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ABSTRACT 

This work presents a study on stoichiometry and structure in perovskite-type oxide thin 

films and investigates the role of growth–induced defects on the properties of materials. It 

also explores the possibility to grow thin films with properties close or similar to the ideal 

bulk parent compound. A novel approach to the growth of thin films, atomic layer-by-layer 

(ALL) laser molecular beam epitaxy (MBE) using separate oxide targets is introduced to 

better control the assembly of each atomic layer and to improve interface perfection and 

stoichiometry. It also is a way to layer materials to achieve a new structure that does not 

exist in nature.  

This thesis is divided into three sections. In the first part, we use pulsed laser deposition 

(PLD) to grow LaAlO3 (LAO) thin films on SrTiO3 (STO) and LAO substrates in a broad 

range of laser energy density and oxygen pressure. Using x-ray diffraction (θ-2θ scan and 

reciprocal space mapping), transmission electron microscopy (TEM) and x-ray 

fluorescence (XRF) we studied stoichiometry and structure of LAO films as a function of 

growth parameters. We show deviation from bulk–like structure and composition when 

films are grown at oxygen pressures lower than 10-2 Torr. We conclude that the discussion 

of LAO/STO interfacial properties should include the effects of growth–induced defects in 

the LAO films when the deposition is conducted at low oxygen pressures, as is typically 

reported in the literature.  

In the second part, we describe a new approach to atomically layer the growth of perovskite 

oxides: (ALL) laser MBE, using separate oxide targets to grow materials as perfectly as 

possible starting from the first atomic layer. We use All laser MBE to grow Ruddlesden–
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Popper (RP) phase Lan+1NinO3n+1 with n = 1, 2, 3 and 4 and we show that this technique 

enables us to construct new layered materials (n=4). 

In the last and main section of this thesis, we use All laser MBE from separate oxide targets 

to build the LaNiO3 (LNO) films as near perfectly as possible by depositing one atomic 

layer at a time. We study the thickness dependent metal-insulator transition (MIT) in 

ultrathin LNO films on an LAO substrate. In LNO, the MIT occurs in thin films and 

superlattices that are only a few unit cells in thickness, the understanding of which remains 

elusive despite tremendous effort devoted to the subject. Quantum confinement and 

structure distortion have been evoked as the mechanism of the MIT; however, first-

principle calculations show that LaNiO3 remains metallic even at one unit cell thickness. 

Here, we show that thicknesses of a few unit cells, growth–induced disorders such as cation 

stoichiometry, oxygen vacancies, and substrate-film interface quality will impact the film 

properties significantly. We find that a film as thin as 2 unit cells, with LaO termination, is 

metallic above 150 K. An oxygen K-edge feature in the x-ray absorption spectra is clearly 

inked to the transition to the insulating phase as well as oxygen vacancies. We conclude 

that dimensionality and strain are not sufficient to induce the MIT without the contribution 

of oxygen vacancies in LNO ultrathin films. Dimensionality, strain, crystallinity, cation 

stoichiometry, and oxygen vacancies are all indispensable ingredients in a true control of 

the electronic properties of nanoscale strongly–correlated materials. 
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PEROVSKITE OXIDES 

Summary 

Transition metal oxides (TMOs) are materials composed of transition metal with valance 

electrons in their d orbital which is bonded to oxygen ion. The following chapter is a 

discussion on crystal structure of TMOs with perovskite structure. We also survey the most 

relevant electronic properties of perovskite TMOs to this work. We continue with a 

literature review on properties of Rare earth nickelate and in particular LaNiO3 which is 

the material under study in this work.  

Crystal Structure 

Perovskite oxides with the chemical formula ABO3 are a large family among all oxide 

compounds including several perovskite related structures. They exhibit almost all of the 

interesting phenomena in condensed matter physics such as magnetism, ferroelectricity, 

and superconductivity. This structure usually contains a large A site cation and B site cation 

surrounded by six oxygen in octahedral symmetry (Figure 1.1). The ideal structure of 

perovskite is a cubic lattice with many oxides poses slightly distorted structure from the 

ideal one.1 To better understand distortion in perovskites, tolerance factor (t) was defined 

to calculate the compatibility of an ion with a crystal structure. Tolerance factor is a 

dimensionless number that is calculated from ratio of the ionic radii: 
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Figure 1.1 Perovskite unit cell structure 

 

𝒕 =
𝒓𝑨 + 𝒓𝟎

√𝟐(𝒓𝑩 + 𝒓𝟎)
 Equation 1.1 

Where 𝑟𝐴 and 𝑟𝐵 are the radius of A and B cation and 𝑟0 is the radius of anion which in this 

case is oxygen. In perovskite compouds t is usually between 0.8 and 1.1 with cubic 

structure is stable where 0.9 < t < 1 (Figure 1.2a) and distorted structure such as 

Orthorhombic or Rhombohedral are more stable at 0.71 < t < 0.9 (Figure 1.2b).  

 

Figure 1.2 Crystal structure of a, ideal cubic and b, distorted Perovskite. 2 

 

Figure 1.3 shows the crystal structure of compounds in crystal group of A+3B+3O3 based 

on their tolerance factor. As the tolerance factor increases, the structure of lattice is deviated 

from ideal cubic to triclinic. 
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Figure 1.3 The effect of ionic size of A and B site on the observed structure distortion of 

perovskites1. 

 

Ruddlesden Popper compounds are also a family of perovskite structures consist of two-

dimensional perovskite slabs separated with cations and with the general formula of 

(ABO3)nAO. 

In this work, we use three different perovskites, LaAlO3, LaNiO3 and Ruddlesden Popper 

family of lanthanum Nickelate to study the effect of growth induced defects on the 

properties of perovskite thin films. 

Electronic Structure 

In 3d transition metal oxides (TMOs) with perovskite structure, isolated ions with 

partially filled 3d shell have 5 fold degenerate orbitals with spatially anisotropic angular 

wave function (Figure 1.4) which govern most of the characteristics of the material. 
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Figure 1.4 The angular dependence of the five degenerate 3d orbitals.  

 

A combination of Hund’s rules and crystal field effect determine the filling of these levels. 

According to Hund’s rule the lowest energy configuration is the one with the maximum 

spin. Also static electric field from placing the atom in the crystal field will lift the 

degeneracy of the d-orbital. For example for an ion with 3d valance state in perovskite 

structure with cubic octahedral environment, the crystal field will split the 3d states to t2g 

and eg levels with t2g level laying in lower energies than eg level (Figure 1.5).  

 

 

Figure 1.5 Schematic of crystal field splitting of 3d orbital for an ion in cubic octahedral 

symmetry. 

 

Figure 1.6 shows the schematic of metal to insulator transition in 2 types of insulator 

materials. When the conduction electrons feel the Coulomb repulsion with other electrons, 
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the material undergo a metal to insulator transition by localizing the valance electrons. This 

results in insulating materials known as Mott insulators. 

 In TMOs, TM ion and O form a covalent band and make hybridized states with energies 

close to 3d orbital. The band from hybridization of O-2P and TM-3d sits below d level 

with a separation of Δ known as charge transfer energy. When Δ is small, the material can 

undergo MIT by splitting of the d band with a gap energy U. The lower d band will move 

to energies lower than the 2P level and leave the charge transfer gap between O-2p and 

upper d level. This class of materials known as charge transfer insulator. Ni compounds 

are in this category. 

 

Figure 1.6 Schematic of MIT and band structure in a, Mott insulator and b, Charge transfer 

insulator. 3 

 

Many of the other diverse electronic properties of perovskite are due to the highly 

correlated electrons in d orbital. For example, ferroelectricity has been observed in some 

perovskite oxides like BaTiO3 and PdTiO3. Most ferroelectric perovskites have B cation 

with d-state as the lowest unoccupied state. The hybridization between 3-d orbital in B 

cation and oxygen weaken the short range B-O repulsion and allow ferroelectric transition.4 

Table 1.1 provides some examples of typical electronic properties of perovskite oxide. 
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Table 1.1 Typical properties of perovskite oxides.1 

Typical property Typical compound 

Ferromagnetic property BaTiO3, PdTiO3 

Piezoelectricity Pb(Zr, Ti)O3, (Bi, Na)TiO3 

Electrical conductivity ReO3, SrFeO3, LaCO3, LaNiO3, LaCrO3 

Superconductivity La0.9Sr0.1CuO3,YBa2Cu3O7, HgBa2Ca2Cu2O8 

Ion conductivity La(Ca)AIO3,CaTiO3, La(Sr)Ga(Mg)O3, BaZrO3, SrZrO3, BaCeO3 

Magnetic property LaMnO3, LaFeO3, La2NiMnO6 

Catalytic property LaCoO3, LaMnO3, BaCuO3 

Electrode La0.6Sr0.4CoO3, La0.8Ca0.2MnO3 

Defects in Perovskite Oxides 

Defects such as impurities, vacancies, grain boundaries and dislocations play a significant 

role in the properties of oxide materials. In material science, studying the chemical, optical 

and electrical properties of defects in an oxide became crucial. It led to defect engineering, 

a discipline to control nature, concentration and characteristic of defects to tune the 

properties of the material in a beneficiary way.5 In some oxides thin film, the concentration 

of defects limits their applications. For example, LAO is a good candidate for high-к gate 

dielectrics in complementary metal oxide semiconductor gate Stacks however; the 

existence of defects in this material inversely affect its functionality.6 STO is another 

example with a perovskite structure that is one of the most studied members of this class 

of materials. It has been shown that defect in STO results in several important properties 

such as conductivity, blue light emission and electron doping. To consider STO for 

technological applications, the possibility of defect formation and the properties of defects 

should be taken into consideration. For example oxygen vacancies in STO increases its 

electrical conductivity and limits its application as a dielectric material.7 To use perovskite 
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oxides in the next generation of functional materials, it is crucial to understand the types 

of defects as well as how to control them. It is also important to separate the intrinsic 

properties of materials from what is defect driven. The following section is a summary of 

most common crystallographic defect in perovskite oxides. 

Point Defects 

Point defects are an irregularity in the crystal lattice that occurs only around a single lattice 

point and are not extended in space. There are several types of point defects including 

(Figure 1.7): 

 Schottky defect (Vacancy defects): In this kind of defect a lattice site that would be 

occupied in a perfect crystal, is vacant. To stabilize the surrounding crystal, the 

neighboring atom moves toward the vacant site and the vacancy moves in opposite 

direction.  

 Interstitial defects: In this type, atoms occupy a lattice site where in a perfect crystal is 

vacant.  

 Frenkel defect: This is a nearby pair of previous two types of defects. This happens 

when an ion moves into an interstitial site and creates a vacancy. 

 Substitutional defect (Impurity defects): In this type, an impurity atom occupies a 

regular atomic site. When the impurity atom has a smaller ionic radius that the original 

atom, its equilibrium position can be slightly shifted from the site center. 

 Antisite defects: occur when two different atoms in a lattice exchange position. This 

happens in ordered alloys. 
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Figure 1.7 Schematic illustration of some simple point defect types in monatomic solid 

Line Defects 

Line defects or dislocations are irregularities from the ideal arrangement in the entire row 

of lattice points. They happen when atoms of the crystal lattice are miss aligned. Edge 

dislocations are a type of line defects caused by the termination of a plane of atoms in the 

middle of a crystal. As a result, the adjacent planes bend around the edge of the terminating 

plane so that the crystal structure is perfectly ordered on either side (Figure 1.8). 

 

Figure 1.8 a, Schematic of an edge dislocation. Dislocation site is shown in blue. b, Schematic 

representation of a tilt boundary between two idealized grains. 

Planar Defects 

Grain boundaries are one type of planner defects which occurs as a result of an abrupt 

change in crystallographic direction. They affect the properties of crystal by usually 

decreasing the electrical and thermal conductivity of the material.  
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Example: STO 

STO is among the most widely studied perovskite oxide, which the existence of different 

defects, give rise to important properties.5, 8 As point defects, STO has both cation and 

anion point vacancies and interstitial defects. For Sr vacancies, Ti antisite like defects were 

observed near the Sr site with a strong polar distortion along [110] and [100] direction. 

This was proposed as the origin of ferroelectricity in Sr deficient STO.9 Oxygen vacancies 

are another type of defects in STO, which is well known to render STO conductive.10 

Oxygen vacancies also form clusters around Ti atom that will affect electronic properties 

of Ti atom with preferentially filling Ti d-orbital with electrons.11 A small amount of Ti 

excess during the growth can result in the formation of Sr vacancies.12 The combination of 

Sr and O vacancies shown to be the potential origin for ferroelectricity in STO thin films.13 

Annealing STO single crystal in oxidizing atmosphere lead to the formation of STO 

Ruddlesden-Popper phases with a double layer of SrO between perovskite STO.14 RP 

phases of STO have potential application as thermoelectric materials.15 

Nickelates 

A main part of this thesis is on the electronic properties and growth induced defects in 

LaNiO3 ultra-thin films. LaNiO3 is a member of RNiO3 with R=La. Also, part of this 

work is studying R-P phases of Nickelate and their structures. This section is a literature 

review on LaNiO3 and R-P Nickelate. 
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Figure 1.9 a, Distorted crystal structure of RNiO3. b, Ni-O-Ni bond angle. 16 

 

The valence electrons of Ni atom in RNiO3 in the 3+ valence state are 3d7electrons. The 

lower t2g level is filled with six electrons and the remaining one electron occupies eg level. 

Experimental data has shown a metal–to–insulator phase transition in all RNiO3 except for 

when R=La. In fact, LaNiO3 is the only member of RNiO3, which is metallic at all 

temperature. A model was developed to explain the electronic phase transition in this 

material based on Ni-O-Ni bond angle which depends on the size of the rare earth ion. As 

the size of the rare earth ion decreases, the Ni-O-Ni bond angle will decrease as well as the 

tolerance factor which is the ratio of the distance between R-O and Ni-O. Bending of the 

Ni-O-Ni angle reduces the Ni-3d and O-2p orbital overlap and decreases the electron 

transfer between these orbitals and promotes the insulating state over the metallic one 

(figure 1.10). 



