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Abbreviations 

4G, 5G: 4th et 5th generation of mobile application 

ALD: Atomic Layer Deposition 

CTE: Thermal Expansion Coefficients 

CVD: Chemical Vapor Deposition 

FBAR: Film Bulk Acoustic Resonator 

FWHM: Full Width at Half Maximum 

HRXRD: High Resolution XRD 

IAD: Ion-Assisted Deposition 

IDT: Interdigitated Transducer 

IoT: Internet of Things 

LGD: Landau–Ginzburg–Devonshire Formulation 

Li-DPM: Lithium Dipivaloylmethane 

LNOI: Lithium Niobate on Insulator 

LPE: Liquid Phase Epitaxy 

MBE: Molecular Beam Epitaxy 

MEMS: Microelectromechanical System 

MOCVD: Metal-Organic Chemical Vapor Deposition 

P-E: Polarization-Electric Field Measurement 

PLD: Pulsed Laser Deposition 

POI: Piezoelectric on Insulator 

PVD: Physical Vapor Deposition 

RF: Radiofrequency 

RC: Rocking Curves 

RMS: Root Mean Square 

RT: Room Temperature 

SAW: Surface Acoustic Wave 



 

 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD) 2 

 

SEM: Scanning Electron Microscopy 

SIMS: Secondary Ion Mass Spectrometry 

SMR: Solidly Mounted Resonator 

TOF-SIMS: Time-of-Flight Secondary Ion Mass Spectrometry 

TS: Target-substrate (distance) 

TC-SAW: Temperature Compensated SAW (device) 

TF-SAW: Thin Film SAW (device) 

UHV: Ultrahigh Vacuum 

XRD: X-ray diffraction 
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General Introduction 

From the beginning of 2010s, there has been significant growth in the market for smart 

devices, spanning various applications such as home automation, geolocation, transportation, 

data transfer, and telecommunications. This interconnected network of devices is commonly 

known as the Internet of Things (IoT). Due to the increasing number of connected devices and 

data exchanges, there is a need for updates to networks and electronic components. 

In response, the global development of the fifth generation of mobile networks, known 

as 5G, is underway. 5G aims for scalability through ongoing international standardization 

efforts and specifications, with key goals including improving speed, network reliability, and 

accommodating the growing number of connected objects to support IoT deployment. 

Radiofrequency (RF) filters are crucial electronic components within interconnected 

devices, selectively filtering exchanged data among users. The introduction of 5G requires 

recalibration of these filters to accommodate new frequency bands, such as the 700 MHz and 

3.5 GHz spectrums. Looking ahead, the development and deployment of 6G networks are 

projected for the late 2020s, with potential advancements in utilizing millimeter waves and 

terahertz radiation to enhance network capabilities.  

Two RF filter technologies, surface acoustic wave and bulk acoustic wave resonators, 

are currently utilized. Bulk acoustic wave filters presently employ aluminum nitride (AlN) as a 

piezoelectric material, providing them with resonance capabilities. However, the evolving 

needs of 5G, such as the requirement for higher resonance frequency and increased bandwidth, 

may lead to potential inadequacy of AlN-based filters in the future. 

 

This thesis constitutes an integral component within the broader framework of 5G 

development, focusing on the consequential adjustments required in the performance criteria of 

RF filters. A noteworthy alternative material under investigation is lithium niobate, considered 

as a potential substitute for aluminum nitride. The theoretical piezoelectric and acoustic 

characteristics of LiNbO3 position it as a credible candidate for replacing AlN, particularly 

when utilized in the form of monocrystalline slices, a feat attainable through Smart-CutTM 

technology. Filters fabricated from LiNbO3 exhibit promising attributes to fulfill the evolving 

demands of 5G. 
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Lithium niobate can be employed to produce RF filters as thin layers, presenting the 

possibility of enhanced performance with higher resonance frequency and increased bandwidth. 

However, achieving single-phased and stoichiometric LiNbO3 through conventional deposition 

techniques is challenging. To optimize filter performance, the piezoelectric layer must meet 

strict criteria, including high crystallinity, a defect-free structure, and minimal surface 

roughness. 

To explore the deposition of lithium niobate layers, Pulsed Laser Deposition (PLD) is 

utilized — a recently developed technique gaining industrial importance. The physicochemical 

properties of the synthesized layers will undergo thorough analysis employing various 

characterization techniques, such as X-ray diffraction, atomic force microscopy, scanning 

electron microscopy, Raman spectroscopy, and secondary ion mass spectrometry. These 

analyses will be systematically compared against predefined criteria for thin films.  

 

The first chapter comprises three main sections. Initially, foundational aspects of piezo- 

and ferroelectric materials will be explored, providing an understanding of the unique properties 

and behavior of lithium niobate. The presentation then shifts to RF filters, including a discussion 

on acoustic filters and modifications necessary for 5G. The final part discusses thin film 

elaboration techniques, emphasizing challenges associated with the deposition of LiNbO3. 

In the second chapter, the focus is on the deposition of thin LiNbO3 layers, utilizing 

monocrystalline substrates. The investigation specifically delves into the homoepitaxial growth 

of LiNbO3 on LiNbO3 substrates with different orientations by PLD. 

Chapter 3 employs PLD to grow thin films on sapphire, aiming for the production of 

heteroepitaxial layers. The investigation covers the study of crystalline quality and surface 

roughness of the layers. Similar to the examination of layers deposited on LiNbO3 substrates, 

the influence of the cutting plane of the Al2O3 substrate on layer growth is explored. 

In Chapter 4, the focus is on depositing thin layers, specifically using silicon-based 

substrates. The research is centered around growing LiNbO3 on silicon substrates, incorporating 

different buffer layers for use as an electrode. The main goal is studying the alignment, 

crystallographic characteristics, and surface properties of these layers. 
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1.1 Material 

Ferroelectric materials are characterized as polar substances that exhibit at least two 

stable orientations of the spontaneous polarization vector in the absence of an external electric 

field. These materials possess the remarkable ability to switch between these orientations when 

subjected to an electric field [1]. In this section of the chapter, we will delve into the 

foundational aspects of ferroelectric materials and provide a more comprehensive 

understanding of the unique properties and behavior of LiNbO3. 

1.1.1 Ferroelectricity and piezoelectricity 

The piezoelectric effect, which is a fundamental phenomenon in materials science, can 

be elucidated through the use of a simplistic model as depicted in Figure 1.1. This model serves 

as a conceptual tool to illustrate the underlying principles and mechanisms behind the 

generation of electric charges in response to mechanical stress.  

 
FIGURE 1.1 PIEZOELECTRIC EFFECT EXPLAINED WITH A SIMPLE MOLECULAR MODEL: (A) AN 

UNPERTURBED MOLECULE WITH NO PIEZOELECTRIC POLARIZATION; (B) THE MOLECULE SUBJECTED 

TO AN EXTERNAL FORCE (FK); (C) THE POLARIZING EFFECT ON THE SURFACE [2]. 

 

Before the application of external stress, the molecule was electrically neutral with the 

positive and negative charges balanced (Figure 1(a)). Under external forces like mechanical 

stress, the molecule's internal structure deforms, causing a separation of positive and negative 

charges, creating an electric dipole (Figure 1(b)).  Within the material, the dipoles cancel each 

other out, maintaining overall neutrality. However, at the surface, the absence of neighboring 

dipoles leads to the accumulation of surface charges, creating an electric field(Figure 1(c)).  
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This phenomenon is the basis for the piezoelectric effect, converting mechanical energy into 

electrical energy [2]. 

1.1.1.1 Fundamental Principles of Ferroelectricity and 

Piezoelectricity 

In 1880, Pierre and Jacques Curie made a significant discovery regarding certain 

materials such as quartz and topaz. They observed that the application of mechanical stress to 

these materials resulted in the emergence of macroscopic polarization, which indicated the 

generation of electric surface charges [3]. They observed that mechanical stress could induce 

macroscopic polarization and generate electric surface charges in certain materials which was 

the first description of the direct piezoelectric effect. Subsequently, Gabriel Lippmann made a 

significant prediction based on thermodynamic considerations. He proposed that an applied 

voltage could lead to mechanical deformations or strains in a material, which is now recognized 

as the reverse piezoelectric effect [4]. Lippmann's prediction established the reciprocal nature 

of the piezoelectric effect, highlighting the interplay between electrical and mechanical 

phenomena in these materials. 

 

 
FIGURE 1.2 PIEZOELECTRICITY—AN INTERMINGLING OF ELECTRIC AND ELASTIC PHENOMENA [2]. 

 

In summary, piezoelectric materials belong to a special class of dielectric materials that 

possess the unique ability to be polarized not only by an electric field but also by the application 

of mechanical stress. This remarkable property, known as piezoelectricity or "pressure 

electricity," distinguishes these materials from other dielectrics. [2]. The phenomenon of 
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piezoelectricity and the relationship between mechanical stress and electric polarization can be 

visually explained and understood by referring to Figure 1.2. 

1.1.1.2 Hysteresis Loops 

According to the linear theory of piezoelectricity, the density of charge generated in a 

piezoelectric material is directly proportional to the applied external stress [5]. Ferroelectric 

materials exhibit spontaneous polarization below the Curie temperature (TC). The dielectric 

permittivity (ε) of ferroelectric materials follows a Curie-Weiss law above TC. To minimize 

depolarizing fields, ferroelectric materials form ferroelectric domains with uniform 

polarization. The dependence of dielectric displacement (D) on electric field strength (E) in 

ferroelectric materials is highly nonlinear and exhibits a characteristic hysteresis loop [6]. 

In their book [7], Volk and Wöhlecke provide a comprehensive exploration of the fundamentals 

of ferroelectricity of LiNbO3. They discuss the behavior of congruent LiNbO3, which undergoes 

a second-order phase transition at Tc ≈ 1190°C from a centrosymmetric paraelectric phase to a 

noncentrosymmetric ferroelectric phase. The free energy of LiNbO3 can be described using a 

generalized Landau–Ginzburg–Devonshire (LGD) formulation, which includes the Landau–

Ginzburg energy, the elastic energy, and the electrostrictive energy. The Landau–Ginzburg 

energy captures the thermodynamic behavior of the material and is related to the spontaneous 

polarization and its higher-order terms. The elastic energy accounts for the strain and 

deformation within the material due to mechanical stress. The electrostrictive energy arises 

from the coupling between the applied electric field and the resulting strain in the material [7]. 

 

 
FIGURE 1.3 FREE ENERGY G − G0 AS A FUNCTION OF THE POLARIZATION P FOR THREE 

TEMPERATURES T1 < TC  < T2 [7] 
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In Figure 1.3 [7], the free energy (G) is plotted against polarization (Ps) for various 

temperatures in a ferroelectric material. Above the Curie temperature (TC), in the paraelectric 

phase (TC < T2), there is a single minimum in the free energy curve, indicating only one stable 

polarization state. As the temperature approaches TC, a transition to the ferroelectric phase (T1 

< C) occurs, with two minima representing two stable polarization states with opposite 

polarities (±Ps) [7]. At a constant temperature T, the differential of the free energy G with 

respect to polarization P can be expressed as 𝐸 =
𝑑𝐺

𝑑𝑃
. This relationship allows us to analyze the 

behavior of the system and understand the hysteresis loop shown in Figure 1.4 [7].  

 

 
FIGURE 1.4 POLARIZATION P VS. ELECTRIC FIELD E FOR TEMPERATURES T1 < TC = T0 < T2, USING THE 

SAME PARAMETERS AS FIGURE 1.3 [7]. 

 

In the ferroelectric phase, the hysteresis loop represents the response of the material to 

an applied electric field.  The curve between the two states A and C corresponds to unstable 

states, meaning that the material cannot maintain those polarization states indefinitely. Instead, 

the system undergoes a spontaneous transition from state A to state B and from state C to state 

D, following a path within the hysteresis loop. The corresponding electric field in states A or 

C, which is required to induce the transition to the stable states B or D, is known as the coercive 

field (Ec). The coercive field represents the minimum strength of the electric field required to 

reverse the polarization of the material and bring it from one stable state to another. It 

characterizes the resistance of the material to changes in polarization and is an important 

parameter in understanding and engineering ferroelectric materials [7]. 
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1.1.1.3 Ferroelectric Domains 

During a phase transition to a ferroelectric state, the crystal forms separate regions called 

domains, each with uniform polarization but different directions (+Ps or -Ps). These domains 

are created to minimize the crystal's free energy [6]. When domains with opposite polarizations 

exist adjacent to each other, they are separated by structures known as domain walls [8]. In 

ferroelectric materials, domain walls act as interfaces where the polarization gradually changes 

between adjacent domains. To reverse the polarization, an external electric field stronger than 

the coercive field (Ec) is applied [7]. This field induces the switch from the material's original 

polarization state to the opposite state. 

 

 
FIGURE 1.5 SCHEMATIC DRAWING OF HEXAGONAL POLYCRYSTALLINE STRUCTURES WHICH ARE 

DIVIDED INTO DOMAINS [9]. 

 

Figure 1.5 depicts hexagonal polycrystalline structures divided into distinct domains, 

showing the orientations of spontaneous polarization with arrows. In tetragonal systems like 

this, two types of domain walls are observed: 90° domain walls and 180° domain walls [9]. At 

a 180° domain wall, adjacent domains have opposite polarization arrangements, while at a 90° 

domain wall, adjacent domains have perpendicular polarization orientations. The presence and 

properties of these domain walls significantly influence the characteristics of ferroelectric 

materials. The arrangement and behavior of ferroelectric domains play a vital role in 

determining various material properties, including electrical, optical, acoustic, pyroelectric, and 

mechanical aspects [6].  

  



Chapter 1: State of the art and objectives of the thesis 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD)  12 

1.1.2 Lithium Niobate 

In the late 1960s, researchers initiated the deposition of lithium niobate (LiNbO3) as a 

significant development, primarily targeting signal processing chips for television and video 

recorders [10]. This pivotal moment marked the commencement of experimental endeavors to 

exploit LiNbO3 as a material to enhance the performance and functionality of electronic 

devices. Concurrently, multiple projects were underway, focusing on harnessing the distinctive 

properties of LiNbO3 for applications in the field of optics. Specifically, these projects aimed 

to leverage LiNbO3's capabilities in optical dispersion compensators, optical wavelength 

converters, and optical parametric amplifiers. A noteworthy approach involved the utilization 

of periodically poled lithium niobate proton-exchanged waveguides, which exhibited improved 

performance and versatility in these optical devices [10].  

1.1.2.1 Lithium Niobate crystal structure 

Abrahams et al. conducted a comprehensive investigation into the crystal structure of 

single crystal lithium niobate using both X-ray diffraction and neutron diffraction techniques 

[12]. Their research aimed to gain a detailed understanding of the atomic arrangement and 

symmetry of LiNbO3. Lithium niobate is classified as a ferroelectric oxide and possesses a 

trigonal paraelectric crystal structure. This structure exhibits a non-centrosymmetric 

arrangement. 

The paraelectric-to-ferroelectric phase transition in LiNbO3 occurs at a relatively high 

temperature of 1483°C. At room temperature, material maintains its ferroelectric state, 

exhibiting a spontaneous polarization of approximately 71 μC/cm2 [11]. This spontaneous 

polarization represents the presence of a net electric dipole moment per unit area in the crystal, 

which arises from the alignment of electric dipoles within the material. 
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FIGURE 6. SCHEMATIC REPRESENTATION OF THE FERROELECTRIC LINBO3 CRYSTAL STRUCTURE 

HIGHLIGHTING THE CATIONIC POSITIONS WITH RESPECT TO THE OXYGEN OCTAHEDRA [12]. 

 

At room temperature (RT), LiNbO3 possesses a crystal structure that belongs to the 

rhombohedral (trigonal) space group R3c, characterized by a point group of 3m. Above the 

phase transition temperature, the crystal undergoes a structural transformation, adopting the 

centrosymmetric space group R3m [7]. The crystal structure of LiNbO3 can be described in 

terms of hexagonal unit cells, highlighting its underlying symmetry and arrangement [13]. 

In the stoichiometric composition of LiNbO3, the interstitial positions of the oxygen 

octahedra along the c-axis are occupied by Li ions (one-third), Nb ions (one-third), and remain 

vacant (one-third), forming a repetitive sequence denoted as -Li-Nb-vacancy-Li-Nb- [14]. This 

arrangement elucidates the structural pattern within the crystal lattice.  

Sanna et al. presented a schematic representation of the ferroelectric lithium niobate 

crystal structure, emphasizing the positions of the cations [12]. It is worth noting that the 

positively charged cations do not align precisely at the centers of the negatively charged oxygen 

cages or within an oxygen plane; instead, they undergo a slight shift along the z-axis. This 

subtle displacement of the cationic sublattice in relation to the oxygen octahedra leads to a 

separation of charges, resulting in the exhibition of spontaneous polarization in LiNbO3. 

Importantly, the direction of the spontaneous polarization aligns with the orientation of the 

cationic shift [12]. 
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The lattice parameters of LiNbO3, described within the hexagonal coordinate system, 

are conventionally given as a = 5.1483 Å and c = 13.863 Å [15]. These lattice parameters define 

the dimensions and symmetry of the hexagonal unit cell, providing key insights into the crystal 

structure of LiNbO3. 

1.1.2.2 Ferroelectricity of LiNbO3 

Jie Zhu conducted a study where the actual results of the P-E (polarization-electric field) 

measurement were presented, as depicted in Figure 7. In this particular experiment, a thin film 

layer with a robust (0 0 6) crystalline orientation was deposited onto a p-type silicon substrate 

using RF magnetron sputtering [16]. The thickness of the thin film layer was measured to be 

400 nm. It is noteworthy to mention that the P-E curve obtained from this measurement did not 

reach saturation. From the P-E curve obtained in this experiment, the coercive field Ec, which 

represents the electric field required to reverse the polarization, was determined to be ±420 

kV/cm [16]. This value indicates the strength of the electric field needed to induce a complete 

reversal of the polarization direction in the thin film. 

 
FIGURE 7. P-E HYSTERESIS LOOP OF LINBO3 THIN FILM DEPOSITED ON A P-TYPE SI (1 1 1) SUBSTRATE 

BY RF MAGNETRON SPUTTERING [16]. 

 

The conductivity of LiNbO3 can be categorized into three distinct parts, each governed 

by different dominant conduction mechanisms [10].  At temperatures exceeding 1000°C, the 

conduction is primarily intrinsic in nature, meaning it arises from the inherent properties of the 

material itself. Between 1000°C and 400°C, which is close to room temperature, the main 

contributors to the conductivity are mobile protons. These protons are able to move through the 

crystal lattice, facilitating the flow of electric current. At lower temperatures, a different 

conduction mechanism comes into play. In this regime, the conductivity is attributed to a 
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hopping mechanism involving small electrons or small polarons. These entities exhibit a 

characteristic behavior, enabling the transfer of charge and contributing to the overall 

conductivity of the material [10]. 

1.1.2.3 Thermal Expansion Coefficient In Lithium Niobate  

Thermal expansion coefficients are an important property of materials as they describe 

how the dimensions of a material change with temperature. In the case of lithium niobate single 

crystals with congruent composition, their thermal expansion coefficients have been studied in 

the temperature range of 50 to 1000°C by J. C. Vyas and S. G. Singh [17]. The thermal 

expansion coefficients of LiNbO3 single crystals exhibit anisotropy, meaning that they vary 

depending on the direction in which the crystal is measured. Specifically, in the x or y directions 

(in-plane directions), LiNbO3 crystals have positive thermal expansion coefficients. This means 

that as the temperature increases, the crystal expands in these directions [17].  However, the 

thermal expansion coefficient along the z direction (out-of-plane direction) of LiNbO3 crystals 

behaves differently. As the temperature increases, the thermal expansion coefficient along the 

z direction decreases. At higher temperatures, it reaches a point where it becomes negative [17]. 

This implies that along the z direction, the crystal contracts with increasing temperature. 

The thermal expansion coefficients of lithium niobate (LiNbO3) single crystals were 

measured along the x, y, and z axes in the temperature range studied [17].  According to J. C. 

Vyas and S. G. Singh findings, the measured value of the thermal expansion coefficient αx along 

the x-axis, as shown in Figure 1.8, exhibits a small decrease in magnitude with an increase in 

temperature. The variation of the thermal expansion coefficient along the y-axis was found to 

be similar to that along the x-axis. Interestingly, the researchers observed that the thermal 

expansion coefficient αz along the z-axis, which corresponds to the out-of-plane direction, is 

much smaller compared to αx. In fact, it is noted that αz is approximately one-sixth of the 

magnitude of αx near room temperature. Furthermore, as the temperature increases, αz decreases 

further. At around 650°C, it reaches a point where it becomes almost zero [17].   

These observations highlight the anisotropic nature of the thermal expansion behavior 

in LiNbO3 single crystals. The differences in the thermal expansion coefficients along the x, y, 

and z axes indicate that the crystal undergoes distinct dimensional changes in different 

directions as the temperature varies. The significant difference between αz and αx suggests that 

LiNbO3 crystals exhibit a notable contraction along the z-axis as the temperature increases. 
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FIGURE 1.8 THERMAL EXPANSION COEFFICIENTS (A) ΑX ALONG THE CRYSTALLINE X-AXIS OF LINBO3 

WITH RESPECT TO TEMPERATURE (B) ΑZ ALONG THE CRYSTALLINE Z-AXIS OF LINBO3 WITH RESPECT 

TO TEMPERATURE. [17]. 
 

Understanding the variation of thermal expansion coefficients is essential for 

applications involving LiNbO3 crystals, as it enables engineers and researchers to account for 

the dimensional changes that may occur due to temperature fluctuations. It also provides 

insights into the structural behavior and stability of LiNbO3 crystals under different thermal 

conditions during and after growth. 

1.1.2.4 Stoichiometry 

The growth of large, high-quality single crystals of materials like lithium niobate 

(LiNbO3) can be challenging due to their complex phase transitions [18]. The phase diagram of 

the Li2O–Nb2O5 system, as depicted in Figure 1.9, provides valuable insights into the 

composition and phase behavior of LiNbO3.  

According to the phase diagram (Figure 9), LiNbO3 is a material with a variable 

composition, meaning that its chemical composition can vary within a certain range. 

Specifically, it exhibits a large solid solution range of approximately 6 mol% at temperatures 

above 1150°C [7].  This indicates that LiNbO3 can accommodate the substitution of certain 

amounts of other elements within its crystal lattice without undergoing significant phase 

changes. The presence of a solid solution range in the Li2O–Nb2O5 system is significant for 

crystal growth processes and material engineering. It allows for the incorporation of dopants or 

the control of chemical composition to tailor the properties of LiNbO3 crystals, such as their 

optical, electrical, and piezoelectric characteristics. However, it also adds complexity to crystal 

growth methods and requires careful control of the growth conditions to achieve high-quality 

crystals with the desired properties. 
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FIGURE 9. SCHEMATIC PHASE DIAGRAM OF LI2O-NB2O5 PSEUDOBINARY SYSTEM IN THE VICINITY OF 

LINBO3 [18]. 

 

Solid solutions of lithium niobate can be characterized by the ratio R = {Li}/{Nb}, 

where {Li} and {Nb} denote the concentrations of lithium and niobium, respectively, in mol%. 

In the case of single crystals, deviations from the stoichiometric point (R = 1) are inherent, 

meaning that the actual composition of the crystal deviates from the ideal ratio.  Among the 

different compositions within the solid solution range, the congruent point, characterized by R 

= 0.944, is of particular importance [18].  At this composition, an inflection point occurs on the 

liquidus–solidus curve, indicating the transition from the Li2O:Nb2O5 melt to the growth of the 

LiNbO3 crystal. It is at this congruent point that the highest uniformity of properties is typically 

achieved.  

However, it's worth noting that the formation of LiNbO3 single phase is limited by the 

presence of two secondary phases: Li3NbO4 and LiNb3O8. These secondary phases, often 

referred to as "parasitical" phases, have inferior physical properties compared to LiNbO3 and 

can negatively impact the desired properties of the crystal [19]. Therefore, efforts are made to 

minimize the presence of these secondary phases during crystal growth processes. 

In stoichiometric crystals, the unit cell is free from defects, meaning that the 

composition of the crystal precisely corresponds to the ideal chemical formula. However, in the 

case of congruent crystals, which have a composition slightly deviating from stoichiometry, the 

presence of defect clusters can occur. The formation of these defect clusters depends on the 

cooling process of the crystal [8]. In the case of slow cooling from high temperatures, stable 

defect clusters can form in congruent crystal.  These stable defect clusters are established during 
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the cooling process and can persist in the crystal structure at lower temperatures. On the other 

hand, frustrated defect clusters can be obtained in congruent crystals after domain reversal at 

room temperature. These defect clusters arise due to the reorientation of domains and the 

associated strain in the crystal structure [8].  

 

 Congruent LiNbO3 [20] Near-stoichiometric LiNbO3 [21] 

Li2O composition 

(mol %) 

0.485 0.489 [21] 

Curie Temperature 1138°C [22] 1198°C [22] 

Coercive fields at 

296°K, kVcm-1 

Ef∼206.7 [23] 

Er∼168.5 [23] 

Ef∼40.5 [22] 

Er∼33.1 [21] 

Internal field, Eint 

kVcm-1 

20-30 [24] 3.7 [24] 

Thermal expansion 

coefficient, (×10-6) 

αc=2.7 

αa=19.2 [25] 

αc=2.8  

αa=17.2 [26] 
TABLE 1.1 EFFECT OF NON-STOICHIOMETRY OF LI2O ON PROPERTIES OF LINBO3 SINGLE CRYSTAL 

 

The non-stoichiometry of Li2O in LiNbO3 has a significant influence on the structural 

properties of the crystal. This influence is illustrated in Table 1.1, which provides information 

about how variations in the Li2O content affect various structural parameters of LiNbO3. 

Understanding the impact of non-stoichiometry on the crystal structure is crucial for 

characterizing and controlling the properties of LiNbO3 crystals, as well as for tailoring their 

performance for specific applications. In the case of stoichiometric crystals, the unit cell has no 

defects. In congruent crystals, the defect cluster can be in stable (obtained when the crystals is 

cooling down slowly from high temperature) or frustrated (obtained after domain reversal at 

room temperature) [8].  

Table 1.1 presents the important characteristics of single crystals of LiNbO3, 

highlighting the significant differences that can arise even with small variations in composition. 

One such variation is the increase in the amount of Nb atoms, which has been observed to result 

in an increase in the Curie temperature of LiNbO3 [21]. The Curie temperature is the 

temperature at which the ferroelectric-to-paraelectric phase transition occurs, and it is an 

important parameter that determines the material's behavior. 

Another notable difference is the decrease in coercive fields with near-stoichiometric 

lithium niobate. Coercive fields represent the strength of the external electric field required to 

reverse the polarization of the material. It is interesting to note that the coercive fields are 

reduced by almost five times in near-stoichiometric lithium niobate compared to other 
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compositions [21]. This indicates that near-stoichiometric crystals exhibit a higher 

susceptibility to polarization reversal, which can be advantageous for certain applications. 

Additionally, the thermal expansion coefficient of LiNbO3 is influenced by the 

composition. The thermal expansion coefficient is a measure of how the material expands or 

contracts with changes in temperature. Near-stoichiometric lithium niobate exhibits a lower 

thermal expansion coefficient compared to other compositions, indicating that it is less prone 

to significant dimensional changes with temperature variations [25], [26]. This can be important 

for maintaining the stability and reliability of devices and structures incorporating LiNbO3. 

These differences in important characteristics emphasize the sensitivity of LiNbO3 

properties to even minor changes in composition. It highlights the need for precise control and 

characterization of the material's composition for specific applications, as these variations can 

have a significant impact on its behavior and performance. 
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1.2 Filters and acoustic devices 

LiNbO3 is extensively used as a piezoelectric substrate and layer in acoustic devices. As 

a stable and reliable material, LiNbO3 enables efficient transduction of acoustic waves in 

various devices such as SAW devices, resonators, filters, and delay lines [27], [28].   

Additionally, thin films of LiNbO3 can be deposited as functional layers to enhance device 

performance by improving sensitivity, bandwidth, and efficiency. With its unique combination 

of properties, including high piezoelectric coefficient, dielectric constant, and chemical 

stability, LiNbO3 contributes to advancements in telecommunications, sensing technology, and 

other fields reliant on precise acoustic wave manipulation [27], [29]. In this section of the 

chapter, we will delve into the different filters and acoustic devices based on of LiNbO3. 

1.2.1 Acoustic waves: different kinds 

Acoustic devices are categorized based on the type of wave they use, leading to 

designations like Surface Acoustic Wave (SAW) and Bulk Acoustic Wave (BAW) devices. 

This classification considers the physical characteristics and propagation paths of waves. Some 

waves, like Lamb waves, exhibit features from both SAW and BAW devices. 

SAW devices primarily utilize surface acoustic waves that propagate along the 

material's surface, allowing precise wave control and manipulation. They are advantageous for 

high-frequency applications like telecommunications and sensing systems. BAW devices, on 

the other hand, use bulk acoustic waves that propagate through the material's volume, enabling 

broader acoustic interactions. They are commonly used in frequency control components, 

filters, and resonators. 

 
FIGURE 1.10 REPRESENTATION OF THE LONGITUDINAL (A) AND TRANSVERSE (B) MODES OF A BULK 

ACOUSTIC WAVE [30]. 
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Bulk Acoustic Waves (BAWs) exhibit propagation within a confined medium and can 

be classified as longitudinal or transverse, depending on the direction of particle displacement 

in relation to the wave propagation. Longitudinal waves are characterized by particle 

displacement that occurs parallel to the direction of wave propagation (Figure 1.10 (a)), while 

transverse (shear) waves involve particle displacement perpendicular to the wave propagation 

direction (Figure 1.10 (b)) [30].  

Surface Acoustic Waves (SAWs) propagate along the surface of a material. Among the 

different types of surface acoustic waves, Rayleigh waves are commonly used in practical 

applications. Rayleigh waves consist of two components, causing displacements both parallel 

and perpendicular to the surface [31]. This results in a particle displacement pattern that forms 

an elliptical shape [32], as illustrated in Figure 11. 

 
FIGURE 1.11. REPRESENTATION OF THE STRAIN OF A MEDIUM IN WHICH A RAYLEIGH WAVE IS 

PROPAGATING [32]. 

 

It is worth noting that Surface Acoustic Wave (SAW) devices typically operate within 

the frequency range of 0.5-3.5 GHz [33].  On the other hand, Bulk Acoustic Wave (BAW) 

devices operate at higher frequencies, typically in the range of 3-8 GHz [33]. The choice 

between SAW and BAW devices depends on the specific requirements of the application, 

including the desired frequency range, power consumption, and performance characteristics. 

1.2.2 SAW devices   

After the discovery of the Interdigitated Transducer (IDT), the first surface acoustic 

wave (SAW) devices were introduced in 1965 [34]. This marked a significant milestone, 

revolutionizing acoustic device technology and leading to advancements in 

telecommunications, sensing, and signal processing. 
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FIGURE 1.12. SCHEMATIC REPRESENTATION OF A BASIC SAW DELAY LINE (A). THE PROPAGATION OF 

SAW [31]. 

 

A typical SAW device, such as a delay line shown in Figure 1.12 [31] , consists of 

periodically spaced metal electrodes connected to two larger electrodes. When a voltage is 

applied across the electrodes, an electric field is generated, causing compression and expansion 

within the piezoelectric substrate and resulting in the propagation of a surface acoustic wave 

along its surface. This allows efficient conversion and transformation of mechanical energy into 

electrical energy and vice versa [31].  

The mechanical period (p) of the device corresponds to the distance between two 

electrodes, and the wavelength (λ) of the propagating acoustic wave is equal to twice the 

mechanical period (λ=2p), as illustrated in Figure 1.12, b. The number of electrodes (Np) 

directly influences the bandwidth of the device. A lower value of Np results in a wider 

bandwidth (Δf) for a constant central frequency (fc), which can be expressed as: 𝑁𝑝 =
𝑓𝑐

𝛥𝑓
. These 

relationships are crucial for designing and optimizing the performance of SAW devices. 

1.2.2.1 TF-SAW 

The thin film surface acoustic wave (SAW) devices consist of a layered structure where 

a piezoelectric film is deposited onto a non-piezoelectric substrate, as shown in Figure 13 [35]. 

To ensure optimal performance of thin film surface acoustic wave (SAW) devices, the thickness 

of the piezoelectric film is typically kept below one SAW wavelength [35].  This requirement 

helps to maintain the desired acoustic wave propagation characteristics and avoids interference 

effects. In addition to the thickness considerations, transducer quality films for SAW devices 

should exhibit certain key characteristics. One important attribute is high electrical resistivity, 

which minimizes unwanted electrical losses and ensures efficient signal transmission. 
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Furthermore, an oriented crystalline structure is desirable in the piezoelectric film. This 

orientation enhances the piezoelectric effect [35]. 

 

FIGURE 1.13. SHEMATIC REPRESENTATION OF THIN FILM SAW DEVICES [37]. 

The thickness of the piezoelectric film should be less than one SAW wavelength. 

Transducer quality films should have the basic characteristics of high electrical resistivity and 

an oriented crystalline structure, which yields a strong piezoelectric effect [35]. The frequency 

response of thin film surface acoustic wave (SAW) devices is typically represented as 𝑓0 =
𝑣

𝜆
, 

where 𝑣 is the phase velocity and 𝜆 is the wavelength of the acoustic wave propagating [35].   

In the hypothetical scenario where an ideal conductor is placed on the surface of the 

device, the electromechanical coupling factor (keff) can be determined using the following 

relation: 𝑘𝑒𝑓𝑓
2 =

2𝛥𝑣

𝑣
. Here, 𝛥𝑣 represents the change in velocity of the acoustic wave compared 

to the device without the presence of the ideal conductor [35].   This coupling factor is an 

important parameter that quantifies the efficiency of energy transfer between electrical and 

mechanical domains in the device [37]. 

Thin film surface acoustic wave (TF-SAW) devices often utilize piezoelectric ZnO 

layers as the active material [37], [38]. Thin film surface acoustic wave (TF-SAW) devices 

often utilize piezoelectric ZnO layers as the active material [35], [36]. 

1.2.3 BAW devices 

The BAW (Bulk Acoustic Wave) resonator is a layered structure comprising a 

piezoelectric film positioned between two metallic electrodes. The region where the upper and 

lower electrodes overlap with the piezoelectric layer in the vertical direction is referred to as 

the active area of the resonator [33]. This active area plays a crucial role in the generation and 

propagation of acoustic waves within the resonator. 



Chapter 1: State of the art and objectives of the thesis 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD)  24 

The thin film resonating material is a critical component of BAW (Bulk Acoustic Wave) 

devices. It consists of a piezoelectric film positioned between two metallic electrodes, as 

illustrated in Figure 1.14, a [37].  The piezoelectric film serves as the active element responsible 

for converting electrical signals into mechanical vibrations. From a physics perspective, the 

BAW resonator can be likened to a simple capacitor, as shown in Figure 1.14, b. When a 

differential voltage is applied across the two electrodes, an acoustic wave is generated within 

the piezoelectric film. This wave propagates through the thickness direction of the film, leading 

to acoustic reflections at the film surfaces. The resonance of the BAW device occurs when the 

acoustic wave is excited in the thickness direction and is determined by the properties of the 

piezoelectric film and the electrodes [39]- [38]. In BAW devices, materials such as Aluminum 

Nitride (AlN) and ZnO are commonly used as the piezoelectric film. These materials are 

selected for their balanced performance, manufacturability, and reliability [38]. 

 
FIGURE 14. FIG. 2. (A) A BASIC BAW RESONATOR (B) THE ELECTRICAL EQUIVALENT MODEL OF A 

BAW RESONATOR [37] 

 

In BAW (Bulk Acoustic Wave) devices, the resonance phenomenon occurs when the 

reflected waves align with the incident waves, leading to constructive interference. This can be 

mathematically described by the equation: 

𝑓 =
𝑛𝑉

2ℎ
 , 

where 𝑓 represents the resonance frequency, n is an integer representing the number of the 

standing wave (typically n = 1 for the fundamental mode), V is the velocity of the acoustic 

wave, and ℎ is the thickness of the piezoelectric layer [39]. 

1.2.3.1 FBAR devices 

The FBAR (Film Bulk Acoustic Resonator) device consists of a thin piezoelectric film 

positioned between two electrodes, utilizing the fundamental concept of having free surfaces 
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on both sides of the BAW resonator [40]. The design and fabrication of the FBAR resonator 

can be achieved through two common methods, as illustrated in Figure 1.15. In the first variant, 

a sacrificial support layer is placed below the resonator during the device fabrication process. 

This support layer is later removed, leaving the resonator suspended (Figure 1.15, a). The 

second approach involves etching the substrate from the back of the wafer towards the front 

surface, creating a cavity under the resonator (Figure 15, b) [40]. 

 
FIGURE 15. FBAR CROSS-SECTION. A) SACRIFICIAL SUPPORT LAYER B) BACKSIDE SUBSTRATE ETCH 

[40]. 

 

As previously mentioned, the thickness of the film and the mass of the electrodes play 

a critical role in determining the resonant frequencies of the FBAR devices [37]. These 

parameters directly affect the mechanical properties of the resonator, such as its stiffness and 

mass, which in turn influence the resonant frequency. By carefully controlling the thickness of 

the piezoelectric film and the mass of the electrodes, the resonant frequencies of the FBAR 

devices can be tailored to meet specific application requirements.  

1.2.3.2 SMR devices 

 
FIGURE 16. CROSS SECTION VIEW OF A SOLIDLY MOUNTED RESONATOR (SMR) [41]. 

