Si(111). The growth of the 

rutile TiO2 film was directed in single out-of-plane (001)R orientation. The inset shows 

the surface morphology of TiO2(001)R film on NWO/Si(111). 

 

Figure A6. Resistivity curves of 20 nm VO2/NWO on various substrates. 
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Figure A7. Film thicknesses of VO2 and TiO2 on NWO/Si(111). (a) As can be seen 

in the cross-section HR-SEM image, 15000 pulses of VO2 at 520oC resulted in the 

film thickness of 50 nm. The measured and fitting X-ray reflectivity curves of (b) 6000 

pulses VO2 and (c) 5000 pulses TiO2 films, which were grown at 400oC, showed the 

thicknesses of 30 nm and 33 nm, respectively. 
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Chapter 4. Shape Control of Ca2Nb3O10 
Nanosheets to Improve their In-plane 

Orientation 
 

Although oxide nanosheets can be used to direct the thin film growth of 

transition metal oxides in a single out-of-plane orientation, the in-plane 

orientation of individual nanosheets within a nanosheet-based film is totally 

random. This chapter shows the ability to improve the in-plane orientation of 

Ca2Nb3O10 nanosheets, and hence of SrRuO3 films grown on them, by 

controlling their external shape. The parent layered perovskite KCa2Nb3O10 

particles were formed in square-like platelets thanks to the anisotropic growth 

in the molten K2SO4 salt, as opposed to the formation of irregular platelets in 

a solid state reaction. The exfoliation of HCa2Nb3O10, which is the protonated 

form of KCa2Nb3O10, was optimized to retain the square-like shape of 

Ca2Nb3O10 nanosheets. Electron backscattering diffraction confirmed the 

improved in-plane orientation among square-like Ca2Nb3O10 nanosheets with 

the formation of larger SrRuO3 domains. As a result, SrRuO3 films showed 

the lower resistivity and higher residual resistivity ratio, ρ300K/ρ2K, on square-

like Ca2Nb3O10 nanosheets than on irregularly shaped nanosheets of similar 

lateral nanosheet size. 

 

 

 

 

*This chapter is based on the published article: “Shape Control of Ca2Nb3O10 

Nanosheets: Paving the Way for Monolithic Integration of Functional Oxides with 

CMOS.” ACS Appl. Nano Mater. 2020.  
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I. Introduction 

Single crystal transition metal oxide (TMO) thin films have shown a wide 

range of physical phenomena, such as multiferroicity, magnetism, metal-

insulator transitions and so on.[1,2] The integration of these thin films on Si 

could provide new features for practical applications.[3] The introduction of 

buffer layers, such as yttria-stabilized zirconia, YSZ(001) and strontium 

titanate, STO(001), on Si(001) substrates by physical vapor deposition has 

stimulated the epitaxial growth of perovskite TMOs.[4,5] Nevertheless, the 

restriction on lattice constants, crystal symmetry and the native amorphous 

SiO2 on Si have limited the number of buffer layers for other TMOs. 

Oxide nanosheets have drawn a considerable deal of attention as buffer 

layers to free the restriction between Si or amorphous substrates and 

TMOs.[6] Langmuir-Blodgett (LB) deposition can be employed to easily 

assemble a monolayer of oxide nanosheets on any desired substrate at room 

temperature. Oxide nanosheets have lattice constants in a wide large range 

of sizes, as well as various 2-dimensional (2D) lattice symmetries,[7] that can 

promote the epitaxial growth of TMOs because individual nanosheets can be 

considered as micron-sized single crystal substrates. For example, using the 

layered perovskite Ca2Nb3O10 (CNO) nanosheets, it was possible to direct 

the growth of LaNiO3 and Pb(Zr,Ti)O3 films in one preferred out-of-plane 

(001) orientation on glass.[8] Rutile VO2 and wurtzite ZnO thin films were 

successfully grown on NbWO6 and MnO2 nanosheets, respectively, with a 

single out-of-plane orientations.[9,10] Particularly, three primary out-of-plane 

orientations (001), (011) and (111) of STO were realized on CNO, Ti0.87O2 

and MoO2 nanosheets on glass substrates, respectively, thanks to the lattice 

matching between the oriented STO films and the oxide nanosheets.[11] The 

single out-of-plane oriented TMOs on oxide nanosheets showed clear 

improvements in their physical properties. The PbZr0.52Ti0.48O3(001) film on 

buffered CNO nanosheets showed the best piezoelectric coefficient of 490 
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pm/V among piezoelectric films.[12] Moreover, the SrRuO3 (SRO) (001)pc film 

on CNO nanosheets achieved an out-of-plane saturated moment of 1.1 

µB/Ru, comparable to that of 1.25 µB/Ru on a single crystal STO(001) 

substrate.[13] Although such TMO films can be grown in a single out-of-plane 

orientation on oxide nanosheets, their in-plane orientation is totally random 

because of the in-plane random orientation of oxide nanosheets on arbitrary 

substrates. This may lead to a degradation of electrical transport properties 

of TMO thin films due to the scattering of electrons at the grain boundaries 

with different crystal planes. 

To address the latter issue, the shape of layered perovskite-derived CNO 

nanosheets was controlled to accomplish self-alignment leading to in-plane 

orientation when deposited on a substrate. The parent compound 

KCa2Nb3O10 (KCNO) particles formed square-like platelets in the molten 

K2SO4 salt, whereas they formed irregularly shaped platelets in solid state 

reaction. The square-like shape of CNO nanosheets, inherent from their 

parent compound, could be retained during the exfoliation. Monolayers of 

CNO nanosheets with both square-like and irregular shape were deposited 

on Si by LB method. Utilizing pulsed laser deposition (PLD), SRO/STO films 

were deposited to determine the in-plane orientation of CNO nanosheets. 

Electron backscattering diffraction (EBSD) showed SRO grains with the 

same in-plane orientation spread over many square-like CNO nanosheets, 

whereas they were only as large as one irregular nanosheet. The SRO film 

had lower resistivity and higher residual resistivity ratio, ρ300K/ρ2K, on the 

square-like CNO nanosheets than on irregularly shaped ones of similar 

lateral nanosheet size. 

II. Results and discussion 

The Dion-Jacobson KCNO is a layered perovskite consisting of a triple layer 

of infinite vertex-shared NbO6 octahedra. It crystalized in the orthorhombic 

unit cell (a = 3.8802 Å, b = 7.714 Å, c = 29.508 Å) with space group Cmcm.[14] 
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Figure 1 shows X-ray diffraction (XRD) patterns of KCNO powders obtained 

from solid state reaction, denoted as ss-KCNO, and in molten K2SO4 salt, 

denoted as ms-KCNO. All peaks of the resulting KCNO powders could be 

assigned to the reflections of the orthorhombic crystal structure. Here, it is 

worth noting that ms-KCNO has a high crystal quality and a preferred 

orientation of KCNO particles in comparison with ss-KCNO because of the 

high peak intensity and relatively high intensity in the basal plane (00L) 

reflections. The choice of K2SO4 salt in the synthesis of ms-KCNO was based 

on the common K cation to KCNO, which prevents metal-cation competition 

in the product compound, and its ease of removal after the synthesis. 

 

Figure 1. XRD patterns of (a) ss-KCNO and (b) ms-KCNO powders. 
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The ss-KCNO and ms-KCNO particles were investigated by scanning 

electron microscopy (SEM). As shown in Figure 2, ss-KCNO particles 

formed irregular platelets with lateral dimensions of 1-5 µm, whereas ms-

KCNO crystallized in square-like platelets with lateral dimensions of 1-6 µm. 