11 
 

 

Figure 1.10 a, Insulator-metal phase diagram for RNiO3 b, Schematic of charge transfer gap 

model for metal to insulator transition in RNiO3.16 

 

LaNiO3 

In bulk, LaNiO3 is metallic and paramagnetic at all temperatures. A metal –insulator 

transition has been observed in oxygen deficient LaNiO3-δ, which has a mixed valence state 

of Ni+3 and Ni+2. The Ni+3/Ni+2 depends on oxygen vacancy concentration and strongly 

affect the transport properties of the compound.17-19 X-ray absorption spectroscopy on the 

oxygen k-edge showed evidence for a change in the electronic structure of LaNiO3-δ. A 

fraction of Ni atoms in the original NiO6 octahedral symmetry change to NiO4 square 

planar symmetry upon missing apical oxygen (Figure 1.11).19  
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Figure 1.11 Ni 3d region of the O 1s XAS spectra of LaNiO3.00.19 

 

Cation stoichiometry also shows to have an effect on electrical properties of LNO with La 

deficient films exhibits lower electrical conductivity than Ni deficient films. Both type of 

off–stoichiometry leads to lattice defects observed by TEM images.20 

 

Figure 1.12 Cross-sectional TEM images of a film with a, La:Ni=0.75 and b, La:Ni=1.0320 
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In 2008, Chaloupka and Khaliullin suggested that the orbital order of LaNiO3 can be 

manipulated by reduced dimensionality and epitaxial strain to resemble that of high-

temperature cuprate superconductors.21 According to this prediction, sandwiching one unit 

cell of LaNiO3 between one unit cell of LaAlO3 and getting help from a strain–induced 

Jahn-Teller distortion, the 3z2-r2 orbital may move away from Fermi level and resemble all 

the conditions of high-Tc cuprate superconductors. Further LDA + DMFT calculations22,23 

confirmed this and stimulated a significant amount of experimental and theoretical studies 

on LNO superlattices. To date, the largest orbital polarization that was observed 

experimentally is 25% in 4 uc/4 uc LaNiO3/GdScO3 superlattices.24 Later it was suggested 

that charge transfer and Ni-O hybridization suppress orbital polarization in nickelate 

supperlatices.25-27 A three component superlattice composed of LaNiO3, LaAlO3 and a 

band insulator was designed to create dipole–field–induced polar distortion to further 

increase Ni-O bond angle and enhance orbital polarization.28 An increase in orbital 

polarization for LaAlO3/LaNiO3/LaTiO3 was experimentally proven.29 

 

Figure 1.13 Averaged (Pav) and layer-resolved (PA, PB) orbital polarizations.24 
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The experimental effort for fabrication of LaNiO3 super lattices also led to the discovery 

of a thickness dependent metal to insulator transition when the thickness of the LNO layer 

decrease below the critical thickness of 3-5 monolayers in both LNO ultra thin films and 

superlattices.30-36 The mechanism of such a transition is not fully understood even though 

dimensional crossover, charge disproportionation and the opening of a charge transfer gap 

were proposed as the origin of the observed phase transition. 

Ruddlesden-Popper (R-P) Lan+1NinO3n+1 nickelates 

R-P nickelate has been recently extensively studied due to the similarity of their structural 

and electrical properties to those of high Tc superconductors. The structure of these phases 

is made of n consecutive perovskite LaNiO3 layers alternating with LaO rock salt layers 

along the c axis. The higher the value of n, the less stable the phases are 

thermodynamically. For example n=4 are usually just observed as a fault in compounds 

with lower n value.37  

The first member of the group, with n=1, is La2NiO4 which shown to have significant 

oxygen non-stoichiometry. The structure and physical properties of La2NiO4±δ is affected 

by the magnitude of δ. For example for the stoichiometric sample with δ=0, orthorhombic 

structure was observed whereas as a result of oxygen off-stoichiometry the structure can 

change to distorted or undistorted tetragonal.  La2NiO4+δ has semiconductor electric 

properties which was connected to localized states near Fermi level.37  



15 
 

 

Figure 1.14 transport properties of R-P nickelate for n=1, 2, 3 and ∞ 38 

 

For n=2 compound, La3Ni2O7, metallic properties were observed down to 20K while the 

oxygen deficient sample is semiconductor. Trapping of the d electrons in the oxygen 

vacancy sites with energies within the band gap purposed to be responsible for 

semiconducting behavior of the oxygen deficient samples. The highest studied member of 

the group, La4Ni3O10, with n=3 is metallic with anomaly at low temperature which was 

connected to charge density wave instabilities. A report on the oriented films of 

Lan+1NinO3n+1 with n=1, 2 and 3 showed metallic behavior for n=2 and 3 phases while n=1 

compound was semiconductor (Figure 1.14).38 
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GROWTH TECHNIQUE 

Summary 

This chapter is a summary of pulse laser deposition method and critical parameters 

involved in it. The challenge of optimizing the growth parameters for the stoichiometric 

material transfer from target to the film is discussed. We demonstrate the need for a new 

technique to control the film stoichiometry independent of the growth parameters, atomic 

layer-by-layer growth from separate oxide targets using laser MBE (ALL Laser-MBE). 

Reflection High Energy Electron Diffraction as the primary technique for in-situ control of 

the growth in single atomic layer level is also discussed.  

Pulsed Laser Deposition (PLD) 

In PLD, the photonic energy of the laser pulse is coupled to target materials through 

electronic process. In this process, a laser pulse passes trough optical window and enter a 

vacuum chamber where it hits and remove target material. Above a material dependent 

certain power density, laser energy absorb in target material and make a plasma plume. 

Materials from the plum then condense on the substrate surface to form a thin film. This 

process can be done under process gas which can be both active and passive gas.1 Figure 

2.1 shows a schematic of a PLD Chamber. 
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.  

Figure 2.1 a schematic of a PLD deposition chamber 

 

PLD deposition process can be divided into 4 steps: 

 Laser ablation of target material and creation of plasma: In this stage laser pulse 

penetrate into target material with the penetration depth depends on laser 

wavelength and diffraction index of target materials. Due to the electric field 

produced by laser beam, electrons are removed from bulk material, oscillate in the 

electromagnetic field of oscillated light and transferring some of their energy to 

target atoms trough collision, heat the surface of target and finally vaporize the 

material. 

 Dynamic of plasma: Plume of material make a plasma and due to Coulomb 

repulsion and recoil from the target surface they move toward the substrate in the 

direction perpendicular to the target surface. The dynamic of the plum is strongly 

dependent of the background pressure which will affect the kinetic energy of the 

plume species and, as a result, the stoichiometry of the deposited film. Figure 2.2 
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shows how the shape and composition of the plume materials change with 

background oxygen pressure during the ablation of LaGaO3.
2  

 Deposition of the ablated materials on the substrate: In this stage ablated species 

deposit on the surface of the substrate. The energy of the species when they reach 

the substrate is a significant factor in PLD grown thin film. If the energy is high 

enough, the substrate materials can be sputtered off. Also high energy of species 

can cause defects in film itself as well.  

 

Figure 2.2 a, 2D single-shot images of LaGaO3 ablation plume at three different delays after 

the laser pulse for oxygen pressures of 10−3 (left column) 10−2 (central column), and 10−1 mbar 

(right column). b, Emission spectra of the LGO plume at a delay (τ=1.6 s) for three different 

oxygen pressures: 10−3 (lower panel), 10−2 (central panel), and 10−1 mbar (upper panel).2 

 

 Nucleation and growth of the films on the substrate surface: In this stage the growth 

mode of the film depends on several parameters including: 

 Laser parameters: Lase parameters such as laser energy density, laser spot 

size, and pulse duration can highly affect film properties such as 

stoichiometry. For example in case of STO growth with PLD, stoichiometry 

can be served in a very narrow window of laser energy density (Figure 2.3).3 
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Figure 2.3 Lattice expansion due to non-stoichiometry of PLD grown STO films.3 

 

 Substrate temperature and surface properties: Substrate temperature, miscut 

angle as well as the roughness of the substrate all can affect the growth 

mode. For example in case of STO homoepitaxial growth substrate 

temperature during the growth could change the growth mode from layer-

by-layer growth to step flow by increasing the temperature.4 

 

Figure 2.4 Growth mode depends on substrate temperature (a) STO substrate (b) layer by layer 

growth at T=780 °C and (c) step flow mode at T > 1200° C4 

 

 Background pressure: background oxygen pressure also shown to have a 

significant effect on the stoichiometry of deposited film. In case of STO 
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films, it has been demonstrated that stoichiometric film can be grown by 

tuning the background oxygen pressure.5 

 

Figure 2.5 Stoichiometric STO film can be grown at 10 mTorr oxygen pressure in a broad 

range of laser energy densities.5 

Growth Modes 

In the growth of epitaxial thin films on a single crystal substrate, growth mode depends 

on the interaction strength between adatoms and the surface of the substrate. Using 

thermodynamic approach the growth mode of thin films close to equilibrium depends on 

the balance between the free energy of the film surface (γF), substrate surface (γS), and 

the interface between the film and the substrate (γI) and can be divided into three 

categories:6  

 Layer-by-layer growth (Frank-van der Merwe growth mode): This happens when 

the total energy of the wetted substrate, γF+γI, is lower than the surface energy of 

the bare substrate γS. Strong bonding between film and substrate reduces γI.  

 Island growth (Volmer-Weber): When there is no bonding between film and 

substrate and film cannot wet the substrate as it will increase the total surface 

energy. 
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 Stranski-Krastanov: In this mode due to the mismatch between film and substrate, 

a strain-induced elastic energy will increase as the film thickness increases. After 

the film thickness exceeds a critical value, the growth mode changes from layer-

by-layer growth to island growth. 

 Step flow: In this mode the mobility of adatoms is high enough to enable atoms to 

reach the edge of substrate steps. 

 

Figure 2.6 Film growth modes—layer-by-layer: a, Frank-Van der Merwe, island; b, Volmer–

Weber; c, Stranski–Krastanov, d, and step flow.6 

ALL-Laser MBE 

Fabricating the designed oxide materials and interfaces with new functionality requires a 

growth technique that enables control over each atomic layer during the growth.7, 8 PLD, 

as one of the successful methods for the growth of oxide thin films possess experimental 

simplicity, low cost and versatility in the materials to be deposited.9 However as it 

mentioned in section 2.1, it is challenging to maintain the film stoichiometry the same as 

the target material which is the main drawback of PLD.  Another successful growth 

technique is reactive MBE. In this technique, elements in ultra-pure form are heated in 
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separate effusion cells in ultra-high vacuum environment until they sublime. The 

elements in the form of gas then condensate on the substrate and react with each other. 

The growth rate usually is monitored using RHEED down to a single atomic layer. There 

are two fundamental differences between PLD and MBE:10 

 In PLD depositing materials arrive in short pulses of 10-100 μs while in MBE 

there is a steady flux of deposition materials. 

 Depositing species in PLD are about two order of magnitude greater in kinetic 

energy than in MBE. 

Figure 2.7 shows the MBE growth technique.  

 

Figure 2.7 Schematic of MBE growth technique 

Atomic layer-by-layer MBE, or ALL-MBE is an approach using alternately-shuttered 

growth from individual sources which can control the atomic layering and stoichiometry 

precisely.11,12 The major weakness of reactive MBE is the limitation on source elements 

whose vapor pressure is sufficiently high; this eliminates a large fraction of 3-, 4- and 5-d 

metals. Also, ozone is needed to oxidize fully oxide films while maintaining low-pressure 
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MBE conditions. In this section, an approach that combines the strengths of reactive MBE 

and PLD is presented: atomic layer-by-layer (ALL) laser MBE using separate oxide targets.  

The technique 

Laser MBE is a form of PLD with slower growth at lower oxygen pressure and aided by 

reflection high-energy electron diffraction (RHEED) intensity oscillation. Laser MBE was 

first introduced in 1991 for producing atomically regulated ceramic layers.13 In an attempt 

to combine advantages of PLD for oxide film growth and MBE for two-dimensional film 

growth laser MBE was developed and used for layer-by-layer growth of various ceramics 

including perovskites, cuprates, rock salt oxides, corundum and fluorites on oxide 

substrate.14 

Laser MBE system utilized in this study is manufactured by the Pascal Company in and 

has the following features:15 

 



27 
 

Figure 2.8 Schematic of Pascal laser MBE system15 

 Vacuum pressure of 5E-9 Torr 

 Process gas inlet equipped with mass flow controller 

 Laser diode for substrate heating up to 1000 degrees° C and quick substrate 

heating and cooling 

 Load-Lock transfer component for easy exchange of targets and substrates 

 Multi-target manipulator unit that holds up to 6 targets 

 RHEED with double-stage differential pumping unit workable up to 133 Pa 

Figure 2.9 illustrates the difference between PLD or laser MBE using compound targets 

(Figure 2.9a) and the ALL- Laser MBE (Figure 2.9b). When a compound ABO3 target is 

used for ablation, all elements in the compound are ablated at once, and the film grows in 

a unit-cell-by-unit-cell manner. The RHEED intensity oscillation corresponds to different 

stages of coverage of the one unit cell layer. As discussed previously, the oxide films 

produced by PLD or laser MBE from compound targets are often non-stoichiometric. To 

control the growth of each single atomic layer, laser MBE from separate oxide targets was 

introduced. In this approach, taking growth of ABO3 perovskite as an example, the AO and 

BO2 targets are switched back and forth to be ablated by the pulsed laser beam alternately. 

Thus the atomic layers of AO and BO2 are deposited one at a time. Depends on the type of 

material and scattering factor of each atomic layer, the RHEED intensity oscillate to a 

minimum or maximum after the growth of AO layer and opposite behavior after the growth 

of BO2 layer. Monitoring RHEED oscillation during the growth confirms that each atomic 

layer is completed before switching to the next target for the growth of next atomic layer. 
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This approach is most suitable for atomic layering, stoichiometry control, as well as precise 

doping to grow designer materials. 

 

Figure 2.9 a, Laser MBE from one compound target. All elements in the ABO3 are ablated at once, 

and the film grows in a unit-cell-by-unit-cell manner. b, Laser MBE from two separate oxide 

targets. AO and BO2 targets are ablated alternately. 

Reflection High Energy Electron Diffraction 

In ALL-Laser MBE we use RHEED as the primary technique to control the growth. 