 

Another BAW topology is the Solidly Mounted Resonator (SMR), which shares a 

similar architecture to the FBAR device, but with a distinct difference in the design of the 

acoustic cavity. In the SMR, instead of an air gap, a Bragg reflector is employed [41]. The 

Bragg reflector, also known as a Bragg mirror, is a multilayer structure that consists of 

alternating layers with different acoustic impedances. This arrangement creates a periodic 
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variation in the acoustic impedance, resulting in a high reflectivity for acoustic waves within a 

specific frequency range. 

The Bragg reflector is positioned between the Si wafer and the resonator to minimize 

losses in the substrate, as depicted in Figure 1.16. This reflector is composed of multiple layers, 

each with a thickness equal to one-quarter of the wavelength, and with alternating high and low 

values of acoustic velocity. The design of the reflector depends on the acoustic impedance of 

the substrate. The first layer of the reflector is chosen to have an opposite impedance to that of 

the substrate, and subsequent layers alternate in impedance with each other [41].   Common 

materials used for the low impedance layers of the Bragg reflector include SiO2, AlN, and ZnO, 

while high impedance layers often consist of Molybdenum (M) and Tungsten (W). The Bragg 

reflector serves as a means to enhance the reflectance of the resonator. By increasing the number 

of layers in the stack, a higher reflection coefficient can be achieved, thereby improving the 

performance of the resonator [41], [42]. 

1.2.4 Frequency bands and filter types 

 
FIGURE 1.17. MARKET APPLICATION AND BAND ALLOCATION OF RADIO FREQUENCY (RF) FILTER 

TECHNOLOGIES [33], [43]. 

 

RF filters play a crucial role in various applications, and currently, the dominant 

technologies in this field are surface acoustic wave (SAW) filters and bulk acoustic wave 

(BAW) filters, as mentioned earlier. These micro RF filter technologies are widely employed 

in a range of applications, as depicted at the top of Figure 1.17.  

BAW filters, in particular, have gained significant recognition due to their advantages 

in terms of high operating frequency and power capacity when compared to SAW filters [33], 



Chapter 1: State of the art and objectives of the thesis 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD)  27 

[43]. As the demand for higher frequencies increases, there is a notable shift in user preference 

from the implementation of thin film SAW (TF-SAW) devices to BAW devices. This transition 

is driven by the need for enhanced performance at higher operating frequencies. For a more 

detailed understanding of the technology crossover in mobile commercial applications, Figure 

1.18 provides a comprehensive depiction. This graph illustrates the general landscape of mobile 

commercial applications and highlights the points of transition as SAW technology evolves into 

temperature compensated SAW (TC-SAW) technology and eventually progresses towards 

BAW devices [40]. This visual representation offers valuable insights into the specific areas 

where different technologies find their optimal use within the mobile application space. 

Over time, Surface Acoustic Wave (SAW) technology has proven to be highly effective 

in delivering RF filters with compact sizes and cost-efficient manufacturing processes. It has 

been widely adopted due to its reliable performance and decreasing cost structure. However, as 

the demand for higher frequencies in mobile handsets has grown, conventional SAW structures 

face limitations in meeting these increased requirements.  

 
FIGURE 1.18. MOBILE COMMERCIAL APPLICATIONS MAPPED TO SAW, TEMPERATURE COMPENSATED 

SAW AND BAW TECHNOLOGIES [40]. 

 

To address these challenges, Bulk Acoustic Wave (BAW) devices have emerged as a 

viable solution. BAW devices offer the capability to operate at frequencies starting from 1.8 

GHz and above, effectively surpassing the limitations of conventional SAW technology. 

Additionally, BAW technology shows promise in terms of achieving a low-cost structure that 

can compete with SAW devices, thus further enhancing its attractiveness [40]. 
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The integration of BAW devices in RF filters for higher handset frequencies not only 

enables improved performance but also indicates the potential for cost-effective solutions. As 

a result, BAW technology has gained traction in the industry as a viable alternative to address 

the evolving demands of high-frequency applications in mobile communication systems. 
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1.3 Thin film elaboration techniques  

1.3.1 Thin film requirements 

The growth of homogeneous stoichiometric crystals poses significant challenges, which 

have been addressed by employing a modified Czochralski method in a Li2O-rich atmosphere 

[44]. Consequently, the production of LiNbO3 stoichiometric crystals is costly and their 

availability remains highly limited. In order to ensure high performance when applying thin 

films of LiNbO3 in electrically active acoustic and optical devices, several specific requirements 

must be met, as indicated by reference [45]: 

● Well Crystallized Films: The thin films should exhibit a well-developed crystalline 

structure to achieve the desired functionality. 

● Pure LiNbO3 Phase: Attaining a pure LiNbO3 phase is essential for optimal performance 

of the thin films. 

● Smooth Surface: The surface of the films needs to be smooth to avoid any adverse 

effects on their optical and electrical properties. 

● Twin-Free and Domain-Free Crystals: High-quality thin films necessitate the absence 

of crystal twins and domains. 

● High Texture Quality: The thin films should possess a high-quality texture to ensure 

proper alignment of the crystal lattice. 

Epitaxy refers to the growth of a crystal on a crystalline substrate in a manner where the 

orientations of the two crystals exhibit a specific relationship defined by the interface between 

them. This results in a distinctive relationship between the lattice and lattice parameters of the 

substrate and the deposited film. A thin film is considered to be coherently strained to the 

substrate when it adopts the same in-plane lattice parameters as the substrate throughout its 

thickness. In simpler terms, one can envision this as the film being subjected to biaxial strain. 

While these are general examples, other forms of epitaxy are also possible. By using different 

substrate orientations, it becomes possible to control the surface orientation of the film [46]. 

The crystallinity of the grown films depends on the temperature and is influenced by 

various factors [45]: 
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● Growth Method: The specific technique employed for thin film growth significantly 

impacts the resulting crystallinity. 

● Geometry of the Growth Chamber: The design and configuration of the growth chamber 

play a crucial role in the crystallization process and subsequent film quality. 

● Energy of Adatoms: The energy level of the adatoms, which deposit on the film surface 

during growth, affects the crystallization outcome. 

● Substrate Surface: The quality, crystallinity, and energy of the substrate surface are 

critical factors influencing the crystallization process of the thin films. 

Epitaxial growth, which requires high surface mobility of adatoms, necessitates 

significantly higher temperatures compared to those utilized for crystallization of amorphous 

layers or the growth of mono- and polycrystalline films [44]. 

In cases where the lattice mismatch between the film and substrate is significant, 

partially or fully relaxed films can be achieved. In such instances, above a certain critical 

thickness, the film adopts the energetically preferred lattice parameters of the bulk material. 

This relaxation occurs due to the formation of dislocations at the interface between the film and 

substrate. Strain and surface orientation are crucial factors in controlling ferroelectric thin films. 

However, epitaxial deposition techniques are also associated with high quality, enabling precise 

control over thickness and layering. This allows for the production of heterostructures and 

superlattices, where atomic-scale control is achievable with great precision [46]. 

1.3.2 Transfer techniques 

To create heterogeneous thin film systems by combining multiple materials, techniques 

such as transfer, wafer bonding, and silicon-based methods are employed [47] - [48]. For 

silicon-based microelectromechanical system (MEMS) packaging, wafer bonding is a common 

choice [47], [49]. This involves joining wafers directly or with minimal pressure, electric fields, 

or intermediate layers, meeting the stringent demands of MEMS devices for airtightness and 

bonding strength [47].  

Smart CutTM technology (Soitec, Bernin, France) is widely used for the fabrication of 

high-quality single-crystal thin film onto different substrates [47], [50]. The standard Smart Cut 

process for the thin film fabrication is shown in Figure 1.19. The first step in it is the oxidation 

of the surface. Then, by application of hydrogen ion (H+), a destroyed layer on the subsurface 

implantation is created. With the help of the control of the implantation energy of the H+ ions 
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thickness of the layer is determined. After that, the oxidized wafers are bonded together (active 

bonding).  Finally, an annealing process is performed, and, depending on the material, the 

annealing temperature differs a lot [47]. Important to mention is that the donor wafers and 

substrates can be refreshed and reused after each layer transfer operation [47].  

 
FIGURE 1.19. FLOW CHART OF THE SMART CUTTM PROCESS FOR THE THIN-FILM TRANSFER [47]. 

 

Piezoelectric on insulator (POI), or in our case, lithium niobate on insulator (LNOI) are 

sub-micron thick, single-crystalline LiNbO3 films that stand on top of a transparent and lower 

refractive index substrate, typically silica (SiO2) [51]. The LNOI wafers are fabricated using an 

ion-slicing process, similar to Smart CutTM, shown in Figure 1.20 [51]. Same, as in Smart 

CutTM, He+ ions are implanted into a bulk LiNbO3, to create a damaged layer (Figure 1.20, a). 

Then the ion-implanted lithium niobate is then flipped over and bonded to the substrate (Si, 

SiO2, Al2O3, etc.) (Figure 1.20, b). After that, the bonded substrates are subsequently annealed 

to thermally induce stress in the damaged layer, resulting in the splitting of bulk LiNbO3 at the 

damaged layer (Figure 1.20, c).  Finally, polishing to remove the residual damage layer and to 

create a smooth surface is done (Figure 1.20, d) [51].   
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FIGURE 1.20. SCHEMATIC OF LNOI (POI) WAFER PRODUCTION [51]. 

 

Nowadays, LNOI wafers are commercially available in sizes up to 4 inches, with 

different choices of crystal orientations and bottom handles (with silicon or quartz substrates, 

pre-embedded bottom metal electrode layers, etc.). There are two major choices of LiNbO3 

crystal orientations – z-cut and x-cut, but other ones are also available [51].  Smart-cut 

technique allows bonding LiNbO3 to metal electrodes or various other materials, harnessing its 

piezoelectric properties to enable lower voltage and lower loss operation. However, it still 

requires a significant minimum thickness (>300 nm) for successful implementation [25], [52]. 

During wafer bonding and the transfer of thin films, the thickness of the transferred film is 

typically limited to a few microns. This limitation arises from constraints in implant energies, 

which can cause damage due to straggle effects. Consequently, treatments are necessary to 

address the resulting rough surface [53]. High-temperature thermal annealing is often employed 

to restore the optoelectrical properties of the transferred film. This process helps mitigate the 

damage and optimize the overall performance of the thin film [25], [53]. 

Smart-cut LiNbO3 technology offers comparable wafer quality to bulk LN. However, 

the available thickness range may not be ideal for efficient light coupling between the chip and 

external components such as large core fibers or nanoscale integrated optics [25]. To address 

this limitation, researchers have made significant progress in directly etching LN to fabricate 

compact optical devices. By utilizing a dry etch process to pattern a 600 nm smart-cut film, 

they have achieved a thin LN slab with a thickness of 250 nm, demonstrating optical 

propagation losses as low as 0.027 dB/cm [54]. 
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1.3.3 Chemical Vapor Deposition and MOCVD 

Chemical vapor deposition (CVD) encompasses diverse techniques involving the 

deposition of solid substances from vapor phases via chemical reactions near heated surfaces 

[55]. In each CVD process, a key step is introducing gaseous reactants into a reactor. Within, 

these reactants chemically transform on or near a heated substrate, converting gaseous reactants 

into solid material while generating gaseous byproducts [55].  

Successful growth of single crystal films of LiNbO3 on LiTaO3 substrates with a (1 0 0) 

orientation using chemical vapor deposition (CVD) was achieved. The volatile complex of Li 

with 2,2,6,6-tetramethylheptane-3,5-dione served as the lithium source, while Nb 

pentamethylate was utilized as the niobium source. Deposition occurred at 450°C, with an argon 

carrier gas and oxygen (O2) used to oxidize the organometallic compounds. Subsequently, the 

layer was heated at 1000°C in an oxygen atmosphere to convert it into a single crystal of 

LiNbO3. The resulting structure served as an optical waveguide, but it exhibited high losses of 

approximately 40 dB/cm [56]. Another approach is direct liquid injection CVD, which involves 

injecting liquid precursors into a vaporization chamber equipped with injectors (similar to car 

injectors). The resulting precursor vapors are then transported to the substrate, following a 

similar mechanism as traditional CVD processes. Microwave-assisted CVD utilizes microwave 

energy to enhance the chemical reaction rates of the precursors, allowing for deposition at lower 

temperatures. Remote plasma-assisted CVD employs a plasma to accelerate chemical reactions 

of the precursors, enabling deposition at even lower temperatures [55]. 

Metal-organic chemical vapor deposition (MOCVD) processes involve both the 

chemical decomposition of precursor gases and the vaporization of a solid source. This 

technique is commonly used for depositing thin films of materials, especially semiconductors, 

and is widely employed in the production of electronic devices [55].  In a simplified explanation 

of the MOCVD growth process, two primary steps emerge. The initial step entails transporting 

molecules to the gas-solid interface. The subsequent step involves reactions at or near the 

interface, resulting in the creation of crystalline materiall [57].  

Wernberg and co-researchers employed metalorganic chemical vapor deposition 

(MOCVD) to deposit lithium niobate thin films on (0001) sapphire substrates. They combined 

lithium dipivaloylmethane and niobium ethoxide to create a single-source precursor. This 

approach yielded films with a c-axis orientation, transparency, and a specular appearance. 

However, film smoothness was an issue observed during their study [58]. To improve this, they 
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switched from Li-DPM to a different precursor, LiNb(OEt)6 [59]. This change reduced ligand-

exchange reactions, enhancing X-ray diffraction (XRD) rocking curve quality in single-crystal 

films, notably lowering the full width at half maximum (FWHM) to 1368 arcseconds. This 

indicates better crystalline quality, and the new precursor also led to a minimal twinning rate of 

around 1%, underscoring film quality  [59]. 

 

 
FIGURE 1.21. A PSEUDO-PHASE DIAGRAM VARYING THE LI AND NB COMPOSITION WITH GROWTH 

TEMPERATURE THAT SHOWS GROWTH WINDOWS FOR SINGLE AND MULTIPLE PHASE LINBO3 EPITAXY 

VIA MOCVD BY AKIYAMA ET AL. [60]. 

 

Feigelson et al. followed a similar approach in their study, using a mixture of Li(THD) 

and Nb(THD)4 in varying proportions for lithium niobate growth experiments. Their single-

phase films with a c-axis orientation demonstrated remarkable outcomes, featuring a full width 

at half maximum (FWHM) of 156 arcseconds on Al2O3 substrates and 36 arcseconds on LiTaO3 

substrates, underscoring excellent crystalline quality [61], [62]. Furthermore, Feigelson et al. 

noted intriguing differences based on substrate choice. When growing LiNbO3 on LiTaO3 

substrates, they observed no twinning, suggesting a favorable epitaxial relationship between the 

film and substrate [62]. Conversely, sapphire substrates led to twinning in LiNbO3 films, which 

could be mitigated through high-temperature annealing [61], [63]. 

Akiyama and colleagues (referred to as Akiyama et al.) effectively regulated Li and Nb 

composition in their growth experiments by precisely managing precursor material flow. They 

also investigated the impact of substrate temperature on the Li-to-Nb ratio to find a growth 

window for single-phase LiNbO3 film formation, shown in Figure 21. However, they observed 
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polycrystals within the epitaxial film during their study. [60].  Ongoing research focuses on the 

epitaxial growth of high-quality lithium niobate through metalorganic chemical vapor 

deposition (MOCVD). Recently, novel techniques like direct liquid injection MOCVD have 

been developed as alternative approaches in this area of study [64].  

1.3.4 Atomic Layer Deposition 

Atomic layer deposition (ALD) is an advanced technique used for depositing ultra-thin 

films on an industrial scale, providing precise control over film thickness and composition [65]. 

This deposition process involves the sequential injection of two or more precursors into a 

chamber containing a substrate, which is maintained at specific temperature and pressure 

conditions. Through a series of alternating reactions, these precursors chemically react on the 

substrate's surface, enabling the layer-by-layer deposition of materials [66], [67]. While ALD 

shares some similarities with chemical vapor deposition (CVD), the key distinction lies in the 

pulsing sequence of the precursors. Unlike CVD, where precursors are pumped simultaneously, 

ALD employs sequential pulsing, allowing precise control over the deposition process [54]. 

ALD has several advantages over other thin film deposition techniques, including the ability to 

produce high-quality ultra-thin films even at low temperatures, the flexibility to control the 

deposition process based on specific requirements, and the precise control of film thickness. 

However, ALD can be time-consuming and relatively high in terms of material and energy 

consumption [67].  

Wang et al. used ALD to deposit thin films of lithium niobium oxide (LNO) with a 

Li/Nb subcycle ratio of 1:4. The resulting films had a remarkable Li+ conductivity at room 

temperature, making them promising candidates for solid-state electrolytes and materials for 

interfacial engineering [68]. Furthermore, Østreng et al. used ALD to deposit epitaxial thin 

films of ferroelectric LiNbO3 on Al2O3 substrates. The process required more than 600 cycles 

to achieve a thickness of 190nm, but the resulting films displayed a pronounced inclination to 

arrange themselves in an epitaxial manner when grown on substrates like LaAlO3 and Al2O3 

[69]. In another study conducted by Atosuo et al., a combination of ALD and solid-state 

reactions (transformations caused by subsequent annealing) to produce high-quality films of 

LiNbO3 that possessed crystalline structures and were close to being stoichiometric [70].  
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1.3.5 Liquid Phase Epitaxy 

Liquid phase epitaxy (LPE) involves depositing a thin, single-crystalline layer with the 

same structure as the substrate using a liquid phase, like a solution or melt [71]. LPE aims to 

grow a crystalline layer identical to the substrate's structure, leading to highly ordered and 

structurally coherent layers that integrate seamlessly with the substrate crystal [71] , [72].  

LPE is often carried out using a solution as the liquid phase, offering advantages over melts: 

● Achieving epitaxy at lower temperatures, reducing energy needs and facilitating growth. 

● Precise control over the amount of crystalline phase grown or dissolved, allowing fine-

tuning of layer thickness and composition. 

● Reduced defect densities in layers grown from solutions, leading to improved 

crystallization and structural integrity [71]- [72]. 

Susumu Kondo et al. presented their preliminary findings on growing single-crystal 

LiNbO3 thin films using the liquid-phase epitaxy (LPE) technique back in 1975 [73]. They 

found that LiV03 is an effective flux material for LPE growth, achieving epitaxial thin films (3-

6 μm thick) on a LiTaO3 substrate [73]. In their study, Ballman et al. examined various 

crystallographic orientations and employed an annealing process to improve film quality, 

resulting in smoother films. Moreover, they successfully demonstrated optical waveguiding in 

LPE-produced LiNbO3 films, with minimal optical losses of 1–5 dB/cm at a wavelength of 

632.8 nm [74]. In 1991, Tamada et al. utilized the Li2O-V2O5 flux system to grow thin films on 

MgO-doped LiNbO3 substrates with a slight lattice mismatch (0.08%). They achieved high-

quality films, as indicated by an XRD rocking curve of 11 arcseconds [75].  By employing 

liquid phase epitaxy with K2O flux and introducing Yb and Zn dopants, Yi Lu et al. have 

successfully grown single crystal thin films of LiNbO3 on LiNbO3 substrates [76].  

In the process of obtaining lithium niobate films on pure congruent single-domain 

LiNbO3 substrates (homoepitaxial growth), the liquid phase epitaxy technique has been 

employed. To facilitate the growth of these films, a Li-rich flux containing LiVO3 has been 

utilized [77]. Through experimental investigations, it has been determined that the optimal 

temperature for film preparation is 860°C [77]. 
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1.3.6 Physical Vapor Deposition Processes 

Physical vapor deposition techniques involve depositing material at an atomic or 

molecular level by vaporizing it from a solid or liquid source. This vaporized material is then 

transported through a vacuum or low-pressure gas or plasma environment to a substrate, where 

it condenses and forms a film. Usually, PVD processes are employed to create films with 

thicknesses ranging from a few nanometers to thousands of nanometers. However, they can 

also be utilized to produce multilayer coatings, deposits with graded compositions, thick 

deposits, and even standalone structures. The deposition rates typically observed in PVD range 

from 10 to 100Å (1 to 10 nanometers) per second [78].  

Vacuum deposition, a type of physical vapor deposition (PVD), involves vaporizing 

material from a thermal source and directing it to the substrate without interacting much with 

gas molecules between them. Material travels in a "line of sight" from source to substrate. The 

vacuum environment reduces gas contamination, maintaining low impurity levels in the 

deposition system [78]. Sensor structures for hydrogen gas sensing applications were 

investigated by Jakubik using LiNbO3 as a substrate: a single thin film structure consisting of 

WO3 were deposited sequentially onto a LiNbO3 Y-cut substrate using vacuum deposition 

techniques [79]. 

Arc vapor deposition is a physical vapor deposition (PVD) technique that involves the 

use of a high current and low voltage arc to vaporize a cathodic electrode (cathodic arc) or an 

anodic electrode (anodic arc). The vaporized material is then deposited onto a substrate. In this 

process, the vaporized material is highly ionized. To enhance the deposition, the substrate is 

typically biased, meaning it is given an electric potential that accelerates the ions (referred to 

as "film ions") towards the substrate surface [78]. 

Ion plating, also known as ion-assisted deposition (IAD) or ion vapor deposition (IVD), 

involves the simultaneous or periodic bombardment of the film being deposited with atomic-

sized energetic particles. This bombardment is employed to modify and control the properties 

of the deposited film. In ion plating, several processing variables are crucial, including the 

energy, flux, and mass of the bombarding particles, as well as the ratio of bombarding particles 

to depositing particles [78]. The ion plating method was utilized to grow LiNbO3 epitaxial 

layers on various substrates, including Al2O3, MgO (111), and ZnO (001) [80]. It was found 

that LiNbO3 films tend to align with their c-axis perpendicular to the smooth surface of the 

substrate [80]. 
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Sputter deposition, a physical vapor deposition (PVD) technique, involves releasing 

particles from a surface (the "target") through physical sputtering. This process ejects surface 

atoms from a solid due to momentum transfer from high-energy particles, usually gaseous ions 

accelerated from a plasma [78]. The sputter deposition process can be carried out in a vacuum 

or in a low-pressure plasma. In a vacuum, the sputtered particles are not slowed down by 

collisions with gas molecules, so they arrive at the substrate with a high energy. This can result 

in the formation of a dense, uniform film. In a low-pressure plasma, the sputtered particles 

collide with gas molecules before they reach the substrate. This can help to thermalize the 

particles, resulting in a less dense and more uniform film. The sputtering source can be any 

material that can be vaporized by the energetic particles [78]. 

In 1974, Takada et al. accomplished the growth of a LiNbO3 film onto a sapphire 

substrate using sputtering techniques [81]. Notably, they demonstrated the propagation of light 

within the epitaxially grown film, which exhibited a c-axis orientation [81]. Hewig et al. 

conducted a research investigation focused on the deposition of LiNbO3 films onto amorphous 

and single-crystal substrates. The resultant film displayed a polycrystalline structure, 

characterized by a predominant orientation along the (0 1 2) direction [82].  

In the pursuit of achieving monocrystalline LiNbO3, Meek et al. during their 

experimental endeavors, made two significant findings [83]. Firstly, they discovered that all 

films sputtered from a stoichiometric target exhibited a deficiency of lithium. Secondly, they 

found that a secondary source rich in lithium, or a Li-rich source, could be utilized to 

compensate for the lithium deficiency in the films [83]. Fujimura et al. demonstrated the 

successful fabrication of high-quality c-axis epitaxial films on sapphire substrates using this 

approach. These films exhibited the absence of measurable rotational domains, although they 

did exhibit twinned domains [84]. Through the use of sintered targets, Shimizu et al. achieved 

the production of monocrystalline LiNbO3 films on different crystallographic orientations of 

Al2O3 and LiTaO3 substrates [85]. Additionally, they successfully obtained c-axis oriented 

films on amorphous substrates by employing ZnO (0 0 1) and Pt (1 1 1) buffer layers [85]. 
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1.3.6.1 Pulsed Laser Deposition 

Pulsed Laser Deposition (PLD), also referred to as laser vaporization or laser ablation, 

is a physical vapor deposition technique that takes place within a vacuum system. This 

technology involves the use of a pulsed laser that is precisely focused onto a target consisting 

of the desired deposition material. The high energy density of the laser causes vaporization or 

ablation of a small amount of material with each laser pulse, generating a plasma plume [86]. 

Despite its origins in the late 1980s, the technique of Pulsed Laser Deposition (PLD) 

has undergone substantial advancements and has become extensively adopted as a deposition 

method for film fabrication. Notably, PLD has found significant application in oxide research, 

where its distinctive characteristics are most prominently observed [87]. The initial trials of 

laser deposition were conducted during the 1960s, and although there were limited efforts in 

the following decades of the 1970s and 1980s, the technique did not gain significant recognition 

until pulsed-laser deposition emerged as a prominent method for growing oxide films. This 

recognition came about due to its successful application in the in situ epitaxial growth of high-

temperature superconducting films, leading to widespread attention and subsequent 

developmental efforts [88]. 

 

 
FIGURE 1.22. SCHEMATIC DIAGRAM OF THE PLD PROCESS. 

 

Within the context of PLD, as illustrated in Figure 1.22, the process involves the precise 

focusing of a pulsed laser onto a target composed of the desired deposition material. When the 

laser energy density reaches a sufficiently high level, each laser pulse causes vaporization or 

ablation of a small quantity of the material, thereby generating a plasma plume. The ablated 

material is ejected from the target in a predominantly forward-directed plume. This ablation 

plume serves as the source of material flux for the growth of the deposited film [86]. 
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A key and advantageous feature of Pulsed Laser Deposition (PLD) is its capability to 

achieve stoichiometric transfer of ablated material from multication targets for a wide range of 

materials. This ability stems from the non-equilibrium nature of the ablation process, which 

occurs when a small volume of material absorbs high laser energy density [86].  

Pulsed laser deposition (PLD) offers several advantageous features for the growth of complex 

material films. These features include: 

● Stoichiometric Transfer: PLD can facilitate the transfer of material from the target in a 

stoichiometric manner, preserving the desired chemical composition of the film. 

However, mass differences between ablated species (target elements) can lead to 

stoichiometry changes as the ablated material interacts with the background gas in the 

deposition chamber on the way to the substrate. 

● Generation of Energetic Species: PLD can generate energetic species during the ablation 

process, which promotes efficient film growth and enables the deposition of high-

quality films. However, the energy of particles reaching the substrate is directly tied to 

pressure and varies based on laser fluence. 

● Hyperthermal Reaction: In the ablation plasma, there is a hyperthermal reaction 

between the ablated cations and the background gas, facilitating various chemical 

processes that contribute to the film growth. 

● Compatibility with Pressure Range: PLD can be performed under a wide range of 

background pressures, from ultrahigh vacuum (UHV) conditions to 1 Torr, allowing 

flexibility in experimental setups [86]. 

Multication films can be deposited using PLD by employing either single, 

stoichiometric targets of the desired material or multiple targets for each element. However, it 

should be noted that the thickness distribution from a stationary plume in PLD is typically 

nonuniform, as the ablation plume exhibits a highly forward-directed nature. Nevertheless, 

uniform film coverage over large areas can be achieved by raster scanning the ablation beam 

over the target and/or by rotating the substrate, thereby compensating for the nonuniform 

deposition characteristics of the plume. 

Achieving the growth of complex oxides necessitates the precise delivery of a growth 

flux with the accurate stoichiometry within an oxidizing environment that promotes the desired 

phase formation. The application of pulsed laser deposition has proven effective in reproducing 

the target stoichiometry for various multication oxides, highlighting its utility in this context. It 

is important to acknowledge that the mentioned outcome was achieved through the 
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implementation of a combinatorial synthesis approach. This approach involves simultaneously 

exploring multiple process parameters, such as composition and temperature, using 

combinatorial arrays or compositional spread techniques. Pulsed laser deposition has 

demonstrated its seamless adaptability to combinatorial techniques for thin-film research. The 

capability to grow epitaxial multication complex inorganic thin films has been and remains a 

significant advantage of pulsed laser deposition, contributing to its effectiveness and enabling 

its continued success [86]. 

1.3.6.2 Impact of Physical Parameters on the Film Growth 

By carefully adjusting the experimental parameters, it is possible to exert a certain degree 

of control over the material properties in PLD. This control encompasses the ability to 

manipulate the composition of the deposited material, as well as influence crystallographic 

characteristics such as crystal orientation. Furthermore, it allows for the manipulation of 

morphological features, including the degree of crystallinity, texture, and average grain size of 

the deposited film [89], [90].  

 
FIGURE 23. SCHEMATIC REPRESENTATION OF MAIN PARAMETERS IN PULSED LASER DEPOSITION. 

 

The precise control over these properties is achieved through the strategic selection and 

optimization of the PLD process parameters (Figure 1.23), which include: 

● laser fluence, which represents the energy per unit area delivered by the laser,  

● background gas composition and pressure within the deposition chamber,  

● the distance between the target and substrate,  

● deposition temperature,  

● the properties of the substrate itself, 

● the interaction between material of the layer deposited and substrate [89], [90]. 
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While the basic concept of PLD appears straightforward, the actual process is 

remarkably complex. The stages of ablation, plume expansion, and film deposition often 

overlap and are intricately interconnected. Moreover, the PLD process involves numerous 

deposition parameters that can be adjusted, and these parameters have direct consequences on 

the properties of the resulting thin films [89], [90]. 

 
FIGURE 24. DIAGRAM ILLUSTRATING THE STRESS INDUCED BY THE PLUME IN FILMS DEPOSITED BY 

PLD. 

 

In the process of pulsed laser deposition, the kinetic energies of ions and neutral species 

within the ablation plume can span a wide range, from a few tenths to several hundred electron 

volts. These energies are significant enough to induce modifications in the stress state of the 

deposited films through the formation of defects, as observed in ion-beam-assisted techniques. 

One of the primary outcomes of allowing deposition from an unabated energetic plume is the 

introduction of compressive stress in the films. The compressive stress originates from 

subsurface damage caused by the impact of energetic species, schematically illustrated in 

Figure 1.24 [86]. The control of kinetic energy in arriving species is crucial for achieving 

desired film growth, and this control can be attained by adjusting the laser fluence (energy level 
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at which the species are expelled from the target) and the background gas pressure (serves as a 

counteracting force impeding plasma expansion) [89]. 

One potential concern associated with pulsed laser deposition (PLD) is the expulsion of 

micron-sized particles during the ablation process. This phenomenon is commonly observed 

when the laser pulse penetrates deeply into the target material. If these particles are deposited 

onto the substrate, they can cause significant issues in the formation of multilayer device 

structures. To mitigate this problem, the use of highly dense ablation targets and laser 

wavelengths that are strongly absorbed by the target material is recommended. These measures 

tend to reduce or eliminate the formation of particles, thereby improving the quality of the 

deposited films and ensuring better formation of multilayer device structures. In addition to the 

particles that are expelled from the ablation targets, the presence of nanoparticles in the gas 

phase can be observed when the background pressure reaches a sufficiently high level, allowing 

for heterogeneous particle nucleation. These nanoparticles have the potential to become 

embedded within the deposited film [86]. 

In the case of oxide materials, the energetic cations bombarding the surface can 

selectively dislodge or sputter oxygen atoms, causing the deposited films to have an oxygen 

deficiency. The kinetic energy of the ablated species is primarily determined by the laser energy 

and gas-phase collisions. However, this issue can be mitigated by introducing a background gas 

during the deposition process. The presence of a background gas helps to thermalize the plume, 

reducing the kinetic energy of the ablated species and preventing the preferential sputtering of 

oxygen atoms. As a result, the use of a background gas is generally effective in addressing this 

problem and promoting the deposition of films with the desired oxygen content [86]. 

In laser ablation, it is important to note that each individual ablation pulse generally 

supplies enough material to deposit only a submonolayer of the desired phase. The actual 

amount of film growth per laser pulse is influenced by various factors, including the distance 

between the target and substrate (target-substrate separation), the pressure of the background 

gas, the size of the laser spot, and the energy density of the laser. These parameters collectively 

determine the quantity of material transferred from the target to the substrate during each laser 

pulse. At lower laser fluence and/or low absorption at the laser wavelength, the laser pulse 

primarily heats the target, causing the evaporation of target species through thermal processes. 

In this case, the evaporation rate from a multicomponent target is determined by the vapor 

pressures of the constituent materials [86]. However, as the laser fluence increases, an ablation 

threshold is reached, where the laser energy absorption surpasses the threshold required for 
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simple evaporation. The ablation threshold depends on the absorption coefficient of the material 

and varies with the laser wavelength [86].  

At higher fluences, the absorbed laser energy leads to the formation of a plasma at the 

target surface, rather than relying solely on vapor pressures for material ejection. This occurs 

when high-energy densities are absorbed by a small volume of material, enabling vaporization 

that is not dependent on the vapor pressures of the constituent cations [86]. This phenomenon 

allows for the stoichiometric transfer of material from multication targets in pulsed laser 

deposition (PLD) [86].  The laser fluence, representing the energy of the laser per unit area, 

directly affects the kinetic energy of the species expelled from the target and their expansion 

toward the substrate. It also influences the expansion profile of the ablation plume [89]. To 

achieve successful ablation, the fluence must exceed the target's ablation threshold, which is 

the minimum energy required to eject species from the target [86]. The absorption coefficient 

determines the volume within the target where the laser energy is absorbed, converting photon 

energy into thermal energy [89]. By adjusting the fluence, the plasma temperature and kinetic 

energies can be controlled [91]. Increasing the fluence in PLD leads to the generation of denser 

plasma plumes during the ablation process [89]. A dense plasma plume is characterized by a 

higher concentration of energetic electrons in its vicinity. This elevated electron density 

promotes the ionization of neutral species and increases collision frequency within the plasma. 

These collisions play a significant role in film growth by facilitating species interactions, 

nucleation, and growth processes, ultimately influencing the morphology and properties of the 

deposited film [89]. 

In a study conducted by Z. Vakulov et al., it was discovered that the nucleation process 

could be controlled by varying the laser pulse repetition frequency [91]. At a repetition 

frequency of 4 Hz, the resulting film exhibited a structure composed of local islands and clusters 

with an average diameter of 118.1 ± 5.9 nm. On the other hand, when the repetition frequency 

was increased to 10 Hz, nanocrystalline films with a continuous granular structure were 

obtained, characterized by grains with an average diameter of 235 ± 11.75 nm (which was twice 

bigger) [91].   

The introduction of a background gas in pulsed laser deposition (PLD) serves two 

primary purposes. Firstly, for the formation of multication thin-film materials, a reactive species 

are often required as part of the deposition flux. These reactive species, such as molecular 

oxygen (O2) for oxide films, are necessary for phase formation based on the thermodynamic 

stability of the desired phase. The interaction between the ablated species and the background 
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gas leads to the production of molecular species in the ablation plume, facilitating the formation 

of multication phases during film growth. Secondly, the background gas is utilized to reduce 

the kinetic energies of the ablated species. By adjusting the pressure of the background gas, 

control over the energetic nature of the ablation plume can be achieved, promoting better 

control over the film growth process and enhancing film quality [86].  The two predominant 

background gases used in this context are argon (Ar) and molecular oxygen (O2). These gases 

assist in the expansion of the ablation plume by participating in momentum transfer with the 

ablated species. This phenomenon reduces the kinetic energy of the species and decreases their 

average distance traveled between collisions (mean free path) [89]. The inclusion of an O2 

background gas creates a highly reactive environment localized at the substrate surface, 

facilitating the growth of reactive films [89], [90]. Additionally, Li ions located in the front part 

of the ablation plume undergo additional excitations due to collisions, influencing the film 

growth process [92]. 

Modifying the distance between the target and substrate, referred to as the target-

substrate (TS) distance, has a direct impact on the mass ratio of the species reaching the 

substrate. By reducing the TS distance, the transfer of momentum from the background gas 

diminishes. Consequently, the average kinetic energy of the plasma species increases, which 

exacerbates the undesirable rebound effect. Conversely, increasing the TS distance results in a 

greater number of scattering events involving both light and heavy species. This allows the 

species to approach the substrate at a nearly congruent level. Importantly, the TS distance plays 

a role in determining the number of collisions the species will encounter, thereby influencing 

their oxidation states. In fact, adjusting the TS distance provides sufficient time for the species 

to undergo complete oxidation) [89], [93]. However, it should be noted that if the distance 

between the target and substrate becomes excessively large, the quantity of species reaching 

the substrate experiences a decrease [90]. As a result, the equilibrium between achieving 

congruent species transfer and maintaining a satisfactory deposition rate is influenced by the 

modification of the target-substrate distance. 

The selection of the target material in pulsed laser deposition plays a crucial role in 

determining the properties of the deposited films, including particulate density, epitaxy, phase 

formation, and deposition rate. A key requirement for successful ablation is choosing a target 

material with a high optical absorption coefficient at the specific laser wavelength being used. 

The phase of the target material does not necessarily have to match the desired film phase. 

Instead, it is the cation stoichiometry that needs to be identical to that of the films, assuming 
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stoichiometric transfer and minimal evaporation from the film surface. By ensuring the 

appropriate cation stoichiometry in the target material, the desired film composition can be 

achieved during deposition through the process of stoichiometric transfer from the target to the 

substrate surface. This allows for the precise control of film composition and facilitates the 

growth of high-quality films with the desired properties [86]. 

In general, two distinct types of substrates are commonly utilized: polycrystalline and 

single crystals. When a non-textured polycrystalline substrate is employed, it typically results 

in a polycrystalline film with multiple orientations. In contrast, the use of an oriented single 

crystal substrate enables the growth of an epitaxial thin film. Epitaxial growth occurs when the 

substrate possesses a crystal lattice that matches the lattice of the film to be deposited. However, 

in the case of a single crystal substrate, a mismatch between the crystal lattices of the substrate 

and the deposited film can give rise to strain and stresses in the film and the growth of a 

polycrystalline film [89]. Once the ablated species reach the substrate, several processes can 

occur, including re-evaporation, cluster nucleation, or trapping of the species at defects. The 

mobility of atoms on the substrate surface is influenced by the temperature, which corresponds 

to the energy transferred to the atoms. Higher temperatures promote greater surface mobility of 

atoms, leading to the formation of crystalline films with fewer defects and reduced stresses in 

the crystal lattice. This improvement in crystalline properties is attributed to the enhanced 

atomic movement and the ability of atoms to rearrange themselves more effectively at higher 

temperatures [89], [94]. 