According to the literature,[15,16] four main processes happen during the 

molten salt synthesis: (i) transformation of precursors to principal oxides, (ii) 

dissolution of principle oxides, (iii) nucleation and (iv) growth of the desired 

product. In the case of ms-KCNO, K2CO3 was transformed to K2O during the 

heating process. Although the solubility of K2O, CaO and Nb2O5 precursors 

in the molten K2SO4 salt has not been reported, it was assumed that all 

precursor particles were completely dissolved in the molten salt because in 

the final product, ms-KCNO, there were only square-like platelets, which 

were not nucleated and grown from irregular-shaped precursor particles. 

Homogeneous nucleation of KCNO was most likely happened in the molten 

salt. The growth of KCNO in the molten K2SO4 was anisotropic with the 

preferential growth parallel to the basal plane of KCNO crystal structure. The 

anisotropic crystal growth in this fashion was also observed in other layered 

crystal structures.[17–22] Interestingly, the external edges in the basal plane 

were perfectly straight and parallel/perpendicular to each other thanks to the 

thermodynamic equilibrium shape of KCNO, so the crystal a and b axes 

would be coincident with the external straight edges of ms-KCNO platelets. 

Although there is the slight difference between a and b/2 values of KCNO 

crystal structure due to the distortion in the crystal symmetry along a and b 

axes, in the molten K2SO4 salt the energy required for the growth along a and 

b axes is probably very similar and therefore resulting in the square-like 

platelets of ms-KCNO. In other cases, for example, the Dion-Jacobson 

RbLaNb2O7 particles, that crystalize in the orthorhombic unit cell (a = 22.329 

Å, b = 5.6980 Å, c = 5.6950 Å) with the same space group as KCNO, formed 

irregular platelets with high aspect ratio between the thickness and the lateral 

size even though they were grown in molten RbCl.[22] The square-like 
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platelets of ms-KCNO will play a key role in the in-plane self-alignment of 

their exfoliated nanosheet. 

 
Figure 2. The shape of KCNO and HCNO particles by SEM. (a) ss-KCNO and (b) 

ms-KCNO powders were dropped on carbon tapes. In order to clearly observe the 

shape of (c) ms-KCNO and (d) ms-HCNO particles, their powders were deposited 

on Si substrates using the oil-water interfacial self-assembly, which was described 

in experimental section. The scale bar is 5 µm. 

The protonation process is necessary for the exfoliation of KCNO into CNO 

nanosheets. The protonated HCa2Nb3O10 (HCNO) form of ms-KCNO, 

denoted as ms-HCNO, was still maintained in the square-like platelets (see 

Figure 2d). The protonated form of ss-KCNO is denoted as ss-HCNO. Figure 
3 shows atomic force microscopy (AFM) data of CNO nanosheets deposited 

on Si substrates by the LB method. In Figure 3a, the CNO nanosheets had 

irregular shape, that are denoted as ir-CNO nanosheets, simply because 

they were exfoliated from the ss-HCNO powder. Generally, the CNO 

nanosheet solution was prepared by stirring the mixture of HCNO powder 
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and tetra-n-butylammonium hydroxide (TBAOH) solution. Because the 

thickness of each CNO nanosheet is only 1.2 nm and fragile, they would 

sensitive to any mechanical force during the exfoliation process. As can be 

seen in Figure 3b, only a few square-like CNO nanosheets remained while 

most CNO nanosheets were broken into irregular shape even though the ms-

HCNO powder was used. In order to retain the square-like shape of CNO 

nanosheets, the ms-HCNO powder was slowly poured into the TBAOH 

solution without stirring or shaking. Thanks to the rapidly easy exfoliation 

driven by acid-base reaction,[23] the exfoliation could happen with minimum 

mechanical force, therefore the square-like CNO nanosheets, denoted as sq-

CNO nanosheets, could be mostly retained (Figure 3c). It is worth noting that 

the lateral size of ir-CNO nanosheets is 4.3 ±1.5 µm, whereas that of sq-

CNO nanosheets is 4.5 ±0.9 µm. The crystal structure of HCNO was reported 

to have a tetragonal structure with the lattice constants of the layered 

perovskite CNO, a = b = 3.851 Å.[24] In addition, the sq-CNO nanosheets 

would have the crystal a and b axes coincident with their external straight 

edges, that was inherent from ms-KCNO particles. Therefore, as long as one 

of the external straight edges of individual sq-CNO nanosheets aligns 

perpendicularly or parallel to that of other nanosheets, their in-plane crystal 

a and b axes will be self-aligned. As summarized in Table 1, the sq-CNO 

nanosheets formed larger domains, in which the nanosheets have the same 

in-plane orientation with a misalignment of ± 4o. 
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Figure 3. Morphology and shape of CNO nanosheets by AFM. (a) CNO nanosheets 

had irregular shape from the exfoliation from ss-HCNO. Likewise, (b) most CNO 

nanosheets had irregular shape, whereas only a few CNO retained square-like 

shape because the exfoliation of ss-HCNO was carried out while stirring. (c) Most 

CNO nanosheets retained the square-like shape of ss-HCNO by minimizing the 

mechanical force during the exfoliation. The scale bar is 10 µm. 
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Table 1. Continuous domains consist of sq-CNO nanosheets, which have similar φ. 

φ is defined as the angle between one of the straight edges of sq-CNO nanosheets 

and horizontal axis of AFM image in Figure 3c. 

Domain 1 φ (o) Domain 2 φ (o) Domain 3 φ (o) 

1 3.7 12 -12.1 24 84.9 

2 1.4 13 -8.1 25 85 

3 -1.4 14 -12.3 26 86.1 

4 -1.2 15 -10.2 27 82.6 

5 0 16 -9.2 28 83.8 

6 0 17 -8.9 Domain 4  

7 1.3 18 -7.4 29 0 

8 -1.2 19 -14 30 0 

9 -1.5 20 -9.2 31 0 

10 -4.8 21 -13 32 0 

11 -4.6 22 -9 Domain 5  

  23 -10.1 33 73.7 

    34 77.6 

    35 78.7 

    36 78 
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SRO/STO films were deposited on CNO nanosheets in order to verify their 

in-plane orientation because the nanosheets are too thin for EBSD 

characterization. The conducting SRO layer was chosen to avoid the 

charging effect and provide good signal to noise ratio for the characterization. 

It was shown that although the direct growth of SRO on CNO nanosheets 

resulted in the film oriented mainly (001)pc, where pc stands for pseudocubic, 

in the out-of-plane direction, it had minor (011)pc orientation due to the 

relative large lattice mismatch between SRO and CNO nanosheet.[25] A 

buffered STO layer on CNO reduced that lattice mismatch to obtain single 

out-of-plane oriented SRO(001)pc.[13] In Figure 4, XRD patterns of SRO/STO 

films on ir-CNO and sq-CNO nanosheets show both films were oriented in 

single out-of-plane direction. 

 

Figure 4. XRD patterns of SRO/STO grown on (a) ir-CNO and (b) sq-CNO 

nanosheets on Si(111) substrates. 
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Both the out-of-plane and in-plane orientations of SRO films at the 

micrometer scale were investigated by EBSD (Figure 5). The out-of-plane 

orientation of SRO films were consistent at both micrometer and millimeter 

scales, as seen by EBSD (Figure 5a and 5b) and XRD, respectively. 