RHEED intensity oscillation has been used for the monitoring and control of the atomic 

layer-by-layer growth for 30 years.16 This section is an overview of the principles for 

electron diffraction from a 2D lattice followed by the fundamentals of RHEED reflection 

during the growth of epitaxial films. The materials used in this section are mainly from 

reference 17.17 In the next section the experimental details on using RHEED in the control 

of cation stoichiometry and growth rate in ALL-Laser MBE is presented.  

 

 



29 
 

Crystal Lattices and Reciprocal Lattices 

In real space, crystal lattice can be presented by real space unit vectors a, b and c and angles 

α, β, and γ. All atoms are ordered in periodic positions and are equivalent when they follow 

the periodicity. The translational vector can be described as 𝑻 = 𝑛1𝒂 + 𝑛2𝒃 + 𝑛3𝒄, where 

n1, n2, and n3 are integers (Figure 2.10). 

 

Figure 2.10 A unit cell with primary vectors a, b, and c. 

 

A lattice plane is a plane passing through 3 nonlinear lattice points and is identified as a 

vector perpendicular to the plain (Figure 2.11a):  

𝒓𝟏 × 𝒓𝟐 = 𝒙𝒚𝒛[
𝒃 × 𝒄

𝒙
+

𝒄 × 𝒂

𝒚
+

𝒂 × 𝒃

𝒛
] Equation 2.1 

 

Using miller index (h,k,l), where h=na/x, k=nb/y and l=nc/z, one can define the distance 

between parallel planes as: 

𝒅𝒉𝒌𝒍 =
𝒏

√𝒉𝟐

𝒂𝟐 +
𝒌𝟐

𝒃𝟐 +
𝒍𝟐

𝒄𝟐

 
Equation 2.2 

We can define reciprocal lattice vector𝑮(ℎ𝑘𝑙) = ℎ𝒂∗ + 𝑘𝒃∗ + 𝑙𝒄∗, where h, k and l are the 

miller indices of a crystal plane (hkl) and a*, b*, and c* are reciprocal unit vectors. The 

relationship between reciprocal unit vectors and real space unit vectors can be derived as 
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𝒂∗ = 2𝜋
𝒃×𝒄

𝑉
, 𝒃∗ = 2𝜋

𝒄×𝒂

𝑉
, 𝒄∗ = 2𝜋

𝒂×𝒃

𝑉
  where V is the volume of a unit cell in real space. 

Also, the shortest distance between dhkl between (hkl) planes can be calculated 

from𝑮(ℎ𝑘𝑙) = ℎ𝑘𝑙 [
𝑏×𝒄

ℎ
+

𝒄×𝒂

𝑘
+

𝒂×𝒃

𝑙
]  as shown in Figure 2.11 b. 

 

 

Figure 2.11 a, Vectors r1 and r2 are in the same plane and r1×r2 shows the plane direction. b, 

Interplanar spacing dhkl 

 

To determine the real-space lattice structure, the popular technique is diffraction 

experiment. In an elastic scattering, an incoming wave with a wave vector kin is scattered 

from a sample at a scattering angle of 2θ and the outgoing wave vector of kout. In a 

scattering experiment, one could obtain the magnitude of the change in wave vector or the 

momentum transfer using |𝑲| =
4𝜋𝑠𝑖𝑛𝜃

𝜆
 with k=2π/λ and K=kout-kin (Figure 2.12). 

 

Figure 2.12 Wave scattering from a sample. The scattering angle is 2θ, and the outgoing 

wavevector kout has a momentum change K, relative to the incoming wavevector kin. 
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A wavevector kin is scattered from two parallel planes with interplanar spacing of dhkl and 

with outgoing wavevector kout as shown in Figure 2.13. A constructive interface occurs to 

give a maximum intensity if 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆. At Bragg condition, the interplanar spacing 

is related to change in wave vector KB as 𝑲𝐵 =
2𝜋𝑛

𝑑ℎ𝑘𝑙
 and a constructive interface occurs 

when KB is equal to a reciprocal lattice vector G(hkl). 

 

Figure 2.13 Bragg scattering from two parallel planes. 

Kinematic of Diffraction 

We consider a plane wave 𝜉 = 𝐴𝑒𝑖(𝒌𝑖𝑛𝑟−𝜔𝑡) traveling with wavevector |kin|=2π/λ scatter 

from an electron (Figure 2.14). The outgoing spherical wave at a radial distance D, can be 

described as 𝜉′ = 𝑓𝑒
𝐴

𝐷
𝑒𝑖(𝑘𝑜𝑢𝑡𝐷−𝜔𝑡) where fe is the scattering length of an electron. For n 

number of electrons in an atom with rp as each electron’s position one can obtain 𝜉′ =

𝑓
𝐴

𝐷
𝑒𝑖(𝑘𝐷) Where 𝑓 = 𝑓𝑒 ∑ 𝑒𝑖𝑲.𝒓𝒑𝑛

𝑝  and the intensity of scattered wave is  𝐼~𝑓𝑒
2|∑ 𝑒𝑖𝑲.𝒓𝒑𝑛

𝑝 |
2
. 
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Figure 2.14 Plane wave vector scatters from 

(a) an electron and (b) two electrons. 

 

 

In reality, electrons behave as a charge cloud with density ρ(r). In a sphere with the radius 

R and total number of electrons N atomic form factor fa will be calculated from: 

𝒇𝒂 =
𝟑𝑵

(𝑲𝑹)𝟑
[𝐬𝐢𝐧(𝑲𝑹) − 𝑲𝑹𝒄𝒐𝒔(𝑲𝑹)] Equation 2.3 

 

At a low K value, the square of atomic factor IfaI
2 is the number of electrons squared, N2. 

The IfaI
2 decreases rapidly as the K value increases indicating that for small θ (forward 

scattering) the scattering factor has the largest value. 

 

Figure 2.15 A schematic of kinematic diffraction from a one-dimensional chain of atoms 
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If the plane wave is scattered from a crystal with N atoms in each x, y and z direction, the 

scattering amplitude A from Nx atom in x direction will become 𝐴 = ∑ 𝑓𝑒𝑖𝐾.𝑟𝑖
𝑁𝑥
𝑖=1  and the 

scattering intensity will be calculated as 𝐼 = 𝐴𝐴∗ = |𝑓|2𝑆2, where S is the lattice structure 

factor and 𝑆2 =
𝑠𝑖𝑛2(

1

2
𝑁𝑥𝐾.𝑎)

𝑠𝑖𝑛2(
1

2
𝐾.𝑎)

. 

 

 

Figure 2.16 Kinematic diffraction 

intensity from a one-dimensional lattice 

with a lattice constant, a, for a 2, 3, and 4 

scatters and b infinity numbers of 

scatters.18 

 

At K.a=2πh, where h is an integer, S2 will have a maximum. For a relatively high N in x, 

y and z direction, the intensity is at its maximum if Laue condition is satisfied (Figure 

2.16): 

𝑲. 𝒂 = 𝟐𝝅𝒉 

𝑲. 𝒃 = 𝟐𝝅𝒌 

𝑲. 𝒄 = 𝟐𝝅𝒍 

Equation 2.4 

 

When the change of momentum K=kout-kin is equal to reciprocal lattice vector G(hkl) 

with 𝑲 = 𝑮(ℎ𝑘𝑙) = ℎ𝒂∗ + 𝑘𝒃∗ + 𝑙𝒄∗.Combining the intensity maximum for both f and 
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S2, for 1 dimension array of atoms one can see diffraction pattern as illustrated in 

Figure 2.17. 

 

Figure 2.17 Diffraction pattern for an array of 1 dimensional atoms.18 

 

An Ewald sphere is a graphic representation of diffraction planes that satisfy the Bragg 

condition. Assuming an incoming wavevector kin, originated at the center of a sphere with 

radius IkI, the diffracted kout occurs at all angles that satisfy Bragg law. The end point of 

kout forms a circle on Ewald sphere passing through all equivalent hkl reciprocal lattice 

points. A diffraction condition would satisfy K=G(hkl) where K=kout-kin. 
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Figure 2.18 Ewald sphere construction from a powder sample placed at the center C. 

 

For a 1D array of atoms, the reciprocal lattice will be on parallel planes 1/a is separated 

from each other. Then the diffraction can occur at the intercept of this planes with Ewald 

sphere: 

 

Figure 2.19 Ewald sphere and reciprocal 

space for a 1 Dimensional array of atoms.18 

 

In 2 dimensional case with lattice spacing a and b in x and y directions respectively, Laue 

condition requires that K.a=2πh and K.b=2πk. This results in parallel reciprocal lattice 

planes separated by 1/a in x direction and parallel planes separated by 1/b in y direction. In 

order for both Laue conditions to be simultaneously satisfied, this 2 set of planes should 
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intercept. The resulting reciprocal lattice will be a set of rods perpendicular to the plane of 

atoms (Figure 2.20). 

 

Figure 2.20 Reciprocal lattice planes for 2 Dimensional array of atoms.18 

 

Now where this reciprocal rods intercepts Ewald sphere the form Laue circles (Figure 

2.21). 

 

 

Figure 2.21 (a) Ewald sphere of 

radius |k|, which intercepts a sheet of 

reciprocal rods to form a Laue circle. 

(b) Streaking perpendicular to the 

shadowing edge in a RHEED pattern. 

 

RHEED Reflection 

In thin film growth, RHEED is used to monitor the epitaxial growth and the surface quality 

of the film. For that, the accelerated electrons hit the surface at a glancing angle of less than 

3 degrees relative to the surface of the film. Considering the incident angle and the energy 

range of the electrons, which results in a short mean free path of the electrons, the 
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diffraction pattern is coming from few planes close to the surface of the film. This 

reassemble an array of atoms in a 2D plane which produce a rod-like reciprocal space. The 

diffraction from this limited number of plains results in cigar-like intensity distribution 

along the reciprocal rods. For a well-ordered surface, the cigar-like pattern are very narrow 

and more like spots on the Laue circle. When there are disorders on the surface these spots, 

streak along the plane perpendicular to the surface. 

 

Figure 2.22 Origin of RHEED Picture.19 

 

Using RHEED pattern, one can measure the lattice parameters of an ordered single crystal 

surface. Assuming a tetragonal crystal structure, with surface rectangular lattice of length 

a and b, the first diffraction pattern appeared when the detector surface is perpendicular to 

real space a vector. At this position, diffraction rods are separated by Ib*I=2π/b. By rotating 

the sample 90 degrees, the second diffraction pattern will appear with diffraction rods 

separated by Ia*I=2π/a. Knowing the calibration number for converting the number of 

pixels that corresponds to a known reciprocal distance one can measure the a and b lattice 

parameters. 
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Figure 2.23 a, The reciprocal lattice of a single crystal in the direction of a∗ is perpendicular to 

real-space direction b. b, The sample turns 90◦ to show the reciprocal lattice in the b∗ direction. 

RHEED Monitoring of Epitaxial Growth 

A model developed by J.M. Pimbley shows the diffraction intensity from randomly 

adsorbed atoms on the top of the substrate in a homoepitaxial growth where scattering 

factor for adsorbate is the same as the one for substrate. For a large number of lattice sites 

the diffraction intensity I(k)will be describe as: 

𝑰(𝒔) = 𝟐𝜽(𝟏 − 𝜽)[𝟏 − 𝐜𝐨𝐬(𝒌𝒛𝒕)] + 

𝟒𝝅𝟐{𝟏 − 𝟐𝜽(𝟏 − 𝜽)[𝟏 − 𝐜𝐨𝐬(𝒌𝒛𝒕)]}𝜹(𝒌𝒙𝒂 − 𝟐𝝅𝒉)𝜹(𝒌𝒚𝒃 − 𝟐𝒌𝝅) 
Equation 2.5 

 

Where kx, ky and kz are the components of K in x, y and z directions, θ is the coverage of 

the overlayer, and t is the vertical displacement of the adsorbate from the substrate. This 

equation has two parts; the first part is the background intensity and the second part has a 

sharp peak at Bragg’s condition when 𝑘𝑥𝑎 = 2𝜋ℎ and 𝑘𝑦𝑏 = 2𝑘𝜋. At a completely in 

phase diffraction condition𝑘𝑧𝑡 = 2𝑚𝜋, the background intensity is zero and all the 
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intensity is coming from Bragg’s peaks. At the complete out of phase condition 𝑘𝑧𝑡 =

(2𝑚 + 1)𝜋 the background intensity reaches its maximum value: 

𝟒𝝅𝟐[𝜹(𝒌𝒙𝒂 − 𝟐𝝅𝒉)𝜹(𝒌𝒚𝒃 − 𝟐𝒌𝝅)]𝒇𝒐𝒓 𝒌𝒛𝒕 = 𝟐𝒎𝝅 

𝟒𝜽(𝟏 − 𝜽) + 𝟒𝝅𝟐[𝟐 − 𝟒𝜽(𝟏 − 𝜽)][𝜹(𝒌𝒙𝒂 − 𝟐𝝅𝒉)𝜹(𝒌𝒚𝒃 − 𝟐𝒌𝝅) 

𝒇𝒐𝒓 𝒌𝒛𝒕 = (𝟐𝒎 + 𝟏)𝝅 

Equation 2.6 

Then peak intensity is proportional to 𝐼𝑃𝑒𝑎𝑘 ∝ 1 − 4𝜃(1 − 𝜃). 

 

 

Figure 2.24 (a) Background intensity and (b) 

Peak intensity as a function of coverage (θ) for 

out of phase scattering. 20 

 

Figure 2.24b is the basic idea behind intensity oscillation in layer by layer growth. At the 

out of phase condition,20 the peak intensity is a function of surface coverage and changes 

between 0 and 4π2. In practice, the delta peak intensity decreases by time as a result of 

deviation from ideal 2D growth. In this condition the peak intensity is given by: 

𝑰𝑷𝒆𝒂𝒌 ∝ 𝟏 + 𝐜𝐨𝐬 (𝟐𝝅〈𝒉(𝑻)〉)𝒆−𝝅𝟐𝒘𝟐
 Equation 2.7 
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Figure 2.25 Damped peak intensity 

oscillation as a function of growth time 

in a multilevel structure 

 

It should be noted that in this model the scattering factor is considered the same for the 

substrate and for each layer.  