The utilization of compliant substrates in heteroepitaxial growth has garnered 

significant interest due to its potential in addressing challenges associated with the growth of 

pseudomorphic heterostructures involving materials with lattice mismatch. The fundamental 

concept revolves around employing a thin seed layer that acts as a flexible membrane, capable 

of absorbing the strain energy generated by a thick deposited layer with a mismatched lattice. 

This approach aims to prevent the formation of structural defects within the deposited layer, 

allowing for the growth of high-quality epitaxial films despite the lattice mismatch between the 

materials involved. By carefully selecting and engineering compliant substrates, it becomes 

possible to achieve desirable epitaxial growth conditions and mitigate the negative effects of 

lattice mismatch, enabling the fabrication of functional heterostructures with improved 

structural integrity [72], [86]. 
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1.3.6.3 Lithium Niobate by Pulsed Laser Deposition 

The groundbreaking work by Ogale et al. in 1992 introduced several significant 

advancements in the field of pulsed laser deposition for the growth of stoichiometric LiNbO3 

films [95]. They utilized an excimer laser to ablate a stoichiometric LiNbO3 sintered target and 

deposited the films onto (1 0 0) Si substrates, resulting in stoichiometric films. This pioneering 

work also involved the use of a mixed gas ambient consisting of argon and oxygen during the 

PLD process, which was the first instance of conducting PLD in such a mixed environment. By 

optimizing the partial pressure ratios of argon and oxygen, Ogale et al. achieved the growth of 

single-phase LiNbO3 films [95].  However, it should be noted that the films obtained in this 

study were polycrystalline. Despite the polycrystalline structure, the successful growth of 

single-phase films demonstrated the effectiveness of the partial pressure optimization in 

promoting the desired phase formation during the deposition process [95]. 

Shortly after Shibata et al. conducted further research on the deposition of LiNbO3 thin 

films using the excimer laser ablation technique using sintered a ceramic target by combining 

Li2CO3 and Nb2O5 powders, allowing them to control the Li:Nb ratio in the target material [96]. 

Shibata et al. focused on the formation of high-quality epitaxial LiNbO3 thin films on sapphire 

substrates (0 0 1) and (1 1 0) [96], [97]. They investigated the influence of several experimental 

parameters on the resulting film quality. These parameters included the Li/Nb ratio in the target 

material, the substrate temperature, and the pressure and composition of the gas used during the 

deposition process [97]. The LiNbO3 films showed alignment with the substrate orientation, 

with a rocking curve FWHM of 612 arcseconds. The sapphire substrates had a relatively poor 

quality, with an FWHM of 540 arcseconds. Despite the substrate limitations, the study 

demonstrated the potential for achieving high-quality (1 1 0) LiNbO3 films and provided 

insights into the influence of various parameters on film quality [97]. 

Efforts to deposit LiNbO3 films using non-Li-enriched targets often resulted in 

undesired characteristics such as polycrystalline structures, twinned films, or films exhibiting 

rotational domains [98], [99]. These observations emphasized the criticality of identifying 

optimal growth conditions for LiNbO3 films through precise control of deposition parameters. 

It became evident that achieving successful LiNbO3 film growth via PLD necessitates fine-

tuning of various factors within a narrow parameter space.  

Kakehi et al. conducted a study focusing on the influence of laser fluence on the 

incorporation of Li into LiNbO3 films [100]. They presented that the interaction between the 
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incident excimer laser and the oxygen and/or a radical source led to the production of oxygen 

radicals. These radicals played a significant role in controlling the Li concentration in the 

deposited films. One of the key effects of the oxygen radicals was the suppression of Li atom 

reevaporation from the film. The oxidization of Li atoms by the oxygen radicals prevented their 

evaporation, thereby influencing the overall Li concentration in the film. This mechanism 

contributed to the successful control of Li incorporation in the deposited films [100]. 

Son et al. performed a comprehensive parametric investigation, exploring the effects of 

deposition geometries (waveguides), ambient pressures, target-to-substrate distance, and excess 

Li in the target [101]. Through their research, the authors were able to identify optimized 

conditions that suppressed the formation of secondary phases in LiNbO3 films during pulsed 

laser deposition [101]. The key finding was the existence of an optimized plume strength, which 

was determined by the position of the substrate relative to the plume. If the substrate was 

positioned too close to the plume center, a Li-deficient phase would mix in the film, while 

positioning the substrate too far from the plume resulted in a Li-excess phase. Two main factors 

were considered to contribute to phase evolution: Li knock-out by the high-energy plume and 

the differential elemental distribution within the plume. However, the latter was considered 

more plausible. By using a Li-enriched target, Son et al. were able to maintain the desired film 

phase while avoiding a significant reduction in plume strength. This allowed them to improve 

the surface scatter characteristics by reducing the grain size through a higher nucleation density 

[101]. In continuation of the previous research, Kilburger et al.  successfully achieved the 

epitaxial growth of single-phase (0 0 1) LiNbO3  films along the c-axis on Al2O3 substrates 

[102]. The quality of the films was assessed using X-ray diffraction (XRD), and the rocking 

curve full width at half maximum (FWHM) was measured to be 0.35° [102]. 

In recent studies, a nanocomposite seeding method has been utilized to achieve single-

domain LiNbO3 thin films by Paldi et al [103]. This method involves creating a seed layer by 

mixing LN and Au powders prior to the growth process. Epitaxial growth of single-domain 

films was achieved using both stoichiometric and Li-enriched targets. Microstructural analysis 

revealed that the incorporation of Au nanoparticles in the seed layer played a significant role in 

minimizing strain and inhibiting the formation of misfit dislocations, thereby promoting the 

growth of single domains in the films [103]. High-quality Ag–LiNbO3 nanocomposite thin 

films were grown by Huang et al. [104], where Ag nanoparticles were embedded within the 

LiNbO3 matrix. The density and size of the nanoparticles were controlled by adjusting the 

composition of the target material. Notably, the co-deposition of the metal phase Ag and the 
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oxide phase LiNbO3 did not result in any deterioration of crystal quality. The Ag–LiNbO3 

nanocomposite thin films exhibited intriguing optical properties, including surface plasmon 

resonance in the visible range, tunable optical constants, and optical anisotropy [104]. 

1.3.7 Comparison of the growth methods 

The deposition of lithium niobate (LiNbO3) can be achieved through various methods. The 

advantages and disadvantages of these techniques are summarized in Table 1.2, which provides 

a comparison of their key characteristics and considerations. 

 

Technique Advantages Disadvantages 

Chemical 

Vapor 

Deposition 

(CVD) 

- Economically viable and widely 

adopted in industrial applications 

[105]; 

- High-quality layers with well-

defined crystal structures [105]; 

- Rapid deposition rate [105]; 

- Frequently employing hazardous 

precursor materials [105]; 

- Significant stress induced by 

elevated temperatures during 

deposition [105]; 

- Deposition process conducted at 

extremely high temperatures 

(1000°C) [105]; 

Metal-

organic 

chemical 

vapor 

deposition 

(MOCVD) 

- Precise control over stoichiometry, 

crystallinity, and uniformity [106]; 

- Versatile composition control [106]; 

- Capability to coat large surfaces and 

intricate shapes [107]; 

- Expensive, with a high cost 

associated [107]; 

- Usage of extremely hazardous 

precursors [107]; 

 

Atomic layer 

Deposition 

(ALD)  

- Production of high-quality films 

with excellent properties [108]; 

- Achieving uniform thickness over 

large areas [108]; 

- Ability to carry out processing at 

low temperatures [108]; 

- Precise control over the 

stoichiometry of the deposited films 

[108]; 

- Low deposition rate, resulting in 

slow film growth [108]; 

- High material waste rate during 

the deposition process [108]; 

- High energy waste rate due to 

inefficient utilization [108]; 

- Generation of nano-particle 

emissions during deposition [108]; 

Sputtering - Suitable for deposition on substrates 

of any size [105]; 

- Established technique widely used 

in the industry [105]; 

- High deposition rate, enabling 

efficient production [105]; 

- Requires substrate heating and 

can be energetically demanding 

[105]; 

- Challenges in achieving precise 

stoichiometry control [105]; 

- Target erosion can occur during 

the deposition process [105]; 

Liquid Phase 

Epitaxy 

(LPE) 

- High purity of the layers grown 

[109]; 

- low density of defects [109]; 

- low cost of operation [109]; 

- Inconsistent film thickness 

distribution [110]; 

- Irregular and rough surface 

morphology [110]; 
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Molecular 

Beam 

Epitaxy 

(MBE) 

- Epitaxial growth achievable at 

temperatures below 1000°C [105]; 

- Precise control over stoichiometry 

and thickness [105]; 

- High-quality crystalline layers 

obtained [105]; 

- Slow deposition speed [105]; 

- Not suitable for large-scale 

production [105]; 

- Very low pressure during 

deposition [105]; 

Pulsed Laser 

Deposition 

(PLD) 

Stoichiometric transfer of 

composition from target to layer 

[105]; 

Energetically favorable for promoting 

crystallization at low temperatures 

(<500°C) [105]; 

Capability to grow complex materials 

[105]; 

Limited capability for deposition 

on large substrates [105]; 

Formation of droplets and particles, 

often attributed to target erosion 

[105]; 

Limited industrial applicability or 

maturity [105]. 

TABLE 1.2  ADVANTAGES AND DISADVANTAGES OF THE MAIN DEPOSITION TECHNIQUES USED FOR THE 

SYNTHESIS OF THIN LAYERS OF LITHIUM NIOBATE. 
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1.3.8 Reported results 

The fabrication of lithium niobate thin films can be accomplished through diverse 

methodologies, encompassing chemical phase synthesis approaches, physical phase synthesis 

techniques, and epitaxial methods such as Liquid Phase Epitaxy (LPE) and Molecular Beam 

Epitaxy (MBE). 

 

Technique Substrate Crystallinity Rocking curve 

FWHM, ° 

Surface roughness 

RMS, nm 

CVD  

 

Al2O3 (001) [111] 

Si(100) [112] 

Epi: [111] 

Poly: [112] 

0.25 [111] 

3.5 [112] 

10–15 [112] 

MOCVD  Al2O3 (001) [113] 

 

Epi: [113] 

 

0.27 [113] 

 

 

ALD Al2O3 

(001)&(012) [65] 

Epi: [65] 1.05, 2.04 [65] 1.3 [65] 

MBE  Al2O3 [114] 

LiTaO3 [114] 

Epi [114] 0.034 [114] 0.17 [114] 

Sputtering Al2O3 [80], [115] 

MgO (111) [80] 

ZnO (001) [80] 

Si (001)&(111) 

[116] 

Epi [80] 

Poly [116] 

0.38 [115] 

 

2.1 [115] 

10–25 [116] 

PLD 

 

Al2O3 [117] 

Al2O3&ZnO [102] 

SiO2/Si [118] 

 

Epi [117] 

Epi [102] 

Poly [118] 

2 [117] 

0.046 (Al2O3) [102] 

0.35 (ZnO) [102] 

0.21 [118] 

0.52 [117] 

TABLE 1.3 REPORTED RESULTS OF THE MAIN DEPOSITION TECHNIQUES USED FOR THE SYNTHESIS OF 

THIN LAYERS OF LITHIUM NIOBATE. 

 

The majority of thin layers are grown on monocrystalline substrates, such as sapphire 

or LiTaO3, without buffer layers or electrodes. This facilitates growth due to lattice parameter 

agreement and congruent stoichiometry.  While good-quality layers are obtained, the growth 

direction is predominantly (0 0 6), influenced by substrate orientation along the crystal plane 

(0 0 1). PLD yields some of the best results, allowing crystalline deposits at lower temperatures, 

limiting lithium atom diffusion. MBE (Molecular Beam Epitaxy) produces smaller widths at 

half maximum in Rocking Curves. On silicon substrates, layers are polycrystalline or textured 

due to lattice mismatch and significant differences in thermal expansion coefficients (CTE).  
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1.4 Objectives of the PhD 

The focus of this thesis work is situated within the framework of the evolving landscape 

of 5G technology and its consequential impact on the performance dynamics of acoustic filters. 

Notable changes associated with 5G, including heightened bandwidth and increased resonance 

frequency, necessitate a reexamination of acoustic filtering materials. In this context, the 

primary objective is an in-depth investigation into the deposition processes of lithium niobate, 

a piezoelectric material extensively employed in acoustic filtering applications. 

Lithium niobate (LiNbO3) is recognized as a complex material, and its synthesis poses 

inherent challenges. The heightened performance requirements mandated by the advancements 

in 5G technology have profound implications on the physicochemical properties of the 

deposited layers. Through this research, the aim is to unravel the intricate synthesis processes 

of LiNbO3 utilizing Pulsed Laser Deposition, shedding light on the nuanced changes in its 

physicochemical attributes prompted by the heightened performance demands associated with 

5G development. 

In the course of this research, the physicochemical properties of the deposited layers 

will be examined through a set of techniques, encompassing: 

● Study of Morphological Properties:  

o Atomic Force Microscopy (AFM): Utilized for high-resolution imaging and 

topographical analysis at the atomic scale. 

o Piezoresponse force microscopy (PFM): Applied for imaging and manipulation 

of piezoelectric/ferroelectric materials domains. 

o Scanning Electron Microscopy (SEM): Employed to investigate surface 

morphology and obtain detailed three-dimensional images. 

● Study of Structural Properties:  

o X-ray Diffraction (XRD): Applied to characterize crystal structures, offering 

insights into the structural composition of the layers. 

● Study of Chemical Properties: 

o Secondary Ion Mass Spectrometry (SIMS): Utilized to analyze the elemental 

and isotopic composition of the layers through the sputtering and ionization of 

secondary ions. 
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These physicochemical characterization techniques are elucidated in Annex I. The 

collective application of these methods is designed to yield an understanding of the 

morphological, structural, and chemical characteristics of the deposited layers. This analysis 

contributes insights into the behavior of lithium niobate in the context of acoustic filtering 

applications, particularly in response to the evolving demands of 5G technology. 

The heightened performance requirements driven by the development of 5G technology 

entail specific consequences on the physicochemical properties of the layers, necessitating: 

● Crystallization: The layers must exhibit a well-defined crystalline structure to meet the 

performance demands associated with 5G technology. This involves a systematic and 

controlled arrangement of atoms to achieve the desired crystalline form. 

● Epitaxial or Preferentially Textured Growth: Epitaxial growth or preferential texturing 

of the layers is imperative. This implies a highly ordered deposition process where the 

crystallographic orientation of the newly formed layers aligns with that of the substrate, 

ensuring optimal performance in the context of 5G applications. 

● Stoichiometry: Maintaining stoichiometry is crucial for the deposited layers. This 

ensures a balanced ratio of constituent elements, promoting stability and predictable 

performance in acoustic filtering applications within the 5G framework. 

To effectively address the challenges posed by these requirements, various research areas are 

being explored. Each area focuses on specific aspects to optimize the physicochemical 

properties of the layers, ultimately contributing to the successful adaptation of acoustic filters 

to the evolving landscape of 5G technology. 

The Pulsed Laser Deposition technique was implemented using the Solmates 8 in.-

wafer-based SIP800 platform for growth of the thin films of LiNbO3. This platform was chosen 

for its capacity to grow complex materials on large substrates, providing industrial applicability. 

Additionally, previous applications of PLD have demonstrated superior results in terms of film 

quality. 

The initial phase of this research entails the examination of thin lithium niobate layers 

deposited on lithium niobate substrates using PLD. Our investigations span a spectrum of 

substrates, characterized by distinct crystal orientations. The principal aim is to homoepitaxialy 

grow the LiNbO3 films with exert control over the crystalline orientation. The research 

methodology encompasses a study of the physical and chemical properties inherent in the as-

deposited layers. 
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In the subsequent phase of our research, we will delve into the deposition of thin layers 

of LiNbO3 by PLD on monocrystalline sapphire substrates. The selection of sapphire is 

grounded in their potential application in SAW devices. Our investigation will focus on 

understanding the impact of deposition parameters and the cutting plane of the substrates on 

the growth process. The overarching objective is to exercise control over the crystalline 

orientation of the LiNbO3 films. Furthermore, our research extends to the investigation of 

specific substrates with the primary goal of uncovering the potential for growing 

crystallographic planes that have not been previously reported. This exploration opens avenues 

for novel orientations and properties in the thin LiNbO3 layers, contributing to the 

diversification of crystallographic possibilities in the realm of acoustic filtering applications. 

In the concluding phase of our research, the emphasis shifts to PLD of LiNbO3, with a 

specific emphasis on utilizing platinized silicon-based substrates. Our investigation is oriented 

towards the growth on Si substrates, incorporating diverse buffer layers. The choice of buffer 

layer substrates is informed by their compatibility with RF applications, for their potential 

utilization as bottom electrodes in BAW devices. The primary focus of this research initiative 

is a comprehensive study of the crystallographic characteristics, and surface properties of the 

deposited layers.  
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1. Introduction 

In the previous chapter, an examination of the challenges associated with the deposition of 

thin layers of LiNbO3 utilizing various techniques was provided. The objective of obtaining 

LiNbO3 layers suitable for RF filter applications prompted an investigation into the utilization 

of pulsed laser ablation (PLD) as a deposition technique. 

The current chapter focuses on growing thin layers of LiNbO3 using laser ablation on 

monocrystalline substrates. Specifically, the research explores growing LiNbO3 on different 

orientations of LiNbO3 substrates, including X-cut, Y+148°-cut, and Z-cut. This method shows 

promise in preventing the formation of the undesired paraelectric LiNb3O8 secondary phase and 

reducing defects like cracks and porosities caused by thermal stresses. 

The choice of X-cut, Y+148°-cut, and Z-cut substrates is based on their compatibility with 

RF applications, especially those involving surface or bulk acoustic waves. These 

crystallographic orientations have favorable characteristics that enhance filter performance, 

making them suitable for investigation in this study. The study aims to advance thin LiNbO3 

layer deposition techniques, leading to layers with excellent crystal quality and minimal 

roughness. 

As mentioned in Chapter 1, transfer technologies provide wafer quality comparable to bulk 

LiNbO3, but they have limitations on thickness (e.g., Smart-cut technique requires a minimum 

thickness of 300 nm for successful implementation) [1], [2]. 

1.1 Previous Studies  

As previously mentioned in Chapter 1, it is important to note that in LiNbO3, 

polarization aligns along the c-axis, and the material's dielectric, piezoelectric, and ferroelectric 

properties exhibit significant dependence on crystal orientations. To illustrate, the 

electromechanical coupling coefficient can vary substantially, ranging from 5.8% for X-cut [3] 

to 39.2% for Z-cut [4] LiNbO3 Bulk Acoustic Wave (BAW) resonators. The pioneering 

research conducted at Bell Labs, focusing on the growth of single LiNbO3 monocrystals [5], 

has led to the availability of lithium niobate wafers, which have found diverse applications in 

areas such as optical waveguides and Surface Acoustic Wave (SAW) RF filters [6], [7]. 

The physical properties of LiNbO3, including characteristics like the Curie temperature, 

remnant polarization, and piezoelectric constants, are profoundly influenced by its 
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stoichiometry. Unfortunately, during the deposition process, there is a tendency for lithium (Li) 

atoms to diffuse out of the film. This diffusion results in the formation of a Li-deficient phases 

known as parasitic, which lack ferroelectric properties [6]. Furthermore, the absence of a well-

defined composition line for the LiNbO3 phase diagram presents a significant challenge in 

achieving stoichiometric growth [8]. 

These challenges, in addition to several others, have contributed to the absence of a 

consensus regarding a growth method for producing high-quality LiNbO3 thin films, despite 

decades of research [8].  

Technique Structure Crystallinity Crystal 

quality, 

FWHM ° 

Surface 

roughness 

(RMS), nm 

Layer 

orientation 

Sol-gel Epitaxial [9], 

[10] 

single phase [9] 

coalescence of 

the crystallites 

with some 

defects [10] 

 1.5 [9] 

 

Z-cut [9] 

LPE Epitaxial [11] single phase [11] 0.012 

[11] 

~ 0.83 [11] Z-cut [11] 

PVD Epitaxial [12] single phase [12]  ~ 10 [12] Z-cut [12] 

PLD Epitaxial [13] single phase [13] 0.004 

[13] 

0.77-3.2 [13] X-cut [13] 

Y-cut [13] 

Z-cut [13] 

TABLE 2.1 EXPERIMENTAL FINDINGS FROM VARIOUS DEPOSITION TECHNIQUES FOR LITHIUM 

NIOBATE HOMOEPITAXIAL THIN FILM GROWTH. 

Indeed, it is important to note that there have been reported results regarding the deposition 

of LiNbO3 onto LiNbO3 substrates with the aim of achieving homoepitaxy. Various deposition 

techniques have been explored for this purpose, including Sol-gel [9]- [10], Liquid Phase 

Epitaxy [11], Physical Vapor Deposition [13], and Pulsed Laser Deposition [12]. A compilation 

of empirical observations derived from diverse deposition methodologies employed in the 

fabrication of lithium niobate layers on substrates composed of lithium niobate is shown in 

Table 2.1. 
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As it is presented in Table 2.1 most of the results reported are based on growth on Z-cut 

single crystalline substrates. This is related due to the facts that LiNbO3 films tend to align with 

their c-axis perpendicular to the smooth surface of the substrate [14] and that the thermal 

expansion coefficient αz (along the z-axis, which corresponds to the out-of-plane direction), is 

much smaller compared to αx and αy coefficients [15]. The significant suggests that LiNbO3 

crystals exhibit a notable contraction along the z-axis as the temperature increases. It's worth 

noting that the crystallization temperature for LiNbO3 is within the range of 530 to 580 °C [16], 

but most of the depositions reported were done at 600-700°C [13]- [12]. 

A 200 nm-thick LiNbO3 film was deposited by PLD by Laura Sauze et al. They employed 

a stoichiometric LiNbO3 target and used 4-inch LiNbO3 wafers (X-cut, Y-cut, and Z-cut) as 

substrates [13].  The substrate tempetrature during the deposition was around 400°C with an 

oxygen pressure of 0.2 mbar inside the chamber [13]. Their research demonstrated that a 

standard wafer-based Pulsed Laser Deposition method can be effectively employed to grow 

LiNbO3 thin films with crystalline quality and chemical composition closely resembling that of 

a monocrystalline substrate. The stoichiometry of their layers closely matched that of the 

substrate for layers grown on both (110) and (001) oriented substrates [13]. 
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2. Presentation of the study 

The primary objective of this study is to conduct a comprehensive investigation of the 

influence of operational parameters on the quality of the crystalline structure and surface 

roughness in deposited layers. To achieve this goal, we used the Solmates 8 in.-wafer-based 

SIP800 platform and employed the Pulsed Laser Deposition technique to homoepitaxially grow 

LiNbO3 films, with a thickness ranging between 150 to 200 nm, on LiNbO3 substrates. 

In the deposition process, we utilized laser ablation with a KrF excimer laser, having a 

wavelength of 248 nm, operating at a frequency of 100 Hz, and delivering an energy of 450 mJ. 

Importantly, we maintained a constant distance of 55 mm between the target and substrate 

throughout the entire deposition process. Table 2.2 categorizes the different modifications in 

deposition parameters for each sample. 

Wafer 

ID 

Crystal 

cut 
Orientation 

Pressure 

(mbar) 

Temperature 

(°C) 
Target 

X-01 X (1 1 0) 0.2 500 LiNbO3 

X-02 X (1 1 0) 0.007 500 LiNbO3 

X-03 X (1 1 0) 0.2 600 LiNbO3 

X-04 X (1 1 0) 0.2 600 Li1.1NbO3.05 

X-05 X (1 1 0) 0.007 500 Li1.1NbO3.05 

Y-01 Y+128° (1 0 4) 0.2 500 LiNbO3 

Y-02 Y+128° (1 0 4) 0.007 500 LiNbO3 

Y-03 Y+128° (1 0 4) 0.2 600 LiNbO3 

Y-04 Y+128° (1 0 4) 0.2 600 Li1.1NbO3.05 

Y-05 Y+128° (1 0 4) 0.007 500 Li1.1NbO3.05 

Z-01 Z (0 0 1) 0.2 500 LiNbO3 

Z-02 Z (0 0 1) 0.007 500 LiNbO3 

Z-03 Z (0 0 1) 0.2 600 LiNbO3 

Z-04 Z (0 0 1) 0.2 600 Li1.1NbO3.05 

Z-05 Z (0 0 1) 0.007 500 Li1.1NbO3.05 

TABLE 2.2 PRESENTATION OF SAMPLES WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

Unfortunately, during the deposition process, lithium (Li) atoms tend to undergo 

diffusion away from the film, leading to the creation of a lithium-deficient phase known as 

LiNb3O8, which lacks ferroelectric properties. Son et al. concluded that two primary factors 
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contribute to this phase evolution: the removal of Li by the high-energy plume and variations 

in elemental distribution within the [17]. To manage this issue, the background gas pressure, 

acting as a counterforce impeding plasma expansion, was adjusted within the range of 0.007 to 

0.2 mbar. 

In this study, we incorporated two separate targets, each with distinct compositions, to 

investigate the resulting influence of the quantity of lithium (Li) atoms in the target on the 

properties and characteristics of the deposited films. The first target had a stoichiometric 

composition of LiNbO3, while the second target featured a Li-enriched composition, including 

10% Li2O atoms in LiNbO3. Considering that the crystallization temperature for LiNbO3 falls 

within the range of 530 to 580 °C [16], the substrate temperature was varied within the range 

of 500 to 600°C.  

To achieve varied crystalline orientations of the thin films after the growth process, we 

utilized three different crystal cuts of LiNbO3 as substrates: X, Z, and Y+128°. These specific 

orientations of the substrates provided different lattice parameters, facilitating the controlled 

deposition of thin films. 

Following the deposition of thin films on the samples, transparency measurements were 

conducted, revealing a spectrum from almost transparent to very dark samples. To assess the 

crystalline quality of the deposited layers, a specialized methodology employing X-ray 

diffraction (XRD) techniques was developed. Additionally, precise measurements using 

Atomic Force Microscopy (AFM) were carried out to investigate the surface morphology of the 

grown films. 

2.1 Study of the influence of the substrate temperature 

The effects of substrate temperature on the growth of LiNbO3 thin films by PLD were 

investigated by Wu et al [1]. Their investigation revealed that the deposition temperature 

significantly impacted the crystallinity, stoichiometry, and surface morphology of the films. 

Specifically, lower temperatures led to reduced crystallinity and the presence of secondary 

phases, while higher temperatures caused overheating and compromised stoichiometry [1]. 

Several researchers have explored the growth of LiNbO3 using pulsed laser deposition 

(PLD) at lower temperatures, as documented in studies [1]- [18]. Generally, films grown at 

500°C exhibit reduced crystallinity and a higher occurrence of secondary phases compared to 

those grown at higher temperatures. The slower growth rate at this temperature limits the time 
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available for ion arrangement into a crystalline structure. Additionally, the lower oxygen 

pressure at this temperature contributes to the formation of secondary phases. Despite these 

drawbacks, growing LiNbO3 at 500°C offers notable advantages. Firstly, the films are less 

susceptible to overheating, minimizing potential damage to their stoichiometry. Secondly, there 

is an increased possibility of achieving the desired orientation of the films, which is significant 

for specific applications [1]- [18]. 

Finally, the deposition temperature in PLD is subject to various factors, including the 

characteristics of the laser system, oxygen pressure, the properties of the target material, and 

the desired attributes of the thin films. As a result, the specific values of the deposition 

temperature will vary depending on these factors. Therefore, optimizing the deposition 

temperature is important for each PLD system to achieve the desired film properties efficiently.  

In line with this notion, the substrate deposition temperatures were varied between 500°C and 

600°C, as indicated in Table 2.1. By exploring this temperature range, we aimed to identify the 

most favorable deposition temperature for our PLD machine (Solmates 8 in.-wafer-based 

SIP800 platform) and films required. Temperature control during the deposition was performed 

on the ceramic holder under the wafer so that the temperature of the substrate can differ. 

2.2 Study of the influence of the oxygen pressure 

The oxygen pressure is an important parameter in the growth of LiNbO3 thin films by 

PLD. It affects the stoichiometry, crystallization, and surface morphology of the films. In 

general, a higher oxygen pressure will result in a higher deposition rate and a more 

stoichiometric film. This is because the oxygen pressure helps to stabilize the growth of the 

LiNbO3 film. However, if the oxygen pressure is too high, it can also lead to the formation of 

secondary phases [19]. 

The study investigated the influence of oxygen pressure on the properties of 

nanocrystalline lithium niobate (LiNbO3) films grown using pulsed laser deposition was done 

by Vakulov et al. [20]. Their results obtained from the x-ray photoelectron spectroscopy (XPS) 

study revealed that optimal conditions for the formation of LiNbO3 films were achieved at an 

oxygen pressure of 1 × 10−2 Torr (0.01 mbar) and 1 × 10−5 Torr (1.3 × 10−5 mbar) [20]. The 

introduction of an oxygen (O2) background gas creates a highly reactive environment localized 

at the substrate's surface [21], [22].  
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The optimum oxygen pressure for LiNbO3 thin films by PLD depends on the specific 

laser system and target used:  

● Lower oxygen pressures can lead to less crystalline films and rougher surface 

morphologies [19]. A decrease in pressure implies an increased mean free path for 

atoms, representing the average distance a particle can travel between successive 

collisions with other particles. Consequently, heavier Nb atoms are less affected by 

these collisions compared to lighter Li atoms [21].    As a result, upon reaching the layer, 

these Nb atoms carry significant kinetic energy, potentially displacing Li atoms 

(resputtering) and leading to the formation of a low-Li phase. On the contrary, high 

kinetic energy of atoms can contribute to the creation of higher-quality films, where 

kinetic energy serves as an energy source for layer formation, akin to thermal energy. 

● Higher oxygen pressures can lead to growth with improved stoichiometry, but they can 

also trigger the formation of secondary phases.  [19]. Under such conditions, a lot of 

collisions will impact both Nb and Li atoms, and resputtering will not happen [23]. 

Thermal energy will be the primary source of energy in this scenario. 

The values of the oxygen pressure will depend on the specific laser system and target 

used. It is important to optimize the oxygen pressure to achieve the desired film properties. In 

line with this notion, the deposition pressures were varied between 0.2 and 0.007 mbar, as 

indicated in Table 2.1. The selection of these values was motivated by the reported 

homoepitaxial growth experiments conducted by Sauze et al., in which they operated the 

chamber at an oxygen pressure of 0.2 mbar [13]. 

2.3 Study of the influence of amount of Li in target 

Shibata et al. conducted an investigation to explore the effects of the Li/Nb ratio on the 

characteristics of LiNbO3 thin films, which were produced through the technique of pulsed laser 

deposition [24]. To form the targets required for the deposition process, they utilized Li-Nb-O 

ceramic disks. These disks were created by sintering a mixture of Li2CO3 and Nb2O5 powders 

in an air environment at a temperature of 1100°C. The Li/Nb ratios of the targets were 

systematically varied within the range of 1.0 to 3.0. Finally, their efforts resulted in increased 

Li content in the deposited layer [24]. 

As a consequence of this increased Li content, the films exhibited single-phased growth 

within their experimental system. This result indicated that the change of the Li/Nb ratio played 
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a critical role in determining the properties of the films [24]. Remarkably, the optimal quality 

was achieved when the Li/Nb ratio in the target was set to 2, showing the significant influence 

of this ratio on the characteristics of the deposited thin films [24]. The selection of lithium (Li) 

content in thin films may require adjustments based on the specific conditions and requirements 

of individual applications.  

In our research, we aimed to explore how the amount of lithium (Li) atoms in the target 

material affects the properties and characteristics of the deposited films. To do this, we used 

two ceramic targets with different compositions, as outlined in the study Table 2.1. The first 

target was having a stoichiometric composition. In contrast, the second target was enriched with 

an additional 10 mole percent of lithium oxide (Li2O), resulting in a final composition of 

Li1.1NbO3.05. This particular composition was selected to prevent the formation of a parasitic 

phase (LiNb3O8) within the deposited layer, which could occur due to an insufficient amount 

of Li atoms in the plasma plume. By using these two different targets, we aimed to study how 

the lithium content influences the properties of the thin films deposited. 
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3. Characterization and analysis  

3.1. Optical properties  

3.1.1. Transparency measurement  

The visible variations in color among the different samples led us to quantitatively 

evaluate the transparency of the wafers. Transparency, in this context, refers to the degree of 

optical clarity, achievable when the refractive index remains uniform throughout the material 

in the direction of observation. This evaluation included passing light through the samples and 

comparing the intensity of the transmitted light with the intensity of the incident light. Figure 

2.1 shows the results of the measurements together. 

 
FIGURE 2.1 TRANSPARENCY MEASUREMENTS PROFILES OF THE LINBO3/ (1 1 0) LINBO3 DEPOSITED AT 

VARIOUS CONDITIONS. 

 

Wafers X-2 and X-5 noticeably have less clarity, which is easily visible without special 

tools. This decrease in transparency has also been confirmed through measurements on the other 

wafers. Specifically, all wafers with alternative orientations (Z- and Y+128°-cut) deposited at 

a pressure of 0.007 mbar show similar optical characteristics, with lower transmission 

compared to growth at 0.2 mbar. 

This observation aligns with findings from previous studies conducted by Sugak et al. 

in 2017 [25]. They observed reversibility in changes to optical properties with the help of 

annealing procedures in an oxygen atmosphere. This supported the hypothesis that oxygen 
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diffusion plays a crucial role in the coloration and discoloration processes of LiNbO3. The 

absorption of the short-wave band is likely due to defects (oxygen loss) within the sublattice 

that captures electrons. It's also worth noting that the coloration and discoloration processes in 

these crystals exhibit anisotropic behavior. The maximum diffusion depth was observed along 

the Z-direction, while minimal diffusion occurred along the X-direction. This can be understood 

by taking into account the unique structural features of LiNbO3 crystals, where the movement 

of ions is more simplified along the Z-direction [25].  

3.2. Chemical properties  

In response to observed changes in optical transparency and knowing that transparency 

depends on the concentration of oxygen vacancies within LiNbO3 [25], we made an analysis 

employing Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS). In this method, an 

ion gun with the ability to deeply ablate samples is used, creating an electric field that can 

influence the diffusion patterns of atoms, particularly affecting the distribution of lithium.  

The TOF-SIMS depth profiles were generated using a TOF SIMS V mass spectrometer 

provided by IONTOF, employing the following experimental parameters: An analysis beam 

consisting of Bi3+ ions with an energy level of 25 keV and a current ranging from 

approximately 0.3 to 0.5 picoamperes was utilized. The field of view was set at 60 µm × 60 

µm, and data acquisition involved capturing one shot per pixel, resulting in a total of 128 x 128 

pixels. Sputtering was carried out using Cs+ ions with an energy of 1 keV and a current of 

approximately 80 nanoamperes, resulting in sputter craters measuring 200 µm × 200 µm. 

Positive secondary ions, including MCs+ and MCs2+ clusters, were detected with a cycle time 

of 100 microseconds. The analytical procedure was executed in an interlaced mode, comprising 

1 frame of analysis followed by 30 frames of sputtering, with a 1-second pause interspersed 

between them. To mitigate charge-related effects during data acquisition, an electron flood gun 

was employed. 

It's crucial to note that due to the absence of reference samples, quantification and depth 

calibration of the obtained profiles were not feasible. However, it is still possible to conduct 

comparative assessments by normalizing the data against signals from the substrate and using 

samples prepared at 0.2 millibars and 500°C as reference standards. 

Depth profiles on Z-, X-, and Y+128°-Cut samples appear almost identical, leading us 

to analyze them collectively. Films manufactured at 0.2 mbar have a composition close enough 
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to that of the substrate, unlike those designed at 0.007 mbar. Consequently, it can be told that 

for X- and Y+128°-cuts depositions (X-2, X-5, Y+128°-2, and Y+128°-5) performed at low 

pressure, lower levels of oxygen are observed in the films.   

 
FIGURE 2.2 THE TOF-SIMS DEPTH PROFILES OF THE LINBO3/ (1 1 0) LINBO3 DEPOSITED AT VARIOUS 

CONDITIONS. 

When the depositions were done at a pressure of 0.2 mbar for both targets, noticeable 

differences were observed, with film X-04 (the target enriched with additional Li2O) showing 

the most significant variation. This difference becomes evident when comparing the chemical 

compositions of the grown layers and substrates. 

Films produced at 0.2 mbar are similar to the composition of the substrate, unlike films 

grown at 0.007 mbar. In all films made at the lower pressure, lithium levels were lower 

compared to those in films deposited at 0.2 millibar. Interestingly, the concentrations at 0.2 

millibar are quite like those of the LiNbO3 substrate, while niobium levels are significantly 

higher than in the substrate. Importantly, it is clear that the pressure during deposition has a 
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much more significant impact on the chemical composition of the films than factors such as 

heater temperature and target type. 

3.3. Structural properties  

3.2.1. XRD analysis  

For the purpose of analyzing the quality of the deposited layers in terms of crystalline 

structure, a specialized methodology employing X-ray diffraction (XRD) techniques was 

developed. This methodology requires conducting reciprocal space mapping for each sample 

under investigation. From the obtained mapping data, the Rocking Curve (RC) from 

symmetrical scan, is extracted and analyzed. 