Because SRO and STO films were grown epitaxially on CNO nanosheets, 

the grain boundaries and the in-plane orientation of films would be the same 

as those of the underlying CNO nanosheets. As can be seen in Figure 5c 

and 5e, each SRO grain was grown epitaxially on each ir-CNO nanosheet. 

Moreover, the in-plane orientation of SRO grains was randomly distributed. 

Owing to the fact that ir-CNO nanosheets have irregular shapes, the crystal 

a and b axes were not correlated to the external shape, resulting in the totally 

random in-plane orientation of ir-CNO nanosheets during LB deposition on 

the Si substrate. Meanwhile, on sq-CNO nanosheets, individual SRO grains, 

which have one of their straight edges of their grain boundaries pointing in 

the same direction in Figure 5d, would have the same in-plane orientation in 

Figure 5f. As mentioned in the previous paragraph, this was because the 

external straight edges of sq-CNO nanosheets would be coincident with their 

crystal a and b axes. Furthermore, SRO grains could form a continuous 

domain with the same in-plane orientation because their underlying sq-CNO 

nanosheets had the straight edges aligned with each other continuously. For 

example, there was a large green area with the in-plane orientation of 

SRO(101)pc, that consisted of more than 15 nanosheet grains. The in-plane 

orientation obtained by EBSD are quite consistent with the analyzed data 

from in Table 1. Therefore, it was demonstrated that controlling the shape of 

CNO nanosheets is able to align the in-plane orientation of CNO nanosheets 

and the deposited SRO films to a certain extent. The complete self-alignment 

of CNO nanosheets could not be achieved because the non-uniform sizes 

and any left-over broken CNO nanosheets form gaps between nanosheets, 

and hence the long-range self-alignment was lost. 
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Figure 5. Orientation mapping of SRO grown on two types of CNO nanosheets by 

EBSD. The out-of-plane orientation of SRO films only directed in (001)pc on both (a) 

ir-CNO and (b) sq-CNO nanosheets. The band contrast EBSD (c) and (d) maps 

displaying the shape of SRO grain boundaries was inherently the shape of ir-CNO 

and sq-CNO nanosheets, respectively. Each SRO grain was as large as the size of 

CNO nanosheet (nanosheet grains). (e) shows the in-plane orientation of individual 

SRO grains on ir-CNO nanosheets distributed randomly, while (f) shows the SRO 

grains on sq-CNO nanosheets with the same in-plane orientation forming domains 

larger than the size of individual CNO nanosheet. The scale bar is 25 µm. 

SRO is a good electron conductor that has been used as an electrode in 

various applications in perovskite heterostructures.[26] Here, the electrical 

properties were investigated to evaluate the influence of the in-plane 

orientation of ir-CNO and sq-CNO nanosheets. As can be seen in Figure 6, 

the Curie temperature TC, which is the temperature at the kink of resistivity 

curve, of both SRO films on two types of nanosheets was 146 K, which is 

lower than that of bulk SRO, i.e. 160 K. The same phenomenon was also 

observed in the work of Nijland et al. and explained to be due to strain in the 

SRO film.[13] The resistivity, ρ, of SRO film at 300 K was slightly lower on sq-

CNO, 275 µΩ.cm, than on ir-CNO, 299 µΩ.cm. Furthermore, the residual 

resistivity ratio, ρ300K/ρ2K, of SRO film on sq-CNO nanosheets was 3.8, 
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somewhat higher than that on ir-CNO nanosheets, 3.5. The improved 

electrical properties of SRO film on sq-CNO nanosheets compared to ir-CNO 

nanosheets of similar lateral nanosheet size are probably due to sq-CNO 

nanosheets having formed clusters of nanosheets with the same in-plane 

orientation, and the resulting larger SRO domains (Figure 5e) would have 

less electron scattering. 

 

Figure 6. Resistivity of SRO films on ir-CNO and sq-CNO nanosheets as a function 

of temperature.  

III. Conclusions 

In this chapter, I showed that the in-plane orientation of the monolayer of 

CNO nanosheets can be self-aligned using their external shape. The parent 

layered perovskite KNCO obtained from molten K2SO4 salt had higher crystal 

quality than obtained from solid state reaction. The latter phase formed 

irregularly shaped platelets, whereas the former formed square-like platelet 

particles thanks to anisotropic growth, which was dependent on the crystal 

structure of KCNO, in the specific molten K2SO4 salt. It is obvious that the 

CNO nanosheets have an irregular shape if they are exfoliated from 

irregularly shaped platelet particles. However, in order to retain the square-
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like shape of CNO nanosheets, the mechanical force was minimized during 

the exfoliation process. During LB deposition, the square-like CNO 

nanosheets self-aligned along their external straight edges. Because these 

external edges were coincident with the crystal a and b axes of CNO 

nanosheets, the resulting in-plane orientation is the same among 

neighboring square-like CNO nanosheets, as long as one of their straight 

edges is parallel or perpendicular to the others. It was confirmed by EBSD 

that epitaxial SRO grains on square-like CNO nanosheets formed larger 

domains, in which each domain consisted of many nanosheets instead of 

one nanosheet. The improvement in the in-plane orientation of CNO 

nanosheets led to an improvement of the electrical properties of the SRO film 

in terms of resistivity and residual resistivity ratio, ρ300K/ρ2K. 

IV. Experimental section 

Preparation of CNO nanosheets 

Anhydrous potassium carbonate K2CO3 (Fluka), potassium sulfate K2SO4 

(Sigma-Aldrich), calcium carbonate CaCO3 (Sigma-Aldrich), niobium(V) 

oxide Nb2O5 (Sigma-Aldrich) had purity of 99.0% or higher and were used as 

received. Nitric acid HNO3 (65%, ACROS Organics) and tetra-n-

butylammonium hydroxide TBAOH (40% wt. H2O, Alfa Aesar) were used as 

received. Demineralized water was used throughout the experiments. 

A stoichiometric mixture of K2CO3, CaCO3 and Nb2O5 was used in both solid 

state and molten salt syntheses. The same temperature program was used: 

heating to 1150oC at 3oC/minute, holding for 24 hours, and then cooling down 

to room temperature at 5oC/minute. The only difference between solid state 

and the molten salt syntheses was the addition of K2SO4 salt into the reactant 

mixture with the molar ratio of 9 (K2SO4):1 (KCNO). The resulting KCNO 

powder in K2SO4 salt was washed in hot water to remove K2SO4, and then 

dried at 80oC. 
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Both types of KCNO powders were protonated in 5 M of HNO3 solution (250 

mL) while stirring. The acid solution was replaced daily for 3 days. 

Subsequently, the powders were filtered and washed with 1 L of water, and 

then air-dried overnight at room temperature to obtain HCNO powders. 