If the surface of the film is roughened and either single crystal islands or poly-crystals form 

at the surface, the RHEED reflection mode may change to transmission mode. In this mode 

electrons transmit and scatter from near surface planes rather that reflected from the smooth 

surface. For single crystal islands, the reciprocal space changes from rods to spots in 3D, 

so their intercept with Ewald sphere will be sharp spots. For the case of polycrystalline 

islands, the reciprocal lattice will be spherical shells which their intercept with Ewald 

sphere will form continues rings (Figure 2.26). 
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Figure 2.26 Schematics of electron scattering geometries, film morphologies, and 

crystalline structures for: (a) A single crystal. (d) Single-crystal islands. (g) 

Polycrystalline islands. Corresponding Ewald sphere constructions are seen in (b), (e), 

and (h) and corresponding reflection high-energy electron diffraction (RHEED) patterns 

in (c), (f), and (i). 
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RHEED for growth control in ALL-Laser MBE 

RHEED intensity oscillation is a crucial tool for the monitoring and control of the atomic 

layer-by-layer growth. The most commonly used RHEED intensity oscillation is that of 

the secularly-reflected spot, the periodicity of which corresponds to the deposition of one 

monolayer. 21 Haeni et al. have found, however, that when depositing SrTiO3 by MBE, the 

intensity of the diffracted streak reaches a maximum when one monolayer of SrO is 

deposited and decreases to a minimum when one monolayer of TiO2 is deposited on top of 

it.22 This allows the control of growth of each atomic layer in SrTiO3. 

 Lei et al. from our group showed that the same phenomenology applies to the growth by 

ALL-laser MBE. Her results shows that RHEED intensity oscillation can be used to control 

the growth of homoepitaxial SrTiO3 from SrO and TiO2 targets.23  

 

Figure 2.27 a, RHEED spots in STO [110] 

azimuth. b, RHEED intensity oscillation 

during the growth of stoichiometric STO from 

SrO and TiO2 targets. 
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Figure 2.27 a shows the RHEED pattern of the STO film along [110] azimuth. The spot in 

the box 1 belongs to specular diffraction, boxes 2 and 3 show (01) diffraction streaks and 

boxes 4 and 5 belongs to (02) diffraction. Figure 2.27 b displays the RHEED intensity 

oscillation as a function of time for (01) and (02) diffraction spots shown in blue and red 

respectively. The SrO and TiO2 targets were ablated alternately to deposit the SrO and TiO2 

layers one atomic layer at a time. The oscillation pattern with a uniform RHEED intensity 

is characteristic of the 1:1 stoichiometry of Sr: Ti and full monolayer dosage for each layer.  

 

Figure 2.28 RHEED intensity oscillation 

during the growth of a, 5% Sr-rich; b, 

stoichiometric and c, 5% Sr-poor STO films. 

 

 

 To change stoichiometry, the numbers of pulses on each targets can be adjusted. For the 

case of excess strontium (Figure 2.28 a, 5% Sr-rich), the RHEED intensity passes a peak 

before switching to the TiO2 target. For the case of strontium deficiency (Figure 2.28c, 5% 

Sr poor), the ablation of the TiO2 target starts before the RHEED intensity reaches a 

maximum. Therefore the peak maxima decrease in intensity over time. These 
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characteristics were used to monitor and control the growth of the film. Figure 2.28b shows 

the stoichiometric case.The intensity change is due to a combination of the incoming 

fluxes, a rise for SrO and a drop for TiO2, and an increase between laser pulses as the layer 

becomes smoother. Full monolayer dosage also be achieved by observing the RHEED 

intensity. The envelope in the maximum and minimum intensity is an indication of 

incomplete monolayers (Figure 2.29). 

  

  

 

Figure 2.29  Beat frequency of a during the 

deposition of stoichiometric STO with 

incomplete monolayers. 
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STOICHIOMETRY OF LaAlO3 FILMS GROWN ON SrTiO3 BY 

PULSED LASER DEPOSITION 

This chapter is published in Journal of Applied Physics 114 (2), 027008 

Summary 

We have studied the stoichiometry of epitaxial LaAlO3 thin films on SrTiO3 substrate 

grown by pulsed laser deposition as a function of laser energy density and oxygen pressure 

during the film growth. Both x-ray diffraction (θ-2θ scan and reciprocal space mapping) 

and transmission electron microscopy (geometric phase analysis) revealed a change of lattice 

constant in the film with the distance from the substrate. Combined with composition analysis using 

x-ray fluorescence we found that the nominal unit-cell volume expanded when the LaAlO3 film 

was La-rich, but remained near the bulk value when the film was La-poor or stoichiometric. La 

excess was found in all the films deposited in oxygen pressures lower than 10-2 Torr.  We conclude 

that the discussion of LaAlO3/SrTiO3 interfacial properties should include the effects of 

cation off-stoichiometry in the LaAlO3 films when the deposition is conducted under low 

oxygen pressures.  

Introduction 

Since the discovery of a high-mobility conducting layer between the TiO2-terminated 

SrTiO3 substrate and LaAlO3 thin film by Ohtomo and Hwang,1 the origin of this 2-

dimensional electron gas (2DEG) system has been intensively studied.2 Several 
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mechanisms have been proposed including electronic reconstruction,1-6 oxygen vacancy 

effects,6-10 defects due to laser bombardment,11 and interfacial ion intermixing between 

LaAlO3 and SrTiO3.
3, 12, 13 Recently, it has been shown both theoretically14 and 

experimentally15, 16 that the transport property of the interface changes drastically when the 

LaAlO3 film stoichiometry is varied. Since most of the LaAlO3 films for the 2DEG studies 

were grown by pulsed laser deposition (PLD) and a wide range of growth conditions in 

terms of laser energy density and oxygen pressure have been used, a systematic study of 

the LaAlO3 film stoichiometry as a function of PLD growth conditions is critically needed. 

Only few reports exist in the literature on this issue and the scopes of these studies are 

limited.17, 18 In addition, although a low oxygen pressure during the film deposition can 

lead to oxygen vacancies in the SrTiO3 substrate, which affect the measured transport 

property,6-10 it could also affect the LaAlO3 film stoichiometry. It is important to separate 

the oxygen vacancy effect from that of cation off-stoichiometry in the LaAlO3 film. 

Here we present a systematic study on the laser energy density and oxygen pressure effects 

on the LaAlO3 film stoichiometry by structural and compositional analyses. In the range of 

the deposition parameters we have studied, we found that the LaAlO3 film stoichiometry 

depends strongly on the oxygen pressure during the deposition, and not significantly on the 

laser energy density. The optimal oxygen pressure for stoichiometric LaAlO3 films is about 

100 mTorr. Although the details of the result could be different for different experimental 

setups, our results indicate that LaAlO3 film stoichiometry should be considered in the 

discussions of 2DEG properties at the LaAlO3/SrTiO3 interface under various deposition 

conditions. 
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Growth and characterization 

The LaAlO3 thin films used in this work were grown on (001) SrTiO3 substrates by PLD 

using a KrF excimer laser (λ = 248 nm, and pulse duration 25 ns) from a single crystal 

LaAlO3 target. The depositions were carried out at various laser energy densities, from 0.7 

to 2 J /cm2, and oxygen pressures, between 0.3 and 10-4 Torr (the background vacuum is 

10-5 to 10-6 Torr). The growth rate of the LaAlO3 film was calibrated at the identical growth 

conditions prior to each growth using Dektak profilometer. The growth time was fixed at 

15 minutes for all the films. In order to keep the total film thickness at about 100 nm 

repetition rate of the laser pulses was varied for each sample to accommodate the change 

in the growth rate, from 1.2 Hz (for laser energy density of 2 J/cm2 and oxygen pressure of 

300 mTorr) to 13.5 Hz (for laser energy density of 0.7 J/cm2 and oxygen pressure of 10-2 

Torr). The depositions were carried out at 730 °C substrate temperature and the samples 

were cooled down to room temperature after growth at an oxygen pressure of 200 Torr. 

The structural properties of the deposited LaAlO3 films were analyzed by x-ray diffraction 

(XRD) using a Bruker D8 Discover diffractometer. The film texture and epitaxial quality 

were characterized by θ-2θ scan, azimuthal ϕ scan, and reciprocal space mapping (RSM), 

from which the out-of-plane and in-plane lattice constants of the LaAlO3 films were 

calculated. The relative La/Al ratios were determined by x-ray fluorescence (XRF) with an 

iXRFTM model 550 system interfaced to an FEI DB235 dual-beam scanning electron and 

ion beam microscope. The XRF system uses an Ag-target, an fX X-ray tube, and a liquid 

nitrogen-cooled SiLi detector. The x-ray source produces a collimated 500-µm beam spot 

on the sample. Quantitative analysis was performed using the EDS2008 software. Using 

high-resolution transmission electron microscopy (HRTEM) images, geometric phase 
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analysis (GPA)19, 20 were carried out to quantify the strain as a function of distance from 

the interface. Cross section samples were prepared via an in-situ lift-out process using an 

FEI Strata DB235 focused ion beam (FIB) system,21 and then analyzed using a JEOL 

JEM2100 TEM operated at 200 kV.  

Results  

The PLD-deposited LaAlO3 thin films grow epitaxially on the (001) SrTiO3 substrates. 

Figure 3.1 shows (a) a θ-2θ scan and (b) an azimuthal ϕ scan of the (103) diffraction peak 

for a LaAlO3 film deposited with a laser energy density of 1.5 J/cm2 in an oxygen pressure 

of 100 mTorr. Besides the substrate peaks, only (00L) diffractions from the film are present 

in the θ-2θ scan, indicating that the c-axis of the film is oriented normal to the substrate 

surface. A Nelson-Riley fitting of the diffraction peaks gives a c-axis lattice constant of 

3.78 ± 0.01 Å for the film. The lattice constant can also be calculated using the SrTiO3 peak 

as a reference (a = 3.905 Å). The c-axis lattice constant thus calculated is 3.78±0.01 Å, 

consistent with the Nelson-Riley fitting. Figure 3.1(b) shows ϕ scans for both the LaAlO3 

film and SrTiO3 substrate. Both scans show a four-fold symmetry and the film and substrate 

peaks overlap, suggesting a cube-on-cube epitaxial relationship LAO (100) [001]//STO 

(100) [001]. From the ϕ scan the a-axis lattice constant of the film is calculated to be 3.82 

± 0.02 Å, a tensile strain of 0.7% from the bulk value of 3.789 Å. The result indicates that 

the epitaxial strain in the 100 nm-thick LaAlO3 film is mostly relaxed. The volume of the 

pseudo-cubic unit cell of the film is 54.988 Å3, a 1% expansion compared to the bulk value 

of 54.397 Å3. The epitaxial growth shown by Fig. 5.1 is typical of all the films in this work 

except that the lattice constants are different for films deposited under different conditions.  
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Figure 3.1 Typical XRD spectra for a LaAlO3 

film. a, A θ-2θ scan. b, Azimuthal ϕ scans of 

the (103) peaks of the LaAlO3 film and the 

SrTiO3 substrate. 

 

The cation stoichiometry of the LaAlO3 film in Fig. 3.1 was measured by XRF. Because 

the x-ray source for XRF is brighter than the electron beam often used in energy dispersive 

spectroscopy (EDS), XRF provides higher sensitivity for the elemental analysis of surfaces 

and thin films. In the XRF spectrum in Figure 3.1 2, emission peaks of the characteristic 

secondary x-rays from La and Al in the film and Sr and Ti from the substrate are seen. The 

peaks were fitted with Gaussian distributions, which effectively resolved the overlap of, 

for example, the Ti Kα and La Lα peaks. The relative areas under the Gaussian peaks of La 

and Al, with the ZAF correction, was used to obtain the La/Al cation ratio, x. The Kα peak 

of Al and the Lα peak of La were chosen for all the XRF analysis in this work, although the 
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use of the Lβ and Lγ peaks of La provided similar results. For the film shown in the figure, 

the uncalibrated La/Al cation ratio from the XRF analysis is 0.91 ± 0.03.  

 

Figure 3.2 XRF spectrum for the LaAlO3 film shown in Figure 3.1. 

 

LaAlO3 films deposited under different conditions were characterized by both the XRD 

and XRF measurements. The laser energy densities used were 0.7, 1.0, 1.5, and 2.0 J/cm2, 

and the oxygen pressures used were 1 x 10-4, 1 x 10-3, 1 x 10-2, 1 x 10-1, and 3 x 10-4 Torr. 

Since both laser energy density and oxygen pressure can affect the result, all combinations 

of the two parameters were studied. Figure 5.3 shows the XRD results for three 

representative films deposited with different laser energy densities and oxygen pressures, 

resulting in different La/Al cation ratios: (a) and (d) 0.7 J/cm2, 300 mTorr, and x = 0.62; 

(b) and (e) 1 J/cm2, 100 mTorr, and x = 1.01; and (c) and (f) 1 J/cm2, 10-4 Torr, and x = 

1.19. Figure 5.3(a) - 3(c) are θ-2θ profiles around the (002) SrTiO3 Bragg reflection (the 

dashed lines represent the bulk c-axis lattice constant of LaAlO3). Figures 5.3(d) - 3(f) are 

reciprocal space maps around the (103) peak of the SrTiO3 substrate (the red “+” symbols 

correspond to the reciprocal point of bulk LaAlO3). The θ-2θ scans show broader film 

peaks than the substrate peak, in particular for the La-rich film, which displays a clear 

double-peak structure. This is confirmed by the RSM maps showing broadening of the film 
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spots in the L direction, suggesting that the out-of-plane c-axis lattice constants of the films 

are not uniform across the film thickness. The peak values suggest c-axis lattice constants 

similar to that of the bulk LaAlO3 for the La-poor and stoichiometric films and larger than 

the bulk value for the La-rich film. The non-uniformity is more severe in the a-axis lattice 

constant. From the RSM maps one can see significant broadening of the film spots in 

the H direction, with the overall in-plane a-axis lattice constants larger than that of the 

bulk LaAlO3 in the near stoichiometric and La-rich films. 