The analysis of the RC yields valuable insights into the quality of the crystal layers. By 

examining the Full Width at Half Maximum (FWHM) of the diffraction peak associated with 

the primary crystal plane (which depends on the crystallographic orientations of the substrate), 

both for the layer and the substrate, the mosaicity of the layer can be evaluated. The FWHM 

serves as a measure of the extent or perfection of the crystal planes, enabling the assessment of 

the crystalline quality of the layer.  

Fortunately, due to the high quality of almost all the thin films compared to the substrate 

there were no possibilities to even compare FWHM of the thin films and layers for some of the 

samples (Figure 2.3 shows the example of such measures) while utilizing high resolution XRD. 

 
FIGURE 2.3 XRD Θ/2Θ PATTERN OF THE LINBO3/ (1 1 0) LINBO3 DEPOSITED AT 0.2 MBAR, 500°C, 

LINBO3 TARGET (X-1).  
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For all the samples, X-ray Diffraction (XRD) φ-scans were conducted, involving the 

rotation of the sample holder around the axis perpendicular to the sample. These scans 

confirmed the epitaxial nature of the films. Detailed scans for different samples are provided in 

the Appendix II for reference. θ/2θ scans were conducted for all the wafers, and below are some 

examples of such scans (Figure 2.4).  Regrettably, for the depositions carried out at low pressure 

(0.007 millibar) on X-cut wafers (X-2 and X-5), a combination of LiNbO3 and parasitic low-

lithium (Li) phase peaks were detected.  

In conclusion, the XRD scans have conclusively demonstrated that all depositions 

carried out on various substrates possess an epitaxial nature. However, it is worth noting that 

for the depositions conducted at low pressure (0.007 millibar) on X-cut wafers (X-2 and X-5), 

the presence of a combination of LiNbO3 and parasitic low-lithium (Li) phase peaks was 

detected. To facilitate a more comprehensive assessment of the crystal quality of the layers, 

reciprocal space mappings were conducted in high resolution. This approach was chosen as 

both ω and θ/2θ scans yielded very similar results in terms of the quality of both the substrates 

and the layers, necessitating a more detailed investigation. 

 
FIGURE 2.4 XRD Θ/2Θ PATTERN OF THE LINBO3/ (1 1 0) LINBO3 DEPOSITED AT VARIOUS 

CONDITIONS: (A) 0.2 MBAR, 500°C, LINBO3 TARGET; (B) 0.007 MBAR, 500°C, LINBO3 TARGET; (C) 0.2 

MBAR, 600°C, LINBO3 TARGET; (D) 0.2 MBAR, 600°C, LI1.1NBO3.05 TARGET; (E) 0.007 MBAR, 500°C, 

LI1.1NBO3.05 TARGET. 
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3.2.2. High resolution scans and reciprocal space mapping 

To assess the crystal quality of the deposited layers, a high-resolution XRD was 

conducted. Reciprocal Space Maps (RSMs) were measured for specific crystal planes: (1 1 0) 

for the X-cut substrate, (1 0 4) for the Y+128°-cut substrate, and (0 0 6) for the Z-cut substrate. 

Following the integration and mathematical analysis of a band in Qx space, symmetric scans 

and rocking curves were extracted. The maps for various samples are grouped in Appendix III. 

Z-cut 

Since no noticeable differences were observed in various scans of the films on Z-cut wafers, 

especially those created under low-pressure conditions for both target materials, it's reasonable 

to start our analysis with these scans. The figure below shows the results of a high-resolution 

reciprocal space map (RSM) on the left and an ω-2θ measurement on the right. These analyses 

were specifically conducted on the Z-2 wafer at 0.007 mbar and 500°C, using the LiNbO3 target 

(Figure 2.5). Remarkably, the RSM and ω-2θ measurements have similar features (the 

corresponding scans for Z-5 are available in the Appendix.  

 
FIGURE 2.5 RECIPROCAL SPACE MAP (RSM) (LEFT) AND Ω-2Θ MEASUREMENT (RIGHT) OF THE Z-2 

WAFER LINBO3/ (0 0 6) LINBO3 DEPOSITED AT 0.007 MBAR, 500°C, LINBO3 TARGET. 

 

It is imperative to note that, for both wafers deposited at low pressure, the epitaxial peak 

corresponding to the film is shifted to the left by more than 1°. This shift signifies that the film 

quality is lower than that of the substrate and may potentially contain low-Li parasitic phases, 

akin to the observations made with X-cut substrates. 
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FIGURE 2.6 RECIPROCAL SPACE MAP (RSM) (LEFT) AND Ω-2Θ MEASUREMENT (RIGHT) OF THE Z-2 

WAFER LINBO3/ (0 0 6) LINBO3 DEPOSITED AT 0.2 MBAR, 600°C, LI1.1NBO3.05 TARGET. 

 

On the contrary, when examining the depositions carried out at 0.2 mbar, we observed 

distinct layers with thickness fringes (shown on Fig. 2.6). We conducted thickness 

determination by analyzing the spacing of these fringes in the 2θ-ω scans. Upon comparison, 

these scans exhibit similarity, although the fringes for the deposition conducted at 600°C with 

the Li1.1NbO3.05 target appear more defined (shown on Figure 2.6, another scans can be found 

in the Appendix III).  

The FWHM values consistently remain low and show proximity between the film and 

the substrate for all Z-cut wafers deposited at 0.2 mbar. These values (of ~0.005°) closely match 

the instrumental resolution, estimated to be in the range of 0.003°. This result confirms the 

epitaxial nature of the film. As a result, the deposited layers can be characterized as single-

phase and possess a crystalline quality nearly the same as the substrate. 

Y+128° and X-cuts 

Recognizing the similarities in properties between Y+128° and X-cut wafers, we 

conducted a collective examination. However, it is important to mention that similar X-cut 

wafer has previously been analyzed by Sauze et al [13]. Given this, our primary focus will be 

on the analysis of the Y+128°-cut wafers, as they hold particular significance in the context of 

SAW device production. 

substrate peak 
monocrystalline 
layer with thickness 
fringes 
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FIGURE 2.7 RECIPROCAL SPACE MAP (RSM) (LEFT) AND Ω-2Θ MEASUREMENT (RIGHT) OF THE Y-2 

WAFER LINBO3/ (0 0 6) LINBO3 DEPOSITED AT 0.007 MBAR, 500°C, LINBO3 TARGET. 

 

In the figure presented above (Figure 2.7), the results of a high-resolution RSM analysis 

are displayed on the left, while an ω-2θ measurement is shown on the right. These analyses 

were conducted specifically on the Y-02 wafer (deposited under conditions of 0.007 millibar 

and 500°C, utilizing the LiNbO3 target). Both the RSM and ω-2θ measurements exhibit similar 

characteristics. For further reference, the corresponding scans for Y-05 are included in the 

Appendix. It's important to note that neither the RSM nor the ω-2θ measurements reveal any 

epitaxial layer signal. However, in the RSM, there is an observation of diffuse scattering around 

the substrate peak. This could be a sign of existence of the low-Li phase, similar to ones 

observed on X-cut wafers.   

 
FIGURE 2.8 RECIPROCAL SPACE MAP (RSM) (LEFT) AND Ω-2Θ MEASUREMENT (RIGHT) OF THE Y-1 

WAFER LINBO3/ (0 0 6) LINBO3 DEPOSITED AT 0.2 MBAR, 500°C, LINBO3 TARGET. 

 

In contrast, when examining the depositions carried out at 0.2 millibar (Figure 2.8), we 

observed layers exhibiting thickness fringes. A RSM analysis conducted for the wafer deposited 

at 0.2 millibar and 500°C using the LiNbO3 target suggests that it is either a textured 

polycrystalline layer or a highly defective monocrystalline layer with a slight tilt to the right. 
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Similarly, ω-2θ measurements also indicate the presence of a monocrystalline layer with 

thickness fringes. 

When comparing the RSM and ω-2θ measurements of the wafers deposited at 500°C 

(above, Figure 2.8) and 600°C (below, Figure 2.9) using the LiNbO3 target, it becomes evident 

that there are no significant differences, except for a lower quantity of fringes and variations in 

thickness. These thicknesses were determined by analyzing the spacing between fringes in the 

2θ-ω, which measured 95 nm for the 500°C and 120 nm for the 600°C deposition, respectively. 

 

 
FIGURE 2.9 RECIPROCAL SPACE MAP (RSM) (LEFT) AND Ω-2Θ MEASUREMENT (RIGHT) OF THE Y-3 

WAFER LINBO3/ (0 0 6) LINBO3 DEPOSITED AT 0.2 MBAR, 600°C, LINBO3 TARGET. 

 

In summary, for the wafers deposited at 0.2 mbar and 600°C, utilizing a Li1.1NbO3.05 

target, the RSM reveals no difference compared to the layers deposited at the same temperature 

and pressure but without the additional Li in the target material. The signals from the fringes 

exhibit asymmetry in the ω-2θ scans, suggesting lower quality films in comparison to the layers 

grown at the same conditions but without the additional Li in the target material. 

 
FIGURE 2.10 RECIPROCAL SPACE MAP (RSM) (LEFT) AND Ω-2Θ MEASUREMENT (RIGHT) OF THE Y-4 

WAFER LINBO3/ (0 0 6) LINBO3 DEPOSITED AT 0.2 MBAR, 600°C, LI1.1NBO3.05 TARGET. 
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Conclusions on XRD measurements  

To evaluate the crystalline quality of the deposited layers, Reciprocal Space Maps 

(RSMs) were measured for different crystal planes: (1 1 0) for the X-cut, (1 0 4) for the Y+128°-

cut, and (0 0 6) for the Z-cut substrate. Subsequently, by integrating and applying mathematical 

analysis to a region in Qx space, symmetric scans and rocking curves were obtained.  

It is important to highlight that, in the case of depositions conducted under low pressure 

conditions (0.007 millibar) on X-cut wafers (specifically, X-2 and X-5), the analysis revealed 

the presence of a mixture of LiNbO3 and parasitic low-lithium (Li) phase peaks, which strongly 

suggests the polycrystalline growth. 

In contrast, for depositions carried out at a pressure of 0.2 mbar and temperatures of 

500°C and 600°C, using a LiNbO3 target, a finding was the presence of homoepitaxial 

monocrystalline layers on all types of substrates. Additionally, thickness determination based 

on fringe spacing produced results in the range of 100-120 nanometers. 

Wafer ID Pressure 

(mbar) 

Temperature 

(°C) 

Target Low-Li 

phase 

RC, ×10-3 ° 

X-1 0.2 500 LiNbO3 - 5.3 

X-2 0.007 500 LiNbO3 36.6° - 

X-3 0.2 600 LiNbO3 - 5.3 

X-4 0.2 600 Li1.1NbO3.05 - 4.8 

X-5 0.007 500 Li1.1NbO3.05 36.6° - 

Y-1 0.2 500 LiNbO3 - 5.3 

Y-2 0.007 500 LiNbO3 - - 

Y-3 0.2 600 LiNbO3 - 5.3 

Y-4 0.2 600 Li1.1NbO3.05 - 5.6 

Y-5 0.007 500 Li1.1NbO3.05 - - 

Z-1 0.2 500 LiNbO3 - 5.4 

Z-2 0.007 500 LiNbO3 - 5.1 

Z-3 0.2 600 LiNbO3 - 5.0 

Z-4 0.2 600 Li1.1NbO3.05 - 5.0 

Z-5 0.007 500 Li1.1NbO3.05 - 5.3 

TABLE 2.3 SUMMARIZATION OF THE CRYSTAL PROPERTIES OF THE THIN FILMS DEPOSITED. 
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3.4. Surface properties  

In order to investigate the surface morphology of the LiNbO3 films, Atomic Force 

Microscopy (AFM) measurements were carried out for most the samples. Also, important to 

mention that due to domains formation it was not possible to conduct the measurements on 

some of the wafers. 

Each sample was examined using two different scan sizes: 1 x 1 μm² and 5 x 5 μm². 

This approach facilitated an evaluation of the roughness of the deposited layers. To accurately 

assess the surface roughness characteristics of the LiNbO3 films, an analysis of the Root Mean 

Square (RMS) roughness was performed based on the AFM image.  

Acknowledging the similarity in roughness properties between wafers, we suggest 

conducting a collective examination, using as a basis X-cut wafers. 

 

 
FIGURE 2.11 AFM MICROGRAPHS OF LINBO3 ON X-CUT LINBO3: (A) X-1; (B) X-2; (C) X-3; (D) X-4; 

(E) X-5. SCAN SIZE: (5×5) µM2. 

The AFM images of the 5 × 5 µm² scans of samples deposited on X-cut wafers are 

collectively presented in the above figure (Fig 2.11). In all instances of these 5 x 5 μm² scans, 

the surfaces of the films consist of rounded grains. Additionally, due to the pulsed laser 

deposition (PLD) process, some grains are also visible. It's important to note that these grains 

constitute the primary source of surface roughness. 
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The root mean square (RMS) roughness is highest for the sample grown at 0.2 mbar and 

600°C, which is likely due to the presence of large grains on the surface. In contrast, the layer 

grown 500°C, utilizing a Li1.1NbO3.05 target, displays the smoothest surface among the 

examined samples.  

The observations conducted at higher magnification using scan sizes of 1 x 1 μm² (as 

shown in the figures below) validated the previously obtained results. The grains that compose 

the layers are clearly noticeable, and the roughness, remains nearly consistent with the lower 

magnification observations. 

 

 
FIGURE 2.12 AFM MICROGRAPHS OF LINBO3 ON X-CUT LINBO3: (A) X-1; (B) X-2; (C) X-3; (D) X-4; 

(E) X-5. SCAN SIZE:  (1×1) µM2. 

Notably, epitaxial columns can be observed on the wafer deposited at 0.007 mbar, 

500°C, utilizing a Li1.1NbO3.05 target. This observation highlights the existence of tiny grains 

on the film surfaces of other films. These grains greatly influence the overall surface roughness 

of the deposited layers.  

The provided table summarizes the findings related to surface properties observed in all 

the AFM scans. It provides an overview of how the surface properties are influenced by the 

diverse deposition conditions (including oxygen pressure, substrate temperature and amount of 

Li in target) for each crystallographic cut. 
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Wafe

r ID 

Crystal 

cut 

Pressur

e 

(mbar) 

Temperatur

e (°C) 

Target RMS 1x1 

μm², 

nm 

RMS 5x5 

μm², 

nm 

X-1 X 0.2 500 LiNbO3 1.78 2.02 

X-2 X 0.007 500 LiNbO3 3.4 2.94 

X-3 X 0.2 600 LiNbO3 2.57 2.9 

X-4 X 0.2 600 Li1.1NbO3.05 1.42 1.56 

X-5 X 0.007 500 Li1.1NbO3.05 0.547 0.586 

Y-1 Y+128° 0.2 500 LiNbO3 2.35 2.51 

Y-2 Y+128° 0.007 500 LiNbO3 2.3 1.74 

Y-5 Y+128° 0.007 500 Li1.1NbO3.05 1.16 1.26 

Z-1 Z 0.2 500 LiNbO3 1.46 1.53 

Z-4 Z 0.2 600 Li1.1NbO3.05 1.41 1.04 

Z-5 Z 0.007 500 Li1.1NbO3.05 1.39 1.15 

TABLE 2.4 SUMMARIZATION OF THE SUREFACE PROPERTIES OF THE THIN FILMS DEPOSITED. 

The surfaces of all the films are characterized by the presence of rounded grains. 

Additionally, due to the pulsed laser deposition process, some grains are also visible. Important 

is that amount of grains is bigger for the layers deposited at low pressure, which means that 

these grains can be a consequence of the resputtering. It's noteworthy that these structures 

constitute the primary source of surface roughness.  

The root mean square (RMS) roughness reaches its highest values for the samples grown at 

0.2 mbar and 600°C, likely due to the presence of larger grains on the surface. Interestingly, the 

layers grown at 500°C, using Li1.1NbO3.05 target, exhibit the smoothest surface among all the 

examined samples. However, since the thickness of all the films is around 100nm, the 

differences in roughness are relatively small. 
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4. Conclusions on the study  

In this study, we utilized Pulsed Laser Deposition to achieve the homo-epitaxial growth of 

LiNbO3 thin films. We conducted investigations on a range of 4-inch substrates, including those 

with (0 0 1), (1 1 0), and (1 0 4) crystal orientations, with the primary objective of controlling 

the crystalline orientation of LiNbO3 films. 

To gain control over film crystallinity and chemical composition, we examined growth 

parameters such as substrate temperature (500 and 600°C), oxygen pressure (0.2 and 

0.007mbar), and target composition (stoichiometric LiNbO3 and Li1.1NbO3.05). Our research 

involved the characterization of both the physical and chemical properties of the as-deposited 

layers, and we correlated these properties with the deposition conditions. 

It's essential to emphasize that all wafers, following deposition at low oxygen pressure 

(0.007 mbar), display a substantial decrease in transparency, a noticeable phenomenon even not 

using specific tools (they became darker). This decrease in transparency has been further 

confirmed through quantitative measurements and is consistent with earlier research by Sugak 

et al. in 2017 [25]. Sugak and colleagues observed reversibility in changes to optical properties 

after consecutive reducing and oxidizing annealing steps in an oxygen-rich environment. These 

findings support the hypothesis that oxygen diffusion plays a fundamental role in the processes 

of coloration and discoloration in LiNbO3 [25]. 

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS) was utilized to analyze the 

composition of the thin films. It is evident that the deposition pressure has a significantly greater 

influence on the chemical composition of the films compared to factors such as heater 

temperature and target type. The films deposited at a pressure of 0.2 mbar closely are similar 

to the composition of the substrate, which is in contrast to the films produced at a pressure of 

0.007 mbar. 

To evaluate the crystalline quality of the deposited layers, an high-resolution XRD analysis 

was conducted. Specifically, Reciprocal Space Maps (RSMs) were measured for distinct crystal 

planes: (1 1 0) for the X-cut substrate, (1 0 4) for the Y+128°-cut substrate, and (0 0 6) for the 

Z-cut substrate. The films' epitaxial nature was confirmed through ω-2θ measurements, and 

RSM mappings. It's important to highlight that in the case of depositions conducted under low-

pressure (0.007 millibar) the analysis shown the presence of a mixture of LiNbO3 and parasitic 

low-lithium phase peaks. The formation of parasitic phases can be attributed an increased mean 
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free path for atoms (average distance a particle can travel between successive collisions with 

other particles). Consequently, heavier Nb atoms experience less disruption from these 

collisions compared to lighter Li atoms. Finally, upon reaching the layer, these Nb atoms carry 

significant kinetic energy, potentially causing the displacement of Li atoms (resputtering) and 

contributing to the formation of a low-Li phase. Important is that on the surface of these wafers 

amount of grains is bigger, which means that these structures can be also a consequence of the 

resputtering. 

In contrast, for depositions carried out at a pressure of 0.2 mbar and temperatures of 500°C 

and 600°C, using a LiNbO3 target, a consistent result was the presence of homoepitaxial 

monocrystalline layers on all types of substrates.  

To explore the surface morphology of the LiNbO3 films deposited using the pulsed laser 

deposition technique, Atomic Force Microscopy (AFM) measurements were conducted. The 

AFM analysis revealed that the surfaces of all the films feature rounded grains, with some grains 

being visible due to the pulsed laser deposition process. However, it's worth noting that since 

the thickness of all the films is approximately 100 nm, the differences in roughness are 

relatively small despite the presence of these structures (RMS ∼ 0.5 - 2nm). 

 

FIGURE 2.13 SCHEMATIZATION OF THE EFFECT OF THE DEPOSITION CONDITIONS FOR LINBO3 ON 

LINBO3 REGROWTH. 

Finally, it is possible to summarize the effect of all deposition conditions into a simple 

scheme (Figure 2.13). This diagram is based on these conclusions: 
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● Oxygen pressure was the most crucial factor for the process. Wafers, after deposition at 

low pressure (0.007 mbar), showed reduced transparency and a mixture of LiNbO3 and 

a parasitic low-lithium phase in the structure. This phenomenon is attributed to 

resputtering. 

● Using temperatures in the range of 500-600°C resulted in the consistent homoepitaxial 

monocrystalline growth on all types of substrates with almost the same crystal quality. 

As the temperature increased, there was a slight rise in surface roughness due to the 

increased formation of nanocrystalline grains on the surface, attributed to a higher 

amount of material being grown on the substrate. 

● Adjusting the amount of Li in the target: At 0.2 mbar pressure for both LiNbO3 and 

Li1.1NbO3.05 targets, we consistently achieved homoepitaxial monocrystalline layers on 

all substrates with no difference in crystal quality. However, varying the temperature 

and using the Li-enriched target slightly improved surface morphology, reducing RMS 

roughness from ~2.5 nm to ~1.5 nm for a 120 nm thick layer. 

Laura Sauze et al. employed Pulsed Laser Deposition (PLD) to deposit a 200 nm-thick 

LiNbO3 film on 4-inch LiNbO3 wafers, specifically X-cut, Y-cut, and Z-cut, at a substrate 

temperature of 400°C and an oxygen pressure of 0.2 mbar. Their research demonstrated the 

effectiveness of this method in producing LiNbO3 thin films with quality and composition 

similar to that of monocrystalline substrates. In our investigation, we extended this research by 

providing further insights into the conditions for homoepitaxial regrowth through the use of 

different temperature, pressure, and target parameters for PLD. Moreover, we examined the 

growth on additional crystallographic cuts of the substrates, including the Y+128°-cut. 

It's important to try using targets with more lithium compared to niobium, like Shibata et al 

did [24]. They got their best result with a Li/Nb ratio of 2, while ours were 1.1 and 1. Integrating 

such layers into an acoustic device can give the possibility to analyze resonance frequency and 

coupling coefficient, offering valuable information for optimization. Adding a conductive 

sublayer might control the diffusion of lithium atoms and facilitate the growth of specific layers. 

Furthermore, annealing processes could potentially enhance crystal quality and reduce surface 

roughness, contributing to improved overall performance.  
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1. Introduction 

In the previous chapter, we conducted a deposition process to grow thin films of LiNbO3 

on LiNbO3 substrates, with the objective of achieving homoepitaxial growth of these thin films. 

In this context, we addressed challenges related to chemical composition and structural defects, 

like cracks.  In order to control the film crystallinity and chemical composition, growth 

parameters, such as substrate temperature, oxygen pressure, and target composition, were 

studied. The physical and chemical properties of the as-deposited LiNbO3 layers were 

characterized and correlated to the deposition conditions. 

However, to make it easier to integrate into the production of Radio Frequency filters, 

especially Surface Acoustic Wave (SAW) devices, it is crucial to deposit the mentioned thin 

film on different substrates, such as Al2O3 wafers. Even though different cuts of sapphire 

crystals have been used before as bases for the PLD growth of LiNbO3, further improvements 

in the properties of the layer are needed for their effective use in acoustic and optical devices. 

The present chapter shifts its focus towards the growth of thin LiNbO3 films on Al2O3 

with the aim of achieving heteroepitaxial layers. Several deposition parameters have been 

adjusted, including the substrate's heating setpoint temperature, oxygen pressure, and target 

composition. Our research focuses on examining the quality of crystals and the roughness of 

surfaces in the layers. Just like how we studied layers deposited on LiNbO3 bases, we are also 

interested in the influence of the cutting plane of the Al2O3 substrate on layer growth. As a 

result, we will study several crystal orientations, including the a-plane (1 1 0), c-plane (0 0 1), 

m-plane (1 0 0), n-plane (1 1 3), r-plane (0 1 2), and v-plane (2 2 3). 

The aim of this study is to explore the possibility of achieving growth orientation layers 

different from the (0 0 1) plane. For instance, in the context of waveguide applications, waves 

propagate along the (1 0 0) direction within a LiNbO3 layer oriented along the (1 1 0) plane, 

which is known to offer greater thermal stability compared to a Z-cut structure [1].  

Controlling the growth orientation along various crystal planes is important to make 

them suitable for various applications. For BAW and optical applications, layers oriented along 

the c-axis are predominantly utilized [2], [3]. (1 1 0) and (1 0 0) oriented layers find application 

in surface acoustic wave devices. Additionally, more complex orientations, can also be 

employed for Surface Acoustic Wave (SAW) resonators [2]. 
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Our research primarily focuses on the orientation, crystalline quality, and surface 

roughness of the layers, with attention to the cut of the substrate. We'll carefully study the 

microscopic properties of the as-deposited thin films in relation to deposition conditions. 

Reported results of growth of LiNbO3 on Al2O3 substrates 

As previously discussed in Chapters 1 and 2, the lithium niobate phase diagram doesn't 

have a well-defined boundary for composition. Additionally, there's a challenge because lithium 

(Li) atoms tend to move away from the film through diffusion. This makes it difficult to achieve 

balanced growth of LiNbO3 ( [3], [4]). These factors can lead to the formation of secondary 

non-ferroelectric phases, such as Li3NbO4 and LiNb3O8, which should be prevented [5]. 

 Sapphire has previously served as a substrate for growing layers of lithium niobate, 

resulting in the successful epitaxial growth of layers in certain crystal orientations. Table 3.1 

presents a compilation of empirical observations obtained from PLD techniques employed in 

the production of lithium niobate thin films on Al2O3 substrates. 

Authors Substrate 

orientation 

Substrate 

size 

Crystal 

quality, 

FWHM ° 

Surface 

roughness 

(RMS), nm 

Layer 

orientation 

Kilburger et al [6] (0 0 1)  10 × 10 

mm2  

0.52  ∼ 2  (0 0 1)  

Shibata et al [7], [8] (0 0 1), 

(1 1 0)  
10 mm ⌀ 

disks, 

12×7 mm2  

0.17   (0 0 1)  

Kakehi et al [9] (0 0 1)     (0 0 1)  

G.-H. Lee et al [10], 

[11] 

(0 0 1)   0.1  ∼ 0.7 [10] 

∼ 2 [11] 

(0 0 1)  

Balestrino et al [12] (0 0 1)   0.1  (0 0 1)  

Gim et al [13] (1 1 0)   0.3   (1 1 0)  

Lam et al [14] (0 0 1) & 

(1 1 0)  

   (0 0 1) & 

(1 1 0)  

S-H Lee et al [15] (1 1 0)     (0 0 1) & 

(1 1 0)  

Dai et al [16] (1 1 0)  10 × 10 

mm2 [16] 

  (0 0 1) & 

(1 1 0)  

Marsh et al [17] (0 1 2)     (0 1 2)  

L. Sauze [2] (0 0 1)  150 mm ⌀ 

disks  

0.85  3.63  (0 0 1)  

(1 1 0)  6.29  13.44  (0 1 2)  

(1 0 0)  0.75  1.73  (0 0 1)  

TABLE 3.1 EXPERIMENTAL FINDINGS FROM PLD FOR LITHIUM NIOBATE THIN FILM GROWTH ON 

SAPPHIRE 

As indicated in Table 3.1, the majority of the reported observations are centered on the 

growth of films on Z-cut sapphire substrates. This preference is based on the tendency of 
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LiNbO3 films to align their c-axis perpendicular to the smooth substrate surface [18]. 

Furthermore, this selection is influenced by the significant variation of the thermal expansion 

coefficient αz, directed along the out-of-plane direction (z-axis), when compared to the αx and 

αy coefficients [19]. 

Conversely, there is a limited amount of research results that describe the formation of 

layers with crystallographic orientations different from (0 0 1) and are presented for (1 1 0) and 

(0 1 2) orientations [13]- [17]. It's worth mentioning that there have been cases of  (0 0 1)layers, 

even on X-cut sapphire substrates [8]. 
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2. Presentation of the study 

The main goal of this study is to thoroughly investigate how operational factors 

influence the quality of the crystalline structure and surface roughness in LiNbO3 layers 

deposited on Al2O3. Additionally, the study aims to clarify the conditions for achieving epitaxial 

growth of layers with different crystallographic orientations on sapphire. To achieve this goal, 

the Solmates 8 in.-wafer-based SIP800 platform, was used with the Pulsed Laser Deposition 

technique for the heteroepitaxial growth of LiNbO3 films. The platform and laser ablation 

characteristics stayed the same with those detailed in Chapter 2 and Annex I.  

In our efforts to achieve heteroepitaxy, it is important to determine the lattice parameters 

and calculate the lattice mismatch between sapphire and lithium niobate. The lattice mismatch 

is represented in absolute value and is calculated according to the equation: 

(𝐿𝑎𝑡𝑡𝑖𝑐𝑒𝐿𝑎𝑦𝑒𝑟 − 𝐿𝑎𝑡𝑡𝑖𝑐𝑒𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒)

𝐿𝑎𝑡𝑡𝑖𝑐𝑒𝑆𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
× 100% 

The difference in Coefficients of Thermal Expansion (CTEs) is also significant. 

Lattice 

parameter 
LiNbO3 Al2O3 

Lattice 

mismatch, % 

CTE at 300K, 

LiNbO3, ×10-6 

K-1 

CTE at 300K, 

Al2O3, ×10-6 K-1 

a (Å) 5.17 [20] 4.76 [20] 8.19 3.5 [19] 5.1 [21] 

c (Å) 13.8 [20] 12.9 [20] 6.77 20.5 [19] 5.7 [21] 

TABLE 3.2 LATTICE PARAMETERS AND MISMATCH BETWEEN SAPPHIRE AND LITHIUM NIOBATE. 

 

A study is conducted to investigate the impact of deposition parameters on the growth 

of the layers. Three key deposition parameters are being modified: the setpoint temperature for 

substrate heating, oxygen pressure, and substrate orientation. Consequently, six different 

cutting planes of Al2O3 substrates will be examined, with some orientations matching those in 

the study on LiNbO3 substrates, while others differ: c-cut (0 0 1), a-cut (1 1 0), r-cut (0 1 2), m-

cut (1 00), n-cut (1 1 3), and v-cuts (2 2 3). 

2.1 Study of the influence of the substrate temperature  

Wu et al. conducted a study on the influence of substrate temperature on the growth of 

LiNbO3 thin films via PLD [22]. Their research findings demonstrated that the deposition 

temperature had a significant effect on the crystallinity, stoichiometry, and surface morphology 

of the films. More specifically, lower temperatures were observed to reduce crystallinity and 
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cause the appearance of secondary phases, while higher temperatures resulted in overheating 

and cracks [22]. 

Several researchers carried out investigations into the growth of LiNbO3 using PLD at 

different temperatures, from 450 to 800°C [6]- [17].  It's noteworthy that the crystallization 

temperature for LiNbO3 falls within the range of 530 to 580 °C [5].  

In accordance with these facts, the substrate deposition temperatures were 

systematically varied within the range of 500°C to 600°C, as clarified in Table 3.2. The goal of 

this temperature exploration was to identify the ideal deposition temperature for our PLD 

apparatus, in order to meet the specific requirements of the films. Precise temperature control 

during the deposition process was achieved by regulating the temperature of the ceramic holder 

beneath the wafer. 

For certain trial runs, the deposition process stated at 600°C to establish a seed layer, 

after which the substrate heating was gradually reduced to lower temperatures, finishing with a 

final substrate temperature of 200°C for the last stages of deposition. 

2.2 Study of the influence of the oxygen pressure 

Oxygen pressure represents a crucial parameter in the growth of LiNbO3 thin films by 

PLD. It has a significant impact on the stoichiometry, crystallization, and surface morphology 

of the films. Generally, enhancing the oxygen pressure results in a higher deposition rate and 

the production of films with better stoichiometry. This impact is linked to the stabilizing 

function of oxygen pressure. However, high pressure can also lead to the formation of 

secondary phases. [23].  

The optimal oxygen pressure for PLD-produced LiNbO3 thin films is contingent upon 

the specific laser system and target employed: 

● Lower oxygen pressures can lead to films with lower crystallinity and rougher surface 

morphologies [23]. Reducing pressure means that atoms have a longer mean free path. 

This means that heavier Nb atoms are less influenced by collisions compared to lighter 

Li atoms. Consequently, when these Nb atoms reach the layer, they carry kinetic energy, 

which may displace Li atoms (resputtering) and result in the formation of a low-Li 

phase. On the other hand, high kinetic energy of atoms can contribute to the production 
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of higher-quality films, where this energy acts as a source for layer formation, similar 

to thermal energy. 

● Higher oxygen pressures tend to yield more stoichiometric films but sometimes are 

associated with an increased propensity of secondary phase formation [23]. Under such 

conditions, a lot of collisions will impact both Nb and Li atoms, and resputtering will 

not happen. Thermal energy will be the primary source of energy in this scenario. 

The introduction of an oxygen (O2) background gas establishes an exceptionally reactive 

environment localized at the substrate's surface, thereby promoting the growth of films with 

heightened reactivity, [24]. Additionally, it's worth noting that lithium (Li) ions located in the 

front part of the ablation plume undergo additional excitations due to collision events, 

consequently influencing the overall film growth process [25]. 

Numerous researchers have conducted extensive investigations into the growth of 

LiNbO3 using PLD at varying oxygen pressures, with reported ranges from 0.001 mbar as 

reported in [7]- [8], to 1.3 mbar [26]. These findings are consistent with the observations made 

by Vakulov et al [27]. Their results, derived from an X-ray photoelectron spectroscopy (XPS) 

study, revealed that the optimal conditions for producing LiNbO3 films were attained at oxygen 

pressures of 0.01 mbar and 1.3 × 10-5 mbar [27]. 

In line with these reported results, purposeful adjustments were made to the substrate 

deposition pressures, ranging from 0.2 to 0.007 mbar, as detailed in Table 3.3. The selection of 

these specific values was influenced by the homoepitaxial growth experiments previously 

conducted by Sauze et al., during which they operated the chamber at an oxygen pressure of 

0.2 mbar [28]. 

2.3 Study of the influence of the substrate orientation 

The number of results reporting the growth of layers with crystallographic orientations 

different from (0 0 1) is relatively limited, and they are presented for (1 1 0) and (0 1 2) 

orientations [13]- [17]. It is worth noting that there have been instances of (0 0 1) layer growth 

even on X-cut sapphire substrates [8]. 

Consequently, we intend to investigate six different cutting planes of Al2O3, with some 

orientations aligning with those studied for LiNbO3 substrates, while others are different: c-cut 

(0 0 1), a-cut (1 1 0), r-cut (0 1 2), m-cut (1 00), n-cut (1 1 3), and v-cuts (2 2 3). 
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For this purpose, we will use 4-inch (c-, a- and r-Al2O3) and 2-inch (m-, n- and v-Al2O3) 

wafers to grow various crystallographic orientations of LiNbO3 and examine the properties of 

the as-deposited thin films as they relate to deposition parameters. Table 3.3 groups together 

the various deposition parameter modifications by sample. 

 

ID Size 

(inch) 

Substrate 

Orientation 

Pressure (mbar) Temperature 

(°C) 

Target 

C-1 4 (0 0 1) 0.2 500 LiNbO3 

C-2 4 (0 0 1) 0.007 500 LiNbO3 

C-3 4 (0 0 1) 0.2 600 LiNbO3 

C-4 4 (0 0 1) 0.2 600 Li1.1NbO3.05 

C-5 4 (0 0 1) 0.007 500 Li1.1NbO3.05 

C-6 4 (0 0 1) 0.2 500 Li1.1NbO3.05 

C-7 4 (0 0 1) 0.007 600 Li1.1NbO3.05 

C-8 4 (0 0 1) 0.007 600-200 Li1.1NbO3.05 

A-1 4 (1 1 0) 0.2 500 LiNbO3 

A-2 4 (1 1 0) 0.007 500 LiNbO3 

A-3 4 (1 1 0) 0.2 600 LiNbO3 

A-4 4 (1 1 0) 0.2 600 Li1.1NbO3.05 

A-5 4 (1 1 0) 0.007 500 Li1.1NbO3.05 

A-6 4 (1 1 0) 0.2 500 Li1.1NbO3.05 

A-7 4 (1 1 0) 0.007 600 Li1.1NbO3.05 

A-8 4 (1 1 0) 0.007 600-200 Li1.1NbO3.05 

R-1 4 (0 1 2) 0.2 500 LiNbO3 

R-2 4 (0 1 2) 0.007 500 LiNbO3 

R-3 4 (0 1 2) 0.2 600 LiNbO3 

R-4 4 (0 1 2) 0.2 600 Li1.1NbO3.05 

R-5 4 (0 1 2) 0.007 500 Li1.1NbO3.05 

R-6 4 (0 1 2) 0.2 500 Li1.1NbO3.05 

R-7 4 (0 1 2) 0.007 600 Li1.1NbO3.05 

R-8 4 (0 1 2) 0.007 600-200 Li1.1NbO3.05 

M-1 2 (1 0 0) 0.007 600 Li1.1NbO3.05 

N-1 2 (1 1 3) 0.007 600 Li1.1NbO3.05 

V-1 2 (2 2 3) 0.007 600 Li1.1NbO3.05 

TABLE 3.3 PRESENTATION OF SAMPLES WITH VARIATIONS IN ASSOCIATED DEPOSITION 

CONDITIONS. 
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3. Characterization and analysis  

The structural properties of the as-grown LiNbO3 layers have been assessed through X-Ray 

Diffraction (XRD). The XRD analysis encompassed the following aspects: 

● Identification of Phases: A 2θ/ω scan was performed to identify the phases present in 

the sample. 

● Crystallite Disorientation and Layer Quality: The disorientation of crystallites within 

the layer and the overall layer quality concerning a preferential growth plane were 

examined through a Rocking Curve analysis (ω scan). 

● Epitaxial Relationship: To assess the epitaxial relationship between the layer and the 

substrate, Azimuth Scans (φ scans) were performed. 

The surface morphology of the grown LiNbO3 films was thoroughly examined using Atomic 

Force Microscopy (AFM). Each sample underwent examination with two scan sizes: 1 x 1 μm² 

and 5 x 5 μm². This dual-scale approach allowed for a comprehensive assessment of the 

roughness displayed by the deposited layers. To accurately measure the surface roughness 

characteristics of the LiNbO3 films, a Root Mean Square (RMS) roughness analysis was carried 

out, encompassing the entirety of the AFM image. 