The KCNO obtained in molten K2SO4 salt and its protonated HCNO particles 

were deposited on Si substrates to observe their morphology and shape 

using SEM. The particles (0.2 g) was dispersed in water (20 mL), and 

dodecane (10 mL) was added to form an oil-water interface, then Si 

substrates were dipped into the water. The particles were floated at the oil-

water interface by slowly adding ethanol (0.4 mL), and were deposited on Si 

substrates by slowly withdrawing the substrates from the solution. The 

mechanism of the oil-water interfacial self-assembly process can be found 

elsewhere.[27] 

The exfoliation of HCNO powders in TBAOH with the molar ratio 

HCNO/TBAOH of 1:2 was carried out in 2 different ways. The first one was 

that both types of HCNO powders (0.1 g) were stirred in TBAOH solution (25 

mL) for 1 hour to obtain CNO nanosheet solution. The other way was that 

the HCNO powder (0.5 g), originated from the molten salt synthesis, was 

slowly poured into TBAOH solution (125 mL), and the CNO nanosheet 

solution was ready after 1 hour. Using the obtained CNO nanosheet 

solutions, monolayers of CNO nanosheets were deposited on Si substrates 

using the LB method.[28]  

 Pulsed laser deposition of SRO/STO films on CNO nanosheets 

PLD was performed in a vacuum system equipped with a KrF excimer laser 

of 248 nm (COMPexPro from Coherent Inc.). The PLD conditions for SRO 

and STO growth can be found elsewhere.[13] The thickness of SRO and STO 

layers, that was determined by fitting X-ray reflectivity using X’Pert 

Reflectivity software, were 25 nm and around 20 nm, respectively (see 

Figure A1). 
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 Analysis and characterization 

Powder XRD and thin film XRD data were measured using PANalytical 

X’Pert Pro with Cu Kα radiation. Monolayers of CNO nanosheets on Si were 

investigated using AFM, Bruker Dimension ICON, operating in tapping mode. 

Using edge detection tool in Gwyddion software,[29] the lateral size of CNO 

nanosheets was determined via the detected area of individual nanosheet 

with the assumption that nanosheets are square shape. SEM (Jeol JSM-

6490) was used to acquire the information of synthesized particles. EBSD 

was carried out on a Merlin field emission microscopy (Zeiss 1550) equipped 

with an angle-selective backscatter detector. The transport measurements 

were performed in the four-probe Van der Pauw configuration using a 

Quantum Design Physical Properties Measurement System.  
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Appendix 

 

Figure A1. X-ray reflectivity curves and their fitting curves of SRO/STO on (a) ir-

CNO and (b) sq-CNO nanosheets on Si. The thickness of SRO on both samples is 

25 nm. The thickness of STO thickness is 20 nm on ir-CNO nanosheets, whereas it 

is 22 nm on sq-CNO nanosheets. 
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Chapter 5. Epitaxial Lift-off of 
Freestanding (011) and (111) Oxide 
Perovskite Thin Films Using Water 

Sacrificial Layer 
 

Two-dimensional freestanding thin films of single crystalline oxide 

perovskites are expected to have great potential in integration of new 

features to the current Si-based technology. Here, I showed the ability to 

create freestanding single crystalline (011)- and (111)-oriented oxide 

perovskite thin films using Sr3Al2O6 water-sacrificial layer. The epitaxial 

Sr3Al2O6(011) and Sr3Al2O6(111) layers were realized on SrTiO3(011) and 

SrTiO3(111), respectively. Subsequently, the archetype SrRuO3 films were 

epitaxially grown on these sacrificial layers. The freestanding single 

crystalline SrRuO3(011)pc and SrRuO3(111)pc films were successfully 

transferred on Si substrates, demonstrating possibilities to transfer desirable 

oriented oxide perovskite films on Si and arbitrary substrates. 
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I. Introduction 

The integration of transition metal oxide (TMO) thin films and their 

heterostructures on Si are promising to provide new exciting features in 

applications of electronics, photonics, sensors, solid state lightning, 

microelectromechanical systems and so on, because of TMOs’ rich physical 

properties.[1–4] The introduction of a buffer layer SrTiO3(001) (STO) on 

Si(001) has triggered the development of epitaxial growth of oxide 

perovskites on Si(001).[5] Furthermore, efforts have been made to epitaxially 

grow (LaxY1-x)2O3 and Sc2O3 buffer layers on Si(111).[6,7] However, the 

introduction of buffer layers on Si suffers from complexities due to the 

reduction reaction and interdiffusion between oxides and Si at the interface 

while retaining the epitaxial relationship.[8–10] Alternatively, oxide nanosheets 

have been considered as crystalline templates to bridge TMOs and Si.[11,12] 

Although various TMO thin films have been directed in single out-of-plane 

orientation using oxide nanosheets,[12–14] true epitaxy has not been achieved 

over the large scale on Si substrates yet. 

Recently, the epitaxial lift-off technique that uses a sacrificial layer has 

emerged to prepare 2-dimensional (2D) freestanding films of single 

crystalline TMOs, which can be transferred onto Si substrates.[15–17] The 

sacrificial layer acts as a crystallographic template to direct the epitaxial 

growth of TMO thin films, while it should be selectively removable using a 

chemical etchant without degrading the properties of the TMO thin films. 

MgO, La0.7Sr0.3MnO3 and Sr3Al2O6 (SAO) have primarily served as sacrificial 

layers to prepare 2D freestanding TMO thin films thanks to their removability 

and epitaxial growth on single crystal substrates.[15–17] In addition to the 

compatible crystal structure of the oxide perovskites, the SAO sacrificial layer 

can be etched away using water, reducing contaminants and keeping the 

high-quality of oxide perovskite thin films.[17]  
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Various freestanding oxide perovskites with (001) orientation releasing from 

SAO sacrificial layers have been fabricated and their properties have been 

studied.[18–21] The other (011) and (111) orientations also offer the ability to 

control the physical properties of oxide perovskites. For instance, with a 

thickness of 3 to 12 nm on LaAlO3 substrates, La0.67Sr0.33MnO3(001) was 

insulating while La0.67Sr0.33MnO3 (011) was metallic.[22] The magnetic 

properties of several manganites were more enhanced in (011) than in (001) 

orientation.[23,24] The crystal structure of oxide perovskites can be regarded 

as buckled honeycomb-liked lattices in the [111] direction, which is a 

prerequisite for accessing many quantum phenomena, for example 2D 

topological insulators and the quantum anomalous Hall state.[25–27] Therefore, 

2D freestanding oxide perovskites with (011) and (111) orientations would 

add new features to Si. In this study, the epitaxial growth of the SAO 

sacrificial layers on STO(011) and STO(111) orientations were realized using 

pulsed laser deposition (PLD). Subsequently, metallic itinerant ferromagnetic 

SrRuO3 (SRO) films were epitaxially grown on SAO/STO heterostructures. It 

was observed that the epitaxial lift-off time in water was dependent on the 

crystal orientation of the SAO layers. The 2D freestanding films of single 

crystalline SRO(011)pc and SRO(111)pc , where pc stands for pseudocubic, 

were successfully transferred onto Si substrates. Before the epitaxial lift-off, 

large magnetic moments of 3.2 µB/Ru4+ and 3.5 µB/Ru4+ for SRO(011)pc and 

SRO(111)pc films were observed, suggesting Ru4+ in the mixed state of low- 

and high-spin states and high-spin state, respectively. In contrast, the 

transferred SRO(011)pc SRO(111)pc films showed a magnetic moment of 1.0 

µB/Ru4+ and 1.7 µB/Ru4+, respectively, which resulted from the low-spin state 

of Ru4+. 

II. Results and discussion 

Figure 1 shows XRD patterns of 100nm SAO films on STO(011) and 

STO(111) substrates and the corresponding RHEED patterns of the SAO 
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films. The peak positions of SAO films at 31.87o and 39.10o matched with the 

bulk values of the SAO(044) and SAO(444) reflections, respectively, and the 

clear spotty RHEED patterns, which were recorded along the [01-1] direction 

of STO(011) and STO(111), indicated single crystalline nature of SAO films. 