The broadenings of the diffraction peaks in the θ-2θ scans and RSM contour maps are the 

result of strain relaxation in the epitaxially-grown LaAlO3 film, which experiences a 

tensile stress of 3% on the SrTiO3 substrate. Above a critical thickness, which depends on 

the deposition conditions and is around 4 nm, the strain in the LaAlO3 film starts to relax. 

This is revealed by the result of geometric phase analysis (shown in Figure 3.4), which 

was performed on the LaAlO3 film in Figure 3.1. 
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Figure 3.3 XRD spectra for LaAlO3 films with different x = La/Al cation ratios deposited with 

different laser energy densities and oxygen pressures: a, and d, 0.7 J/cm2 and 300 mTorr; b, and 

e, 1 J/cm2 and 100 mTorr; and c, and f,1 J/cm2 and 10-4 Torr. Figures a – c are θ-2θ profiles 

around the (002) SrTiO3 peak and d - f are logarithmic RSM contour plots around the (103) 

SrTiO3 spot. The dashed lines in a – c and the red “+” signs in d – f correspond to the values of 

bulk LaAlO3. The dash lines in d - f are points in the reciprocal space with equal unit-cell 

volumes. 
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Figure 3.4 HRTEM images and in-plane map of strain in parallel to the interface direction for 

the film in Figure 3.1. a, A low-magnification TEM image. b and c, HRTEM images of the top 

part of the LaAlO3 layer and its interface with SrTiO3, respectively. d and e, GPA strain analysis 

of the edge of the LaAlO3 layer and the LaAlO3/SrTiO3 interface, respectively. The dotted boxes 

indicate the regions which were used to measure the average strain. f, Average strain gradients 

inside the dotted boxes shown in d, where the x-axis ends at the edge of the LaAlO3 layer. g, 

Average strain gradients inside the dotted boxes shown in e, where the x-axis starts at the 

LaAlO3/SrTiO3 interface. 

 

Figure 3.4 illustrates the changing of strain in the LaAlO3 film relative to its interface with 

the SrTiO3 substrate. Figure 3.4a is a low-magnification TEM image of the LaAlO3 film 

on top of the SrTiO3 substrate, showing a film thickness of ~ 100 nm. From Figure 3.4b 

and Figure 3.4c, which illustrate HRTEM images of the top part of the LaAlO3 layer and 

its interface with SrTiO3, respectively, one can see more contrast, indicating more strain, 

near the LaAlO3/SrTiO3 interface. The region indicated with the dotted box in Figure 3.4d 

and the average strain profile shown in Figure 3.4f represent insignificant strain gradient 
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on top of the LaAlO3 layer, which confirms its relaxation away from the interface. The 

average strain values on top of the LaAlO3 layer was measured ~-0.06%, which is below 

the 0.1% resolution of the GPA technique. The dotted box covers the top 25 nm (x-axis in 

Figure 3.4f) of the LaAlO3 layer; therefore, the x-axis ends at the edge of the LaAlO3 layer. 

Figure 3.4e and Figure 3.4g illustrate the profile of the strain starting at the LaAlO3/SrTiO3 

interface into the LaAlO3 layer (x-axis in Figure 3.4g). The strain profile indicates that at 

the first ~ 4 nm distance from the interface, the LaAlO3 layer is under an average tensile 

strain of 2.37% compared to the bulk LaAlO3, which decreases to 1.7% after ~15 nm from 

the interface. These results confirm the existence of strain gradient in the LaAlO3 layer as 

a function of the distance from the interface toward the film surface.  

The result in Figure 3.4 indicates that the strain relaxation depends on the compositions of 

the LaAlO3 films. The relaxation is the most gradual in the near stoichiometric film - the 

in-plane lattice constant ranges from that of the SrTiO3 substrate to that of the bulk LaAlO3. 

For the La-poor film, the relaxation occurs the fastest – the coherently-strained layer is too 

thin to be detectable by RSM and the a-axis lattice constant of the film is close to the bulk 

value. In the La-rich film, both the in-plane and out-of-plane lattice constants vary 

substantially across the film thickness, with both a- and c-axis lattice constants larger than 

those of the bulk LaAlO3. 
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Figure 3.5 Unit-cell volume of the LaAlO3 films as a function of the La/Al cation ratio. 

 

Ohnishi et al. have shown that lattice expansion often observed in homoepitaxial SrTiO3 

films is not due to oxygen vacancies but originates from cation off-stoichiometry.22 Thus, 

the lattice expansion in homoepitaxial SrTiO3 films has been used as a sensitive indicator 

of cation off-stoichiometry.22-25 Since there is no epitaxial strain in the homoepitaxial 

SrTiO3 film on SrTiO3 substrate, the increased c-axis lattice constant alone can represent 

the lattice expansion. The strain and strain relaxation in the LaAlO3 films on SrTiO3 make 

the task of correlating lattice expansion to film stoichiometry much more complex as the 

lattice constants vary continuously across the film thickness. Assuming that the film 

composition does not change throughout a film, we draw lines of equal unit-cell volume 

on the RSM maps and take the peak intensity values [the dashed lines shown in Figure 3.3d 

– Figure 3.3f as the nominal unit-cell volumes of the films. The two equal-volume lines 

passing through the half maximum intensity define the error bar. In Figure 3.5, the unit-

cell volume versus the La/Al cation ratio is plotted for 20 LaAlO3 films fabricated under 

different conditions. The LaAlO3 bulk value is shown as a dashed line. Despite the large 
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error bars in the volume, a trend is evident: the unit-cell volume increases from the bulk 

value when the film is increasingly La-rich, reaching about 4%; for La-poor and 

stoichiometric films, the volume expansion is not as severe and the unit-cell volume is 

similar to that of the bulk LaAlO3. While we cannot rule out the effect of oxygen vacancies 

on the volume expansion in the LaAlO3 films, the result clearly shows the correlation 

between the cation stoichiometry and the lattice expansion. Even with the complications 

due to strain and strain relaxation in the LaAlO3 film, one can use the unit-cell volume as 

an indication of the film stoichiometry similar to the case of homoepitaxial SrTiO3 films. 

In particular, when there is excess of La in the LaAlO3 film the lattice expands. It is, 

however, not effective for detecting La deficiency in the film. 

 

Figure 3.6 Unit-cell volume of the LaAlO3 films as a function of oxygen pressure during 

deposition for different laser energy densities. 

 

Having established the correlation between the La/Al ratio and the nominal unit-cell 

volume of the LaAlO3 films, we plot in Figure 3.6 the unit-cell volume as a function of the 

oxygen pressure during the deposition for different laser energy densities. Even with the 

large error bars, one can see that the unit-cell volume is larger than the bulk value when 



60 
 

the oxygen pressure is 10-2 Torr and lower for all the laser energy densities used for the 

deposition. When the oxygen pressure is 10-1 Torr or higher, the unit-cell volume becomes 

closer to that of the bulk LaAlO3.  

 

Figure 3.7 The La/Al cation ratio as a function of oxygen pressure for different laser energy 

densities. 

 

In Figure 3.7, the cation ratio of the film as measured by XRF is plotted as a function of 

oxygen pressure for different laser energy densities. For the films grown under the same 

oxygen pressure, no significant difference was observed in composition for different laser 

energy densities. For the lower oxygen pressures, 10-2 Torr and lower, the cation ratio 

exhibits a large deviation from the stoichiometry, an excess of La by as much as over 50%. 

As the oxygen pressure is increased to 0.1 Torr, the deviation in the La/Al ratio becomes 

smaller and near stoichiometric. Further increase in the oxygen pressure resulted in La 

deficiency, which cannot be detected effectively by the unit-cell volume. 

The result presented here shows that the composition of the PLD deposited LaAlO3 films 

depends on the deposition conditions. When the oxygen pressure during the deposition is 
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lower than 10-2 Torr, the film becomes La-rich. The optimal oxygen pressure for film 

stoichiometry is about 10-1 Torr. Our result may have significant implications for the study 

of the 2DEG at the LaAlO3/SrTiO3 interfaces. As most of the reported studies of the 

LaAlO3/SrTiO3 interfacial properties used LaAlO3 films deposited at 10-2 Torr oxygen 

pressure or lower, these films may be La-rich, which will have an influence on the 

properties of the 2DEG. We should point out that the La/Al ratios reported here are the 

nominal values obtained from 100 nm-thick LaAlO3 films that have undergone various 

degrees of strain relaxation. It may or may not represent the film stoichiometry in the 

ultrathin LaAlO3 layers used in the 2DEG studies. Further, the correlation between the 

deposition conditions and film stoichiometry can be different for different deposition 

systems. Nevertheless, our result demonstrates that one needs to take into account the 

LaAlO3 film stoichiometry, in addition to the oxygen vacancy effects, when studying the 

2DEG properties at the LaAlO3/SrTiO3 interfaces using LaAlO3 films deposited under low 

oxygen pressures. 

We present here the results of structural and composition characterizations of a series of 

20 epitaxial LaAlO3 films grown by PLD under different conditions. Despite the strain and 

strain relaxation in the LaAlO3 films, we found that the unit-cell volume expands by as 

much as 4% when the film composition is La rich. The cation off-stoichiometry reaches 

over 50% La rich when the oxygen pressure during the deposition is 10-2 Torr or lower. 

No significant effect on the composition by changing the laser energy density was 

observed. We conclude that the LaAlO3 film stoichiometry is an important factor in the 

2DEG properties at the LaAlO3/SrTiO3 interface when the LaAlO3 film is deposited under 

low oxygen pressures. 
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INFLUENCE OF GROWTH CONDITION ON THE STRUCTURE 

AND GROWTH MODE OF HOMOEPITAXIAL LaAlO3 THIN 

FILMS BY PULSED LASER DEPOSITION 

Summary 

We study the structure and surface morphology of the 100 nm homoepitaxial LaAlO3 films 

grown by pulsed laser deposition in a broad range of growth parameters. We show that 

there is a narrow window of growth conditions in which the stoichiometric, bulk-like 

structure is obtained while maintaining a 2-dimensional (2D) layer-by-layer growth mode. 

In our system, these optimum growth conditions are 100 mTorr background pressure with 

laser energy density 1.5–2 J/cm2. The sensitivity to growth conditions of the stoichiometry 

and structure of LaAlO3 films can have a crucial role in the 2-D electron gas formed at the 

LaAlO3/SrTiO3 interface.  

Introduction 

LaAlO3 (LAO) exhibits a crystal structure and physical properties that make it an appealing 

material for a broad range of applications. At room temperature, LAO is a rhombohedral 

perovskite with a lattice parameter of 0.379 nm, 1 a dielectric constant2 of 24 and band gap 

of 5.6 eV. 3 Its lattice parameter, high dielectric constant, and low dielectric loss make it a 

suitable substrate for high-temperature superconductors in microwave devices4 and a 

potential candidate for high-permittivity gate oxides in integrated circuits.5 It is also widely 
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used as a substrate and buffer layer6,7 in the design of oxide heterostructures with new 

functionalities. 8-10  

The discovery of the 2-dimensional electron gas (2DEG) between LAO and SrTiO3 (STO) 

by Ohtomo and Hwang11 drew much attention to the growth and properties of LAO films 

during the last decade. Although the origin of the observed interfacial conductivity is still 

extensively debated, it has been shown that the so-called “polar catastrophe”, an intrinsic 

electronic reconstruction, plays a significant role in it.12,13 Experimental evidence suggests 

that defects such as cation non-stoichiometry14-19 and oxygen vacancies20-24 could also be 

responsible for the observed conductivity. 

Although LAO films can be grown by various techniques,6,25-27 pulsed laser deposition 

(PLD) continues to be the most common method. The non-equilibrium and high energy 

growth conditions in PLD made the influence of growth-induced defects on the properties 

of oxide thin films a subject of many studies. To date, controlling the process parameters 

to avoid the formation of defects during the PLD growth remains a major challenge in the 

thin film community.28-31 In the case of LAO films, most of the previous works centered 

on the effect of laser parameters of PLD on the film cation stoichiometry.15-18,32-34 Oxygen 

stoichiometry has also been shown to have an impact on the characteristics of LAO35,36. It 

has been observed that variations in the oxygen growth pressure have a dramatic effect on 

the LAO/STO interface properties22-24,37 which was attributed to a change in the density of 

the oxygen vacancies in the STO substrate and the roughness of the LAO/STO interface. 

When it is used as a high-K oxide in complementary metal-oxide semiconductor (CMOS), 

the oxygen vacancies in LAO have proven to cause charge trapping, transient threshold 

voltage shifts and a degradation of underneath Si substrate.33 Until now, only a few 
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studies39 focused on what effect the oxygen partial pressure itself has on the properties of 

LAO films. To fully exploit the impact of growth-induced defects on the attributes of LAO 

films, it should be evaluated as an isolated system without the complications arising from 

substrate/film interactions36,40 such as epitaxial strain between the LAO film and the 

substrate.18,29  

As an attempt to find the optimum condition for the growth of LAO films with bulk like 

structure, we grew homoepitaxial LAO films in a broad range of background oxygen 

pressures and laser energy densities and verified the effect of growth parameters on the 

structure of the LAO films. We show that only films grown at higher oxygen pressures of 

100-300 mTorr have lattice parameters identical or close to that of the LAO single crystal 

substrate. All films grown at a lower oxygen pressure of 10-2-10-4 Torr showed a 1.3%-

2.5% lattice expansion, indicating either cation nonstoichiometry or oxygen deficiency in 

the films.18,36 Moreover, the atomic force microscopy (AFM) study of the surface 

morphology of our films revealed that even with the absence of epitaxial strain, the growth 

mode is highly affected by the growth parameters.41 A layer by layer growth mode was 

achieved in our system at oxygen pressures of up to 100 mTorr and a high laser fluence.  

Growth and charechtrization 

A total of 15 LAO films were homoepitaxially grown on LAO substrate. All substrates 

were etched in HCL for 5 minutes followed by annealing in oxygen at 750 °C for 1 hour. 