3.1 Growth on the C-plane 

ID Size 

(inch) 

Substrate 

Orientation 

Pressure (mbar) Temperature 

(°C) 

Target 

C-1 4 (0 0 1) 0.2 500 LiNbO3 

C-2 4 (0 0 1) 0.007 500 LiNbO3 

C-3 4 (0 0 1) 0.2 600 LiNbO3 

C-4 4 (0 0 1) 0.2 600 Li1.1NbO3.05 

C-5 4 (0 0 1) 0.007 500 Li1.1NbO3.05 

C-6 4 (0 0 1) 0.2 500 Li1.1NbO3.05 

C-7 4 (0 0 1) 0.007 600 Li1.1NbO3.05 

C-8 4 (0 0 1) 0.007 600-200 Li1.1NbO3.05 

TABLE 3.4. PRESENTATION OF SAMPLES WITH VARIATIONS IN ASSOCIATED DEPOSITION 

CONDITIONS. 
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In order to explore the impact of deposition parameters on the growth of lithium niobate 

layers on sapphire, starting with (0 0 1) layers growth is recommended. This choice is motivated 

by the preference for the c-axis as the growth orientation for LiNbO3 films. The table 3.4 

categorizes the different alterations in deposition parameters by sample for growth on c-plane 

sapphire. 

Structural properties 

The structural properties of the as-grown LiNbO3 layers have been evaluated XRD 

analysis. θ-2θ measurements were conducted for all the wafers, both with a 0.5° ω-offset (aimed 

at minimizing the contribution of sapphire) and without it. The figure below illustrates the 

difference between the scans obtained. 

 

 
FIGURE 3.1 XRD Θ/2Θ PATTERNS, WITHOUT (UP) AND WITH 0.5° Ω-OFFSET (DOWN) OF THE 

LINBO3/ (0 0 6) SAPPHIRE DEPOSITED AT 0.2 MBAR, 500°C, LINBO3 TARGET 

 

In the diagram below, θ-2θ measurements with a 0.5° ω-offset are presented for all the 

Z-cut sapphire wafers after the deposition. The orientations of LiNbO3, LiNb3O8, and Al2O3 

have been determined with reference to ICDD sheets: 00-020-0631 [29] for LiNbO3 04-013-

9445 [30] for LiNb3O8, and 00-046-1212 [31] for Al2O3, as detailed in Appendix II. 

The XRD patterns shown below reveal that by fine-tuning the deposition parameters 

during growth on Z-cut sapphire, only (0 0 6) LiNbO3 crystals were obtained. One of the 

deposition processes commenced at 600°C to establish a seed layer, following which the 

substrate heating was gradually reduced to lower temperatures, led to a final substrate 

temperature of 200°C for the final stages of deposition, resulting in the growth of the low-Li 

subphase (6 0 0) LiNb3O8.  The presence of this secondary "parasitic" phase alongside LiNbO3 
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leads to bad physical properties compared to pure LiNbO3 and can have negative impacts on 

the desired characteristics of the crystal, as discussed in reference [5].  

It is noteworthy to mention that LiNbO3 peaks display a slight leftward shift in 

symmetric scan due to the presence of stress and strain in the film. From the position of the 

diffraction peak, Bragg's law is used to deduce the interplanar distances (dhkl) of the layer. This 

information allows for the calculation of the deformation in the crystal structure, which is a 

measure of the change in the lattice parameter. 

 

 
FIGURE 3.2 XRD Θ/2Θ MEASUREMENTS, 0.5° Ω-OFFSET OF THE LINBO3/ (0 0 6) SAPPHIRE. 

 

Symmetrical ω (Rocking Curve) measurements were conducted to identify the 

broadening of the diffraction peaks. The broadening of the peaks can be attributed to mosaicity, 

which signifies the misorientation of crystallites. These measurements enable a quantitative 

description of XRD peak width through the Full-Width-at-Half-Maximum (FWHM). 

An example of a comparison of such measurements is illustrated in the figure below. 

This diagram presents a comparison of omega scans performed on wafers grown using a 

Li1.1NbO3.05 target, one at 500°C with 0.2 mbar O2 atmothphere (C-6) and the other at 600°C 
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with 0.007 mbar (C-7). The mosaicity of the layer, denoting the misorientation of crystallites, 

is noticeably higher for the C-6 wafer, with a FWHM of 0.99° as opposed to 0.76° for the C-7 

wafer. This difference could potentially be attributed to the displacement of certain Li atoms 

by Nb atoms. These atoms, possessing a big amount of kinetic energy due to their longer mean 

free path (resulting from a lower number of collisions), may contribute to this observed effect. 

Other measurements can be found in Appendix II. 

 
FIGURE 3.3 XRD Ω SYMMETRICAL  PATTERNS, LINBO3/ (0 0 6) SAPPHIRE DEPOSITED USING 

LI1.1NBO3.05 TARGET AT 500°C, 0.2 MBAR (C-6) AND 600°C, 0.007 MBAR (C-7). 

 

 All φ measurements conducted for the layers grown on Z-cut sapphire consistently 

reveal the epitaxial nature of the LiNbO3 growth. These measurements involve the rotation in 

φ for out-of-plane (0 1 2) LiNbO3 and Al2O3 peaks. It's worth emphasizing that all of these 

measurements consistently reveal a 6-fold structure, indicating the presence of an epitaxial 

polyscystalline structure with what are known as twins or 2-domains growth. An example of 

such scans performed on a sapphire heterostructure deposited using a Li1.1NbO3.05 target at 

600°C and 0.007 mbar (C-7) is depicted in the figure below.  

Asymmetrical ω (Rocking Curve) measurements were carried out to assess the 

broadening of the diffraction peaks observed in φ measurements for (0 1 2) LiNbO3 and Al2O3 

peaks. The table below provides a summary of all the properties of the as-grown LiNbO3 layers 

that have been analyzed through XRD (Table 3.5).  
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FIGURE 3.4 XRD Φ MEASUREMENTS PATTERNS, LINBO3/ (0 0 6) SAPPHIRE HETEROSTRUCTURE 

DEPOSITED USING LI1.1NBO3.05 TARGET AT 600°C, 0.007 MBAR (C-7) FOR OUT-OF-PLANE (0 1 2) 

PEAKS OF LINBO3 AND AL2O3. 

 

 

 
FIGURE 3.5 POSSIBLE EPITAXIAL RELATIONSHIPS LITHIUM NIOBATE THIN FILM ON Z-CUT 

SAPPHIRE SUBSTRATE. 

The symmetry, as observed in φ measurements, consistently exhibits a 6-fold pattern, 

indicating the presence of an epitaxial polycrystalline structure with twins. Based on the φ 

measurements the possible crystallographic relationships between the (0 0 1) plane of LiNbO3 

are schematized for Al2O3 Z-cut substrates (Fig.3.5). The lattice mismatch of this possible 

structure is ~7.7 %. 

In the summary Table 3.5, data related to XRD results for layers grown on Z-cut wafers 

under various deposition conditions is presented. The RC (Rocking Curve) values for 

symmetrical measurements for most of the layers are all below 1°, with variations ranging from 

0.76° to 0.99, depending on the specific sample. The deposition conducted using a Li1.1NbO3.05 

target at 600°C with 0.007 mbar (C-7) exhibits the lowest FWHM (Full-Width-at-Half-

Maximum) for asymmetrical ω measurements. The combination of the lowest FWHM for both 

symmetrical and asymmetrical scans is achieved through deposition at 500°C with 0.007 mbar 

using a LiNbO3 target (C-2). Only growth performed at 500°C with 0.2 mbar have symmetrical 

RC higher than 1° (1.5°) and relatively high asymmetrical one (3.5°). 
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ID Pressure 

(mbar) 

Temperature 

(°C) 

Target RC 

(symmetrical), ° 

RC 

(asymmetrical), ° 

C-1 0.2 500 LiNbO3 0.913 2.1 

C-2 0.007 500 LiNbO3 0.78 1.5 

C-3 0.2 600 LiNbO3 0.924 2.1 

C-4 0.2 600 Li1.1NbO3.05 0.874 2.2 

C-5 0.007 500 Li1.1NbO3.05 0.913 2.4 

C-6 0.2 500 Li1.1NbO3.05 1.5 3.5 

C-7 0.007 600 Li1.1NbO3.05 0.99 1.41 

C-8 0.007 600-200 Li1.1NbO3.05 0.84 2.12 

TABLE 3.5 PRESENTATION OF THE SUMMARY THE XRD RESULTS FOR LAYERS GROWN ON Z-CUT 

WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

It's crucial to highlight that for the majority of deposition conditions, only (0 0 6) 

LiNbO3 crystals were obtained. The deposition process commenced at 600°C to establish a seed 

layer, following which the substrate heating was gradually reduced to lower temperatures. This 

resulted in a final substrate temperature of 200°C for the subsequent stages of deposition, 

leading to the growth of a combination of the low-Li subphase (6 0 0) LiNb3O8 and (0 0 6) 

LiNbO3 crystals. 

Surface properties 

 SEM (Scanning Electron Microscopy) observations were performed to evaluate the 

surfaces of the layers. This analysis aimed to identify the presence of cracks and particles on 

the layers. The observations, conducted at various magnifications, are presented in the figure 

below. Importantly, the SEM examinations did not reveal any cracks, but they did detect the 

presence of grains on the layers. 

 

(a)  (b)  

FIGURE 3.6 SEM MICROGRAPHS OF LINBO3 C-AL2O3 HETEROSTRUCTURES GROWN AT: (A) 0.2 

MBAR, 500°C, LINBO3 TARGET; (B) 0.2 MBAR, 600°C,  LINBO3 TARGET. 
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 To explore the surface morphology of the LiNbO3 films deposited on Z-cut Al2O3, AFM 

measurements were conducted for most of the samples. Each sample underwent examination 

using two scan sizes: 1 x 1 μm² and 5 x 5 μm². This dual-scale approach allowed for a 

comprehensive assessment of the roughness displayed by the deposited layers. To precisely 

evaluate the surface roughness characteristics of the LiNbO3 films, an analysis of the Root 

Mean Square (RMS) roughness was carried out based on the entire AFM image. 

  

 

 

FIGURE 3.7 AFM MICROGRAPHS OF LINBO3 ON Z-CUT AL2O3 GROWN AT: (A) 0.2 MBAR, 500°C, 

LINBO3 TARGET; (B) 0.007 MBAR, 500°C, LINBO3 TARGET; (C) 0.2 MBAR, 600°C, LINBO3 

TARGET; (D) 0.2 MBAR, 600°C, LI1.1NBO3.05 TARGET; (E) 0.007 MBAR, 500°C, LI1.1NBO3.05  

TARGET; (F) (E) 0.007 MBAR, 600°C, LI1.1NBO3.05 TARGET;. SCAN SIZE: (1 × 1) µM
2. 

 

The AFM images of the 1 x 1 µm² scans for samples deposited on Z-cut wafers are 

collectively shown in the figure above. All of the 5 x 5 µm² scans can be found in the Annex 

IV. In all cases, these scans reveal that the surfaces of the films are composed of rounded grains. 

Furthermore, due to the PLD process, some grains on the suface are also visible. It's crucial to 

highlight that these grains are the main source of surface roughness in these samples. Another 

potential origin of these grains could be resputtering, which refers to the re-emission of the 

deposited Li during the deposition process as a result of bombardment with Nb atoms (due to 

their high kinetic energy). This phenomenon has been observed in instances of deposition at 
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low pressure without additional Li in the target, consequently leading to the possibility of the 

formation of a low-Li phase. 

The provided table summarizes the findings related to surface properties observed in the 

AFM scans. It provides an overview of how the surface properties are influenced by the diverse 

deposition conditions (including oxygen pressure, substrate temperature and amount of Li in 

target) for depositions done on Z-cut sapphire wafers.  

The surfaces of all the films exhibit the presence of rounded grains, and some grains are 

also visible due to the pulsed laser deposition process. It's important to note that these grains 

are the primary source of surface roughness in these films. The RMS roughness reaches its 

highest values for the samples grown at 0.007 mbar and 500°C using a LiNbO3 target, where 

some grains are visible. On the other hand, the surface roughness of the wafer grown at 0.007 

mbar and 600°C using a Li-enriched target was the lowest, and it was even less than 1nm. 

However, since the thickness of all the films is around 200nm, the roughness of most samples 

is relatively small. This indicates that while surface roughness varies between samples, the 

overall roughness is limited due to the thin film thickness. 

 

ID Pressure 

(mbar) 

Temperature 

(°C) 

Target RMS 1x1 μm², 

nm 

RMS 5x5 μm², 

nm 

C-1 0.2 500 LiNbO3 1.58 1.7 

C-2 0.007 500 LiNbO3 12.3 9.76 

C-3 0.2 600 LiNbO3 2.23 1.8 

C-4 0.2 600 Li1.1NbO3.05 2.49 2.74 

C-5 0.007 500 Li1.1NbO3.05 1.83 1.85 

C-7 0.007 600 Li1.1NbO3.05 0.68 0.82 

C-8 0.007 600-200 Li1.1NbO3.05 1.5 1.6 

TABLE 3.6 PRESENTATION OF THE SUMMARY ON THE SURFACE CHARACTERIZATION FOR LAYERS 

GROWN ON Z-CUT WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

Summary on the growth on the Z-cut sapphire 

 In the context of growth on LiNbO3 on sapphire substrates, it's important to note that 

the morphology and roughness of the layer are influenced by several factors, including the 

substrate's heating setpoint temperature, oxygen pressure, and target composition. Our 

investigation encompassed the study of the crystalline quality and surface roughness of these 

layers, taking into consideration these critical factors. All the results from the characterization 

have been summarized in the table below. 
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 For all the deposition conditions, it was observed that LiNbO3 films grown on c-

sapphire exhibited a strong (0 0 1) texture. In one of the deposition processes, the initial phase 

was carried out at 600°C to establish a seed layer. Subsequently, the substrate heating was 

gradually reduced to lower temperatures, ultimately reaching a final substrate temperature of 

200°C for the subsequent stages of deposition. This process resulted in the growth of the low-

Li subphase (6 0 0) LiNb3O8. In all other deposition processes, single-phased polycrystalline (0 

0 6) LiNbO3 layers were obtained. 

The deposition process carried out using a Li1.1NbO3.05 target at 600°C with 0.007 mbar 

(C-7) demonstrates the lowest Full-Width-at-Half-Maximum (FWHM) for asymmetrical ω 

measurements (RC). The combination of the lowest FWHM values for both symmetrical and 

asymmetrical scans is achieved through deposition at 500°C with 0.007 mbar using a LiNbO3 

target (C-2). All φ measurements conducted for the layers grown on Z-cut sapphire consistently 

reveal the epitaxial nature of the LiNbO3 growth. It's worth emphasizing that all these 

measurements consistently reveal a 6-fold structure, indicating the presence of an epitaxial 

polycrystalline structure. 

 

ID RC (symmetrical), ° RC (asymmetrical), ° RMS 1x1 μm², 

nm 

RMS 5x5 μm², 

nm 

C-1 0.913 2.1 1.58 1.7 

C-2 0.78 1.5 12.3 9.76 

C-3 0.924 2.1 2.23 1.8 

C-4 0.874 2.2 2.49 2.74 

C-5 0.913 2.4 1.83 1.85 

C-6 1.5 3.5   

C-7 0.99 1.41 0.68 0.82 

C-8 0.84 2.12 1.5 1.6 

TABLE 3.7 PRESENTATION OF THE SUMMARY THE XRD RESULTS FOR LAYERS GROWN ON Z-CUT 

WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

 

Both AFM and SEM examinations did not reveal any cracks in the layers. However, 

they detected the presence of grains on the layers. The surfaces of all the films are characterized 

by the presence of rounded grains. Additionally, due to the pulsed laser deposition process, 

some grains are visible. It's noteworthy that these grains constitute the primary source of surface 

roughness in the samples. The surface roughness of the wafer grown at 0.007 mbar and 600°C 
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using a Li-enriched target was the lowest, measuring less than 1nm. However, considering that 

the thickness of all the films is around 200nm, the roughness of most samples is relatively small. 

Most of the previously reported results were focused on growing films with the (0 0 1) 

orientation. This choice is supported by the tendency of LiNbO3 films to align their c-axis 

perpendicular to the smooth substrate surface [18]. However, it's important to note that we 

couldn't achieve the same high crystal quality as reported by Lee (with a rocking curve of 0.1°) 

[11] and by Balestrino (RC of 0.1°) [12]. It could be possible to achieve such crystallinity after 

further improvement of deposition parameters. Our result (0.78°) was more similar to the one 

reported by Laura Sauze (0.75°) [2] . On the other hand, the lowest roughness we obtained for 

this crystal cut was 0.68 nm, which is close to the value reported by G.-H. Lee (0.7nm) [9]. 

In conclusion, it can be affirmed that 200nm thick LiNbO3 thin films grown on Z-cut 

Al2O3 substrates at 600°C and 0.007mbar exhibit the most favorable combination of both 

relatively low roughness (with an RMS of 0.8 nm for the 5x5 μm² scan) and good crystalline 

quality (as indicated by symmetrical and asymmetrical Rocking Curve values of 0.99° and 

1.41°, respectively).  

3.2. Growth on the A-plane 

 

ID Substrate 

Orientation 

Pressure (mbar) Temperature 

(°C) 

Target 

A-1 (1 1 0) 0.2 500 LiNbO3 

A-2 (1 1 0) 0.007 500 LiNbO3 

A-3 (1 1 0) 0.2 600 LiNbO3 

A-4 (1 1 0) 0.2 600 Li1.1NbO3.05 

A-5 (1 1 0) 0.007 500 Li1.1NbO3.05 

A-6 (1 1 0) 0.2 500 Li1.1NbO3.05 

A-7 (1 1 0) 0.007 600 Li1.1NbO3.05 

A-8 (1 1 0) 0.007 600-200 Li1.1NbO3.05 

TABLE 3.8 PRESENTATION OF SAMPLES WITH VARIATIONS IN ASSOCIATED DEPOSITION 

CONDITIONS. 

To investigate the influence of deposition parameters on the growth of lithium niobate thin 

films on sapphire substrates with orientations other than (0 0 1), it is advisable to begin with 

the growth of (1 1 0) layers. This choice is motivated by previous works that have demonstrated 

the feasibility of growing layers with such an orientation [13]- [14]. 
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The table above organizes the various modifications in deposition parameters by sample for 

growth on A-plane sapphire. 

Structural properties 

The structural properties of the as-grown LiNbO3 layers were assessed using XRD 

analysis (same as for Z-cut wafers). θ-2θ measurements were conducted for all the wafers, both 

with and without a 0.5° ω-offset (aimed at reducing the contribution of sapphire). In the diagram 

below, θ-2θ measurements with a 0.5° ω-offset are presented for all the a-sapphire wafers after 

the deposition. The orientations of LiNbO3, LiNb3O8, and Al2O3 were determined with 

reference to ICDD sheets: 00-020-0631 [29] for LiNbO3, 04-013-9445 [30] for LiNb3O8, and 

00-046-1212 [31] for Al2O3, as detailed in Appendix II. 

In order to estimate the proportion of grains oriented according to the different 

crystallographic planes and to determine the preferred orientation of the layer, we employed 

the following equation [32]: 

𝑇𝐷(ℎ𝑘𝑙) =

𝐼(ℎ𝑘𝑙)

𝐼0(ℎ𝑘𝑙)

∑ 𝐼(ℎ𝑘𝑙)

𝐼0(ℎ𝑘𝑙)

× 100 

Where I(hkl) was the experimental integrated intensity of the plans (hkl) and I0(hkl) was the 

theoretical intensity [32]. 

The XRD patterns displayed below indicate that through precise adjustments in the 

deposition parameters during growth on X-cut sapphire, (1 1 0), (0 0 6) and combination of (1 

1 0) and (0 0 6) LiNbO3 orientations were achieved.  
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FIGURE 3.8 XRD Θ/2Θ SYMMETRICAL  PATTERNS, 0.5° Ω-OFFSET OF THE LINBO3/ (1 1 0) 

SAPPHIRE. 

 

In contrast to the previous observations made for LiNbO3 films deposited on c-Al2O3, 

there is a consistent competition in growth between the (0 0 6) and (1 1 0) orientations. In one 

deposition process, the growth began at 600°C to establish a seed layer, and subsequently, the 

substrate heating was gradually reduced to lower temperatures, ultimately reaching a final 

substrate temperature of 200°C for the later stages of deposition. This resulted in the growth of 

a low-Li subphase (0 2 0) LiNb3O8. The presence of this secondary "parasitic" phase alongside 

LiNbO3 leads to inferior physical properties compared to pure LiNbO3 and can have adverse 

effects on the desired characteristics of the crystal, as discussed in reference [5]. The growth of 

this subphase may have occurred due to low thermal energy in the film during the final stages 

of the deposition process, given that the final substrate temperature was 200°C. 

The XRD patterns reveal that the LiNbO3 films deposited on a-sapphire under a 0.2 

mbar O2 atmosphere, with additional Li2O in the target, are polycrystalline and exhibit strong 

(1 1 0) texturation. Notably, a combination of both (0 0 6) and (1 1 0) orientations was grown 

on x-cut sapphire, also with additional Li in the target, at 500°C with a 0.007 mbar O2 
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atmosphere. This suggests that nucleation during the point of solid-phase crystallization does 

not result in an ideal selection of the (1 1 0) orientation. Although (1 1 0) is the major domain 

in the initial growth stage, crystallization exhibits selectivity toward the c-axis orientation. 

Symmetrical and asymmetrical ω (Rocking Curve) measurements were performed to 

assess the broadening of the diffraction peaks for the primary layer orientations, similar to the 

approach used for Z-cut sapphire. 

 

 
FIGURE 3.9 XRD Φ MEASUREMENTS PATTERNS, LINBO3/ (1 1 0) SAPPHIRE HETEROSTRUCTURE 

DEPOSITED USING LI1.1NBO3.05 TARGET AT 600°C, 0.2 MBAR (A-4) FOR OUT-OF-PLANE (0 1 2) 

PEAKS OF LINBO3 AND AL2O3. 

 

The φ measurements conducted for the layers grown on a-sapphire consistently confirm 

the epitaxial nature of LiNbO3 growth. Similar to those conducted for Z-cut wafers, these 

measurements consistently revealed 6-fold structures for (0 0 6) layers and 4-fold structures for 

(1 1 0) layers. These structural patterns indicate the presence of an epitaxial polyscystalline 

structure with twins. An illustration of such scans conducted on a sapphire heterostructure, 

deposited using a Li1.1NbO3.05 target at 600°C and 0.2 mbar (referred to as A-4), is provided in 

the figure above. Based on the φ measurements the possible crystallographic relationships 

between the (1 1 0) and (0 0 1) planes of LiNbO3 are schematized for Al2O3 X-cut substrates 

(Fig.3.10). For the schematized relationships we calculated lattice mismatches:  

● For (1 1 0) LiNbO3 they are 8.6% and 7.6%, depending on the direction; 

● For (0 0 1) ) LiNbO3 they are 25.7% and 8%, depending on the direction; 
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FIGURE 3.10 POSSIBLE EPITAXIAL RELATIONSHIPS LITHIUM NIOBATE THIN FILM ON Z-CUT 

SAPPHIRE SUBSTRATE. 

The Table 3.9 provided summarizes the XRD results for layers grown on X-cut sapphire 

wafers under various deposition conditions. In the specific deposition process where the growth 

commenced at 600°C and the substrate heating was gradually reduced to lower temperatures, it 

resulted in the coexistence of two phases: low-Li (parasitic) LiNb3O8 (0 2 0) subphase and (1 1 

0) LiNbO3. The growth of  LiNb3O8 (0 2 0) may have occurred due to low thermal energy in 

the film during the final stages of the deposition process, given that the final substrate 

temperature was 200°C. 

ID Main layer 

orientation 

Texture 

Degree, 

% 

Symmetry 

(in phi 

scan) 

RC 

(symmetrical), 

° 

RC 

(asymmetrical), 

° 

A-1 (0 0 6) 96.7 6-fold 1.51 2.4 

A-2 (0 0 6) 65.8 6-fold 1.691 2.0 

A-3 (0 0 6) 97.7 6-fold 0.9 2.6 

A-4 (1 1 0) 99.9 4-fold 1.48 1.9 

A-5 (0 0 6) 99.6 6-fold 1.21 2.2 

A-6 (1 1 0) 99.5 4-fold 0.43 2.24 

A-7 (1 1 0) 99.7 4-fold 0.98 1.41 

A-8 (1 1 0), but also 

parasitic phase 

96 4-fold 1.12 1.46 

TABLE 3.9 PRESENTATION OF SAMPLES WITH VARIATIONS IN ASSOCIATED DEPOSITION 

CONDITIONS. 

 

At for most of the samples, a coexistence of (1 1 0) and (0 0 6) orientations of LiNbO3 

was observed. The main layer orientation for the samples grown using a LiNbO3 target was 

always (0 0 6). On the other hand, the samples with (1 1 0) LiNbO3 orientation were deposited 

using a Li1.1NbO3.05 target under the following conditions: 

● 0.2 mbar, 500°C (A-4); 
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● 0.2 mbar, 600°C (A-6); 

● 0.007 mbar, 600°C (A-7). 

It's important to note that the RC values for symmetrical measurements for most of the (1 1 0) 

layers are close to 1°, indicating a relatively good degree of orientation for these layers. The 

deposition conducted using a Li1.1NbO3.05 target at 500°C with 0.2 mbar (A-6) had the lowest 

FWHM (Full-Width-at-Half-Maximum) for symmetrical ω measurements (RC) at 0.43°, which 

suggests a relatively high degree of crystalline quality for this sample. 

The combination of the lowest FWHM for both symmetrical and asymmetrical scans of 

(1 1 0) LiNbO3 was achieved through deposition at 600°C with 0.007 mbar using a Li1.1NbO3.05 

target (A-7). This indicates that both pressure and temperature can be tailored to achieve 

optimal crystal quality and orientation for LiNbO3 thin films. It could be very interesting to 

further enhance the deposition temperature, which was not possible with our equipment. 

Surface properties 

ID Pressure 

(mbar) 

Temperature 

(°C) 

Target RMS 1x1 μm², 

nm 

RMS 5x5 μm², 

nm 

A-1 0.2 500 LiNbO3 4.64 5.17 

A-2 0.007 500 LiNbO3 6.83 7.46 

A-3 0.2 600 LiNbO3 9.39 9.46 

A-4 0.2 600 Li1.1NbO3.05 5.07 5.26 

A-5 0.007 500 Li1.1NbO3.05 6.37 6.20 

A-6 0.2 500 Li1.1NbO3.05 4.76 4.96 

A-7 0.007 600 Li1.1NbO3.05 11.6 12.4 

A-8 0.007 600-200 Li1.1NbO3.05 5 5.53 

TABLE 3.10 PRESENTATION OF THE SUMMARY ON THE SURFACE CHARACTERIZATION FOR 

LAYERS GROWN ON X-CUT WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

 

To explore the surface topography of LiNbO3 thin films deposited on X-cut Al2O3 

substrates, we conducted AFM measurements. Each individual sample underwent examination 

using two scanning dimensions, specifically 1 x 1 μm² and 5 x 5 μm². To accurately assess the 

surface roughness characteristics of the LiNbO3 films, we performed an analysis of the RMS 

roughness, mirroring the approach used for Z-cut wafers. The provided Table 3.10 summarizes 

the findings related to surface properties observed in the AFM scans. It provides an overview 

of how the surface properties are influenced by the diverse deposition conditions (including 
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oxygen pressure, substrate temperature and amount of Li in target) for depositions done on X-

cut sapphire wafers.  

 

   

   

  

FIGURE 3.11 AFM MICROGRAPHS OF LINBO3 ON X-CUT AL2O3: (A) A-1; (B) A-2;  (C) A-3;  (D) 

A-4;  (E) A-5; (F) A-6; (G) A-7; (H) A-8; SCAN SIZE: (1 × 1) µM
2
. 

Figure above presents a compilation of AFM images obtained from 1 x 1 µm² scans for 

samples deposited on X-cut wafers. All of the 5 x 5 µm² scans are provided in the Annex IV. 

In all instances, these scans unveil the presence of rounded grain structures on the film surfaces. 

Additionally, as a consequence of the PLD procedure, observable grains are present. It is 

imperative to emphasize that these grains serve as the primary contributors to the surface 

roughness observed in these specimens. 
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Most of the film surfaces display the presence of grains aligned in a single direction, 

alongside the visibility of grains resulting from the deposition process. The RMS roughness 

attains its peak values for the specimens grown under conditions of 0.2 mbar and 600°C, 

utilizing a LiNbO3 target (A-3). Conversely, the surface roughness of the wafer grown at 0.2 

mbar and 500°C, employing a Li-enriched target, exhibits the lowest values (A-6).  

Summary on the growth on the X-cut sapphire 

In the context of LiNbO3 growth on X-cut sapphire substrates, it is imperative to 

emphasize that the morphology and roughness of the deposited layer are affected by the specific 

deposition conditions (atmosphere, substrate temperature and target composition). Our research 

endeavors encompassed the examination of both the crystalline quality and surface roughness 

of these layers, with due consideration to these parameters. A summary of all the findings from 

the characterization has been compiled in the table presented below. 

The XRD measurements reveal that by tuning the deposition parameters during the 

growth process on X-cut sapphire substrates, it was possible to attain distinct LiNbO3 

orientations, specifically (1 1 0), (0 0 6), and a combination of (1 1 0) and (0 0 6). In contrast 

to earlier observations made for LiNbO3 films deposited on c-Al2O3, a persistent competition 

in growth is observed between the (0 0 6) and (1 1 0) orientations. 

All the deposition processes resulted in heteroepitaxial growth. However, a low-Li 

parasitic phase was observed in the samples where the deposition began at 600°C and then 

cooled to 200°C. The samples with a (1 1 0) LiNbO3 orientation were obtained using a 

Li1.1NbO3.05 target under the following conditions: 

● 0.2 mbar, 500°C (A-4); 

● 0.2 mbar, 600°C (A-6); 

● 0.007 mbar, 600°C (A-7). 

The RC values for symmetrical measurements for most of the (1 1 0) layers are approximately 

1°, indicating a relatively high degree of orientation for these layers. Among these samples, the 

deposition performed at 500°C with 0.2 mbar (A-6) had the lowest FWHM for symmetrical ω 

measurements (RC): 0.43°, suggesting a relatively high degree of crystalline quality for this 

particular sample. The combination of the lowest FWHM values for both symmetrical and 
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asymmetrical scans of (1 1 0) LiNbO3 was achieved through deposition at 600°C with 0.007 

mbar, using a Li1.1NbO3.05 target (A-7). 

ID Pressure 

(mbar) 

Temperature 

(°C) 

Target Main layer 

orientation 

RC 

(symmetrical), 

° 

RC 

(asymmetrical), 

° 

RMS 

1x1 

μm², 

nm 

RMS 

5x5 

μm², 

nm 

A-1 0.2 500 LiNbO3 (0 0 6) 1.51 2.4 4.64 5.17 

A-2 0.007 500 LiNbO3 (0 0 6) 1.691 2.0 6.83 7.46 

A-3 0.2 600 LiNbO3 (0 0 6) 0.9 2.6 9.39 9.46 

A-4 0.2 600 Li1.1NbO3.05 (1 1 0) 1.48 1.9 5.07 5.26 

A-5 0.007 500 Li1.1NbO3.05 (0 0 6) 1.21 2.2 6.37 6.20 

A-6 0.2 500 Li1.1NbO3.05 (1 1 0) 0.43 2.24 4.76 4.96 

A-7 0.007 600 Li1.1NbO3.05 (1 1 0) 0.98 1.41 11.6 12.4 

A-8 0.007 600-200 Li1.1NbO3.05 (1 1 0), 

but also 

parasitic 

phase 

1.12 1.46 5 5.53 

TABLE 3.10 PRESENTATION OF THE SUMMARY THE CHARACTERIZATIONS FOR LAYERS GROWN 

ON X-CUT WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

 

AFM examinations did not reveal any cracks within the layers. Most of the film surfaces 

exhibit the presence of grains oriented in a singular direction, in conjunction with the visibility 

of grains originating from the deposition process. The RMS roughness reaches its highest values 

for the specimens grown under conditions of 0.2 mbar and 600°C, utilizing a LiNbO3 target (A-

3). In contrast, the surface roughness of the wafer grown at 0.2 mbar and 500°C, employing a 

Li-enriched target, demonstrates the lowest values (A-6). 

In summary, it can be confidently stated that the deposition of 200nm thick LiNbO3 thin films 

on X-cut Al2O3 substrate at 0.2 mbar and 500°C, utilizing a Li1.1NbO3.05 target, yields the most 

advantageous combination of low roughness (with a Root Mean Square (RMS) value of 4.96 

nm for the 5x5 μm² scan) and excellent crystalline quality, as evidenced by the symmetrical 

Rocking Curve value of 0.43°. 
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3.3 Growth on the R-plane 

 

ID Substrate 

Orientation 

Pressure (mbar) Temperature 

(°C) 

Target 

R-1 (0 1 2) 0.2 500 LiNbO3 

R-2 (0 1 2) 0.007 500 LiNbO3 

R-3 (0 1 2) 0.2 600 LiNbO3 

R-4 (0 1 2) 0.2 600 Li1.1NbO3.05 

R-5 (0 1 2) 0.007 500 Li1.1NbO3.05 

R-6 (0 1 2) 0.2 500 Li1.1NbO3.05 

R-7 (0 1 2) 0.007 600 Li1.1NbO3.05 

R-8 (0 1 2) 0.007 600-200 Li1.1NbO3.05 

TABLE 3.11 PRESENTATION OF SAMPLES WITH VARIATIONS IN ASSOCIATED DEPOSITION 

CONDITIONS. 

To investigate the influence of deposition parameters on the predominant 

crystallographic orientation of lithium niobate layers on sapphire, we conducted deposition on 

(0 1 2) Al2O3. The table provided below categorizes the various adjustments in deposition 

parameters for each sample in the context of growth on r-plane sapphire. 

Structural properties 

The structural properties of the as-grown LiNbO3 layers were evaluated through XRD 

analysis, following a similar approach to that employed for Z-cut and X-cut wafers. We 

conducted θ-2θ measurements, both with and without a 0.5° ω-offset, as well as ω and φ 

measurements for all the wafers. The diagram presented below illustrates the θ-2θ 

measurements with a 0.5° ω-offset for all the r-sapphire wafers after the deposition. The 

orientations of LiNbO3, LiNb3O8, and Al2O3 were determined by referencing ICDD sheets: 00-

020-0631 [29] for LiNbO3 04-013-9445 [30] for LiNb3O8, and 00-046-1212 [31] for Al2O3, as 

detailed in Appendix II. 

The XRD patterns presented below reveal that by making meticulous adjustments to the 

deposition parameters during the growth on r-sapphire, a variety of LiNbO3 main 

crystallographic orientations were obtained. Unlike the previous findings from LiNbO3 film 

depositions on c-Al2O3 and a-Al2O3, the growth of (0 0 6) LiNbO3 is notably absent in these 

samples. The main layer orientations exhibited variation among different samples, and the 
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process for determining these orientations was consistent with the methodology used for 

deposition on X-cut sapphire.  

Four orientations were identified: 

● (1 1 0); 

● (1 0 0), represented by the (3 0 0) peak; 

● (1 0 1), indicated by the (2 0 2) peak; 

● (0 1 2), characterized by the (0 1 2) and (0 2 4) peaks. 

The φ measurements performed on the layers grown on r-sapphire consistently 

demonstrate the epitaxial nature of LiNbO3 growth. These measurements closely mirror those 

conducted for Z- and X-cut wafers. 

 
FIG 3.12 XRD Θ/2Θ MEASUREMNTS, 0.5° Ω-OFFSET OF THE LINBO3/ (0 1 2) SAPPHIRE. 

 

Symmetrical ω (Rocking Curve) and asymmetrical ω measurements were performed 

subsequent to the identification of the primary crystallographic orientation represented by the 

peak. These measurements were executed to evaluate the broadening of the diffraction peaks, 

employing a methodology akin to that used for layers deposited on c- and a-sapphire. 
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The summary table (Table 3.12) provides data related to XRD results for layers grown 

on r-sapphire under various deposition conditions.  

ID Pressure 

(mbar) 

Temperature 

(°C) 

Target Main layer 

orientation 

Texture 

Degree, 

% 

Symmetry 

(in phi 

scan) 

RC 

(symmetrical), 

° 

RC 

(asymmetrical), 

° 

R-1 0.2 500 LiNbO3 (3 0 0) 73.8 8-fold 1.8 2.4 

R-2 0.007 500 LiNbO3 (1 1 0) 94.2 4-fold 2.7 2.6 

R-3 0.2 600 LiNbO3 (3 0 0) 94.5 2-fold 1.3 1.9 

R-4 0.2 600 Li1.1NbO3.05 (1 0 1) 93.4 3-fold 4.6 8.9 

R-5 0.007 500 Li1.1NbO3.05 (3 0 0) 95.8 2-fold 2.0 2.3 

R-6 0.2 500 Li1.1NbO3.05 (3 0 0) 50 4-fold 3.3 5.5 

R-7 0.007 600 Li1.1NbO3.05 (0 1 2) 100 2-fold 1.5 3.6 

R-8 0.007 600-200 Li1.1NbO3.05 (0 1 2) 98.5 2-fold 1.7 1.9 

TABLE 3.12 PRESENTATION OF THE SUMMARY ON THE SURFACE CHARACTERIZATION FOR 

LAYERS GROWN ON R-CUT WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

 

Notably, layers with the primary crystallographic orientation of (1 0 0), as represented 

by the (3 0 0) peak, were observed multiple times. The RC values for these layers consistently 

fall below 2°, with variations ranging from 1.3° to 3°, depending on the specific sample. The 

most favorable combination of the lowest FWHM for both symmetrical and asymmetrical 

scans, along with texturation percent, is achieved through deposition at 600°C with 0.2 mbar 

using a LiNbO3 target (R-3). The φ measurements performed on the layers can be seen bellow. 