The crystal structure of SAO has been described as a superstructure of 64 

cubic perovskite units, in which the unit formula ABO3 is 

(Sr7/81/8)(Sr1/4Al3/4)(O3/41/4)3 with vacancies at A and O positions.[28] Taking 

domain matching and the 2D symmetry of the crystal planes between SAO 

and STO into account, the epitaxial growth of SAO(011) and SAO(111) can 

be realized on STO(011) and STO(111), respectively, with a lattice mismatch 

of 1.43%. 

 

Figure 1. Epitaxial growth of SAO on STO(011) and STO(111) substrates. Panel (a) 

and (b) show XRD patterns of 100 nm SAO layers on STO(011) and STO(111) 

substrates, respectively,  with capping STO layers. On the right-hand side, the spotty 

RHEED patterns of SAO layers were recorded along the [01-1] direction. 
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In Figure 2a and 2b, the 2θ-ω XRD patterns of SRO grown on SAO(011) and 

SAO(111), respectively, only showed peaks originating from the STO 

substrates. SAO(044) and SAO(444) peaks were not resolved in these XRD 

patterns probably because the SAO layers were too thin. However, the spotty 

and streaky RHEED patterns, which were recorded along the [01-1] direction 

of SRO grown on SAO(011) and SAO(111), indicated well-crystallized SRO 

films. With regard to SRO(011)pc/SAO(011)/STO(011), the reciprocal space 

map (RSM) around the STO(031) reflection (Figure 2c) showed that 

SRO(011)pc was not fully strained to the STO(011) substrate. The 

SRO(011)pc film had d(011) = 2.768 Å , which was close to d(011) = 2.762 Å of 

the STO substrate, and that was why the SRO(011)pc peaks were not 

observed in Figure 2a. Meanwhile, the RSM of 

SRO(111)pc/SAO(111)/STO(111) (Figure 2d) only showed a STO(231) peak. 

The SRO(111)pc reflections were not resolved probably because its (111) 

reflections were too close to those of STO(111) due to the insertion of the 

SAO(111) layer and its peak intensity was quite low compared to that of 

STO(111). The temperature-dependent resistivities of 

SRO(011)pc/SAO(011)/STO(011) and SRO(111)pc/SAO(111)/STO(111) are 

shown Figure 2e. Both samples exhibited metallic behavior with a typical 

kink, which is caused by the ferromagnetic transition of SRO. The transition 

temperatures Tc were 155 K and 154 K for SRO(011)pc/SAO(011)/STO(011) 

and SRO(111)pc/SAO(111)/STO(111), respectively, which are lower than the 

Tc of bulk SRO, 160 K. This indicates that the SRO films were partially 

strained by the substrates.[29] While the residual resistivity ratio, ρ300K/ρ2K, of 

SRO(011)pc of 3.6 was better than the ratio 3.0 of SRO(111)pc,  the resistivity 

of SRO(011)pc was much higher than that of SRO(111)pc.   
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Figure 2. Identification of SRO films on sacrificial SAO layers. Panel (a) and (b) show 

that the XRD patterns of SRO(011)pc/SAO(011)/STO(011) and 

SRO(111)pc/SAO(111)/STO(111), respectively, could not resolve the reflections of 

SRO and SAO probably because the their reflections were close to those of STO 

and their intensities were much weaker than that of STO. The insets show clear 

spotty and streaky RHEED patterns, which were taken along the [01-1] direction of 

SRO(011)pc and SRO(111)pc films, respectively, indicating well-crystallized single 

phase SRO films. RSM around the STO(031) reflection (c) indicated that the 

SRO(011)pc film was not fully strained by the STO(011) substrate, while RSM around 

the STO(231) reflection (d) did not resolve the SRO(231) reflection of the 

SRO(111)pc film. The transport measurements (e) of 

SRO(011)pc/SAO(011)/STO(011) and SRO(111)pc/SAO(111)/STO(111) exhibited 

characteristic behavior of SRO films. 

It was observed that the epitaxial lift-off time of oxide perovskite films on 

SAO/STO heterostructures in H2O was dependent on the crystallographic 
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orientation of the sacrificial SAO layers. With the same thickness of about 25 

nm SAO, it took about 15 minutes for the lift-off to be complete if the SAO 

layers were (011)- and (111)-oriented, compared to a few hours if the SAO 

layers were (001)-oriented. One would expect that H2O etches SAO layers 

at the side planes of the substrates because the top and bottom planes of 

SAO layers are protected by oxide perovskite films and STO substrates. The 

observations indicate that the etching rate of SAO films is strongly 

crystallographically dependent. The H2O-etching rate and mechanism for 

different crystallographic orientations of SAO are beyond the scope of this 

study. 

The SRO films were completely lifted off from the STO substrates (Figure 
3). However, the transfer process of SRO films onto Si(001) substrates 

resulted in cracks and some areas without SRO films. The film thicknesses 

were 37 nm and 24 nm for the transferred SRO(011)pc and SRO(111)pc films, 

respectively. The surface morphology of SRO films remained unchanged 

after the epitaxial lift-off and transfer processes (see Figure A1). 

 

Figure 3. SRO(011)pc and SRO(111)pc films after the epitaxial lift-off and the transfer 

to Si(001) substrates. Millimeter-sized SRO(011)pc (a) and SRO(111)pc (d) films on 
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the supporting polyethylene terephthalate (PET) substrates. Scanning electron 

microscope (SEM) images of SRO(011)pc (b) and SRO(111)pc (e) on Si(001) 

substrates. Panel (c) and (f) show atomic force microscopy (AFM) data at the edges 

of SRO(011)pc/Si(001) and SRO(111)pc/Si(001), respectively. The insets show the 

thickness of transferred SRO films. 

The transferred SRO(011)pc on Si(001) substrates clearly showed the 

reflections of SRO(011)pc and SRO(022)pc at 32.25o and 67.49o, respectively, 

in the 2θ-ω scan (Figure 4a) and the reflection of SRO(031)pc in the RSM 

(Figure 4b). Similarly, the SRO(222)pc reflection was at 85.67o in the 2θ-ω 

scan (Figure 4d) and the reflection of SRO(231)pc, which was not resolved in 

the RSM of SRO(111)pc/SAO(111)/STO(111), was observed in the RSM 

(Figure 4e) for the transferred SRO(111)pc on Si(001) thanks to the 

separation with the reflections of the Si(001) substrate. The lattice constants 

apc are 3.920 Å and 3.925 Å for transferred SRO(011)pc and SRO(111)pc, 

respectively. Furthermore, Figure 4c shows that the φ-scan of the in-plane 

reflection of SRO(211)pc of the transferred SRO(011)pc on Si(001) had 2 

peaks, which were separated by 180o, consistent with the 2-fold symmetry of 

the SRO(011)pc film. Likewise, the φ-scan of the in-plane reflection of 

SRO(240)pc of the transferred SRO(111)pc in Figure 4f obtained 6 peaks, 

which were separated by 60o from each other, as one expected for the 6-fold 

symmetry in the SRO(111)pc film. The in-plane direction between the 

transferred SRO films and Si(001) substrates was not coincident, simply 

because the transferred SRO films were arbitrarily placed on Si(001) 

substrates. Therefore, the SRO films were epitaxially grown on SAO/STO 

with the orientation of (011)pc and (111)pc and remained single crystalline 

films after the transfer to Si(001) substrates. Freestanding single crystalline 

STO(011) and STO(111) films were also lifted off from SAO/STO 

heterostructures (see Figure A2). 
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Figure 4. Single crystalline SRO(011)pc and SRO(111)pc films on Si(001). Clearly 

resolved reflections in 2θ-ω scans of SRO(011)pc (a) and SRO(111)pc (d) confirmed 

single oriented SRO films on Si(001) substrates. Panel (b) shows clear SRO(031)pc 

reflection of SRO(011)pc film in RMS, while panel (e) displays the SRO(231)pc 

reflection of SRO(111)pc film, which was not resolved when the film was on STO(111) 

substrate. The φ-scans reveal 2 peaks, which were separated by 180o, for the in-

plane reflection SRO(211)pc of SRO(011)pc in panel (c) and 6 peaks, which were 

separated 60o, for the in-plane reflection SRO(240)pc of SRO(111)pc films in panel 

(f). 