100 nm thick LAO films were grown by PLD using a KrF excimer laser (λ = 248 nm, pulse 

duration 25 ns) from a single crystal LAO target. The depositions were carried out at laser 

energy densities of 1, 1.5 and 2 J /cm2, and oxygen pressures, between 0.3 and 10-4 Torr 
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(the background vacuum is 10-6 Torr). Details on the thickness calibration and growth rate 

are explained elsewhere.14 The depositions were carried out at a substrate temperature of 

730 °C, and the samples were cooled down to room temperature after growth at an oxygen 

pressure of 200 Torr. 

The structural properties of the deposited LAO films were analyzed by x-ray diffraction 

(XRD) using a Bruker D8 Discover diffractometer. The film texture and epitaxial quality 

were characterized by θ-2θ scans and reciprocal space mapping (RSM), from which the 

out-of-plane and in-plane lattice constants of the LAO films were evaluated. The surface 

morphology was determined by atomic force microscopy (AFM).  

Results 

To optimize LAO growth condition, we are looking for a condition that reproduce the 

structure of LAO substrate when we are growing homoepitaxial films.42 In the case of 

homoepitaxial STO films, it is well established that off-stoichiometry will result in lattice 

expansion.42,29 For homoepitaxial LAO, such an effect is not studied. However, there are 

reports showing non-stoichiometry induced lattice expansion for heteroepitaxial LAO 

films.18  
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Figure 4.1 a, XRD θ-2θ scans for LAO films deposited with 3 different laser energy densities 

of 1,1.5 and 2 J/cm2 and oxygen pressures of (i) 0.3 Torr, (ii) 0.1 Torr, (iii) 10-2 Torr, (iv)10-3 

Torr and (v) 10-4 Torr. b,Reciprocal space maps around (103) diffraction peaks for a, LAO 

substrate and b-e, 100 nm LAO (001) homoepitaxial thin films grown at laser energy density of 

1 J/cm2 under different growth oxygen pressures. Peaks at L=3 and H=1 correspond to the 

substrate. 

 

Figure 4.1a shows out of plane XRD data around (002) peak of LAO films. In all the 3 

spectra in Panel (i) of Figure 4.1a, which corresponds to the films grown at 0.3 Torr oxygen 

and energy densities of 1,1.5 and 2 J/cm2, film peaks are indistinguishable from the 

substrate peaks. This indicates the same out of plane lattice parameter for the film and 
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substrate. By reducing the oxygen pressure to 0.1 Torr (Panel ii in Figure 4.1a) XRD 

spectra of the films grown at 1.5 and 2 J/cm2 exhibit a distinct film peak at an slightly 

smaller 2θ angle which indicates out of plane lattice expansion. By further reduction of 

oxygen background pressure (Panel iii,iv and v in Figure 4.1a), The difference between the 

2θ angle of the film and substrate increases as a result of larger deviation of the structure 

of the LAO films from an ideal single crystal. Another feature of the XRD data in 

Figure 4.10a that should be point out here, is the emergence of film double peak which is 

more pronounced for the films grown at 10-3 Torr oxygen and energy densities of 1.5 and 

2 J/cm2. The double peak could be explained by the formation of two phases in LAO films 

originating from growth mode and formation of grains with different orientations. 

To evaluate the in-plane lattice spacing of LAO films, reciprocal space maps were collected 

around (103) diffraction peak of the LAO substrate. Figure 4.1b shows the reciprocal space 

maps for the samples grown at laser energy density of 1 J/cm2 and various oxygen 

pressures. The reciprocal space map of the LAO substrate also shown as a comparison. It 

is well known that LAO single crystal forms twins upon heating to a high temperature43, 

specified by a double-peak along H direction in the reciprocal space map of the substrate. 

In Figure 4.1b, LAO films can be distinguished from the substrate by a broadening along 

L direction or as an extra film peak at L < 3 and H = 1. The identical in-plane a lattice 

parameter to the LAO substrate confirms that all films are coherently strained to the 

substrate.  
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Figure 4.2 Calculated pseudocubic lattice parameter of LAO films in Figure 4.1. 

 

In order to compare lattice parameter of strained LAO films with the bulk pseudocubic 

LAO, Poisson's ratio of LAO was used to calculate pseudocubic, stress-free lattice 

parameter of LAO films (c0) using:  
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Equation 4.1 

 

Where υ=0.26,44 is the poisson’s ratio of LAO, and εxx and εzz are in-plain and out-of-
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Figure 4.2 shows the calculated pseudocubic lattice parameter of the LAO films as a 

function of laser energy density for different oxygen pressures during the growth. From the 

graph, it is clear that films grown at an oxygen pressure of 300 mTorr have bulk like lattice 

parameters regardless of laser energy density. By reducing the growth pressure to 100 

mTorr, a c lattice expansion of 0-0.5% was observed. All films grown at lower pressures 

of 10-2-10-4 Torr have a c lattice expansion of 1.3%-2.5%. In a Work done by Aruta et al. 

an abrupt decrease in Maximum kinetic energy of the ablated species was observed by 

increasing the background pressure from 10-2 mbar to 10-1 mbar. 16 These suggest that the 

high kinetic energy of species in plume plasma is responsible for lattice defects and as a 

result, lattice expansion. We also see that by increasing laser energy density which results 

in further increase in kinetic energy of species, the lattice expansion of the films increases 

as well.  

To summerize the results of Figure 4.2, we can say that using our PLD configuration it is 

impossible to grow a ideal bulk like structure at low pressure of 10-2 Torr and lower. 
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Figure 4.3 1 µm× 1 µm atomic force microscopy image of the surface of a, LAO substrate and 

LAO films grown at laser energy density and Oxygen pressure of b,2 J/cm2, 100 mTorr, c, 2 

J/cm2, 10-3 Torr and d, 1 J/cm2, 300 mTorr with Rq of a, 0.18nm, b, 0.29 nm, c, 0.97 nm and 

d,12.5 nm respectively.e, Surface root-mean-square roughness (Rq) dependence of the LAO thin 

films on laser energy density and growth oxygen pressure. 

 

To grow high quality epitaxial films, both growth mode and surface morphology should be 

controlled as well. For a wide range of applications, a surface roughness less than 1 nm is 

favorable. This includes 2 dimensional (2D) growth mode (layer by layer growth or Frank–

van der Merwe growth) and pseudo-two-dimensional growth mode (layer-plus-island or 

Stranski–Krastanov growth). To better evaluate the optimum growth condition, AFM were 

employed to study the growth mode and the surface microstructure of LAO thin films and 

their evolution with the growth parameters. As shown in Figure 4.3a – d, the AFM images 

show three types of the surface morphology. The first group of the films with root-mean-

square roughness (Rq) less than 0.4 nm (Figure 4.3e) are atomically flat with monoatomic 

steps suggesting layer-by-layer growth mode (Figure 4.3b). Films with Rq of 0.4 - 1.2 nm 

are smooth with very fine grains, indicating a pseudo-two-dimensional growth mode 

(Figure 4.3c). At low laser energy density of 1 J/cm2, smooth surface transforms into large 

size islands, as seen in the AFM image of Figure 4.3d. The morphology of films with the 

islands and the high surface roughness suggest that at low laser energy density, depends on 

growth pressure the film growth can be island growth mode.41 This concludes that higher 

energy density of 1.5 and 2 J/cm2 will result in 2 dimensional (2D) growth and a smooth 

surface which is preferable for a broad range of applications. By combining the condition 

for obtaining bulk like structure and smooth surface, we conclude that the best growth 

condition in our chamber is P=0.3 Torr and E=1.5 and 2 J/cm2. Also, we can see that 
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oxygen pressure to play a more important role in controlling the structure than laser energy 

density.  

To summarize, by controlling PLD growth parameters we found the optimum condition 

for the 2D growth of homo-epitaxial LAO films with a structure similar to LAO substrate. 

We showed that in our system, oxygen background pressure of 100 mTorr and higher is 

needed to grow bulk like structure. combinning this with the optimum condition for the 2D 

or seudo-2D growth mode we determin a high pressure of 300 mTorr and laser energy 

density higher than 1.5 J/cm2 to be the best condition for the growth of LAO films. This 

results can be important for understanding the mechanism responsible for conductivity of 

LAO/STO interface. Our results show that at low growth pressure (<100 mTorr) it is 

impossible to get bulk like structture in our PLD chamber. This pressure (100 mTorr) has 

been shown to be a cut off pressure for obtaining a 2D electron gas.35 Also the interface 

between STO film and LAO substrate shown to be insulator.45 All this suggest that the 

deviation from the bulk properties of LAO films can be responsible for the observed 2D 

electron gas. 
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NATURE OF THE METAL-INSULATOR TRANSITION IN FEW-

UNIT-CELL-THICK LaNiO3 FILMS 

Summary 

Metal-insulator transition (MIT) in transition-metal oxides with strong electron correlation 

is attractive for new functional devices because huge resistivity change may be attained by 

manipulations of spin, charge, lattice, and orbital degrees of freedom. In LaNiO3, the MIT 

occurs in thin films and superlattices with only few unit cells in thickness3, the 

understanding of which remains elusive despite tremendous effort devoted to the subject. 

Quantum confinement and structure distortion have been evoked as the mechanism of the 

MIT; however, first-principle calculations show that LaNiO3 remains metallic even at one 

unit cell thickness. At few unit cells, growth-induced disorders such as cation 

stoichiometry, oxygen vacancies, and substrate-film interface quality are bound to 

significantly impact the film properties. Here we use laser molecular beam epitaxy from 

separate oxide targets to build the LaNiO3 films as near perfect as possible by depositing 

one atomic layer at a time. We found that the film is metallic at high temperatures when it 

is as thin as 2 unit cells with LaO termination. An oxygen K-edge feature in the x-ray 

absorption spectra is clearly linked to the transition to the insulating phase as well as 

oxygen vacancies. We conclude that dimensionality and strain are not sufficient to induce 

the MIT without the contribution of oxygen vacancies in LaNiO3 ultrathin films. 

Dimensionality, strain, crystallinity, cation stoichiometry, and oxygen vacancies are all 
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indispensable ingredients in a true control of the electronic properties of nanoscale strong 

correlated materials. 

 

Introduction 

Metal-insulator transition (MIT) in transition-metal oxides with strong electron correlation 

is attractive for new functional devices because huge resistivity change may be attained by 

manipulations of the spin, charge, lattice, and orbital degrees of freedom1, 2. In LaNiO3, the 

MIT occurs in thin films and superlattices with only few unit cells in thickness,3 the 

understanding of which remains elusive despite tremendous effort devoted to the subject. 

Quantum confinement and structure distortion have been evoked as the mechanism of the 

MIT; 4-8 however, first-principle calculations show that LaNiO3 remains metallic even at 

one unit cell thickness. LaNiO3 is the only member of the perovskite series RNiO3 (R: rare 

earth) that is a paramagnetic metal without transition to insulator at any temperature. 9 

However, LaNiO3 in the form of thin layer, either in thin films10 or in superlattices3, 11, 12 

shows MIT when the layer thickness is several unit cells (u.c.). This has been attributed to 

dimensional crossover4, 11, 12, and structural distortion5, 13, 14. Further, it has been suggested 

that the orbital order of LaNiO3 can be manipulated by reduced dimensionality and 

epitaxial strain to resemble that of high-temperature cuprate superconductors15, 16. Whereas 

the critical thickness for the MIT in LaNiO3 has been reduced to 2 u.c. in the recent years, 

the mechanism of this phase transition remains unresolved. Here we show that in LaNiO3 

ultrathin films on LaAlO3 oxygen vacancies near the LaNiO3/LaAlO3 interface play a 

critical role in driving the films from metallic to insulating state. Without the oxygen 

vacancies, the first-principles calculation predicts that a 1 u.c. LaNiO3 film is metallic 
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under the compressive strain on LaAlO3. However, even under the most oxidizing 

preparation conditions oxygen vacancies are inevitable in ultrathin films due to the 

interfacial effect, leading to the MIT in 2 u.c. LaNiO3 films on LaAlO3 substrate. 

Growth and characterization 

Oxide Target Preparation 

To grow LaNiO3 from separate oxide targets, we need La2O3 and NiO targets. NiO target 

was prepared by pressing and sintering high purity powder. For La2O3, the process is 

more complicated as La2O3 target is not stable in the ambient atmosphere due to quick 

hydration and carbonation of La2O3 upon exposure to air and moisture. To avoid this, the 

commercial La2O3 powder (purity 99.99%) was pre-sintered at 600°C for 24 hours as 

La(OH)3 decomposes to La2O3 at this temperature. We then ground and pressed the 

powder into a dense pallet. The pallet was sintered at 1300°C for 24 hours in air and then 

cooled down to 300°C at 1°C/min cooling rate. After taking the target out of the furnace 

at about 200°C, it was transferred into vacuum chamber quickly and remain in vacuum.  

LAO Buffer Layer 

Studies on the structure of 100 surfaces of LAO single crystal shows that surface 

termination can be Single LaO layer, single AlO2 layer or the mixture of both17 depends 

on temperature and oxygen vacancies. Following the recipe by Ohnishi18 AlO2 terminated 

surface was achieved at room temperature by HCL etching of single crystal substrate 

following by annealing at 750 Celsius in flow of oxygen.  
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Figure 5.1 Growth of homoepitaxial LAO buffer layer. a, 2 µm × 2 µm Atomic Force 

Microscopy (AFM) scan of single terminated LAO substrate. b, Height profile of the orange 

line in a shows atomically flat surface with 1 u.c. high steps indication of single terminated 

substrate. c, RHEED specular spot intensity during the growth of 2 LAO homoepitaxial layers 

followed by 1 u.c. of LNO film. d, RHEED image after the growth of homoepitaxial LaAlO3 

from Al2O3 and La2O3 targets. Strong and sharp spots are an indication of atomically smooth 

surface 

 

Figure 5.1a shows the AFM image of the substrate after treatment. Line profile of the scan 

shows flat traces with one unit cell high steps (Figure 5.1b). 5-10 u.c. of homoepitaxial 

LaAlO3 buffer layer was then deposited on the single terminated substrate in atomic layer 

by layer manner from La2O3 and Al2O3 targets. LAO buffer layer were grown right before 

growth of LNO film in the same growth chamber and identical growth parameters (oxygen 

pressure, substrate temperature, laser spot size). Starting from La2O3 target, a full atomic 
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layer of LaO deposited followed by switching to Al2O3 target for the growth of a full AlO2 

atomic layer to complete 1 unit cell of LAO. We continue this until RHEED intensity 

oscillation shows pattern signature of stoichiometric and full surface coverage growth.19 

Figure 5.1c shows RHEED specular spot intensity oscillation during the growth of last two 

LAO layers followed by a layer of LaNiO3. As it can be seen in the Figure 5.1 c, LaO layer 

bring the RHEED intensity to a minimum while AlO2 and NiO2 atomic layers maximize 

RHEED intensity. Sharp diffraction spots confirm the desired growth mode and surface 

quality (Figure 5.1d).  