 
FIG 3.13 XRD Φ MEASUREMENTS PATTERNS, LINBO3/ (0 1 2) SAPPHIRE HETEROSTRUCTURE 

DEPOSITED USING LINBO3 TARGET AT 600°C, 0.2 MBAR (R-3) FOR OUT-OF-PLANE (1 0 4) PEAKS 

OF LINBO3 (3 0 0) AND AL2O3 (0 1 2). 
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FIGURE 3.14 POSSIBLE EPITAXIAL RELATIONSHIP OF LITHIUM NIOBATE (1 0 0) THIN FILM ON R-

CUT SAPPHIRE SUBSTRATE. 
 

Utilizing the φ measurements, a schematic representation of the potential epitaxial 

relationship for the (1 0 0) planes between LiNbO3 and Al2O3 R-cut substrates is depicted (see 

Fig. 3.14). The lattice mismatches for superlattices were calculated to be 17% and 6%, 

depending on the direction. 

Layer with the main (1 1 0) crystallographic orientation, was observed once. It is 

achieved through deposition at 500°C with 0.007 mbar using a LiNbO3 target (R-2).  The RC 

values for symmetrical and a symmetrical measurements were 2.7° and 2.6°. If to compare this 

date with depositions performed on a-sapphire, it is possible to conclude quality of the layer is 

poor. The φ measurements performed on the thin film and substrate can be seen bellow. 

 
FIGURE 3.15 XRD Φ MEASUREMENTS PATTERNS, LINBO3/ (0 1 2) SAPPHIRE HETEROSTRUCTURE 

DEPOSITED USING LINBO3 TARGET AT 500°C, 0.007 MBAR (R-2) FOR OUT-OF-PLANE (1 0 4) 

PEAKS OF LINBO3 (1 1 0) AND AL2O3 (0 1 2). 
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FIGURE 3.16 POSSIBLE EPITAXIAL RELATIONSHIP OF LITHIUM NIOBATE (1 1 0) THIN FILM ON R-

CUT SAPPHIRE SUBSTRATE. 

 

Using the φ measurements, a schematic representation of the possible epitaxial 

relationship for the (1 1 0) planes between LiNbO3 and (0 1 2) Al2O3 substrates is presented 

(Fig. 3.16). The calculated lattice mismatches were also calculated for superlattices and are 

35% and 6%, depending on the direction. 

Layers with the main (0 1 2) crystallographic orientation were observed twice. Notably, 

for the layer deposited using a Li1.1NbO3.05 target at 600°C with 0.007 mbar (R-7), this 

orientation was the sole crystallographic orientation. This particular thin film also exhibited low 

FWHM values for both symmetrical and asymmetrical scans: 0.76° and 1.92°, respectively.  

 
FIGURE 3.17 XRD Φ MEASUREMENTS PATTERNS, LINBO3/ (0 1 2) SAPPHIRE HETEROSTRUCTURE 

MBAR (R-7) FOR OUT-OF-PLANE (1 0 4) PEAKS OF LINBO3 (0 1 2) AND AL2O3 (0 1 2). 

  

Based on the φ measurements the possible epitaxial relationship between the r-LiNbO3 

and r-Al2O3 is schematized (Fig.3.18). The lattice mismatch of this possible structure is 11 %. 



Chapter 3: Growth on sapphire 

 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD) 121 

 

 

FIGURE 3.18 POSSIBLE EPITAXIAL RELATIONSHIP OF LITHIUM NIOBATE (0 1 2) THIN FILM ON R-

CUT SAPPHIRE SUBSTRATE. 

 

Remarkably, during the deposition process conducted using a Li1.1NbO3.05 target at 

600°C with 0.2 mbar pressure, a primary crystallographic orientation, (1 0 1), represented by 

the (2 0 2) peak, was observed. This thin film similarly displayed low FWHM values for both 

symmetrical and asymmetrical scans: 0.76° and 1.92°, respectively. This orientation achieved 

by PLD process had not been reported previously in the literature. 

 
FIGURE 3.19 XRD Φ MEASUREMENTS PATTERNS, LINBO3/ (0 1 2) SAPPHIRE HETEROSTRUCTURE 

(R-4) FOR OUT-OF-PLANE (1 0 4) PEAKS OF LINBO3 (1 0 1) AND AL2O3 (0 1 2). 
 

Based on the φ measurements, a schematic illustration of the potential epitaxial 

relationship for the planes of (1 0 1) LiNbO3 and (0 1 2) Al2O3 is provided (refer to Fig. 3.19). 

The calculated lattice mismatches for superlattices are also determined and are to 2.5%. 
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FIGURE 3.20 POSSIBLE EPITAXIAL RELATIONSHIP OF LITHIUM NIOBATE (1 0 1) THIN FILM ON R-

CUT SAPPHIRE SUBSTRATE. 

 

The presented image below illustrates X-ray diffraction (XRD) φ measurements 

focusing on the out-of-plane reflection associated with the primary crystallographic 

orientations. It displays five signals corresponding to (1 0 4) reflections: 

● (0 1 2) orientation of Al2O3. 

● (0 1 2) orientation of LiNbO3 from R-7 wafer. 

● (1 0 0) orientation of LiNbO3 from R-3 wafer. 

● (1 1 0) orientation of LiNbO3 from R-2 wafer. 

● (1 0 1) orientation of LiNbO3 from R-4 wafer. 

These measurements unveil the epitaxial relationships between different layers, as influenced 

by their predominant crystallographic orientations. Notably, noticeable shifts and additional 

peaks are evident in the signals emanating from the thin films when compared to the signal 

originating from the substrate, due to differences in layers deposited. 
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FIGURE 3.21 XRD Φ MEASUREMENTS PATTERNS SHOWING EPITAXIAL RELATIONSHIPS, LINBO3/ 

(0 1 2) SAPPHIRE HETEROSTRUCTURES FOR OUT-OF-PLANE (1 0 4) PEAKS OF AL2O3 (0 1 2) 

SUBSTRATE AND R-3 LINBO3 (1 0 0), R-2 LINBO3 (1 1 0), R-7 LINBO3 (0 1 2), AND R-4 LINBO3 

(1 0 1). 

 

Surface properties 

In order to investigate the surface topography of LiNbO3 thin films deposited on r-

sapphire substrates, we conducted AFM measurements using the same methodology as applied 

to Z- and X-cut wafers. An analysis of the RMS roughness of the layers was also carried out. 

Considering the distinct predominant crystallographic orientations exhibited by the grown 

films, our analysis was focused on these orientations, with special emphasis on layers 

demonstrating superior structural properties (in terms of calculated TD and RC measured).  

(0 1 2) layers  

In the case of the R-7 layer deposited using a Li1.1NbO3.05 target at 600°C with 0.007 

mbar O2 pressure, the (0 1 2) orientation was the exclusive crystallographic orientation 

observed. Consequently, we are presenting the Atomic Force Microscopy (AFM) micrographs 

for the surface topology analysis of this wafer, which are visible in the images below. 
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FIGURE 3.22 AFM MICROGRAPHS OF LINBO3/ (0 1 2) AL2O3 STRUCTURE EXHIBITING (0 1 2) 

MAIN CRYSTALLOGRAPHIC ORIENTATION GROWN AT 0.007 MBAR, 600°C, LI1.1NBO3.05 TARGET. 

SCAN SIZES: (1 × 1) µM
2
 (LEFT), (5 × 5) µM

2
 (RIGHT). 

In this particular case, a significant number of grains are visible on the surface of the 

layer, mostly attributed to the PLD process. Unfortunately, it is not possible to determine the 

composition of these rounded grains with the (0 1 2) crystallographic orientation. The Root 

Mean Square (RMS) roughness values obtained from the measurements are not so high, 

measuring just below 4 nanometers for both scans, despite the film's thickness being 200 

nanometers. 

 (1 0 0) layers  

 

FIGURE 3.23 AFM MICROGRAPHS OF LINBO3 ON R-AL2O3 GROWN AT: 0.2 MBAR, 600°C, 

LINBO3 TARGET (A-3). SCAN SIZES: (1 × 1) µM
2
 (A), (5 × 5) µM

2
 (B). 

It is worth noting that layers with the main crystallographic orientation of (1 0 0), as 

indicated by the (3 0 0) peak, were observed on multiple wafers. Therefore, we propose to 

investigate the surface properties of two heterostructures with the highest Texture Degrees – R-

3 (94.5%) and R-5 (95.8%). What makes this even more interesting is that they were deposited 

under notably different conditions. The R-3 layer was grown using a LiNbO3 target at 600°C 
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with a pressure of 0.2 mbar (Figures above), whereas the R-5 heterostructure was deposited 

using a Li1.1NbO3.05 target at 500°C and a pressure of 0.007 mbar (Figures below).  

  

FIGURE 3.24 AFM MICROGRAPHS OF LINBO3 ON R-AL2O3 GROWN AT: 0.007 MBAR, 500°C, 

LI1.1NBO3.05 TARGET. SCAN SIZES: (1 × 1) µM
2
 (A), (5 × 5) µM

2
 (B). 

For both wafers, the film surfaces consist of rounded grains, with the additional presence 

of grains, which can be attributed to the PLD process. The RMS roughness is slightly higher 

for the sample grown at 0.2 mbar and 600°C, likely due to the grains presence. On the other 

hand, the RMS roughness values obtained from the measurements are quite similar, measuring 

just below 4 and 3 nanometers, even though the film's thickness is 200 nm. It's worth noting 

that the layer grown at 500°C using the Li1.1NbO3.05 target exhibits a smoother surface and the 

presence of epitaxial columns, indicating a distinctive surface morphology. 

(1 1 0) layers  

 

FIGURE 3.25 AFM MICROGRAPHS OF LINBO3 ON R-AL2O3 GROWN AT: 0.007 MBAR, 500°C, 

LINBO3 TARGET (R-2). SCAN SIZES: (1 × 1) µM
2
 (A), (5 × 5) µM

2
 (B). 

Layer with the main (1 1 0) crystallographic orientation, was observed once after 

deposition on r-sapphire. It is achieved through deposition at 500°C with 0.007 mbar using a 

LiNbO3 target (R-2). Interesting is that roughness achieved was slightly lower than for (1 1 0) 

LiNbO3 deposited on (1 1 0) Al2O3 discussed before. 
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(1 0 1) layers  

 

FIGURE 3.25 AFM MICROGRAPHS OF LINBO3 ON R-AL2O3 GROWN AT: 0.2 MBAR, 600°C, 

LI1.1NBO3.05 TARGET (R-4). SCAN SIZES: (1 × 1) µM
2
 (A), (5 × 5) µM

2
 (B). 

The layer characterized by the primary (1 0 1) crystallographic orientation was observed 

only once, after the deposition on r-Al2O3 at 0.2 mbar, 600°C, Li1.1NbO3.05 target. Since this 

orientation has not been previously reported after deposition PLD, it is not possible to perform 

a comparative analysis. It is clear that the surface of this layer is described by the presence of 

large defects, resulting in increased roughness with an RMS value of 16.2 nm, as observed in 

the (5 × 5) µm2 scan. Conversely, when examining a smaller region with a (1 × 1) µm2 scan, 

the layer is found to be composed of grains, and the roughness is lower at an RMS of 5.01 nm. 

This scan also shows the absence of the large particles observed in the larger scan. 

Summary on surface properties 

ID Pressure 

(mbar) 

Temperature 

(°C) 

Target Main layer 

orientation 

RMS 1x1 

μm², nm 

RMS 5x5 

μm², nm 

R-1 0.2 500 LiNbO3 (3 0 0) 3.16 3.15 

R-2 0.007 500 LiNbO3 (1 1 0) 4.07 4.47 

R-3 0.2 600 LiNbO3 (3 0 0) 3.82 3.99 

R-4 0.2 600 Li1.1NbO3.05 (1 0 1) 5.01 16.2 

R-5 0.007 500 Li1.1NbO3.05 (3 0 0) 2.95 3.03 

R-7 0.007 600 Li1.1NbO3.05 (0 1 2) 3.64 3.92 

R-8 0.007 600-200 Li1.1NbO3.05 (0 1 2) 7.27 5.9 

TABLE 3.13 PRESENTATION OF THE SUMMARY THE CHARACTERIZATIONS FOR LAYERS GROWN 

ON X-CUT WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

The provided table (Table 3.13) summarizes all of the results related to surface 

properties observed in the AFM scans. It provides an overview of how the surface properties 
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are influenced by the diverse deposition conditions (including oxygen pressure, substrate 

temperature and amount of Li in target) for depositions done on r-sapphire wafers.  

In all cases, the film surfaces consist of rounded grains, with the presence of grains 

attributable to the deposition process, as observed similarly in the case of growth on Z- and X-

cut sapphire substrates. The highest roughness is observed in the sample grown at 0.2 mbar and 

600°C, primarily attributed to the presence of larger grains. In contrast, the layer grown at 

500°C using a Li-enriched target exhibits a smoother surface and prominently displays epitaxial 

columns in the scan. This improvement in surface quality could be attributed to several factors: 

compensation of Li resputtering by additional Li in the target, the high kinetic energy of atoms 

(due to low pressure during deposition) serving as an additional source of energy during layer 

formation, and a lower coefficient of thermal expansion (CTE) difference between LiNbO3 and 

Al2O3 compared to the conditions at 600°C. 
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3.4 Growth on other planes 

To explore the possibility of growing crystallographic planes that have not been 

previously reported, we carried out deposition experiments on 2-inch Al2O3 substrates with 

various crystal cuts. Given that the layers deposited using a Li-enriched target at 0.007 mbar 

and 600°C exhibited favorable structural properties on c-, a-, and r-sapphire substrates, we 

chose to carry out our experiments under these specific conditions. The table provided below 

summarizes the deposition parameters for each sample. 

 

ID Size 

(inch) 

Substrate 

Orientation 

Pressure (mbar) Temperature 

(°C) 

Target 

M-1 2 (1 0 0) 0.007 600 Li1.1NbO3.05 

N-1 2 (1 1 3) 0.007 600 Li1.1NbO3.05 

V-1 2 (2 2 3) 0.007 600 Li1.1NbO3.05 

TABLE 3.14 PRESENTATION OF SAMPLES VARIATIONS ASSOCIATED WITH DEPOSITION 

CONDITIONS. 

The structural properties of the as-grown LiNbO3 layers were assessed through XRD 

analysis, following the same procedure as was conducted for c-, a-, and r-sapphire. θ-2θ 

measurements were performed for all samples, both with and without a 0.5° ω-offset, aimed for 

minimizing the contribution of Al2O3. The orientations of LiNbO3, LiNb3O8, and Al2O3 were 

determined with reference to ICDD sheets: 00-020-0631 [29] for LiNbO3 04-013-9445 [30] for 

LiNb3O8, and 00-046-1212 [31] for Al2O3, as described in Appendix II. Symmetrical and 

asymmetrical ω (Rocking Curve) measurements were conducted to identify the broadening of 

the diffraction peaks. Additionally, φ measurements were carried out to confirm the epitaxial 

nature of LiNbO3 growth. 

To investigate the surface topography of the deposited LiNbO3 thin films, we conducted 

AFM measurements, employing the same methodology as was applied to c-, a-, and r-sapphire. 

Each sample was subject to examination in two scanning dimensions, specifically 1 x 1 μm² 

and 5 x 5 μm². Additionally, we carried out an analysis of the Root Mean Square (RMS) 

roughness for each sample.  
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M-plane 

 
FIGURE 3.26 XRD Θ/2Θ PATTERNS, WITHOUT (UP) AND WITH 0.5° Ω-OFFSET (DOWN) OF THE 

LINBO3/ (3 0 0) SAPPHIRE DEPOSITED AT 0.007 MBAR, 600°C, LI1.1NBO3.05 TARGET 

 

θ-2θ measurements were carried out with and without a 0.5° ω-offset and the figure 

below illustrates the contrast between the scans obtained. It is clear that the LiNbO3 layer is 

composed of crystals with (3 0 0) and (1 2 2) orientations. The degree of texturation calculated 

indicates a very strong (3 0 0) orientation of the crystals, accounting 99.8 %. This result supports 

the findings of Laura Sauze et al. [28], suggesting the possibility of growing Y-cut LiNbO3 on 

Y-cut Al2O3, while taking into account the use of a different target composition and distinct 

deposition conditions in this study. Symmetrical ω measurement has FWHM of 1.27°.  

 
FIGURE 3.27 XRD Φ MEASUREMENTS PATTERNS, LINBO3/ (3 0 0) SAPPHIRE HETEROSTRUCTURE 

(M-1) FOR OUT-OF-PLANE (1 0 4) PEAKS OF LINBO3 (3 0 0) AND AL2O3 (3 0 0). 
 

The φ measurements conducted on both the thin film and the substrate are presented 

below. These measurements were carried out for the out-of-plane (1 0 4) peak of both (3 0 0) 

Al2O3 and (3 0 0) LiNbO3. It is important to highlight that of this measurement demonstrated a 

4-fold structural pattern for the thin film deposited, which suggests the existence of an epitaxial 

polycrystalline structure. Based on the φ measurements the possible epitaxial relationship is 

schematized (Fig.3.28). The lattice mismatch of this possible structure is 16 % and 7% 

depending on the direction. 
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FIGURE 3.28 POSSIBLE EPITAXIAL RELATIONSHIP OF LITHIUM NIOBATE (1 0 0) THIN FILM ON M-

SAPPHIRE SUBSTRATE. 

 

The film surface is primarily composed of rounded grains, with some grains. The RMS 

roughness is slightly higher when the sample is measured at lower magnifications due to the 

presence of several grains. However, when analyzing a smaller region with a (1 × 1) µm2 scan, 

the layer is seen to be composed of grains, and the roughness is notably low, with an RMS value 

of 0.1 nanometers. Both AFM micrographs can be seen below. 

 

FIGURE 3.29 AFM MICROGRAPHS OF LINBO3 ON M-AL2O3 (M-1). SCAN SIZES: (1 × 1) µM
2
 (A), 

(5 × 5) µM
2
 (B). 
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N-plane 

 
FIGURE 3.30 XRD Θ/2Θ PATTERNS, WITHOUT (UP) AND WITH 0.5° Ω-OFFSET (DOWN) OF THE 

LINBO3/ (1 1 3) SAPPHIRE DEPOSITED AT 0.007 MBAR, 600°C, LI1.1NBO3.05 TARGET. 
 

θ-2θ measurements show that the LiNbO3 film deposited on the N-plane Al2O3 substrate 

has only (1 1 3) crystallographic orientation. Symmetrical ω (Rocking Curve) measurement has 

FWHM of 1.23°.  

 
FIGURE 3.31 XRD Φ MEASUREMENTS PATTERNS, LINBO3/ (1 1 3) SAPPHIRE HETEROSTRUCTURE 

(N-1) FOR OUT-OF-PLANE (1 0 4) PEAKS OF LINBO3 (1 1 3) AND AL2O3 (1 1 3). 

The φ measurements performed on both the thin film and the substrate confirm the 

epitaxial nature of the deposited film, as shown above. These measurements were taken for the 

out-of-plane (1 0 4) peak of both (1 1 3) Al2O3 and (1 1 3) LiNbO3.  

Based on the φ measurements the possible epitaxial relationship is schematized 

(Fig.3.32). The lattice mismatch of this possible structure is 11 % and 1% depending on the 

direction. 

 



Chapter 3: Growth on sapphire 

 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD) 132 

 

 

FIGURE 3.32 POSSIBLE EPITAXIAL RELATIONSHIP OF LITHIUM NIOBATE (1 1 3) THIN FILM ON N-

SAPPHIRE SUBSTRATE. 

While the AFM scans do reveal the presence of some grains and grains (can be seen bellow), 

the RMS roughness remains relatively low compared to other deposited films, measuring 

approximately 0.7 nanometers for both scans conducted. 

 

FIGURE 3.33 AFM MICROGRAPHS OF LINBO3 ON N-AL2O3 (N-1). SCAN SIZES: (1 × 1) µM
2
 (A), (5 

× 5) µM
2
 (B). 

V-plane 

 

FIGURE 3.34 XRD Θ/2Θ PATTERNS, WITHOUT (UP) AND WITH 0.5° Ω-OFFSET (DOWN) OF THE 

LINBO3/ (2 2 3) SAPPHIRE DEPOSITED AT 0.007 MBAR, 600°C, LI1.1NBO3.05 TARGET. 
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The θ-2θ measurements, as displayed below, indicate that the LiNbO3 film deposited on 

the V-plane Al2O3 substrate has only (2 2 3) crystallographic orientation. Additionally, the 

symmetrical ω (Rocking Curve) measurement exhibits a Full Width at Half Maximum 

(FWHM) value of 0.7°. 

 
FIGURE 3.34 XRD Φ MEASUREMENTS PATTERNS, LINBO3/ (2 2 3) SAPPHIRE HETEROSTRUCTURE 

(V-1) FOR OUT-OF-PLANE (0 1 2) PEAKS OF LINBO3 (2 2 3) AND AL2O3 (2 2 3). 
 

The φ measurements conducted on both the thin film and the substrate validate the 

epitaxial nature of the deposited film, as shown above. These measurements were carried out 

for the out-of-plane (0 1 2) peak of both (2 2 3) Al2O3 and (2 2 3) LiNbO3. Based on the φ 

measurements the possible epitaxial relationship is schematized (Fig.3.35). The lattice 

mismatch of this possible structure is 12 % and 4% depending on the direction. 

 

FIGURE 3.35 POSSIBLE EPITAXIAL RELATIONSHIP OF LITHIUM NIOBATE (1 1 3) THIN FILM ON N-

SAPPHIRE SUBSTRATE. 

The film surface is predominantly characterized by rounded grains with roughness 

relatively low in comparison to other deposition cases (≈0.85nm).  
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FIGURE 3.36 AFM MICROGRAPHS OF LINBO3 ON V-AL2O3 (V-1). SCAN SIZES: (1 × 1) µM
2
 (A), (5 

× 5) µM
2
 (B). 

3.5 Summary on the characterizations 

The provided table summarizes all the results related to structure and surface properties 

observed for the layers deposited using a Li-enriched target at 0.007 mbar and 600°C on 2-inch 

Al2O3 substrates with various crystal cuts.  

ID Layer 

orientation 

RC (symmetrical), ° RMS 1x1 μm², 

nm 

RMS 5x5 μm², 

nm 

M-1 (1 0 0) 1.27° 0.1 0.96 

N-1 (1 1 3) 1.22° 0.68 0.72 

V-1 (2 2 3) 0.66° 0.89 0.85 

TABLE 3.15 SUMMARY OF SAMPLES PROPERTIES. 

In contrast to prior findings from LiNbO3 film depositions on c-Al2O3 and a-Al2O3, the 

presence of (0 0 6) LiNbO3 orientation is absent in these samples. The primary layer 

orientations varied among different samples and were dependent on the substrate orientation. 

Only one layer, grown on the (1 0 0) sapphire, displayed an additional (1 2 2) orientation of the 

crystals. The method used for determining these orientations was consistent with the approach 

employed for deposition on X-cut sapphire. The predominant layer orientation was found to be 

(1 0 0), as represented by the (3 0 0) peak, with a texturation degree of 99 percent. The φ 

measurements conducted on all of the thin films and substrates demonstrated the existence of 

an epitaxial polycrystalline structure. 

It's worth mentioning that the Rocking Curve values for most of the layers discussed in 

this section are approximately 1°, suggesting a relatively good degree of orientation for these 

layers. In the case of the V-1 wafer with the (2 2 3) orientation of the layer, this value is even 

lower (0.66°), indicating a relatively high degree of orientation for this particular layer. 



Chapter 3: Growth on sapphire 

 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD) 135 

 

The AFM examinations did not detect any cracks within the layers. In most cases, the 

film surfaces display grains aligned in a single direction. Moreover, due to the deposition 

process, visible grains are present. It is important to note that these grains are the primary 

contributors to the observed surface roughness in these specimens. The RMS roughness for all 

of the wafers is less than 1 nanometer, which could be attributed to the presence of a smaller 

quantity of grains on the surface, in contrast to the wafers with other reported crystallographic 

orientations in this chapter. 
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3.6 Fabricated SAW devices characteristics 

Surface acoustic wave devices were fabricated and tested on all c- (C-1 – C-5) and some 

a-sapphire (A1 – A3) wafers by Emma Borel from CEA-Leti. The fabrication process consisted 

of 400 nm of Al deposition, lithography, wet etching, and stripping. The CVD growth was also 

performed by Emma Bore. The key lithography steps included: 

● Resin Application: A mixture of VM652 and UV5 resins was applied to the wafer 

through spin coating during 60 seconds, with a spin rate of 2000 rpm/s. 

● Soft Bake: The coated wafer underwent a soft bake process at 130°C for 90 seconds to 

ensure proper adhesion of the resin to the wafer surface. 

● Insolation: Using MJB4 and a vacuum contact method, the wafer was exposed to light 

for 1.3 seconds to transfer the desired pattern. 

● Post Bake: Following insolation, another bake at 130°C for 60 seconds was performed 

to solidify and finalize the pattern on the wafer. 

The wet etching process was employed to selectively remove material from the wafer according 

to the pattern defined in the lithography step. The final step involved the removal of any 

remaining layers and residues through a stripping process, including acetone for 3 minutes, IPA 

(Isopropyl Alcohol) for a 1-minute immersion, and EDI (Electrodeionization) to ensure the 

complete removal of any remaining material.  

a)  b)  

FIGURE 3.37 OPTICAL MICROSCOPIES OF PATTERNS AFTER LITHOGRAPHY ON THE WAFER C-1 

WITH DIFFERENT MAGNIFICATIONS: (A) LOWER AND (B) HIGHER. 

Following the lithography process, the patterns displayed appeared with clear defined 

walls in optical microscopy (example can be seen in Figure 3.37), so the overall lithographic 

procedure was successful and obtained structures can be presented as in Figure 3.38. Important 
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to mention is that the process and the mask were designed and optimized in CEA-Leti for 

LiNbO3 layers done by Smart-cut POI technology.  

 

FIGURE 3.38 SCHEME OF THE OBTAINED STRUCTURES. 

 Unfortunately, none of the obtained structures showed the expected piezoelectric 

response and transfer characteristics commonly seen in SAW devices. An illustration of the 

obtained transfer characteristics can be seen in Figure 3.39. This outcome can be attributed to 

the thin piezoelectric layer deposited, which was approximately 100 nanometers, even prior to 

the lithography process. When compared to previously documented findings, functional SAW 

devices were created using a LiNbO3 layer with a thickness of 300 nanometers, produced 

through sputtering and annealing on a diamond substrate [33]. Jie Zhu measured the thickness 

of the thin film layer on which polarization-electric field (P-E) measurements were conducted, 

and it was determined to be 400 nanometers [34]. Finally, it is possible to conclude that 

deposition of thicker layers is required for the fabrication of the SAW devices.  

 

 

FIGURE 3.39 TRANSFER CHARACTERISTICS OF THE SAW DEVICE FABRICATED ON A-3 WAFER. 
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4. Conclusions on the study  

In this research, we employed Pulsed Laser Deposition to achieve the epitaxial growth 

of LiNbO3 thin films on Al2O3 substrates. Our studies covered a range of 4-inch substrates, 

including those with (0 0 1), (1 1 0), and (0 1 2) crystal orientations, with the primary aim of 

controlling the crystalline orientation of LiNbO3 films. Additionally, we conducted research on 

a range of 2-inch substrates, including those with (1 0 0), (1 1 3), and (2 2 3) crystal orientations, 

with the primary objective of exploring the possibility of growing crystallographic planes not 

previously reported. 

To achieve precise control over the crystallinity and chemical composition of the films, 

we systematically investigated various growth parameters. These parameters included substrate 

temperature, which was maintained at 500°C and 600°C, and a steady reduction of the substrate 

temperature after an initial stage at 600°C to establish a seed layer. We also examined different 

oxygen pressures, with values set at 0.2 and 0.007 mbar. Additionally, we explored variations 

in target composition, utilizing both stoichiometric LiNbO3 and Li1.1NbO3.05 targets. Our 

research encompassed a comprehensive characterization of both the physical and chemical 

properties of the as-deposited layers, and we established correlations between these properties 

and the specific deposition conditions employed. 

The structural properties of the as-grown LiNbO3 layers were assessed through XRD 

(X-ray diffraction) analysis. We conducted θ-2θ measurements, both with and without a 0.5° 

ω-offset, as well as ω and φ measurements for all the wafers. 

● θ-2θ measurements were performed to observe the crystal orientations of the grown 

layers. The orientations of LiNbO3, LiNb3O8, and Al2O3 have been determined with 

reference to ICDD sheets: 00-020-0631 [29] for LiNbO3 04-013-9445 [30] for LiNb3O8, 

and 00-046-1212 [31] for Al2O3, as detailed in Appendix II. 

● The disorientation of crystallites within the layer and the overall layer quality, with 

respect to a preferential growth plane, were examined through Rocking Curve analysis 

(ω scan). 

● All φ measurements conducted for the layers grown on sapphire consistently reveal the 

epitaxial nature of the LiNbO3 growth. 
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The surface morphology of the grown LiNbO3 films was extensively analyzed using 

Atomic Force Microscopy (AFM). Each sample was meticulously examined with two scan 

sizes: 1 x 1 μm² and 5 x 5 μm². Additionally, Scanning Electron Microscopy (SEM) was 

employed for some of the wafers in the study. 

Both AFM and SEM examinations did not identify any cracks in the layers for all of the 

wafers. However, they did detect the presence of grains on the layers. The surfaces of all the 

films are characterized by the presence of rounded grains. Additionally, due to the pulsed laser 

deposition process, some grains are visible. It's noteworthy that these grains are the primary 

source of surface roughness in the samples. 

For the growth on Al2O3 substrates, epitaxial LiNbO3 layers with a variety of main 

crystallographic orientations were achieved, including (0 0 1), (1 1 0), (1 0 0), (1 0 1), (0 1 2), 

(1 1 3), and (2 2 3). 

Under all deposition conditions, it was observed that LiNbO3 films grown on c-sapphire 

exhibited a strong (0 0 1) texture. The process involving a gradual reduction of the substrate 

temperature after an initial stage at 600°C to establish a seed layer resulted in the growth of the 

combinations of low-Li subphase (6 0 0) LiNb3O8 and (0 0 6) LiNbO3. The presence of this 

secondary "parasitic" phase alongside LiNbO3 leads to inferior physical properties compared 

to pure LiNbO3 [5]. The growth of this subphase may have occurred due to low thermal energy 

in the film during the final stages of the deposition process, given that the final substrate 

temperature was 200°C. In all other deposition processes, epitaxial single-phased 

polyscystalline (0 0 6) LiNbO3 layers were obtained. The deposition process conducted with a 

Li1.1NbO3.05 target at 600°C and 0.007 mbar (C-7) exhibited favorable crystalline properties, 

with symmetrical and asymmetrical ω measurements of 0.99° and 1.41°, respectively. 

Furthermore, the surface roughness was relatively low (RMS of 0.8 nm for the 5 x 5 μm² scan).  

Figure 3.37 provides a schematical illustration of the effects from changes in the deposition 

conditions on c-sapphire. 

During the growth process on X-cut sapphire substrates, we observed a competition in 

growth between the (0 0 6) and (1 1 0) orientations. The process, which involved gradually 

reducing the substrate temperature after an initial stage at 600°C, resulted in the growth of a 

low-Li subphase (0 2 0) LiNb3O8. Achievement of the (1 1 0) main layer orientation, was only 

possible with Li1.1NbO3.05 target and obtained orientations in dependence with orientation are 

presented in the table below. The most favorable combination of low roughness (with a RMS 
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of 4.96 nm) and excellent crystalline quality, as demonstrated by the symmetrical RC of 0.43° 

was achieved using for the deposition made on X-cut Al2O3 substrates at 0.2 mbar and 500°C, 

using a Li1.1NbO3.05 target.  

 

FIGURE 3.37 SCHEME OF THE DEPOSITION CONDITIONS EFFECTS ON GROWTH ON C-SAPPHIRE. 

For the growth on r-sapphire substrates, a variety of LiNbO3 main crystallographic 

orientations were achieved, including (1 1 0), (1 0 0), (1 0 1), and (0 1 2), as shown in the table 

above. The variations in main layer orientations observed among different samples indicate that 

by adjusting the deposition conditions on (0 1 2) Al2O3, it is possible to control the orientation 

of  polycrystalline epitaxial thin films grown. The effects of such changes for a- and r-sapphire 

are summarized in Table 3.16. 

Conditions LiNbO3 layer orientation  

Pressure, mbar Temperature, 

°C 

Target Al2O3 (1 1 0) Al2O3 (0 1 2) 

0.2 500 LiNbO3 (0 0 1) (3 0 0) 

0.007 500 LiNbO3 (0 0 1) (1 1 0) 

0.2 600 LiNbO3 (0 0 1) (3 0 0) 

0.2 600 Li1.1NbO3.05 (1 1 0) (1 0 1) 

0.007 500 Li1.1NbO3.05 (0 0 6) (3 0 0) 

0.2 500 Li1.1NbO3.05 (1 1 0) (3 0 0) 

0.007 600 Li1.1NbO3.05 (1 1 0) (0 1 2) 

TABLE 3.16 PRESENTATION OF LAYERS MAIN CRYSTALLOGRAPHIC ORIENTATION OBTAINED IN 

DEPENDENCE WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS FOR (1 1 0) AND (0 1 2) 

AL2O3 SUBSTRATES. 
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Additionally, growth on m-, n-, and v-sapphire substrates resulted in the deposition of 

(1 0 0), (1 1 3), and (2 2 3) layers on 2-inch substrates. The RC values for these layers were 

approximately 1°, indicating a relatively good degree of orientation. Furthermore, the RMS 

roughness for all of the wafers was less than 1 nanometer, signifying relatively smooth surfaces. 

SAW devices were fabricated and tested on layers grown on c- and a-sapphire wafers 

using a process that involved lithography, wet etching, and stripping. Regrettably, the resulting 

structures did not demonstrate the expected piezoelectric response and transfer characteristics. 

This is probably due to the low thickness of the piezoelectric layer deposited, about 100 

nanometers, even before lithography. In comparison, successful SAW devices in previous 

studies used 300 nanometers thick LiNbO3 layer [33]. In conclusion, depositing thicker layers 

is necessary for making effective SAW devices. 

4.1 Comparison with previously reported results 

First and foremost, it is crucial to note that we utilized 4-inch substrates for most of the 

depositions, which are larger than the wafers reported previously. Considering the substantial 

impact of the main layer orientation on both the surface and structural properties of the thin 

films, we propose a comparative analysis of these attributes in relation to these orientations. 

The table below provides such a comparison. 

 Previously repoted Our result 

Layer 

orientation 

Crystal quality 

(RC), ° 

Roughness 

(RMS), nm 

Crystal quality 

(RC), ° 

Roughness 

(RMS) 5x5 μm², 

nm 

(0 0 1) 0.1  [11], [12] 0.7 [10] 0.78 (C-2) 0.8 (C-7) 

(1 1 0) 0.3 [13] No data 0.4 (A-6) 0.8 (A-6) 

(0 1 2) 6.3 [2] 13.4 [2] 1.5 (R-7) 3.9 (R-7) 

(1 0 0) No data No data 1.3 (R-3) 3.0 (R-5) 

(1 0 1) 

Growth was not reported before 

4.6 (R-6) 16.2 (R-6) 

(1 1 3) 1.2 (N-1) 0.72(N-1) 

(2 2 3) 0.7 (V-1) 0.85(V-1) 

TABLE 3.17 COMPARISON OF PROPERTIES OF LAYERS DEPOSITED BY PLD IN RELATION TO 

THEIR MAIN CRYSTALLOGRAPHIC ORIENTATION. 

The majority of the reported layers were primarily focused on the growth of (0 0 1) 

films. This preference is justified by the tendency of LiNbO3 films to orient their c-axis 

perpendicular to the smooth substrate surface [18]. However, it's worth noting that we were 

unable to attain the same level of crystal quality as reported by Lee (RC of 0.1°) [11] and by 

Balestrino (RC of 0.1°) [12]. Their better results could be attributed to different factors such as 
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preannealing of the substrate before deposition and a lower frequency of the laser (15 Hz), 

resulting in a lower flux for deposition. Our result (0.78°), was closer to the one reported by 

Laura Sauze (0.75°) [2]. On the other hand, the lowest roughness we achieved for this crystal 

cut was 0.68 nm, which is close to the value reported by G.-H. Lee (0.7nm) [10]. 

In the case of the X-cut LiNbO3 layer, it is apparent that Gim et al. achieved slightly 

better crystal quality (with a Rocking Curve of 0.3°) [13] compared to our layer (0.4°). 

Regrettably, they did not provide any data concerning the surface properties of the film they 

deposited.  The (0 1 2) layer presented by Laura Sauze [2] exhibited both lower surface and 

crystal quality compared to the ones reported in our study. 

The growth of (1 0 1), (1 1 3), and (2 2 3) layers of LiNbO3 by Pulsed Laser Deposition 

on sapphire substrates had not been reported before, making it challenging to directly compare 

these layers with previous studies. 
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1. Introduction 

In the previous chapters, we conducted a deposition process to grow thin films of 

LiNbO3 on both LiNbO3 and Al2O3 substrates. These layers, lacking a bottom electrode, hold 

potential utility in surface acoustic wave (SAW) applications. Our primary goal was to achieve 

homo- and heteroepitaxial growth of these thin films while addressing challenges related to 

chemical composition and structural defects, particularly cracks. To gain control over the film's 

crystallinity and chemical composition, we systematically investigated growth parameters such 

as substrate temperature, oxygen pressure, and target composition.  