Figure 5 shows magnetic hysteresis loops at 2 K for SRO(011)pc and 

SRO(111)pc films before the epitaxial lift-off and after the transfer of SRO 

films on Si substrates. Before the epitaxial lift-off, the saturated magnetic 

moment was 3.2 µB/Ru4+ and 3.5 µB/Ru4+ for SRO(011)pc and SRO(111)pc 

films, respectively. Taken into account the change of SRO films’ volume due 

to the transfer of SRO films on Si, the saturated magnetic moment was 1.0 

µB/Ru4+ and 1.7 µB/Ru4+ for SRO(011)pc and SRO(111)pc films, respectively. 
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With regard to SRO, it was suggested that the low-spin Ru4+ state has a 

magnetic moment of 2 µB/Ru4+, while the high-spin one has 4 µB/Ru4+.[30–35] 

The bulk SRO showed 1.1 - 1.6 µB/Ru4+ in the low-spin state.[35] It has been 

experimentally observed that the high-spin state can be stabilized using 

epitaxial strain and the symmetry of the lattice distortion via substrates.[30–34] 

SRO(111)pc epitaxially grown on STO(111) adopted the high-spin state with 

the magnetic moment of 3.5 - 3.6 µB/Ru4+, while SRO(011)pc grown on 

STO(011) had a mixed state of low- and high-spin states with the magnetic 

moment of 3 µB/Ru4+.[30,31]  Because the epitaxial lift-off of SRO films 

happened in pure deionized H2O at room temperature, SRO films are unlikely 

to have undergone some chemical reaction with H2O that would have 

affected its composition and/or structure. The magnetic moment values of 

SRO(111)pc on SAO(111)/STO(111) suggest that the SRO(111)pc film has a 

high-spin state, and the transferred SRO(111)pc film on Si substrate adopts 

the low-spin state like bulk SRO, because it was not under any strain and not 

distorted by the weak Van der Waals bonds on the Si substrate. Similarly, 

the SRO(011)pc films would have a mixed state of high-spin and low-spin 

states and the low-spin state before epitaxial lift-off and after the transfer, 

respectively.  

 

Figure 5. Magnetic hysteresis loops measured with the applied magnetic field 

perpendicular to the film surface of SRO(011)pc (a) and SRO(111)pc (b) films at 2 K. 
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The saturated magnetic moment for Ru4+ was 3.2 µB/Ru4+ and 3.5 µB/Ru4+ for the 

SRO(011)pc and SRO(111)pc films, respectively, when they were on SAO/STO 

heterostructures, probably because of the presence of the Ru4+ high-spin state. After 

the transfer onto Si substrates, SRO(011)pc and SRO(111)pc films had 1.0 µB/Ru4+ 

and 1.7 µB/Ru4+, respectively, as their crystal structure were relaxed to the bulk SRO 

from epitaxial strain and lattice distortion by SAO/STO heterostructures. 

III. Conclusions 

In this chapter, I have shown 2D freestanding of single crystalline oxide 

perovskite films with (011) and (111) orientations were successfully 

synthesized using water-sacrificial SAO layers on single crystal STO 

substrates. The water-sacrificial SAO layers were epitaxially grown on 

STO(011) and STO(111) because of lattice mismatch of 1.43 % and similar 

2D symmetry of crystal planes. It was observed that the epitaxial lift-off time 

of oxide perovskite films from SAO layers was dependent on the orientation 

of SAO. The 2D single crystalline (011)pc- and (111)pc-oriented SRO films 

were successfully transferred on Si substrates. SRO films on 

SAO(011)/STO(011) and SAO(111)/STO(111) heterostructures showed 

enhanced magnetism of the high-spin state, whereas the transferred SRO 

films on Si showed bulk-like magnetism of the low-spin state. This study 

demonstrates the possibility to obtain single crystalline oxide perovskite films 

with desirable orientation on arbitrary substrates.  

IV. Experimental section 

Well-defined atomically flat STO substrates were obtained by treating STO 

with buffered hydrogen fluoride solution and then thermal annealing as 

described elsewhere.[36,37] PLD was performed in a vacuum system with a 

base pressure of 2x10-8 mbar, equipped with an in-situ RHEED and a KrF 

excimer laser of 248 nm (COMPexPro from Coherent Inc.). The central part 

of the laser beam was selected with a mask and focused on polycrystalline 

SAO, SRO, and single crystal STO targets. The substrate temperature 
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700oC, laser repletion rate 1 Hz, spot size 1.8 mm2 and substrate-target 

distance 50 mm were the same for the growth of SAO, SRO and STO layers. 

Laser energy density and oxygen pressure were 1.25 J.cm-2 and 10-3 mbar 

for SAO, 1.3 J.cm-2
 and 10-2 mbar for STO, and 2.1 J.cm-2 and 8x10-3 mbar 

for SRO. After deposition, the samples were cooled down to room 

temperature at a maximum rate of 20oC.min-1 at the deposition pressure for 

STO/SAO/STO heterostructures and at 100 mbar oxygen pressure for 

SRO/SAO/STO heterostructures. The growth rate was 1.88 nm per 100 

pulses for SAO(011) and SAO(111) (see Figure A3). The transfer of epitaxial 

films from SAO water-sacrificial layers on supporting substrates was done as 

described elsewhere.[17,38]  

The crystal structure of samples was analyzed using PANalytical X’Pert Pro 

with the Inc. beam Monochr. 4xGe220 Cu asym. LF monochromator to select 

Cu Kα1 radiation. SEM (Jeol JSM-6490) was used to acquire the images of 

the transferred SRO films on Si substrates in order to calculate the 

transferred film area based on the contrast between SRO and Si. Surface 

morphologies of samples were investigated using AFM, Bruker Dimension 

ICON, operating in tapping mode and analyzed by Gwyddion software[39]. 

The transport measurements were performed in the four-probe Van der 

Pauw configuration and the magnetic properties were measured with the 

magnetic field perpendicular to the film surface using vibrating sample 

magnetometry in a Quantum Design Physical Properties Measurement 

System.  
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Appendix 

 

Figure A1. AFM data of SRO(011)pc and SRO(111)pc films before the epitaxial lift-

off and after the transfer on Si(001) substrates. Panel (a) and (b) show the surface 

morphology of SRO films in SRO(011)pc/SAO(011)/STO(011) and 

SRO(111)pc/SAO(111)/STO(111), respectively. Panel (c) and (d) display the surface 

morphology of SRO(011)pc and SRO(111)pc on Si(001) substrates, respectively.  The 

scale bar is 1 µm. 
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Figure A2. XRD patterns of STO films lifted off from SAO/STO heterostructures, 

STO(011) on Si(001) (a) and STO(111) on polydimethylsiloxane (PDMS). 