 

Figure 5.2 Effect of buffer layer on electrical properties of the films. LAO buffer layer reduces 

the resistivity of 2 and 3 unit cell LaO terminated films compare to one grown under the same 

condition and without the buffer layer. Influence of the buffer layer on electrical properties is 

larger for thinner film. 

 

Figure 5.2 shows how the growth of LAO buffer layer affects electrical properties of LNO 

ultrathin films. Here we use LaO terminated samples with the thickness of 2 and 3 unit 

cells with and without LAO buffer layer. Although for both thicknesses Buffer layer 

reduces the resistivity of the film, for 2 u.c. sample this effect is more pronounced. 
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LaNiO3 Growth and Characterization 

Epitaxial films of LaNiO3 were grown on (001) pseudocubic LaAlO3 substrates by Laser 

molecular beam epitaxy (MBE) equipped with reflection high-energy electron diffraction 

(RHEED). KrF excimer laser with 1-Hz pulse rate and 1-J/cm2 energy density was used to 

ablate oxide targets. Oxygen pressure of 52 mTorr was used during the growth and 

Substrate kept at temperature of 650C. After the growth, substrate maintained the growth 

temperature and further flow of oxygen introduced to the chamber for post-annealing. This 

process was done relatively slow to maintain substrate temperature at 650C by increasing 

the heating power until the post annealing pressure of 637 Torr was reached. Films were 

post-annealed at this pressure for 30 min and then slowly cooled down to room 

temperature. 

Following the growth of Homoepitaxial LAO buffer layer with AlO2 surface termination, 

LaO layer will be first grown by ablating from a La2O3 target. RHEED intensity will be 

monitored as the deposition takes place so that the ablation will stop when a full layer of 

LaO is on the buffer layer. The target will then be switched to NiO to grow the NiO2 layer. 

Again, RHEED intensity will be monitored to ensure that one full layer of NiO2 is 

deposited. The steps will repeat to grow a LaNiO3 film of desired thickness and surface 

termination. 
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Figure 5.3 Characterization of a 40 u.c. LNO film. a, X-ray diffraction (XRD) for a 40 u.c. 

LaNiO3 grown on LaAlO3 substrate shows single phase epitaxial growth. b, X-ray reflection 

(XRR) for a 40 u.c. LaNiO3 grown on LaAlO3 substrate. Measured thickness (15.45 nm) is in 

close agreement with the expected thickness (15.5 nm). 

 

To calibrate the growth rate (number of pulses needed to complete each atomic layer), we 

first grow 40 unit cells LNO film on LAO substrate. RHEED intensity oscillation used as 

the primary tool to control the growth the mode. After the Growth of 40 unit cell films, 

they are characterized by x-ray reflection for thickness measurement and x-ray diffraction 

for the lattice constant measurements as well as to confirm phase purity (Figure 5.3). Using 

the result of LNO film characterization, adjustments made to the growth rate if needed. As 

more precise way to test the number of pulses required for La-Ni stoichiometry, we used 

the number of pulses necessary for each atomic layer of LaO and NiO2 from LaNiO3 
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calibration to grow La2NiO4 sample. Ruddlesden Popper phase has been shown to be more 

sensitive to stoichiometry and full layer coverage. We use the ablation sequence of La2O3-

La2O3-NiO for each unit cell.  

 

Figure 5.4 Growth and characterization of La2NiO4. a, RHEED intensity oscillation during the 

growth and b,  X-ray diffraction (XRD) for Ruddlesden-Popper Lan+1NinO3n+1 with n=1 on 

LSAT substrate. 

 

Figure 5.4 shows RHEED intensity oscillation and XRD θ-2θ scan for the growth of 

La2NiO4 film. Persistent RHEED oscillation confirms layer by layer growth mode and 

sharp peaks in XRD scan shows the phase purity of our film. We found out that even with 

the most precise calibration, a small adjustment, and in-situ control is needed for each 

film.  

We find that the transport properties of LNO films are strongly dependent on the 

concentration of oxygen vacancies in the films. To reduce the oxygen vacancies, oxygen 

pressure was set to the maximum achievable in our chamber without affecting the 

RHEED spot quality. To verify this effect, we grew a series of film at 3 different oxygen 

pressures and measured transport properties of the films.  
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Figure 5.5 Effect of growth pressure on transport properties of a, 1.5 u.c. and b, 2 u.c. LNO 

films. 

 

Figure 5.6 Effect of Post-annealing pressure on film’s transport properties. Resistivity vs. 

temperature for 2 u.c. NiO2 terminated LNO films grown under the same condition and post-

annealed at two different pressure. Both room temperature resistivity and MIT temperature 

decreased as the post-annealing pressure increased. 

 

Figure 5.5 shows the results for 1.5 u.c. and 2 u.c. films grown at 1, 5 and 7 Pa of oxygen 

pressure. For both 1.5 u.c. and 2 u.c. films increase of oxygen pressure from 1Pa to7 Pa 

improves the transport properties by about 1 order of magnitude. Also for the 2 u.c. film, 

the room temperature metallic properties of the film grown at 7 Pa oxygen pressure, 

changed to insulator properties for the films grown at lower oxygen pressures. We also 
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investigate the effect of post annealing pressure on transport properties of the films. 

Figure 5.6 shows the temperature dependence resistivity measurement for 1.5 u.c. films 

grown at the same condition but post-annealed at 2 different oxygen pressures. We can see 

an slight improvement in transport properties of the film post-annealed at higher oxygen 

pressure. 

Results and Discussion 

A key technical aspect of this work is the use of atomic layer-by-layer laser MBE (ALL 

laser MBE) for the LaNiO3 growth that allows perfection of crystallinity and stoichiometry 

while maintaining maximum oxygenation in the film. By building LaNiO3 one atomic layer 

at a time, one can study the properties of LaNiO3 films with either LaO or NiO2 nominal 

termination. Figure 5.1 illustrates the growth process and the structural properties of a 2 

u.c. thick LaNiO3 film on LaAlO3 substrate. Since the LaNiO3 films of interest are only a 

few unit cells in thickness, any crystalline imperfection of the growth template will affect 

the properties of the films significantly. We have found that the AlO2-terminated LaAlO3 

substrate obtained by the established substrate treatment procedure18 is not adequate for 

this study. Therefore, a homoepitaxial LaAlO3 buffer layer was first grown on the substrate 

by alternately ablating a La2O3 and an Al2O3 target until the reflection high energy electron 

diffraction (RHEED) pattern indicates a highly crystalline surface. This guarantees that the 

LaNiO3 ultrathin film can grow with crystalline perfection from the very first NiO2 atomic 

layer. The number of unit cells in the LaNiO3 film was determined by the number of LaO 

and NiO2 atomic layers deposited and the termination of the film determined by the last 

target to be ablated, the La2O3 target for the LaO termination and the NiO target for the 
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NiO2 termination. The sequence of layers was precisely controlled by monitoring the 

intensity oscillation of RHEED as shown in Figure 5.7. 

 

Figure 5.7 RHEED intensity oscillation during the growth of the last homoepitaxial 

LaAlO3 layer and the LaO and NiO2 layers for the growth of 0.5 to 3.5 unit cells of 

LaNiO3 ultra-thin films with both NiO2 and LaO surface terminations. 

 

 

Figure 5.8 shows the x-ray reflectivity (XRR) result for a 2 u.c. LaNiO3 film. The fitting 

to the data indicates a LaNiO3 film of 0.80 ± 0.15 nm and a LaAlO3 buffer layer of 2.0 ± 

0.2 nm, in general agreement with the 2 u.c. of LaNiO3 and 5 u.c. of LaAlO3 buffer layer 

from the atomic layer-by-layer growth. 
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The TEM in Figure 5.9 present Annular Bright Field (ABF) Scanning Transmission 

Electron Microscope (STEM) image (7-26 mrad collection angle) of the 2 u.c. 

LaNiO3/LaAlO3 interface in cross-sectional geometry with black atom contrast. LNO 

layers appear darker in the image due to their higher average Z number. From the TEM 

image, the number of LNO layers confirmed to be 2 layers with the 10 layers of LAO buffer 

layer underneath to be indistinguishable from the LAO substrate. The LNO layers exhibited 

an out of plane expansion of 4±0.5% referenced to the LAO substrate with no measurable 

in-plane expansion. Using the Poisson’s ratio of 0.34 for LNO20, the strain free lattice 

parameter of LNO calculated to be 3.86±0.01Å. Compared to bulk lattice parameter of 

3.84Å, our film shows 0.3%-0.8% expansion that can be a sign for having a defects in 

lattice that can not be seen in TEM image. 

 

Figure 5.8 x-ray reflectometry measurements for a 2unit cells LaNiO3 film with NiO2 

surface termination. 
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The Temperature-dependent resistivity of films with different thicknesses are compared in 

Figure 5.10a For the 2 u.c. film, metallic electric property is observed; the thinnest reported 

to date. films with thickness less than 2 u.c. are insulator, contradictory with the first 

principles calculations within generalized gradient approximation (GGA) of Ni 3d density 

of state (DOS) that shows positive DOS even for a single layer of LNO (Figure 5.10 d). 

GGA calculations also shows that in 1u.c. film the dx2-y2 level that is oriented along the film 

surface is at lower energies than dz2-r2. This suggests that in 2D limit electrons moving 

parallel to the surface of the film are responsible for the conduction.  

By increasing the thickness up to 4.5 u.c. all films except 4 u.c. film exhibit metallic 

behavior at high temperature that change to insulating behavior at lower temperature 

consistent with previously reported metal to insulator transition (MIT) in ultra-thin LNO 

 

Figure 5.9  STEM image of the LaNiO3/LaAlO3 interface in cross-sectional geometry 

with black atom contrast.  Inset:  magnification of near the surface area with schematic 

atomic structure overlay identifying both metal and oxygen sites.  The LNO layers 

exhibited an out of plane expansion of 4±0.5% referenced to the LAO substrate with no 

measurable in-plane expansion. x-ray reflectometry measurements for a 2unit cells 

LaNiO3 film with NiO2 surface termination. 
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films. Both Room temperature resistivity and MIT temperature change as a function of 

film thickness and surface termination (Figure 5.10 b). This change becomes smaller as 

the thickness increases. Also, we see in Figure 5.10 c that Consistent with a previous 

report5, films with LaO termination has less resistivity compared to the ones with NiO2 

termination with the same thickness.  

Figure 5.11a shows the schematic of LNO structure change due to both compressive strain 

and oxygen vacancies. Compressive strain from substrate induces expansion of octahedral 

in the direction normal to the surface of the film that lift the degeneracy of the eg electron 

by giving rise to the occupancy of 3z2-r2 orbital over x2-y2. DFT calculations show that by 

introducing oxygen vacancies into the structure the Ni to apical oxygen distance (dNi-Oap) 

will increase and lead to further enhancement of the orbital polarization21. To verify 

experimentally, x-ray absorption spectroscopy (XAS) in TEY was used to probe the density 

 

Figure 5.10  Electrical resistivity of ultra-thin films. a, Temperature-dependent 

Resistivity, b, MIT temperature and c, room temperature resistivity dependency of LNO 

films with variable film thicknesses and surface terminations. Open circles in (b) and (c) 

indicates samples that did not show metal-insulator transition. d, GGA calculations of 

the density of state (DOS) for Ni 3d orbital for 1u.c. and bulk LNO. 
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of vacant states in Ni eg orbital. Figure 5.11b show the normalized room temperature XAS 

spectra at the Ni L2-edge for both polarization oriented parallel and perpendicular to the c 

axis of the 1.5u.c. and 50u.c. LNO films. In 1.5 u.c. film, the absorption for photon 

polarization parallel to c-axis of the films is shifted to lower energies compared to the in-

plane polarization which is attributed to eg orbital splitting (Δeg). We follow reference 22 

to calculate orbital polarization:  

𝑷 =
𝒏𝒙𝟐−𝒚𝟐 − 𝒏𝟑𝒛𝟐−𝒓𝟐

𝒏𝒙𝟐−𝒚𝟐+𝒏𝟑𝒛𝟐−𝒓𝟐
 Equation 5.1 

 

Where 𝑛𝑥2−𝑦2 and 𝑛3𝑧2−𝑟2 are the numbers of electrons in orbitals of x2-y2 and 3z2 −r2 

symmetries. For both 1.5 and 50 u.c. films negative polarization is consistent with what is 

expected for film under compressive strain. However, for the 50 u.c. film, polarization is 

significantly smaller. Figure 5.11d demonstrates the orbital polarization as a function of 

film thickness. The graph indicates that for films with thickness above 2u.c. 3z2 −r2 

polarization decreases abruptly. The strain induced change in Ni-O bond length can not 

explain thickness dependent polarization as all films are coherently strained to LAO 

substrate. however; this can be explained by existence of oxygen vacancies in LNO layers 

close to the LNO/LAO interface. By increasing the thickness, the average polarization 

which can be measured by XAS shows less contribution from the layers close to the 

interface.  
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Figure 5.11 eg orbital splitting and orbital polarization. (a) Schematic of LNO film structure 

under compressive strain and with oxygen vacancies. Further expansion of octahedral at the 

site of oxygen vacancy is shown in shaded area. (b) XAS spectra at Ni L2-edge for Ec (blue) 

and E∥c (red) polarization for 1.5 u.c. (top) and 50 u.c.(bottom) films. Solid line shows double 

Gaussian fitting to the experimental data. (c) Schematic of 3d orbital level diagram of bulk 

LNO and eg orbital polarization in ultra-thin films. (d) d-orbital orbital polarization vs. film 

thickness. 