Surface Acoustic Wave (SAW) resonators are easier to make because they don't need a 

bottom electrode. This means only one etching step is needed for the top electrode. However, 

it is crucial to note that their characteristics, like bandwidth and resonant frequency, are not as 

good as resonators made for bulk acoustic wave (BAW) devices. 

Creating a Bulk Acoustic Wave (BAW) resonator involves depositing layers of LiNbO3 

on a conductive substrate. Then, the upper electrode is deposited and etched. However, growing 

LiNbO3 on a conductive metal layer, usually polycrystalline, can pose challenges, especially in 

controlling the chemical composition (stoichiometry). 

The current chapter shifts its focus towards the PLD of thin LiNbO3 layers, with a 

specific emphasis on using silicon-based substrates. Our research focuses on the growth of 

LiNbO3 on silicon substrates, incorporating various buffer layers, including combinations of 

platinum (Pt) with titanium nitride (TiN), and with titanium oxide (TiO2). The selection of 

buffer layer substrates is based on their compatibility with RF applications, particularly those 

involving bulk acoustic waves, and the potential use of specific buffer layers as bottom 

electrodes for BAW devices. In our initial experiments, we utilized a Pt electrode. 

The process of growing thin films of LiNbO3 on polycrystalline substrates is 

complicated, mainly because lithium atoms easily diffuse, leading to a potential decrease in the 

final stoichiometry of the layer [1]. This difficulty presents challenges in maintaining precise 

control over the chemical composition. The diffusion of lithium atoms in a polycrystalline layer 

is more noticeable compared to a monocrystals, such as sapphire and LiNbO3 substrates [2], 

[3]. One way to address this issue is to increase the amount of Li ions in the plasma plume to 

compensate for both resputtering and diffusion into the substrate. Volk and Wöhlecke provided 

detailed insights into the Li shortage resulting from these factors [4]. A three-dimensional 
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diffusion mechanism of Li in LiNbO3 was demonstrated in 2013 [5]. It's crucial to note that Li 

ions can act as charge carriers, so preventing their movement to the substrate is important (due 

to quite high mobility of Li ions, ionic conductivity is the dominant charge transport mechanism 

in LiNbO3 films [6], [7]). The potential solution is to use buffer layers. Thin films deposited 

between the substrate and lithium niobate could be used with the aim of limiting the diffusion 

of lithium atoms and therefore reducing the proportion of non-stoichiometric phase [3]. The 

variety of previously reported buffers is limited, but there are still a few valuable results:  

● Magnesium oxide (MgO) grown epitaxially on GaAs allowed to grow epitaxially Z-cut 

of LiNbO3 with crystallographic properties improved compared to growth on GaAs 

without buffer layer [8]; 

● Zinc oxide was used several times. For example well crystallized and highly (0 0 1) 

oriented layer was grown on ZnO/sapphire heterostructure. Even the substrate itself was 

monocrystalline and no specific reduction of the Li diffusion was needed, conductive 

ZnO buffer layer was deposited and high conductivity (600 Sm−1) of this layer was 

achieved [9]. LiNbO3 films with c-axis orientation were also grown via RF magnetron 

sputtering on amorphous SiO2/Si structure using ZnO buffer layer [10]; 

● Platinum (Pt) buffer layers were used to achieve (0 0 1) oriented lithium niobate on 

amorphous SiO2/Si substrates [10]. Also, TiO2 and Pt layers combination resulted into 

growth of textured LiNbO3 layer oriented along (1 1 1) and (0 0 1) crystallographic 

planes, but the presence of a secondary phase (LiNb3O8) and random cracks on the 

surface were observed [3].  

● Silica (SiO2) amorphous buffer layer also allowed highly oriented growth of c-LiNbO3 

in order to be used in waveguiding applications [11]; 

● 2D molybdenum disulfide (MoS2) was reported to be used as protective layer for anodes 

in Li–S batteries [12]; 

Also important to mention, that polycrystalline LiNbO3 thin films directly on the Si(111) 

substrate via pulsed laser deposition were fabricated in order to be used for on-chip microdisk 

resonators fabrication, but no data about crystal or surface properties and Li-ions diffusion was 

reported [13]. 

 Based on these structures reported we are going to use in our work combination of Pt 

electrodes and TiO2 or TiN layers on the electrode's surface, to possibly limit the diffusion of 
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lithium on the one side and Li-enriched target (Li1.1NbO3.05) to increase the amount of Li ions 

in the plasma plume to compensate possible resputtering. 

Our research primarily focuses on the investigation of the alignment, crystallographic 

characteristics, and surface properties of the layers. We will methodically analyze the 

microstructural attributes of the thin films as they are initially deposited, while considering 

different deposition parameters. 
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2. Presentation of the study 

The primary objective of this study is to conduct a comprehensive investigation of the 

influence of operational parameters on the quality of the crystalline structure and surface 

roughness in deposited layers. To achieve this goal, we used the Solmates 8 in.-wafer-based 

SIP800 platform and employed the Pulsed Laser Deposition technique to grow LiNbO3 films, 

with a thickness ranging between 150 to 200 nm, on platinized silicon substrates. The platinized 

layers were intended for use as electrodes. 

The various stages involved in manufacturing these electrodes were done on the CEA-

Leti platform. The properties of the materials used as buffer layers are grouped in the Table 4.1 

bellow. 

Material Lattice structure Lattice constants, Å Thermal expansion coefficient, × 

10−6 K-1 (at 300°K) 

Pt Cubic [14] 3.9 [14] 8.9 [15] 

TiN Cubic [16] 4.2 [16] 10.27 [17] 

TiO2 Tetragonal [18] 3.8 & 9.5 [18] 7.8 & 3.8 [19] 

TABLE 4.1 PROPERTIES OF MATERIALS USED AS BUFFER LAYER 

 

As in our previous studies described in Chapters 2 and 3, du ring the deposition 

process, laser ablation was employed, using a KrF excimer laser with a wavelength of 248 nm, 

operating at a frequency of 100 Hz and imparting an energy of 450 mJ.  

In the same way as described in Chapters 2 and 3, we integrated two targets, to explore 

the consequential impact of the quantity of Li atoms in the target on the properties and 

characteristics of the deposited films. The first target demonstrated a stoichiometric 

composition of LiNbO3, while the second target exhibited a Li-enriched composition, 

incorporating 10% Li2O atoms in LiNbO3. The investigation of these parameters would be 

incomplete without accounting for the temperature of the substrate during deposition and the 

oxygen pressure. As such, the substrate temperature was varied within the range of 500 to 

600°C, while the oxygen pressure was adjusted in the range of 0.007 to 0.2 mbar.  
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2.1 Study of the influence of the substrate temperature and 

oxygen pressure 

Similarly, to the methodology employed in Chapters 2 and 3, we systematically varied 

the substrate deposition temperatures within the prescribed range of 500°C to 600°C, as detailed 

in Table 4.1. The primary objective of this temperature investigation was to identify the most 

suitable deposition temperature for our PLD system, the Solmates 8-inch-wafer-based SIP800 

platform, to align with the precise film requirements.  

As demonstrated in previous chapters (specifically Chapters 2 and 3), changing the 

oxygen pressure has been shown to result in an higher deposition rate and the generation of 

more stoichiometric films. This phenomenon can be attributed to the stabilizing role of oxygen 

pressure, which facilitates the growth of LiNbO3 films. Reducing pressure means that atoms 

have a bigger mean free path. This means heavier Nb atoms are less influenced by these 

collisions compared to lighter Li atoms. When reaching the layer, these Nb atoms carry 

significant kinetic energy, potentially displacing Li atoms (resputtering) and causing the 

formation of a low-Li phase. Conversely, the high kinetic energy of atoms can contribute to 

producing higher-quality films, where kinetic energy acts as an energy source for layer 

formation, similar to thermal energy. However, it is crucial to note that excessively high levels 

of oxygen pressure can also lead to the formation of secondary phases [20].  Our findings for 

depositions on LiNbO3 and Al2O3 substrates (Chapters 2 and 3) are in alignment with the 

findings reported by Vakulov et al [21]. Their results demonstrated that the optimal conditions 

for the fabrication of LiNbO3 films were achieved at oxygen pressures of 10-2 mbar and 10-5 

mbar [21]. 

Based on the information from previous research [21], and our experiments (referenced 

in Chapters 2 and 3), we changed the substrate deposition pressures. These adjustments varied 

from 0.2 to 0.007 mbar, as outlined in Table 4.1. The specific selection of these pressure values 

was also influenced by prior growth experiments on platinized silicon and sapphire, as 

conducted by Sauze et al., who operated the chamber at an oxygen pressure of 0.2 mbar [2], 

[3]. 
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2.2 Study of the influence of the buffer material 

The lithium niobate layers were deposited onto a conductive platinum layer. Platinum 

electrodes were selected for their ability to withstand high temperatures form the one side, and 

their lattice parameters closely matched to those of LiNbO3 , as described by Laura Sauze [3]. 

Unfortunately, platinum (Pt) tends to separate from silicon dioxide (SiO2). To address this issue, 

either titanium oxide (TiO2) or titanium nitride (TiN) is employed as an adhesion layer between 

Pt and the oxide in different experiments. 

It's worth noting that the growth of the platinum layer might be influenced by the 

presence of the lower TiN layer, given their mesh compatibility and similar cubic structure. 

Consequently, this interaction could promote the texture of the platinum layer. The necessity 

of such layers was also shown by Laura Sauze [3]. 

(a) (b)  

(c)  

FIGURE 4.1. STACKS EMPLOYED TO INVESTIGATE THE DEPOSITION OF LINBO3, WITH A FOCUS ON 

ASSESSING CRYSTALLOGRAPHIC AND SURFACE PROPERTIES. 

 

LiNbO3 layers of 200 nm thickness were deposited by PLD on the Pt electrodes with various 

buffer layers. Different structures were created:  

● LiNbO3 / Pt / TiN / SiO2/ Si 

● LiNbO3 / Pt / TiO2 / SiO2/ Si 

● LiNbO3 / TiN / Pt / TiN / SiO2/ Si. 
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Wafer ID Buffer layer Pressure (mbar) Temperature (°C) Target 

P-1 Pt (100 nm) / TiN (10 nm) 0.2 500 LiNbO3 

P-2 Pt (100 nm) / TiN (10 nm) 0.007 500 LiNbO3 

P-3 Pt (100 nm) / TiN (10 nm) 0.2 500 Li1.1NbO3.05 

P-4 Pt (100 nm) / TiN (10 nm) 0.007 500 Li1.1NbO3.05 

P-5 TiN (10 nm) / Pt (100 nm) / TiN (10 nm) 0.2 500 LiNbO3 

P-6 Pt (100 nm) / TiO2 (20 nm) 0.2 500 LiNbO3 

P-7 Pt (100 nm) / TiO2 (20 nm) 0,2 500 Li1.1NbO3.05 

P-8 Pt (100 nm) / TiO2 (20 nm) 0,007 600 Li1.1NbO3.05 

P-9 Pt (100 nm) / TiO2 (20 nm) 0,007 500 Li1.1NbO3.05 

P-10 Pt (100 nm) / TiO2 (20 nm) 0,2 600 Li1.1NbO3.05 

TABLE 4.2 PRESENTATION OF SAMPLES WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

The different stages related to the production of these electrodes were carried out on the 

CEA-Leti platform.  In conclusion, through the amalgamation of diverse deposition conditions 

and buffer layers, it becomes achievable to carefully examine the properties of the as-deposited 

thin films in relation to the deposition parameters. Table 4.2 compiles the different adjustments 

made to deposition parameters according to the samples. 
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3. Characterization and analysis 

First and foremost, the measurement of film thickness homogeneity after deposition was 

carried out utilizing ellipsometry. This analysis showed a remarkable thickness uniformity of 

98%, pointing the promising capabilities of PLD for the industrial deposition of LiNbO3 films.  

Film thickness uniformity in this case refers to the consistency of the thickness of a thin film 

across its entire surface. In the case of the PLD system employed on Solmates 8 in.-wafer-based 

SIP800 platform, it can be increased even more. 

 
FIGURE 4.2 THICKNESS MAP MEASURED BY ELLIPSOMETRY OF A 300 MM DIAMETER SI WAFER 

WITH 100NM LINBO3 FILM DEPOSITED. 

 

The structural properties of the as-grown LiNbO3 layers were evaluated using XRD analysis 

in the same way for sapphire heterostructures in Chapter 3, which included: 

● Out-of-plane texture (growth orientation) and potential presence of secondary phases: 

A symmetrical scan in the Bragg-Brentano configuration was performed using a 

PANalytical® EMPYREAN goniometer to investigate the out-of-plane texture and the 

potential presence of secondary phases. θ-2θ measurements were performed on all 

wafers with and without a 0.5° ω-offset to minimize the contribution of the substrate 

and Pt layer. The orientations of the LiNbO3, TiN, TiO2, Pt, and Si phases were 

determined using the following ICDD sheets: 00-020-0631 [22] for LiNbO3, 00-038-

1420 [16] for TiN, 00-021-1272 [18] for TiO2, 00-004-0802 [14] for Pt, 00-026-1481 

[23] for Si. The texture degree was calculated in the same way as in Chapter 3.  

● Crystallite Disorientation and Layer Quality: Rocking curve analysis (ω scan) was 

performed to examine the disorientation of crystallites within the layer and the overall 

layer quality, especially regarding preferential growth planes. 



Chapter 4: Growth on platinized silicon 

 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD) 155 

● Azimuth Scans (φ scans) were conducted, but no epitaxial layers were identified, as 

there was an amorphous SiO2 layer measuring 500 nm within the stack.  

The surface morphology of the as-grown LiNbO3 films was investigated using AFM and 

SEM. AFM measurements were performed to explore the surface morphology of the LiNbO3 

films (same as in Chapters 2 and 3). Each sample was scanned at two different sizes: 1 x 1 μm² 

and 5 x 5 μm². To accurately quantify the surface roughness characteristics of the LiNbO3 films, 

a root mean square (RMS) roughness analysis was performed over the entire AFM image, as in 

Chapters 2 and 3. SEM observations were performed to investigate the film thickness, surface 

morphology, and structure variations in the thickness of the films between different cutting 

planes. The layers were examined using a ZEISS®-MERLIN instrument with 2 kV secondary 

electron imaging in both slice view (cross-section) and top view. 

Piezoresponse force microscopy (PFM) was used to capture images of domains on the 

wafers where domains were suspected based on the surface structures observed in AFM and 

SEM. The primary goal was to identify these domains, and if they were indeed present, to 

endeavor to manipulate them (switching) by applying a voltage to the sample. 

3.1 Growth using TiN buffer layer 

(a)  (b)  

FIGURE 4.3 STACKS EMPLOYED TO INVESTIGATE THE DEPOSITION OF LINBO3 USING TIN BUFFER 

LAYERS. 

First, LiNbO3 films were deposited on Pt electrodes with TiN buffer layers. The goal was to 

obtain a layer with a (0 0 1) crystalline orientation, as the c-axis has the best piezoelectric 

properties. The stacks used to study the growth of LiNbO3 on Pt/Si are shown in Figure 4.3. 

Table 4.3. compiles the adjustments made to deposition parameters according to the samples. 

 

 

 

 



Chapter 4: Growth on platinized silicon 

 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD) 156 

Wafer ID Buffer layer Pressure (mbar) Temperature (°C) Target 

P-1 Pt (100 nm) / TiN (10 nm) 0.2 500 LiNbO3 

P-2 Pt (100 nm) / TiN (10 nm) 0.007 500 LiNbO3 

P-3 Pt (100 nm) / TiN (10 nm) 0.2 500 Li1.1NbO3.05 

P-4 Pt (100 nm) / TiN (10 nm) 0.007 500 Li1.1NbO3.05 

P-5 TiN (10 nm) / Pt (100 nm) / TiN (10 nm) 0.2 500 LiNbO3 

TABLE 4.3. PRESENTATION OF SAMPLES WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

X-ray diffraction 

 
FIGURE 4.4. XRD Θ/2Θ SYMMETRICAL  PATTERNS, WITH 0.5° Ω-OFFSET OF THE LINBO3 ON 

PLATINIZED SILICON HETEROSTRUCTURES WITH TIN BUFFER. 

 

In the diagram bellow, θ-2θ measurements with a 0.5° ω-offset are presented for all the 

wafers after the deposition. The orientations of LiNbO3, TiN, TiO2, Pt and Si have been 

determined with reference to ICDD sheets: 00-020-0631 [22] for LiNbO3, 00-038-1420 [16] 

for TiN,  00-004-0802 for [14] Pt, and 00-026-1481 [23] for Si, as detailed in Annex II. 

Symmetrical ω (rocking curve) measurements were performed to determine the broadening of 

the diffraction peaks. The broadening of the peaks can be attributed to mosaicity, which is a 

measure of the misorientation of crystallites within the sample. Azimuth scans (φ scans) were 

performed, but no epitaxial layers were observed due to a 500 nm amorphous SiO2 layer in the 

stack.  
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The summary table presents XRD data for LiNbO3 layers grown on Pt electrodes with 

TiN buffer layers under various deposition conditions. The rocking curve (RC) values for 

symmetrical measurements of most layers are higher than 5°, ranging from 5.7° to 7.6° 

depending on the sample. However, the RC for the growth performed on the TiN/Pt/TiN wafer 

(P-5) could not be fitted due to the very low signal intensity. Azimuth scans (φ scans) were 

performed, but no signal was detected, indicating that there were no epitaxial layers due to a 

500 nm amorphous SiO2 layer in the stack.  

 

 
Wafer 

ID 

Buffer layer Pressure 

(mbar) 

Temperature 

(°C) 

Target Main layer 

orientation 

Texture 

Degree, % 

RC, ° 

P-1 Pt (100 nm) / 

TiN (10 nm) 

0.2 500 LiNbO3 (0 0 6) 83 7.61 

P-2 Pt (100 nm) / 

TiN (10 nm) 

0.007 500 LiNbO3 (0 0 6) 81 6.02 

P-3 Pt (100 nm) / 

TiN (10 nm) 

0.2 500 Li1.1NbO3.05 (0 0 6) 87 6.24 

P-4 Pt (100 nm) / 

TiN (10 nm) 

0.007 500 Li1.1NbO3.05 (0 0 6) 87 5.71 

P-5 TiN (10 nm) / 

Pt (100 nm) / 

TiN (10 nm) 

0.2 500 LiNbO3 (0 1 2) 100 No 

data 

(signal 

is low) 

 TABLE 4.4.  PRESENTATION OF THE SUMMARY THE XRD RESULTS FOR LAYERS GROWN ON TIN/PT/SI 

WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

The predominant layer orientation for most deposition conditions was (0 0 6) LiNbO3. 

For the growth performed directly on TiN, the main crystallographic orientation was (0 1 2). 

Finally, the best combination of highest texture degree and lowest rocking curve was achieved 

for the layer grown on the Pt (100 nm)/TiN (10 nm) structure at 0.007 mbar and 500 °C using 

the Li-rich target (P-4). The texture degree was calculated in the same way as in Chapter 3. 

These results are in agreement with the tendency of LiNbO3 films to align their c-axis 

perpendicular to the smooth substrate surface [18], and other reports about deposition on 

platinized silicon substrates [3], [10]. 
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Atomic force microscopy 

In order to investigate the surface topography of LiNbO3 thin films deposited on 

platinized silicon layers with titanium nitride buffer layer, both AFM and SEM were used. The 

structural quality of the thin films deposited on Pt with a TiN underlayer is comparable for all 

four samples, whereas the film deposited on the TiN/Pt/TiN multilayer is markedly distinct. 

The effects of the underlayer and deposition conditions on the film surface roughness are being 

explored. AFM images of the deposited films are presented in Figures 4.5. and 4.6. 

Figure 4.5 shows a compilation of AFM images obtained from 1 x 1 μm² scans of the 

deposited samples. All of these images clearly reveal the presence of grain crystal structures on 

the film surfaces, and these structures constitute the primary contributors to the observed 

surface roughness. 

 

   

  
FIGURE 4.5. AFM MICROGRAPHS OF (A) P-1; (B) P-2; (C) P-3; (D) P-4; (E) P-5. SCAN SIZE: (1 × 1) µM2. 

It is notable that most of the film surfaces contain grains that are not oriented in a single 

direction. The RMS roughness is at its highest for the samples grown at 0.2 mbar and 500°C 

using a LiNbO3 target (P-1). In contrast, the sample grown at 0.007 mbar and 500°C using a 

Li-enriched target exhibits the lowest surface roughness (P-4). Importantly, there is no 

significant difference in surface roughness between the layers deposited on the Pt/TiN and 



Chapter 4: Growth on platinized silicon 

 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD) 159 

TiN/Pt/TiN structures under the same conditions (P-1 and P-5), as illustrated in Figures 4.5(a) 

and (e). Figure 4.6. displays AFM images of the deposited samples obtained from 5 x 5 μm² 

scans. As with the images obtained from 1 x 1 μm² scans, all of these images also clearly show 

the presence of crystal structures and large grains on the film surfaces. These structures are the 

primary factors contributing to the notably high surface roughness, with RMS roughness values 

exceeding 10 nm. It is important to highlight that there is no significant difference in surface 

roughness between the thin films deposited on Pt with a TiN underlayer and the samples with 

a TiN/Pt/TiN multilayer configuration. 

   

  
FIGURE 4.6. AFM MICROGRAPHS OF (A) P-1; (B) P-2; (C) P-3; (D) P-4; (E) P-5. SCAN SIZE: (5 × 5) µM2. 

Table 4.4. presents a compilation of results related to the surface properties observed in 

the AFM scans. It provides an overview of how these surface properties are influenced by 

various deposition conditions, including parameters such as oxygen pressure, buffer layer, and 

the quantity of Li in the target, particularly for depositions conducted on Pt/TiN structures. It is 

noteworthy that the RMS roughness values for all wafers exceed 10 nm, and there is no 

significant difference in terms of surface roughness among the thin films deposited under 

various conditions. Given that the film thickness is 200 nm, it is clear that these layers exhibit 

a high level of roughness. 
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Wafer 

ID 

Buffer layer Pressure 

(mbar) 

Temperature 

(°C) 

Target RMS 1x1 

μm², nm 

RMS 5x5 

μm², nm 

P-1 Pt (100 nm) / TiN (10 nm) 0.2 500 LiNbO3 11.4 16.3 

P-2 Pt (100 nm) / TiN (10 nm) 0.007 500 LiNbO3 8.16 13.8 

P-3 Pt (100 nm) / TiN (10 nm) 0.2 500 Li1.1NbO3.05 10.2 11.8 

P-4 Pt (100 nm) / TiN (10 nm) 0.007 500 Li1.1NbO3.05 7.05 18.7 

P-5 TiN (10 nm) / Pt (100 nm) 

/ TiN (10 nm) 

0.2 500 LiNbO3 10.7 13.7 

TABLE 4.4.  PRESENTATION OF THE SUMMARY THE AFM MEASUREMENTS FOR LAYERS GROWN ON 

PT/TIN/SI WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

 

Scanning electron microscopy 

(a)  (b)   

(c)   (d)   

(e)  

FIGURE 4.7. SEM OBSERVATION IN TOP-VIEW OF LAYERS OF LINBO3: (A) P-1; (B) P-2; (C) P-3; (D) P-4; 

(E) P-5.  
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SEM observations are conducted to investigate the layers in its thicknesses. The surface 

is coated with a 7.7 nm layer of carbon, and the layer is observed first from a top view and then 

at a 15° tilt for a more comprehensive analysis. 

The surface state of the layers observed from a top view aligns with the findings from 

the AFM analysis. No cracks are evident, and the layers appear dense, composed of visible 

grains. Notably, two types of structures are observed: one type consists of "rice" grains (P-1, P-

3, and P-5, all from wafers deposited at 0.2 mbar), while the other type is composed of larger 

crystals (P-2 and P-4, from wafers deposited at lower pressures). From the other side, these 

structural differences do not result in a significant enhancement of surface roughness.   

(a)  (b)    

(c)   (d)   

(e)  

FIGURE 4.8. SEM OBSERVATION IN CROSS-SECTION INCLINED AT 15° OF LAYERS OF LINBO3: (A) P-1; 

(B) P-2; (C) P-3; (D) P-4; (E) P-5.  

The surface grains are lined up in columns, and the layer looks dense near the substrate. 

However, it's difficult to see the layer clearly due to the buildup of electric charges on the 

surface and in the thickness of the piezo layer, even when using a carbon coating. 
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Piezoresponse force microscopy 

Piezoresponse force microscopy (PFM) was utilized to image domains, which were 

suspected based on the surface structures observed in AFM and SEM. The primary objective 

was to identify these domains and, if they were indeed present, to attempt their manipulation 

(switching) by applying a voltage to the sample. This process facilitated the measurement of 

the resulting change in the polarization state, as ferroelectric domains typically exhibit two non-

zero spontaneous polarization states that can be reversed by the application of an external 

electrical field. 

 

(a)  (b)  

FIGURE 4.9. (1 × 1) µM2 PFM OBSERVATIONS IN AMPLITUDE (A) AND PHASE (B) MODES FOR THE 

WAFER DEPOSITED AT 0.007 MBAR, 500°C, LI1.1NBO3.05 TARGET ON PT/TIN (P-4).  

Clear and distinct ferroelectric domains with well-defined domain walls, observable as 

bright lines in the amplitude image, were identified in the highly polycrystalline layer, thereby 

validating the observations made through XRD and SEM. The phase image predominantly 

exhibited "bright" domains. Regrettably, the amplitude of the domains was not uniform due to 

the polycrystalline structure of the layer. 

Efforts to switch these domains proved unsuccessful, even at voltage levels of up to ±10 

V. Furthermore, the layer experienced degradation following the application of ±9 V. This 

degradation could be attributed to the Joule effect and/or surface oxidation, as evidenced by the 

presence of a hillock after the voltage application. 
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Summary  

For growth of LiNbO3 on Pt electrodes with TiN buffer layers, it's important to note that 

the appearance of the deposited layer is greatly influenced by specific deposition conditions, 

including the temperature, oxygen pressure, and the composition of the target material. In all 

deposition processes, we obtained highly oriented polycrystalline layers, and there were no 

instances of a low-Li parasitic phase in any of the samples. Table 4.5 presents a compilation of 

characterization results with variations in associated deposition conditions. 

Wafer 

ID 

Buffer layer Growth 

conditions 

(Pressure, 

Target) 

Main layer 

orientation 

Texturation 

Degree, % 

RC, ° Roughness, 

RMS 5x5 μm², 

nm 

P-1 Pt (100 nm) / 

TiN (10 nm) 

0.2 mbar, 

LiNbO3 

(0 0 6) 83 7.61 16.3 

P-2 Pt (100 nm) / 

TiN (10 nm) 

0.007 mbar, 

LiNbO3 

(0 0 6) 81 6.02 13.8 

P-3 Pt (100 nm) / 

TiN (10 nm) 

0.2 mbar, 

Li1.1NbO3.05 

(0 0 6) 87 6.24 11.8 

P-4 Pt (100 nm) / 

TiN (10 nm) 

0.007 mbar, 

Li1.1NbO3.05 

(0 0 6) 87 5.71 18.7 

P-5 TiN (10 nm) / 

Pt (100 nm) / 

TiN (10 nm) 

0.2 mbar, 

LiNbO3 

(0 1 2) 100 No data 

(signal is 

low) 

13.7 

TABLE 4.5.  PRESENTATION OF THE SUMMARY THE CHARACTERIZATION FOR LAYERS GROWN ON 

PT/TIN/SI WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

Azimuth scans (φ scans) were executed, but no periodicity of signal was detected, 

indicating the absence of epitaxial layers, primarily due to the presence of a 500 nm amorphous 

SiO2 layer within the stack, which led to the growth of polycrystalline structures. The 

predominant crystallographic orientation for most deposition conditions was (0 0 6) LiNbO3. 

However, for growth directly on TiN, the primary crystallographic orientation was (0 1 2), and 

it was also not possible to perform RC fitting for this layer. Ultimately, the most favorable 

combination, achieving the highest degree of texture and the narrowest  rocking curve, was 

observed in the layer grown on the Pt (100 nm)/TiN (10 nm) structure at 0.007 mbar and 500°C 

using the Li-rich target (P-4).  

Regarding the surface characteristics, all of the AFM and SEM measurements 

consistently revealed the presence of crystal structures and large grains on the film surfaces. 
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These structures were identified as the primary contributors to the notably high surface 

roughness, with RMS roughness values exceeding 10 nm. With a film thickness of 200 nm, it 

is evident that the layers are indeed characterized by a high level of roughness. Importantly, 

there was no significant difference in surface roughness between the thin films deposited on Pt 

with a TiN underlayer under different conditions and the samples with a TiN/Pt/TiN multilayer 

configuration. 

Piezoresponse force microscopy (PFM) was employed to visualize domains, which were 

suspected based on the surface structures observed in AFM and SEM. The results indeed 

revealed clear and distinct ferroelectric domains with well-defined domain walls, observable as 

bright lines in the amplitude image, thereby corroborating the observations made through XRD 

and SEM. The phase image predominantly exhibited "bright" domains. Unfortunately, the 

amplitude of the domains was not uniform due to the polycrystalline structure of the layer. 

Efforts to switch these domains were unsuccessful, and the layer underwent degradation with 

voltages applied lower than required for polarization changes. This degradation could be 

attributed to the Joule effect and/or surface oxidation. 

Our findings for the growth on Pt/ TiN/ SiO2/ Si structures (P-1 – P-4) align with the 

typical behavior of LiNbO3 films, which tend to orient their c-axis perpendicular to the smooth 

substrate surface [18]. On the other hand, we demonstrated the growth of (0 1 2) LiNbO3 on 

TiN/Pt/TiN/SiO2/Si (P-5). Despite the low crystal quality of the film (impossible to measure 

the RC because the signal was low), this specific orientation had not been reported previously. 

Unfortunately, the growth on Pt/TiN structures was not reported before, but it is possible 

to compare our results with the growth on Pt/TiO2: prior it was reported about growth of 

textured LiNbO3 layer oriented along (0 0 1) crystallographic plane (RC of 13.8°) at 575°C, but 

the presence of a secondary phase (LiNb3O8) and random cracks on the surface were observed 

[3]. In our case, we avoided the parasitic phases formation and cracks, possibly due to lower 

temperature of the deposition (500°). Also, the crystal quality of the layer deposited by us is 

better, since the FWHM of the RC is twice less (7.6° - 5.7°). 

 



Chapter 4: Growth on platinized silicon 

 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  

  Pulsed Laser Deposition (PLD) 165 

3.2 Growth using TiO2 buffer layer 

LiNbO3 films were deposited on Pt electrodes with TiO2 buffer layers. The goal was to 

obtain a layer with a (0 0 1) crystalline orientation, as the c-axis has the best piezoelectric 

properties. The stacks used to study the growth of LiNbO3 on Pt/Si are shown in Figure 4.10. 

 

  
FIGURE 4.10. STACK EMPLOYED TO INVESTIGATE THE DEPOSITION OF LINBO3 USING TIO2 

BUFFER LAYER. 

 

In summary, by combining various deposition conditions, it becomes possible to 

characterize the properties of the as-deposited thin films. Table 4.6 provides a summary of the 

various adjustments made to the deposition parameters for each sample. 

Wafer ID Buffer layer Pressure (mbar) Temperature (°C) Target 

P-6 Pt (100 nm) / TiO2 (20 nm) 0.2 500 LiNbO3 

P-7 Pt (100 nm) / TiO2 (20 nm) 0,2 500 Li1.1NbO3.05 

P-8 Pt (100 nm) / TiO2 (20 nm) 0,007 600 Li1.1NbO3.05 

P-9 Pt (100 nm) / TiO2 (20 nm) 0,007 500 Li1.1NbO3.05 

P-10 Pt (100 nm) / TiO2 (20 nm) 0,2 600 Li1.1NbO3.05 

TABLE 4.6. PRESENTATION OF SAMPLES WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

X-ray diffraction 

In the diagram below, θ-2θ measurements with a 0.5° ω-offset are presented for all the 

wafers after deposition. The orientations of LiNbO3, TiO2, Pt, and Si have been determined 

with reference to ICDD sheets: 00-020-0631 [22] for LiNbO3, 00-021-1272 [18] for TiO2, 00-

004-0802 [14] for Pt, 00-026-1481 [23] for Si, as specified in Annex II. Symmetrical ω (rocking 

curve) measurements were carried out to assess the broadening of the diffraction peaks. This 

broadening of the peaks can be attributed to mosaicity, which serves as a measure of the 

misorientation of crystallites within the sample. Azimuth scans (φ scans) were conducted, but 

no epitaxial layers were observed due to the presence of a 500 nm amorphous SiO2 layer in the 

stack, same as for layers grown on TiO2. 
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FIGURE 4.11. XRD Θ/2Θ SYMMETRICAL  PATTERNS, WITH 0.5° Ω-OFFSET OF THE LINBO3 ON 

PLATINIZED SILICON HETEROSTRUCTURES WITH TIO2 BUFFER. 

 

The summary table presents XRD data for LiNbO3 layers grown on Pt electrodes with 

TiO2 buffer layers under various deposition conditions. The RC values for symmetrical 

measurements of layers are very high, ranging from 12.5° to higher than 20° depending on the 

sample. Azimuth scans (φ scans) were performed, but no signal was detected, indicating that 

there were no epitaxial layers. 

Wafer ID Pressure 

(mbar) 

Temperature 

(°C) 

Target Main layer 

orientation 

Texture 

Degree, % 

RC, ° 

P-6 0.2 500 LiNbO3 (0 0 6) 92 12.5 

P-7 0.2 500 Li1.1NbO3.05 (0 0 6) 85 >20 

P-8 0.007 600 Li1.1NbO3.05 (0 0 6) 99 13.9 

P-9 0.007 500 Li1.1NbO3.05 (0 0 6) 99 14.2 

P-10 0.2 600 Li1.1NbO3.05 (0 0 6) 90 >20 

TABLE 4.7.  PRESENTATION OF THE SUMMARY THE XRD RESULTS FOR LAYERS GROWN ON TIO2/PT/SI 

WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

The predominant layer orientation for most deposition conditions was (0 0 6) LiNbO3. 

Finally, the best combination of highest texture degree and lowest rocking curve was achieved 

for the layer grown on the Pt (100 nm)/TiO2 (20 nm) structure at 0.007 mbar and 600 °C using 

the Li-rich target (P-8). 
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Atomic force microscopy 

To explore the surface topography of LiNbO3 thin films deposited on platinized silicon 

layers with titanium dioxide buffer layer, both AFM and SEM were used. The structural quality 

of the thin films deposited on Pt with a TiO2 underlayer is comparable for all five samples. The 

effects of the deposition conditions on the film surface roughness are being explored. AFM 

images of the films using Li1.1NbO3.05 target are presented in Figures 4.12. and 4.13. 

  

  
FIGURE 4.12. AFM MICROGRAPHS OF LINBO3 ON PT/TIO2: A) P-7; (B) P-8; (C) P-9; (D) P-10. SCAN 

SIZE: (1 × 1) µM2
. 

Figure 4.13. displays of AFM images obtained from 1 x 1 μm² scans of the deposited 

samples. In all these images, the presence of grain crystal structures on the film surfaces is clear, 

and these structures are the primary factors contributing to the observed surface roughness.  

Figure 4.14 presents AFM images of the deposited samples obtained from 5 x 5 μm² scans. 

Similar to the images acquired from 1 x 1 μm² scans, all of these images also clearly illustrate 

the presence of large grains on the film surfaces. These structures remain the primary 

contributors to the notably high surface roughness, with Root Mean Square (RMS) roughness 

values exceeding 10 nm. 
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FIGURE 4.13. AFM MICROGRAPHS OF LINBO3 ON PT/TIO2: A) P-7; (B) P-8; (C) P-9; (D) P-10. SCAN 

SIZE: (5 × 5) µM2
. 

On the other hand, the layer deposited using a LiNbO3 target exhibits lower roughness, 

and the surface characteristics differ. Figure 4.15 displays both (1 x 1) and (5 x 5) μm² AFM 

scans of the thin film deposited at 0.2 mbar and 500°C. These scans reveal the presence of 

crystal structures and some particles on the film surface. This is the main reason of the notably 

improved surface roughness, with RMS values lower than 4 nm. It's worth highlighting that this 

thin film displays the best surface roughness among the thin films deposited on silicon layer 

with Pt electrode and Ti-based underlayers. 

 

  
FIGURE 4.14. AFM MICROGRAPHS OF LINBO3 ON PT/TIO2 (P-6). SCAN SIZES: (1 × 1) µM2 (A) AND  (5 × 

5) µM2 (B). 
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ID Buffer layer 
Pressure 

(mbar) 

Temperature 

(°C) 
Target 

RMS 1x1 

μm², nm 

RMS 5x5 

μm², nm 

P-6 Pt (100 nm) / 

TiO2 (20 nm) 
0.2 500 LiNbO3 

3.2 3.96 

P-7 
Pt (100 nm) / 

TiO2 (20 nm) 
0,2 500 Li1.1NbO3.05 

12 13 

P-8 
Pt (100 nm) / 

TiO2 (20 nm) 
0,007 600 Li1.1NbO3.05 

5.3 8.3 

P-9 
Pt (100 nm) / 

TiO2 (20 nm) 
0,007 500 Li1.1NbO3.05 

5.5 16 

P-10 
Pt (100 nm) / 

TiO2 (20 nm) 
0,2 600 Li1.1NbO3.05 

9 12 

TABLE 4.8.   PRESENTATION OF THE SUMMARY THE AFM MEASUREMENTS FOR LAYERS GROWN ON 

PT/TIO2/SI WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

Table 4.8. compiles the results related to the surface properties observed in the AFM 

scans. It offers an overview of how these surface properties are affected by various deposition 

conditions, including parameters such as oxygen pressure, and the quantity of Li in the target, 

specifically for depositions carried out on Pt/TiO2 structures. It is worth noting that the RMS 

roughness values for almost all wafers deposited using Li-enhanced target exceed 10 nm. Given 

that the film thickness is 200 nm, it is evident that these layers exhibit a substantial level of 

roughness. On the other hand, thin film grown using a LiNbO3 target display a significantly 

better surface state with RMS roughness lower than 4 nm. 