 
Figure A3. X-ray reflectivity curves and their fitting curve, which were obtained by 

X’Pert Reflectivity software, of STO(011)/SAO(011)/STO(011) (a) and 

STO(111)/SAO(111)/STO(111) (b) heterostructures. The thickness was 23.5 nm for 

1250 pulses of SAO(011) and 27.4 nm for 1450 pulses of SAO(111). The STO 

thickness was 28 nm for both samples. 
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Chapter 6. Challenges and Opportunities 
 
 
 
While the current research in tailoring oxide thin films on arbitrary substrates 

has offered opportunities for the advancement of technology, there are still 

remaining challenges that need to be solved to bring the research’s results 

toward the industrial applications. At the same time, these challenges serve 

as opportunities for further work in oxide nanosheets and sacrificial layer 

materials.
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Here, I present experimental ideas for possible future work. In particular, a 

better understanding of the influence of oxide nanosheets on epitaxial oxide 

thin films is necessary to improve and engineer their functional properties. 

To overcome the current limitations regarding to the use of oxide nanosheets 

and sacrificial layers in the growth of functional oxide thin films, several 

suggestions are made. 

In the current research, three different kinds of oxide nanosheets have been 

investigated to control the orientation of oxide thin films. They have offered 

the electron and X-ray based characterizations in transmission mode, local 

manipulation of orientations, and tunable properties of oxide thin films. It is 

well-known that strain engineering oxide thin films by bulk single crystal 

substrates offers the ability to tune existing or obtain new functional 

properties.[1,2] Meanwhile, individual oxide nanosheets can be regarded as 

micron-sized single crystal substrates with thicknesses of a few nanometers. 

Chapter 3 showed that the strain state of VO2 film on NbWO6 nanosheets 

was similar to that on a TiO2(001)R single crystal substrate. However, there 

is still an open-ended question whether the epitaxial strain can be induced in 

VO2 films in particular or any oxide thin film in general by oxide nanosheets 

or vice-versa. The study of oxide thin films’ properties on a single oxide 

nanosheet and its high-resolution transmission electron microscope (TEM) 

of the cross-sectioned oxide thin film/oxide nanosheet can shed the light on 

this topic. The challenge lies in aligning such a single domain with the 

incoming electron beam. 

Although the in-plane orientation among oxide nanosheets was locally 

enhanced by shape control in chapter 4, the overall orientation at the 

millimeter-scale was randomly distributed. Here, I suggest that lithography 

can make a photoresist mask on a substrate with well-defined sizes and 

shapes, and the photoresist mask would help to align oxide nanosheets on 

the substrate. A combination between the shape control of oxide nanosheets 
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and the substrate surface treatment possibly facilitates the in-plane 

alignment among oxide nanosheets at a larger scale toward industrial 

applications. 

Furthermore, the area of the freestanding perovskite oxide thin films released 

from sacrificial layers on single crystal substrates is often limited below 1 

mm2 due to the crack formation during lift-off and transfer processes. Several 

transfer processes, which were used to obtain large wafer-scale 2D van der 

Waal materials,[3–5] seem not applicable in the transfer of oxide thin films. A 

better understanding of lift-off mechanism would promote an effective 

transfer process preventing the crack formation in freestanding oxide thin 

films.
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Summary 
 

Realizing high-quality epitaxial transition metal oxide thin films on Si, glass 

or arbitrary substrates is promising to offer novel features and high 

performance for devices in electronics, optoelectronics, sensors and so on. 

In this thesis, the manipulation of transition metal oxide thin film orientations, 

both out-of-plane and in-plane directions, on arbitrary substrates is studied 

by two methods: oxide nanosheets and single crystal substrates with a 

sacrificial layer. Regarding the first approach using oxide nanosheets, they 

can serve as templates for the thin film growth of transition metal oxides in 

one preferred out-of-plane orientation, enabling the free choice of substrates 

for both fundamental studies and practical applications. The reasons are that 

atomic-flat oxide nanosheets have a wide range of lattice constants and 

various 2D lattice symmetries, and they are easily deposited on any 

substrate surfaces through solution-based Langmuir-Blodgett technique. 

Concerning the second approach using single crystal substrates, the 

epitaxial lift-off of single crystalline oxide perovskite thin films with different 

orientations is realized using sacrificial layers deposited on single crystal 

substrates.  

As an example of the first approach, VO2 epitaxy on oxide nanosheets that 

are deposited on either amorphous SiO2 of Si substrates or X-ray transparent 

Si3N4 membranes was studied in chapter 2. Considering lattice symmetry 

and lattice/domain mismatch, the epitaxial growth of VO2 films was realized 

in two distinct (011)M1/(110)R and (-402)M1/(002)R orientations on Ti0.87O2 (TO) 

and NbWO6 (NWO) nanosheets, respectively. The transport and soft X-ray 

absorption in transmission mode results showed the high-quality of epitaxial 

VO2 films on oxide nanosheets, equal to those on bulk single crystal 

substrates. Furthermore, the micro-level and deterministic control over two 
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VO2 film orientations on a single substrate was achieved using TO and NWO 

nanosheets in combination with lithography. This study demonstrates the 

ability to obtain high-quality transition metal oxide films with desirable 

orientations for specific device applications and fundamental research by 

oxide nanosheets and free choice of substrates. 

Based on the work in chapter 2, the effects of VO2 film thickness and the 

underlying substrates on the properties of epitaxial VO2 film on NWO 

nanosheets were further investigated in chapter 3. Regarding the 

characteristic parameters of VO2 metal-insulator transition (MIT), the 

transport measurements showed that the sharpness of MIT, ∆T, was 

unchanged and the thermal hysteresis, ∆H, slightly increased as the film 

became thicker on NWO nanosheets. Simultaneously, the MIT temperature, 

TMIT, of VO2 films decreased as the film thickness was reduced because of 

the shortening of the cR axis, which was determined by X-ray diffraction. The 

strain effect accompanying the film thickness variation on NWO nanosheets 

contributed to the shortening of the cR axis. Moreover, the underlying 

substrates with different thermal expansion coefficients had negligible 

influence on the MIT behavior of the VO2 film on NWO nanosheets. The study 

shows that tuning TMIT of VO2 on NWO nanosheets is practical for 

applications regardless of the choice of substrates. 

Even though oxide nanosheets can promote the epitaxial growth of the 

transition metal oxide films in a single out-of-plane orientation, the in-plane 

orientation of the epitaxial films is totally random. Effort was made to align 

the in-plane orientation of oxide nanosheets (chapter 4). The synthesis of the 

parent layered perovskite KCa2Nb3O10 (KCNO) in molten K2SO4 salt resulted 

in high-quality crystals with square-like platelet shape. The protonation 

process did not affect the shape of KCNO. Under optimal exfoliation 

conditions, square-like Ca2Nb3O10 (CNO) nanosheets were obtained. The 

external shape of the square-like CNO nanosheets enabled the self-
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alignment of the in-plane orientation among nanosheets during Langmuir-

Blodgett deposition on substrates because their external edges were 

coincident with the crystal a and b axes. The epitaxial SrRuO3 (SRO) grains 

on individual square-like CNO nanosheets formed larger domains, in which 

each domain consisted of many nanosheets instead of one nanosheet. 

Although full in-plane alignment was not achieved, the improvement of in-

plane orientation of square-like CNO nanosheets over longer distances led 

to an enhancement of the electrical properties of SRO film in terms of 

resistivity and residual resistivity ratio ρ300K/ρ2K. The study exhibits the ability 

to improve the in-plane orientation of oxide nanosheets, and hence of 

transition metal oxide films grown on them by controlling their external shape. 