 

Figure 5.12 shows the XAS spectra of LNO films with different thicknesses at oxygen K-

edge measured in TEY mode which corresponds to transition to unoccupied O p states in 

the conduction band. The incident x-rays are linearly polarized with the polarization vector 

parallel and Perpendicular to the samples c-axis. For the 50 u.c. film the line shape of the 

spectra in Figure 5.12a is in good agreement with the one previously reported for fully 

oxygenated Bulk LaNiO3
23. Correlation between metallicity of ultra-thin films and Ni-O 

hybridization can be seen from the intensity of the absorption spectra in pre-peak region 

(blue shaded box in Figure 5.12a) which is associated with the Ni 3d–O 2p hybridization 

(Ni3+ transition)24, 253. Here, increased hybridization is correlated with increased 

metallicity.  
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Figure 5.12c and Figure 5.12d show the isotropic XAS spectra of LNO films at oxygen K-

pre edge calculated from 𝐸ǁc + 2(E ⊥ c) 3⁄ . All spectras are normalized to 0 and 1 after 

linear background substraction. In Figure 5.12c, a thickness dependent splitting in Ni3+ 

transition can be seen as a shoulder in higher energies than the main peak. The intensity of 

the shoulder decreases by increasing the film thickness and vanishes for 40 u.c. film. The 

shoulder peak was previously observed21 for LaNiO2.75 and attributed to the presence of 

two nonequivalent crystallographic sites, Ni3+ in octahedral and square planner 

symmetries. Also the metal insulator transition in this compound was connected to disorder 

between these two sites. In bulk LNO all Ni ions are in octahedral symmetry although; 

loosing apical oxygen will modify it to square planner symmetry. To verify the 

correspondence of the shoulder intensity with oxygen vacancies, we grow 3 films with 1.5 

u.c. thickness at different oxygen pressures while all other parameters kept identical during 

the growth and post-annealing. A clear dependence of shoulder peak intensity with oxygen 

pressure during the growth confirms the oxygen vacancies to be the main cause of Ni 3+ 

transition splitting. The higher energy of Ni3+ transition for Ni ions with missing apical 

oxygen is demonstrated in Figure 5.12b. By introducing oxygen vacancies into the 

structure, the O 2p state decrease in density and leads to increase in bulk electron density 

of LNO (electron doping) and an upshift of the Fermi level. DFT calculations19 show that 

electron doping of the LNO as a result of the oxygen vacancies will further increase the Ni 

to apical oxygen distance (dNi-Oap) and enhance the orbital polarization which is consistent 

with our observation of higher polarization wof LNO films with 1-2 u.c. thickness. 
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Figure 5.12 x-ray absorption spectroscopy on oxygen k-edge. (a) X-ray absorption spectra at 

O-K edge for both polarization parallel (Solid line) and perpendicular (Dashed line) to the c-

axis of LNO films. (b) Schematic diagram for upward shift of fermi level due to electron 

doping as a result of oxygen vacancies. (c) Normalized isotropic XAS spectra of the oxygen 

pre-edge region for films with various thicknesses. The spectra contains a shoulder about 1.5 

ev higher in energy than the main peak. A decrease in the intensity of the shoulder can be seen 

as the thickness increases. (d) XAS spectra of the oxygen pre-edge for 1.5 u.c. films grown at 1, 

5 and 7 Pa oxygen pressure. Higher the growth oxygen pressure, lower the intensity of the 

shoulder peak. 

 

In summary, we show that in ultra-thin LNO films under compressive strain, oxygen 

vacancies drive the metal to insulator transition. Also, orbital polarization is affected by 

the concentration of oxygen vacancies 
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HIGHER ORDER RUDDLESDEN-POPPER NICKELATE GROWN 

BY ALL-LASER MBE FOR SOLID OXIDE FUEL CELL 

Introduction 

Solid oxide fuel cells (SOFCs) are of the cleanest and most efficient electrochemical 

conversion devices that produce electricity. Currently, the main disadvantage of SOFCs is 

their high operating temperature (above 800°C) which increases the reactions between the 

cell components and consequently reduces the cell lifetime.1, 2 In SOFC, a significant 

amount of efficiency loss occurs at the cathode which is conventionally made from 

perovskite oxides.   In recent years, it has become an attractive research topic to develop a 

high-performance cathode that can operate at intermediate temperatures of 500—700 °C.3-

8  Ruddlesden-Popper (R-P) type metal oxide has been considered as an alternative cathode 

material. This material with the general formula of An +1 B n O 3 n +1 ( n = 1, 2, 3) consists 

of rock-salt AO layers stacked along c-axis between n layers of ABO3 perovskites (Figure 

2).9  It has been shown that their Rock-salt layer can accommodate extra oxygen and has 

higher ionic conductivity compared to ABO3 perovskites.10-12 One of the well-studied 

materials in this category is La2NiO4, the first member of Lan +1 Nin O3 n +1  series with n=1. 

La2NiO4 has shown relatively high performance and stable behavior at intermediate 

temperatures with much lower Thermal Expansion Coefficient (TEC) than those of the 

conventional perovskite materials.13-26 To further improve its performance, various 

scenarios was proposed including doping of the B site and fabrication of composite 

electrodes. The main drawback in using La2NiO4 as cathode material is its low electronic 
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conductivity.15,16,27 Higher order La n +1NinO3 n +1 series with n=2, 3 are also known as a 

potential candidate for oxygen reduction electrodes in SOFCs.25, 28-34 La3Ni2O7 and 

La4Ni3O10 have more stable structure at high temperature, better electrical conductivity, 

improved Oxygen reduction reaction (ORR), and lower TEC compared to La2NiO4. 

However; their ORR mechanism is still not well studied mainly because obtaining the harsh 

condition (Figure 1)  that can stabilize the pure phases of higher order R-P Nickelate and 

sintering them is challenging.35, 36  

In the form of thin film, the possibility to grow epitaxial films of R-P nickelate also shown 

to be a promising path to the improvement of cathode materials.37-40  In the case of La2NiO4, 

it has been shown that film conductivity can be tuned by changing the film thickness, and 

ORR activity can be improved using the strain effect. Another advantage of using thin films 

is the possibility to change the surface termination which, in the case of some perovskites, 

is proven to improve the cell performance.41, 42 To overcome the challenge of fabricating 

pure higher order R-P nickelate materials we used atomic layer by layer growth from 

separate oxide targets using laser Molecular Beam Epitaxy (ALL-MBE)43 to grow 

La2NiO4, La3Ni2O7 and La4Ni3O10. We show that by using this technique not only we do 

not need to deal with synthesizing and sintering the pure phase target materials but also we 

can control the layering sequence, doping and surface termination in a very precise way.44  
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Figure 6.1 Calculated La–Ni–O phase stability diagram in terms of temperature and oxygen 

pressure in the gas phase in comparison with experimental data. Reproduced with permission 

from reference 36. 

 

Crystal structure 

Figure 2 shows the crystal structure of the R-P member of lanthanum nickelate with n=2 

and 3.  Each unit cells of this series are made up of a sequence of LaO, and NiO2 layers 

stack in c direction. For n=2 compound, there is an extra LaO layer between each two 

perovskite layers of Lanthanum nickelate, consists of a LaO and a NiO2 layer. Therefore, 

one u.c. of  La3Ni2O7  has two perovskite layer plus a rock salt LaO layer. For n=3 

compound, the number of perovskite layers separated by extra LaO layer is 3. 
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Figure 6.2 Schematic of the Lan+1NinO3n+1 structure with n = 2, La3Ni2O7 and n=3, La4Ni3O10. 

 

Growth and charectrization 

Epitaxial films of La2NiO4, La3Ni2O7 and La4Ni3O10 grown on (001) pseudocubic LaAlO3 

substrate by Laser molecular-beam epitaxy system equipped with Reflection High Energy 

Electron Diffraction (RHEED) in oxygen background pressure of 7 Pa. Before the growth, 

the substrates were etched with HCl and annealed in oxygen pressure to achieve an AlO2 

terminated surface.a Ceramic targets were ablated using a KrF excimer laser with 1-Hz 

pulse rate and 1J/cm2 energy density. Substrate kept at 600° C during the growth.  

Figure 3 shows the schematic of our growth technique.Details bout ALL-Laser MBE can 

be find elsewhere.43 We use La2O3 and NiO as separate oxide targets. Targets are 

alternatively ablated by UV laser beam for each atomic layers. For instance to grow one 

unit cell of La3Ni2O10 we ablate the La2O3 and NiO targets with the sequence of La2O3→ 
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La2O3 →NiO → La2O3 →NiO → La2O3 →NiO → ... (Figure 3a), we repeat this sequence 

until the desired thickness is reached. Figure 3b shows the schematic of the RHEED 

intensity oscillation after the growth of each atomic layer. We used the intensity of the 

RHEED diffracted spot to monitor the growth and insure completion of each atomic layer. 

Starting from ablation of the La2O3 target, one atomic layer of rock salt LaO is grown. 

RHEED diffraction spot intensity decreases from its maximum. We continue ablation of 

the La2O3 target to grow LaO layer of perovskite LaNiO3. After the completion of this 

layer, RHEED diffraction spot reaches its minimum intensity. The target is switched to 

NiO target for the growth of one complete NiO2 atomic layer which gives a local maximum 

to RHEED intensity. Growth of another perovskite layer by ablation of La2O3 and NiO 

targets will complete one unit cell of La3Ni2O7. 

 

Figure 6.3 Schematic of alternated growth of each atomic layer from separate La2O3 and 

NiO targets to form 1 u.c. of La3Ni2O7. RHEED diffraction spot oscillation after the 

growth of each atomic layer. 
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It has been shown that layer by layer growth of R-P series requires that both the cation 

stoichiometry and full monolayer dose to be within 1% precision.45 To calibrate the number 

of pulses for each atomic layer, Perovskite LaNiO3 has been grown prior to the growth of 

R-P phases. In ALL-Laser MBE the intensity of the diffraction spot changes with both 

surface chemistry and roughness43, therefore, a combination of in-situ control of the growth 

using RHEED and ex-situ characterization of crystal structure and thickness of the LaNiO3 

films44 enables us to calibrate the number of pulses needed for each atomic layer of LaO 

and NiO2. RHEED diffraction spot intensity is also used for small adjustment of growth 

rate during the growth. Figure 4a shows the RHEED diffraction spot oscillation during the 

growth of 3 unit cells of Lan+1NinO3n+1 for n=1, 2 and 3. It can be seen that for all 3 phases 

LaO layer minimizes the intensity while NiO2 maximizes it. However, the full maximum 

is reached after 1 u.c. is completed for n=2, and 3 films and growth of NiO2 layer within 

the unit cell leads to a local maximum. The outset shows the sequence of each target 

ablation for 1 u.c. of La4Ni3O10. RHEED diffraction spots along [110] azimuth of LAO 

substrate after the growth of 30 u.c. La3Ni2O7 is shown in Figure 4b. The spot like pattern 

for both specular, first order and second order diffraction condition is a confirmation of 2D 

growth. However, the slight elongation of the spots is an indication of roughening of the 

surface. 
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Figure 6.4  a, RHEED diffracted spot intensity oscillations during the atomic layer-by-layer 

growth of Lan+1NinO3n+1 with n=1,2 and 3 films. The green, orange and blue box represent 1u.c. 

of each film. The outset shows the sequence of target ablations for growth of 1 u.c. La4Ni3O10 

(n=3). red dashed line is when the target is switched, La and Ni represent ablation of La2O3 and 

NiO targets respectively.  b, RHEED pattern along [110] of LAO substrate after the growth of 

30 u.c. La3Ni2O7. Specular and diffracted spots can be seen as a result of 2D growth mode. 

 

 



106 
 

Results and discussion 

Figure 5 shows the θ -2θdiffraction scan of the n=1, 2 and 3 of R-P phases. Nelson–Riley46 

analysis (Figure5b) is used to determine films c-axis lattice constant from the position of 

diffracted peaks. The c-axis lattice constant calculated to be 12.61±0.02 Å, 20.85±0.14 Å, 

and 28.42±0.24 Å for the n=1–3 phases, respectively compared to The bulk lattice 

parameters are 12.70 Å, 20.52 Å and 27.96 Å. The smaller c-axis lattice parameters for 

 

Figure 6.5  a.XRD θ -2θ scan of 50 unit cells n=1-3 phases of Lan+1NinO3n+1 Ruddlesden-Popper 

series. The n=1 film is on LSAT substrate and n=2, and 3 are on LAO substrate. *  shows the 

substrate peak. b, Nelson-Riley analysis of peak position. c, 5×5 µm AFM scan of n=2 phase. 
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La2NiO4 compared to the bulk value is due to being under tensile strain on LSAT substrate 

whereas the La3Ni2O7 and La4Ni3O10 films are compressively strained from LAO substrate 

and have larger lattice parameter compared to the bulk. Figure 5c shows the surface 

morphology of the 50 u.c. La3Ni2O4 film. The AFM scan shows a flat surface with rq of 

0.26 indication of 2-dimensional growth mode. Other phases also show about the same 

roughness.    

To prove the capability of ALL Laser-MBE for constructing R-P nickelate, we grew the 

n=4 phase.43 This phase is not thermodynamically stable and no report of growth of this 

phase can be found in the litrature. Figure 6.6 a is a cross-sectional scanning transmission 

electron microscope (STEM) high angle annular dark field (HAADF) image of the 

La5Ni4O13 film. It  shows an extra layer of LaO for every 4 unit cells of LaNiO3. In Figure 

6.6b, atomic resoltuion elemental mapping using electron energy-loss spectroscopy (EELS) 

indicates a perfect match between the elemental distribution and the simultaneously taken 

HAADF image, verifying that the extra layer is indeed LaO. The XRD θ-2θ scan of the 

resultant 50 unit cells La5Ni4O13 film is presented in Figure 6.6c, showing the diffraction 

peaks of the n = 4 RP phase from (0010) to (0028) without any impurity peaks or peak 

splitting.  
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Figure 6.6  a, STEM HAADF image of the La5Ni4O13 film. b, Simultaneously taken HAADF 

image and EELS elemental mapping for the La5Ni4O13 film. c, XRD θ-2θ scan of the La5Ni4O13 

film  .43  
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