Scanning electron microscopy 

SEM observations are carried out to observe the layer deposited using a LiNbO3 target 

(P-6) on the surface and in its thickness, particularly since this layer exhibits the lowest 

roughness. The surface is coated with a 7.7 nm layer of carbon, and the layer is initially 

observed from a top view. Subsequently, it is observed at a 15° tilt to observe in its thickness. 

(a)  (b)  

FIGURE 4.15. SEM OBSERVATION IN TOP-VIEW (A) AND IN CROSS-SECTION INCLINED AT 15° (B) OF P-6 

WAFER. 
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Piezoresponse force microscopy 

PFM was used to capture images of domains on the P-6 wafer, which were suspected 

based on the surface structures observed in AFM and SEM. The primary goal was to identify 

these domains and, if present, to try to switch them by applying a voltage to the sample. 

(a)   (b)  

FIGURE 4.16. (1 × 1) µM2 PFM OBSERVATIONS IN AMPLITUDE (A) AND PHASE (B) MODES FOR THE 

WAFER DEPOSITED AT 0.2 MBAR, 500°C, LINBO3 TARGET ON PT / TIO2 (P-6). 

Clear and distinct ferroelectric domains, with well-defined domain walls visible as 

bright lines in the amplitude image, were identified in the highly polycrystalline layer, 

confirming the observations made through XRD and SEM. The phase image predominantly 

displayed "bright" domains. Unfortunately, the amplitude of the domains was not uniform due 

to the polycrystalline structure of the layer. 

Efforts to switch these domains were also unsuccessful, as observed in the wafers with 

a TiN buffer layer. The degradation experienced could be also attributed to the Joule effect 

and/or surface oxidation. 

Summary  

For growth of LiNbO3 on Pt electrodes with TiO2 buffer layers, it is important to note 

that the properties of the deposited layer are greatly influenced by specific deposition 

conditions. This includes factors such as temperature, oxygen pressure, and primarily, the 

composition of the target material. In all depositions, we achieved highly oriented 

polycrystalline layers, and no instances of a low-Li parasitic phase were observed in any of the 

samples. Table 4.9 provides a summary of characterization results with variations in associated 

deposition conditions. 

In all the deposition processes, highly oriented polycrystalline layers were grown, and 

there were no low-Li parasitic phases observed in any of the samples. Although azimuth scans 
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(φ scans) were performed, no periodicity of the signal was detected, indicating the absence of 

epitaxial layers. This absence was primarily due to the presence of a 500 nm amorphous SiO2 

layer within the stack, resulting in the growth of polycrystalline structures. The predominant 

crystallographic orientation for all deposition conditions was (0 0 6) LiNbO3. 

ID 
Pressure 

(mbar) 

Temperature 

(°C) 
Target 

Main layer 

orientation 

Texture 

Degree, % 
RC, ° 

RMS 5x5 

μm², nm 

P-6 0.2 500 LiNbO3 
(0 0 6) 92 12.5 3.96 

P-7 0,2 500 Li1.1NbO3.05 
(0 0 6) 85 >20 13 

P-8 0,007 600 Li1.1NbO3.05 
(0 0 6) 99 13.9 8.3 

P-9 0,007 500 Li1.1NbO3.05 
(0 0 6) 99 14.2 16 

P-10 0,2 600 Li1.1NbO3.05 
(0 0 6) 90 >20 12 

TABLE 4.9.   PRESENTATION OF THE SUMMARY THE CHARACTERIZATIONS FOR LAYERS GROWN ON 

PT/TIO2/SI WAFERS WITH VARIATIONS IN ASSOCIATED DEPOSITION CONDITIONS. 

Regarding the surface characteristics, all of the AFM and SEM measurements showed 

the presence of crystal structures and large grains on the film surfaces. These structures were 

identified as the primary contributors to the high surface roughness, with RMS roughness values 

of most of the layers exceeding 10 nm. With a film thickness of 200 nm, it is evident that the 

layers exhibit a high level of roughness. However, the layer deposited using a LiNbO3 target 

displayed significantly lower roughness, and its surface characteristics differed considerably. 

Piezoresponse force microscopy (PFM) was used to visualize domains on the wafer, 

which were suspected based on the surface structures observed in AFM and SEM. The results  

showed clear and distinct ferroelectric domains with well-defined walls. Unfortunately, efforts 

to switch these domains were unsuccessful, and the layer degradated with voltages applied 

lower than required for polarization changes. This degradation could be attributed to the Joule 

effect and/or surface oxidation. 

Lithium niobate thin films deposited by us on Pt/TiO2/SiO2/Si structures match how 

LiNbO3 films usually aligns c-axis perpendicular to the smooth substrate surface [18]. Earlier, 

there were reports of growing a textured LiNbO3 layer aligned along the (0 0 1) crystallographic 

plane (with an RC of 13.8°) at 575°C. However, it was noted that there was the presence of a 

secondary phase (LiNb3O8) and random cracks on the surface. [3]. In our depositions, no 

formation of the parasitic phases and cracks was observed. Additionally, the crystal quality of 

the layers we deposited is a little bit better, with the lowest FWHM of the RC of 12.5°. 
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4. Conclusions on the study 

In this study, we employed Pulsed Laser Deposition to produce LiNbO3 thin films on 

platinized silicon using Ti-based buffer layers. Three structural configurations were created: 

● LiNbO3 / Pt / TiN / SiO2 / Si 

● LiNbO3 / Pt / TiO2 / SiO2 / Si 

● LiNbO3 / TiN / Pt / TiN / SiO2 / Si 

The structural properties of the as-grown LiNbO3 layers were assessed using XRD, which 

included the following aspects: 

● Out-of-plane texture (growth orientation) and potential presence of secondary phases: 

Highly oriented polycrystalline layers were obtained, and no low-Li parasitic phase was 

observed in any of the samples. The predominant crystallographic orientation for almost 

all deposition conditions was (0 0 6) LiNbO3. However, for growth directly on TiN, the 

primary crystallographic orientation was (0 1 2), which was not reported before. 

● Crystallite Disorientation and Layer Quality: Rocking curve analysis (ω scan) was 

performed to evaluate the disorientation of crystallites within the layer and the overall 

layer quality for all the wafers. 

● Azimuth Scans (φ scans) were conducted, but no epitaxial layers were identified, mainly 

due to the presence of a 500 nm amorphous SiO2 layer within the stack. 

The best combination of achieving the highest texture degree and the lowest rocking curve 

values was observed in the layer grown on the Pt (100 nm)/TiN (10 nm) structure at 0.007 mbar 

and 500 °C using the Li-rich target (P-4). For layers grown with TiO2 buffer, the rocking curve 

values for symmetrical measurements were significantly high, ranging from 12.5°, indicating 

lower crystal quality in the thin films. Another notable combination of high texture degree and 

low rocking curve values was found in the layer grown on the Pt (100 nm)/TiO2 (20 nm) 

structure at 0.007 mbar and 600 °C using the Li-rich target (P-8). However, depositions on 

platinized silicon are resulting lower crystal quality and rougher surface when compared to 

growth on monocrystalline sapphire substrates, due to the presence of an amorphous SiO2 layer 

in the stack. 

It's essential to note the marked difference in the surface characteristics identified in the 

AFM and SEM measurements. For all films except those deposited using the LiNbO3 target on 

the Pt/TiO2 structure, crystal structures and larger grains were consistently observed. This 
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greatly contributed to the surface being rough, with roughness values higher than 10 nm (for 

layers of 200 nm thick). However, the layer deposited using the LiNbO3 target on the Pt/TiO2 

structure stands out, displaying notably lower roughness with different surface characteristics. 

The utilization of Piezoresponse Force Microscopy (PFM) allowed for the visualization of 

domains on the wafers. Clear and distinct ferroelectric domains were identified within the 

highly polycrystalline layers, featuring well-defined domain walls that were observable in the 

amplitude image. However, it's worth noting that the amplitude of these domains was not 

uniform, likely due to the polycrystalline structure of the layer. Despite these observations, 

attempts to switch or manipulate these domains were unsuccessful. The degradation 

experienced in these layers could be attributed to the Joule effect and/or surface oxidation, as 

indicated by the presence of hillocks after voltage application. 

Integrating such layers into a bulk acoustic device (by simply depositing one more electrode 

on the top of the structure) could enable the analysis of resonance frequency and coupling 

coefficient. Also, FBAR device could be fabricated. However, there is still a need for 

optimizations. Firstly, additional experiments on depositions directly on TiN are required to 

confirm the growth on (0 1 2) LiNbO3 and enhance the quality of the layer. For growth on 

Pt/TiN and Pt/TiO2 structures, optimizations are necessary to improve the layer quality, 

facilitate domain switching without degrading the thin film, and gather information about the 

coercive field.  

The optimizations to enhance quality could involve: 

● Further refining the growth conditions, using 500°C as a reference. Also, two 

combinations of pressure and target could be used as references: 0.2 mbar, LiNbO3 

target for Pt/TiO2 and 0.007mbar, Li1.1NbO3.05 target for Pt/TiN; 

● Using targets with even more lithium compared to niobium. Shibata et al. got their 

best results with Li/Nb ratio 2.0, while ours were 1.1 and 1  [24].  

● Exploring techniques such as rapid laser annealing for improvement of specific 

points of the thin film where there will devices done is also possible. From the other 

side annealing of full wafer, due to Pt later, could be not successful; 

● Other materials like ZnO could be used as buffer layer to further promote c-axis 

growth of LiNbO3 [3], [9]. 
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General conclusion and perspectives 

This thesis was undertaken to advance the deposition process for thin layers of lithium 

niobate, specifically for applications in acoustic filtering. Due to its piezoelectric properties, 

LiNbO3 has key features that make it well-suited for developing filters to meet the changing 

needs of advancing 5G technology. 

However, achieving a single-phased and stoichiometric lithium thin film niobate 

through conventional deposition techniques presents notable challenges. To enhance filter 

performance, the deposited layer must meet strict criteria, including high crystallinity, with pure 

LiNbO3 phase, and minimal surface roughness. Pulsed Laser Deposition was selected as the 

preferred method for LiNbO3 deposition. Throughout this study, the focus was on growing thin 

films of lithium niobate with well-defined physicochemical properties, aiming for their 

potential use in acoustic wave devices. 

 

The substrate material plays a foundational role for LiNbO3 layer growth because it 

determines the possibilities for different applications from the one hand and has its own 

properties on the other. In our studies we obtained three kinds of thin films on different 

substrates (Figure 5.1): 

● Epitaxial monocrystalline on LiNbO3 of (1 1 0), (1 0 4), and (0 0 6) crystallographic 

orientations (Figure 5.1, a); 

● Heteroepitaxial polycrystalline single-phased on Al2O3 with main crystallographic 

orientations: (0 0 1), (1 1 0), (1 0 0), (1 0 1), (0 1 2), (1 1 3), and (2 2 3) (Figure 5.1, b); 

● Highly oriented polycrystalline layers on platinized silicon with (0 0 6) and (0 1 2) main 

crystallographic orientations(Figure 5.1, c); 

 

FIGURE 5.1 SCHEME OF THE DIFFERENT THIN FILMS GROWN. 
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The influence of deposition conditions, such as substrate, temperature, oxygen pressure, 

and target composition, on the microstructural properties of the layers was systematically 

analyzed.  

 

The initial part of this research, discussed in chapter two, concentrated on characterizing 

thin films of LiNbO3 grown on LiNbO3 substrates. The goal was to achieve homoepitaxial 

growth with various crystallographic orientations. To manage film crystallinity and chemical 

composition, several growth parameters were explored, including substrate temperature, 

oxygen pressure, and target composition. 

Various combinations of these parameters were tested to understand their impact on thin 

film growth. The results were summarized in a scheme for homoepitaxial growth, based on the 

following conclusions: 

These parameters were applied in various combinations to highlight their effect on thin 

film growth. Finally, it is possible to summarize the effect of all deposition conditions for 

homoepitaxial growth into a scheme (Figure 5.1). This diagram is based on these conclusions: 

● Oxygen pressure ranged from 0.2 to 0.007 mbar, resulting in negligible changes in  

surface roughness. However, at low pressure (0.007 mbar), deposited wafers, likely due 

to the resputtering during growth, were consisting from a mix of LiNbO3 and a low-

lithium phase. Depositions at 0.2 mbar consistently produced homoepitaxial 

monocrystalline layers. 

● The substrate temperature ranged from 500 to 600°C. At 0.2 mbar pressure, 

homoepitaxial monocrystalline layers formed having similar crystal quality. With 

higher temperature, there was a slight increase in surface roughness due to more 

frequent formation of nanocrystalline grains on the surface, which is correlated with a 

bigger thickness of the final layer. 

● Amount of lithium (Li) atoms in the plasma plume was varied by utilizing two different 

targets: LiNbO3 and Li1.1NbO3.05. The utilization of the Li-enriched target resulted in an 

improvement of surface morphology, reducing the roughness. 

As a result of this research, homoepitaxial monocrystalline layers with single phases 

were obtained: (1 1 0) for the X-cut substrate, (1 0 4) for the Y+128°-cut (previously not 

reported), and (0 0 6) for the Z-cut. Additionally, the surface roughness remained relatively 

small, ranging from 1 to 3 nm for layers with a thickness of 100 nm. In conclusion, the optimal 
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combination of deposition parameters appears to be 0.2 mbar for improved crystal quality, 

600°C for enhanced deposition efficiency, and a Li-enriched target to decrease roughness. 

 

In the next part of this research, discussed in chapter three, we look at LiNbO3 layers 

deposited on monocrystalline sapphire substrates.  

It's worth noting that, in most of our depositions, we used 4-inch substrates, which are 

bigger than what was typically reported before. By variating Al2O3 substrates orientations, 

heteroepitaxial single-phased polycrystalline LiNbO3 layers with diverse main crystallographic 

orientations were grown, including (0 0 1), (1 1 0), (1 0 0), (1 0 1), (0 1 2), (1 1 3), and (2 2 3). 

AFM and SEM observations showed no signs of cracks in the layers for all the wafers. 

However, the presence of grains on the layers was identified. These grains constitute the 

primary source of surface roughness in the samples. 

 The growth of (1 0 1), (1 1 3), and (2 2 3) layers of LiNbO3 using PLD on sapphire 

substrates had not been reported previously.  

Different combinations of substrate temperature, oxygen pressure, and the composition 

of the target material were utilized to highlight their effect on thin film deposition (in the same 

way as for homoepitaxial growth) and for c-sapphire it is possible to conclude (for this 

comparison our reference conditions will be 0.2 mbar, 500°C, LiNbO3 target): 

● During depositions conducted at a pressure of 0.2 mbar, a consistent result was the 

formation of heteroepitaxial polycrystalline layers with good crystal quality (up to a 

symmetrical rocking curve of 0.87°). Reducing the pressure further improves crystal 

quality (symmetrical rocking curve of 0.78°), but it also raises the roughness of the layer 

unless other parameters are adjusted. 

● Substrate temperature was very important factor and it ranged in most of the processes 

from 500 to 600°C. The process involving a gradual reduction of the substrate 

temperature to 200° after an initial stage at 600°C (to establish a seed layer) resulted in 

the growth of the combinations of low-Li subphase LiNb3O8 and LiNbO3. Increasing 

the temperature without adjusting other parameters resulted only in higher film 

roughness without changes in crystallinity.  

● Amount of lithium (Li) atoms in the plasma plume was varied in the same way as for 

homoepitaxial growth. Utilization of the Li-enriched target without changing other 

parameters led only to decrease in crystal structure.  
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● The most favorable combination of both low roughness (RMS of 0.8 nm) and good 

crystalline quality (symmetrical and asymmetrical Rocking Curve values of 0.99° and 

1.41°, respectively) on Z-cut Al2O3 substrates was achieved using Li1.1NbO3.05 target, 

at 0.007mbar and 600°C.  

During the growth process on a-sapphire substrates, we observed a competition in 

growth between the (0 0 6) and (1 1 0) orientations. Obtaining of the (1 1 0) main layer 

orientation, was only possible with Li1.1NbO3.05 target and the most favorable combination of 

low roughness (with a RMS of 4.96 nm) and excellent crystalline quality (RC of 0.43°), was 

achieved using for the growth at 0.2 mbar and 500°C.  

For the growth on r-sapphire substrates, a variety of main crystallographic orientations 

were achieved, including (1 1 0), (1 0 0), (1 0 1), and (0 1 2). These variations indicate that by 

adjusting the deposition conditions on (0 1 2) Al2O3, it is possible to control the orientation of 

polycrystalline epitaxial thin films grown.  

SAW devices were fabricated and tested on layers grown on c- and a-sapphire wafers 

using a process that involved lithography, wet etching, and stripping. Regrettably, the resulting 

structures did not demonstrate the expected piezoelectric response and transfer characteristics. 

This is probably due to the low thickness of the piezoelectric layer deposited, about 100 

nanometers, even before lithography. 

Controlling the growth orientation along various crystal planes is important to meet the 

requirements of various applications. For optical applications, layers oriented along the c-axis 

are predominantly utilized and represent the primary orientation achieved in thin layer growth 

growth [1], [2]. (1 1 0) and (1 0 0) oriented layers find application in surface acoustic wave 

devices. Additionally, more complex orientations, such as (1 0 1), (0 1 2), (1 1 3), and (2 2 3), 

can be also employed for SAW resonators. 

 

In the final section, presented in the fourth chapter, our research focused on the growth 

of LiNbO3 on silicon substrates, incorporating various buffer layers, including combinations of 

Pt with TiN and TiO2. The choice of buffer layer substrates was guided by their compatibility 

with RF applications, especially those involving bulk acoustic waves, the possible application 

of these buffer layers as bottom electrodes for BAW devices. 
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Highly oriented polycrystalline layers were obtained, and no low-Li parasitic phase was 

observed. The predominant crystallographic orientation of the layer grown on most of the 

buffers was (0 0 6) and for growth on TiN, it was (0 1 2). 

The optimal crystal properties were observed in the layer grown on the Pt/TiN structure 

at 0.007 mbar and 500°C using the Li-rich target. This can be attributed to several factors in 

combination:  

● First, at the temperature of 500°C differences in CTE coefficients between LiNbO3, Pt 

and TiN was lower than for 600°C, leading to reduced thermal stress.  

● Low pressure caused an increase of the kinetic energy of atoms in plasma plume. This 

additional energy could serve as a source of an energy for crystals formation.  

● Additional Li in the plasma plume was probably the most important factor, as these 

atoms could compensate for resputtering and diffusion within the film. 

On the other side, the layer deposited using the LiNbO3 target on the Pt/TiO2 structure 

stood out, having lower roughness.  This can also be clarified by:  

● Possibly most important factor is similar structure of the molecules in TiO2 and SiO2 

layers, resulting in lower stress between these layers. This influence reduces the 

roughness of the Pt layer, making it lower, and consequently causing the decrease of 

roughness of the LiNbO3 layer. Unfortunately, it was not possible to check the 

roughness of Pt prior the deposition for all the wafers, so this is only hypothesis. 

● The lowest roughness of the layer was observed after the deposition at 0.2 mbar, 500°C 

using the LiNbO3 target. These deposition conditions can be explained by also reduced 

thermal stress at 500°C, and absence of resputtering at this pressure so there was no 

need of additional Li atoms. On the other hand, since, possibly, stress inside the buffer 

layer was lower compared to usage of Pt/TiN structure (reducing amount of defects in 

these layers), diffusion within the film could be also lower.  

Within these highly polycrystalline layers, clear and distinct ferroelectric domains were 

identified, featuring well-defined domain walls. However, the amplitude of these domains was 

not uniform, due to the polycrystalline nature of the layer. Despite these observations, attempts 

to switch or manipulate these domains proved unsuccessful. The observed degradation in these 

layers could be attributed to the Joule effect and/or surface oxidation. 

In conclusion, considering the possibility of post-deposition surface polishing or 

roughness reduction, the more important is crystal quality. It needs to be further improved allow 
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these structures to be used in BAW devices. In our study, optimal properties were observed in 

the layer grown on the Pt/TiN structure at 0.007 mbar and 500°C using the Li-rich target. 

Hypothetically, it is possible to further improve the deposition recipe by utilization of the target 

with even more lithium compared to niobium, since Shibata et al. got their best results with 

Li/Nb ratio 2.0 [3], while our was 1.1. Another potential variation in the deposition parameters 

involve using 0.007 mbar and 500°C as the reference for both temperature and pressure. 

Modifications to the substrate can also be beneficial and may include: 

● Adding a sacrificial support layer beneath the buffer during deposition to reduce the 

stress during the process. This support layer can be later removed, leaving the structure 

suspended. By adding an electrode only on top of the structure, an FBAR (Film Bulk 

Acoustic Resonator) can be obtained. 

● Including additional layers between the Si wafer based on their lattice constants and 

thermal expansion coefficients. This can not only reduce stress in the structure but also 

create a multilayer structure with alternating layers possessing different acoustic 

impedances, serving as a Bragg mirror. Utilizing such a stack and placing an electrode 

on the top of the structure allows the creation of a Solidly Mounted Resonator (SMR). 

ZnO is commonly employed for the low-impedance layers of the Bragg reflector, and 

given its ability to promote c-axis growth of LiNbO3 [4], it can be very good choice. 

 

Adjustments to deposition parameters are necessary to align with the specific substrate 

chosen. Finally, it is possible to make some conclusions on the possible effects of the deposition 

parameters for all types of substrates:  

● Oxygen pressure is a critical parameter in the growth process. A decreased pressure 

(0.007 mbar) can result in the formation of the low-Li phase due to resputtering, for 

instance, in the case of homoepitaxial growth. On the other side, it enhances the energy 

of the atoms, leading to improved crystal quality. The higher pressure (0.2 mbar) results 

in the homoepitaxial monocrystalline layers for growth on LiNbO3 substrates, and good 

crystalline quality on the other substrates, but careful adjustments are needed to control 

layer roughness.  

● Substrate temperature also influences the crystal quality, surface roughness, and 

thickness of the deposited layers. These effects depend on the specific substrate and 

require careful adjustment of temperature along with other deposition parameters. In 
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general, raising the temperature results in a slight increases in roughness (which can be 

compensated by higher amount of Li in target and adjusting pressure) and thickness of 

the layers, and can also leads to higher structure quality. 

● The amount of Li in the target also influences crystal structure and surface morphology, 

on different substrates and can be utilized to adjust the effect of other deposition 

parameters. Increasing the Li/Nb ratio can compensate resputtering and diffusion of Li 

atoms in the substrate, so preventing low-Li phases formation, and decreasing the 

misorientation of the crystals in case of polycrystalline films.  

 

Finally, while there have been demonstrations of the growth of both homo- and 

heteroepitaxial, highly oriented polycrystalline layers, there is still potential for general 

enhancements in the PLD process and recipes applied:  

● Depositing thicker layers is necessary for making effective acoustic devices. Due to the 

low thickness of the piezoelectric layer deposited, about 100 nanometers, it was not 

possible to achieve any piezoelectric response and transfer characteristics. Previous 

successful studies utilized a 300-nanometer-thick LiNbO3 layer for SAW devices [5]. 

● Modifications in deposition conditions are possible. Primarily, temperature and pressure 

can be further adjusted, and detailed references for such variations are provided for each 

substrate. 

● Increasing the amount of Li in the target is an option. There's a potential for further 

improving the deposition process by using a target with even more lithium compared to 

niobium. Shibata et al. achieved their best results with a Li/Nb ratio of 2.0 [3], while 

ours were 1.0 and 1.1.  

● Changes in equipment can also be beneficial. For instance, installing to the platform in-

situ characterization tools like Reflection High-Energy Electron Diffraction (RHEED) 

has the potential to provide real-time monitoring of layer growth within the deposition 

chamber. 

● For the homo- and heteroepitaxial growth, annealing processes could potentially 

enhance crystal quality and reduce surface roughness, contributing to improved overall 

performance of the layer [2]. Utilizing techniques such as rapid laser annealing for 

improvement of specific points of the thin film where there will devices done is also 

possible.  
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● For the growth on monocrystalline substrates (Al2O3 and LiNbO3) preannealing the 

wafer before deposition and using a lower frequency of the laser (for example, 15 Hz) 

could result in a higher quality layer (works performed by Lee and Balestrino can be an 

example [6], [7]). 

● Adding more buffer layers from materials like MgO or ZnO can enhance the quality of 

the layers deposited. Combining them with other metals high impedance layers, which 

often consist of Molybdenum (M) and Tungsten (W) can result into SMR devices 

fabrication. The selection of such materials requires further research and since it can be 

based on lattice constants and thermal expansion coefficient (CTE), with the ideal 

scenario involving the use of an underlayer that is both conductive, limits lithium atom 

diffusion, and maintains CTE compatibility between the substrate and the layer. 
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Annex I: Methodology 

This Annex is dedicated to detailing the experimental procedures and techniques 

employed in the research. The Pulsed Laser Deposition technique was implemented using the 

Solmates 8 in.-wafer-based SIP800 platform. The physicochemical properties of the 

synthesized layers underwent thorough analysis using various characterization techniques, 

including X-ray diffraction, atomic force microscopy, scanning electron microscopy, and 

secondary ion mass spectrometry. 

Pulsed Laser Deposition tool 

During the deposition process, laser ablation was conducted using a KrF excimer laser 

with a wavelength of 248 nm, operating at a frequency of 100 Hz and delivering an energy of 

450 mJ. Importantly, a fixed distance of 55 mm between the target and substrate was maintained 

throughout the entire deposition process. 

The Pulsed Laser Deposition technique was executed utilizing the Solmates 8 in.-wafer-

based SIP800 platform. The table below provides clarification of the deposition conditions for 

LiNbO3 layers. 

Laser KrF excimer (λ = 248 nm) 

Laser Energy (mJ) 450 

Fluency (J/cm-2) 2.1 

Spot Size (mm2) 9.2 

Frequency (Hz) 100 

Focus (mm) 55 

Pressure (mbar) 0.2; 0.007 

Temperature (°C) 500; 600 

Target LiNbO3; Li1.1NbO3.05 
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Transparency measurement 

Transparency is delineated as the degree of optical clarity attainable when the refractive 

index maintains uniformity throughout the material in the direction of observation. This 

property was evaluated by passing light through the specimens and discerning the intensity of 

transmitted light in relation to the incident light. 

The assessments were conducted utilizing an Agilent spectrophotometer, specifically 

the Cary7000 model, equipped with a Universal Measurement Accessory (UMA). The UMA 

facilitates the measurement of direct transmission and specular (mirror-like) reflectance off the 

surface of a sample at a predefined angle. To ensure positional stability during data collection, 

a high-resolution optical encoder was employed, preventing any displacement between the 

sample and detector. The measurement angle was consistently set at 90° (perpendicular 

configuration), and the wavelength span ranged from 250 to 2000 nm. 

Time-of-Flight Secondary Ion Mass Spectrometry analysis 

We conducted an analysis employing Time-of-Flight Secondary Ion Mass Spectrometry 

(TOF-SIMS), utilizing an ion gun with the capacity for deep sample ablation.  

The table below provides clarification of the measurement conditions for LiNbO3 layers. 

Spectrometer IONTOF TOF SIMS V mass spectrometer 

Sputter beam Cs+ 1 keV  ~ 80 nA 

Raster size 200 µm x 200 µm 

Primary beam Bi3
+ 25 keV ~0.3 pA 

Field of View 60 µm x 60 µm 

 

The TOF-SIMS depth profiles were generated using a TOF SIMS V mass spectrometer 

provided by IONTOF. The experimental parameters included the utilization of an analysis beam 

comprising Bi3+ ions with an energy level of 25 keV and a current ranging from approximately 

0.3 to 0.5 picoamperes. The field of view was set at 60 µm × 60 µm, with data acquisition 

involving the capture of one shot per pixel, resulting in a total of 128 x 128 pixels. Sputtering 

was performed using Cs+ ions with an energy of 1 keV and a current of approximately 80 
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nanoamperes, resulting in sputter craters measuring 200 µm × 200 µm. Positive secondary ions, 

including MCs+ and MCs2
+ clusters, were detected with a cycle time of 100 microseconds. The 

analytical procedure was executed in an interlaced mode, comprising one frame of analysis 

followed by 30 frames of sputtering, with a 1-second pause interspersed between them.  

It is crucial to emphasize that due to the absence of reference samples, quantification 

and depth calibration of the obtained profiles were not feasible. However, comparative 

assessments of the data were still possible by normalizing it against signals from the substrate. 

Additionally, reference standards prepared at 0.2 millibars and 500°C were utilized for 

comparative purposes. 

X-ray diffraction analysis 

X-ray diffraction (XRD) is a non-destructive characterization technique grounded in 

Bragg's law, enabling the analysis of crystalline samples in both powder and solid states. 

Diffracted signals emerge exclusively from crystal planes that satisfy the Bragg equation, 

allowing for the characterization of specific planes based on the analysis configuration. It is 

crucial to note that an amorphous layer lacking distinct crystal planes will not exhibit diffraction 

patterns. 

In XRD analysis, a beam of X-rays is emitted from a source, typically composed of a 

copper cathode. Prior to reaching the sample, the X-ray beam undergoes adjustments through 

various optical components to configure and adapt the analysis to the specific characteristics of 

the examined samples. For instance, Soller slits ensure a consistent irradiated surface on the 

sample by controlling the divergence of the X-ray beam. Additionally, a filter is employed to 

selectively allow the passage of the Kα line of copper, effectively eliminating fluorescence 

background. Subsequently, a detector receives the diffracted information for further analysis. 

In the assessment of the crystalline structure quality of deposited layers, a specialized 

methodology was developed, employing two distinct XRD tools. Specifically, the XRD3 

JV/BRUKER, DELTA-XM was utilized for high-resolution scans (HR-XRD) in measurements 

conducted on homoepitaxial layers, particularly for obtaining Reciprocal Space Maps (RSMs). 

Simultaneously, the Panalytical XperPro diffractometer was employed for all other deposited 

thin films. 



Annexes 

 

PERSHUKOV Ihor  Innovative Piezoelectric Materials elaborated by  190 

 Pulsed Laser Deposition (PLD) 

 

Bragg-Brentano configuration 

The Bragg-Brentano analysis, θ/2θ scan, symmetric scan, or Qz-scan are techniques 

employed for phase identification and assessing the degree of grain texture perpendicular to the 

substrate, excluding the planar direction. In this configuration, both the X-ray source and the 

detector move simultaneously. 

The interpretation of this analysis is multifaceted. It allows for the determination of the 

crystalline phases constituting the layer through the diffraction angle 2θ, and an approximate 

quantification can be derived from the integrated intensities. For each phase, the degree of 

texture in the plane can be calculated using both experimental and theoretical integrated 

intensities.  A more in-depth analysis of a diffraction peak can provide an estimate of the stress 

in the layer. A tensile layer will exhibit a larger diffraction peak, while a compressive layer will 

display a smaller peak compared to the theoretical value.  

Rocking Curve Analysis 

Rocking Curve Analysis (ω-scan) is employed to determine the disorientation of grains 

relative to an axis perpendicular to the substrate, specifically the Qx axis. This analysis is 

centered on the diffraction angle of the plane under examination, resulting in a single peak after 

the Rocking Curve (RC) analysis. The Full Width at Half Maximum (FWHM) of this peak is 

utilized to interpret the crystalline quality of the layer by assessing the disorientation of 

crystallites along an axis of preferential growth. 

In this configuration, the X-ray source is fixed at the Bragg angle corresponding to the 

family of planes being analyzed, and the detector is in motion. The obtained rocking curve 

provides valuable information about the distribution of orientations within the crystalline 

structure, aiding in the characterization of the layer's overall crystalline quality and the 

alignment of crystallites along a specific growth axis. 

Other configurations  

Various configurations and analyses were selected based on the inherent characteristics of the 

samples 

• High-Resolution X-ray Diffraction (HR-XRD) was performed using the XRD3 

JV/BRUKER DELTA-XM system with monochromators. This technique was applied 
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to homoepitaxial layers, specifically for the acquisition of Reciprocal Space Maps 

(RSMs). 

• Grazing Incidence X-ray Diffraction (GI-XRD) involved XRD in grazing incidence, 

enabling the investigation of thin layers of the sample. This measurements were 

performed utilizing the XRD3 JV/BRUKER DELTA-XM system. 

• In-Plane Analysis (IP) was employed to determine growth directions within the plane 

of the sample. When combined with symmetrical analyses (out of the plane), this 

approach provided insights into the fiber texture of a layer. 

• φ-Scans were utilized to identify crystallites rotating relative to the diffraction plane. In 

this technique, the 2θ position was fixed for a plane not perpendicular to the analyzed 

plane, while the angle φ was in motion. 

These diverse configurations present a range of analytical methodologies, each customized to 

address specific characteristics and requirements inherent in the samples under investigation. 

Atomic force microscopy 

Atomic force microscopy (AFM) analysis involves the integration of a microscope and 

a probe to generate an image of a sample's surface. The probe is systematically moved across a 

designated surface, and the disparity in force between the surface and the probe is gauged by 

monitoring the deflection of a light beam reflected on the latter. This measurement process is 

both expeditious and non-destructive, making it applicable to samples with either insulating or 

conductive properties. The probe, employed to traverse the sample's surface, comprises a tip 

affixed to a cantilever, wherein the cantilever functions as the force sensor. The deformations 

of the cantilever are precisely quantified in this analytical process. 

The examination produces various critical parameters, among which RMS Roughness 

(Root Mean Square) stands out. This parameter signifies the root mean square of the heights 

within the profile and is frequently supplied as an indicator of surface roughness. 

Scanning electron microscopy 

Scanning electron microscopy (SEM) is an imaging analysis method employed for the 

characterization of surface relief. Additionally, it facilitates the examination of material layer 
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stacks. To achieve the latter, sample cutting and preparation are essential to enable the 

observation of cross-sections. In such instances, this technique proves valuable in 

approximating layer thicknesses. 

The layers were examined using a ZEISSTM-MERLIN scanning electron microscope. 

To prevent charge accumulation, a 7.7 nm carbon coating was applied to the samples. During 

the analysis, observations were conducted at a low acceleration voltage (2 kV) in secondary 

electron mode to further mitigate the risk of charge accumulation. 

Piezoresponse Force Microscopy 

Piezoresponse Force Microscopy (PFM) enables the mapping of ferroelectric domains 

by leveraging the converse piezoelectric effect in conjunction with an atomic force microscope. 

PFM experiments were conducted using an NT-MDT NTEGRA AFM system, augmented with 

a HF2LI system from Zurich Instruments for Dual Frequency Frequency Tracking. This 

approach enhances the signal-to-noise ratio compared to single-frequency PFM by operating at 

the contact resonance frequency. 

A PPP-EFM tip, coated with a PtIr layer to impart conductivity, was employed. The 

voltage applied to the sample was set to the resonance frequency (f0~340 kHz) and modulated 

by a low-frequency signal (fm=1.5 kHz). The PFM signal was acquired at f0-fm, with an 

amplitude of 500 mV. 

The Dual-Resonance Frequency Tracking (DRFT) system facilitated tracking of the 

resonance frequency, ensuring that any shifts due to tip-sample interactions did not affect the 

PFM signal. This approach minimizes perturbations and maintains the stability of the resonance 

frequency during the experiment. 
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Annex II: ICDD datasets  

LiNbO3 00-020-0631 
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LiNb3O8 04-013-9445 
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Li3NbO4 04-009-6335 
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Al2O3 00-046-1212 
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Si 00-026-1481 
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Pt 00-004-0802  
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SiO2 00-046-1045 
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TiO2 00-021-1272 
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Annex III: XRD characterizations 

HRXRD RSMs 

Z-cut 

a) b)  

c) d)  

FIGURE 5.1 RECIPROCAL SPACE MAPS (RSMS) OF (A) Z-1, (B) Z-2, (C) Z-4 AND (D) Z-5 WAFERS 
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X-cut  

a) b)  

c) d)  

e)   

FIGURE 5.2 RECIPROCAL SPACE MAPS OF (A) X-1, (B) X-2, (C) X-3, (D) X-4 AND (E) X-5. 
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Y+128°-cuts 

a) b)  

c) d)  

e)  

FIGURE 5.3 RECIPROCAL SPACE MAPS OF (A) Y-1, (B) Y-2, (C) Y-3, (D) Y-4 AND (E) Y-5. 
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Annex IV: AFM characterizations 

Deposition on c-sapphire 

 

FIGURE 5.4 AFM MICROGRAPHS OF LINBO3 ON Z-CUT AL2O3 GROWN AT: (A) 0.2 MBAR, 500°C, 

LINBO3 TARGET; (B) 0.007 MBAR, 500°C, LINBO3 TARGET; (C) 0.2 MBAR, 600°C, LINBO3 

TARGET; (D) 0.2 MBAR, 600°C, LI1.1NBO3.05 TARGET; (E) 0.007 MBAR, 500°C, LI1.1NBO3.05  

TARGET; (F) (E) 0.007 MBAR, 600°C, LI1.1NBO3.05 TARGET;. SCAN SIZE: (5 × 5) µM
2. 
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FIGURE 5.4 AFM MICROGRAPHS OF LINBO3 ON X-CUT AL2O3: : (A) A-1; (B) A-2; (C) A-3; (D) 

A-4; (E) A-5; (F) A-6; (G) A-7; (H) A-8;. SCAN SIZE: (5 × 5) µM
2. 
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