The second approach to obtain high-quality transition metal oxide films is to 

use sacrificial layers that are epitaxially grown on single crystal substrates. 

In chapter 5, the ability to obtain freestanding single crystalline oxide 

perovskite films with (011) and (111) orientations was investigated. Water-

soluble epitaxial Sr3Al2O6 (SAO) layers were successfully grown on single 

crystal SrTiO3 (STO) substrates with (011) and (111) orientations. The 

epitaxial lift-off time of oxide perovskite films from SAO layers in water was 

dependent on the orientation of SAO. The freestanding single crystalline 

(011)pc- and (111)pc-oriented SRO films were successfully transferred on Si 

substrates. Single crystalline SRO films before the epitaxial lift-off showed 

the enhanced magnetism, while the transferred ones on Si exhibited bulk-

like magnetism because of the difference in the strain state of SRO films. 

This study opens the opportunities to obtain single crystalline oxide 

perovskite films with desirable orientation on arbitrary substrates.
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Samenvatting 
 

De realisatie van hoogwaardige dunne films van epitaxiaal gegroeide 

overgangsmetaaloxides op silicium, glas of willekeurige andere substraten 

schept vele mogelijkheden voor nieuwe functies en verbeterde prestaties in 

elektronica, opto-elektronica, sensoren, e.d. In dit proefschrift worden twee 

methoden beschreven om controle te kunnen uitoefenen over de 

kristaloriëntatie van dunne films van overgangsmetaaloxides, zowel in het 

vlak als loodrecht daarop, op willekeurige substraten. De ene methode maakt 

gebruik van zgn. oxide ‘nanosheets’, de andere methode van éénkristallijne 

substraten in combinatie met een ‘sacrificial layer’.  

Oxidische nanosheets kunnen worden gebruikt als een sjabloon waarmee 

de groeirichting van dunne films van overgangsmetaaloxiden in de richting 

loodrecht op het vlak van het substraat kan worden gecontroleerd. Dit maakt 

de keuze van het type substraat voor zowel fundamentele studies als voor 

praktische toepassingen arbitrair. De atomair vlakke oxide nanosheets 

bezitten een breed scala aan roosterconstanten en 2D-roostersymmetrieën, 

en kunnen gemakkelijk op elk gewenst substraatoppervlak worden afgezet 

met behulp van de zgn. Langmuir-Blodgett-techniek.  

De tweede benadering, waarin éénkristallijne substraten worden gebruikt, 

realiseert epitaxiale filmgroei met diverse oriëntaties foor gebruik te maken 

van sacrificial layers (‘opofferingslagen’), die van tevoren op deze 

éénkristalsubstraten zijn afgezet. 

Als voorbeeld van de eerste methode, wordt de groei van epitaxiale VO2 films 

op nanosheets, die op hun beurt zijn afgezet op amorf SiO2 van Si-substraten 

en op röntgentransparante Si3N4-membranen, beschreven in hoofdstuk 2. 

Rekening houdend met de roostersymmetrie en het niet volledig 

overeenkomende rooster/domein, kan epitaxiale groei van VO2-films in 2 
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oriëntaties worden gerealiseerd, nl. de (011)M1/(110)R oriëntatie op Ti0.87O2 

(TO) nanosheets, en de (-402)M1/(002)R oriëntatie op NbWO6 (NWO) 

nanosheets. Elektrische transportmetingen en de zachte röntgenabsorptie in 

transmissiemodus hebben aangetoond dat de kwaliteit van deze VO2-films 

gelijk is aan die op bulk-monokristalsubstraten. Ook is aangetoond dat de 

VO2 filmoriëntatie lokaal, d.w.z. op microniveau, kan worden gecontroleerd 

door gebruik te maken van TO en NWO nanosheets in combinatie met 

lithografie. Deze studie toont aan dat georiënteerde 

overgangsmetaaloxidefilms van hoge kwaliteit op een willekeurig type 

substraat kunnen worden gerealiseerd. 

Op basis van de resultaten in hoofdstuk 2 is de invloed van VO2 filmdikte en 

onderliggend substraat op de eigenschappen van epitaxiale VO2 films op 

NWO nanosheets verder onderzocht in hoofdstuk 3. Naarmate de film op 

NWO nanosheets dikker werd, bleef de scherpte van de VO2-metaal-

isolatorovergang (MIT), ∆T, onveranderd, terwijl de thermische hysterese, 

∆H, licht toenam. Tevens nam de MIT-temperatuur, TMIT, van VO2 films af 

naarmate de film dunner werd. Dit is een gevolg van de verkorting van de cR-

as, zoals aangetoond met röntgendiffractie. De laterale rek, die afhankelijk is 

van de filmdikte op NWO nanosheets, draagt ook bij aan verkorting van de 

cR-as. Tevens is vastgesteld dat de onderliggende substraten met zeer 

verschillende thermische uitzettingscoëfficiënten een verwaarloosbare 

invloed hebben op het MIT-gedrag van VO2 films op NWO nanosheets. Deze 

studie toont dus aan dat het afstemmen van TMIT van VO2 op NWO 

nanosheets in de praktijk mogelijk is, en niet afhangt van de keuze van het 

onderliggende substraat. 

Hoewel oxidische nanosheets de epitaxiale groei van dunne films in één 

enkele oriëntatie loodrecht op het groeivlak kunnen bevorderen, is de 

oriëntatie van sheets in het vlak van de epitaxiale films in principe totaal 

willekeurig. Er is getracht om een methode te ontwikkelen om oxide 
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nanosheets in het vlak ten opzichte van elkaar te oriënteren (hoofdstuk 4). 

De bouwstenen hiervoor zijn gevormd middels synthese van de gelaagde 

perovskiet KCa2Nb3O10 (KCNO) in gesmolten K2SO4. Dit resulteerde in 

hoogwaardige kristallen met een rechthoekige plaatjesvorm. Protonering van 

deze KCNO kristallen had geen invloed op hun externe vorm. Onder 

optimale exfoliatie-omstandigheden werden vervolgens vierkante Ca2Nb3O10 

(CNO) nanosheets gevormd. De uitwendige vorm van deze rechthoekige 

CNO nanosheets en het feit dat hun buitenranden samenvielen met de 

kristallografische a en b assen maakte de onderlinge uitlijning van hun 

oriëntatie tijdens Langmuir-Blodgett-depositie mogelijk. De epitaxiaal 

gegroeide SrRuO3 (SRO) domeinen op deze geordende CNO-nanosheet 

films waren groter dan de individuele onderliggende CNO sheets. Hoewel 

volledige uitlijning in het vlak niet werd bereikt, leidde de verbeterde 

oriëntatie op een grotere lengteschaal tot een verbetering van de elektrische 

eigenschappen van de SRO-films in termen van soortelijke weerstand en de 

weerstandsverhouding ρ300K / ρ2K. Deze studie toont aldus de mogelijkheid 

aan om de onderlinge oriëntatie van oxide nanosheets in het vlak van een 

film te verbeteren door hun externe vorm te controleren. 

Een tweede methode om hoogwaardige overgangsmetaaloxidefilms te 

verkrijgen is door gebruik te maken van sacrificial layers die epitaxiaal op 

enkelkristalsubstraten waren gegroeid. In hoofdstuk 5 is de mogelijkheid 

onderzocht om vrijstaande enkelkristallijne oxide perovskietfilms met (011) 

en (111) oriëntaties te verkrijgen door de sacrificial layers selectief te 

verwijderen. 
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