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ABSTRACT 
 
The atomic layer epitaxy (ALE) technique was used to grow thin films of binary metal oxides 
Al2O3, Ga2O3 and La2O3, and ternary metal oxides LaNiO3, LaCoO3, LaAlO3, and LaGaO3. In 
addition, another type of mixed-oxide, viz. phosphorus-doped Al2O3 was studied. The binary 
oxides Ga2O3 and La2O3 and all the ternary oxides were deposited by the ALE method for the 
first time. New ALE processes were developed for the undoped and doped Al2O3 films. The 
thin films were characterized by a wide range of methods for structural and surface analysis, 
including XRD, FTIR, XPS, AFM, XRF, RBS, TOF-ERDA, and SIMS. A review of previous 
work on these trivalent metal oxide thin films is presented by way of background. 
 
The Al2O3 and Ga2O3 films deposited from metal beta-diketonates and ozone were of high 
quality: stoichiometric, uniform, dense, and free of any significant contamination. However, 
the La2O3 films contained an excess of oxygen, due to the carbonate-type impurity that was 
detected. All Al2O3 and Ga2O3 films were amorphous, but polycrystalline, cubic La2O3 was 
formed at temperatures above 300 oC. Hexagonal La2O3 film was obtained by annealing the 
as-deposited amorphous and cubic La2O3 films. Simultaneously, the carbon content in the 
films was reduced. In contrast to the stable Al2O3 and Ga2O3 films, the cubic and hexagonal 
La2O3 films were chemically unstable and reacted with ambient air, transforming to LaO(OH) 
and La(OH)3, respectively. 
 
The perovskite-type oxides LaNiO3, LaCoO3, LaAlO3, and LaGaO3 were deposited using 
metal beta-diketonates and ozone as precursors. No optimal ALE process could be 
demonstrated for the LaNiO3 and LaCoO3 films, which were non-uniform in thickness and 
either consisted of separate oxide layers or contained an excess of the transition metal. The 
LaAlO3 and LaGaO3 film growth, in contrast, was well-controlled yielding stoichiometric, 
uniform, and smooth films, demonstrating the potential of the ALE technique for producing 
the more complex ternary oxide films. 
 
All the as-deposited ternary oxide films were amorphous but crystallized with cubic structure 
when post-annealed ex situ. After annealing high-quality, epitaxial LaAlO3 and LaGaO3 films 
were obtained on lattice-matched perovskite-type substrates while randomly or slightly 
oriented films were obtained on non-lattice matched substrates. The films were relatively pure 
and only small amounts of common impurities, carbon and hydrogen, were detected. 
 
Phosphorus-doped Al2O3 films were deposited from AlCl3, P2O5 or trimethylphosphate, and 
water. The phosphorus content could be controlled by the phosphorus doping ratio: when the 
P/Al atomic ratio was below 1.0, the films consisted of both Al2O3 and AlPO4, whereas above 
that they contained predominantly AlPO4. Phosphorus was uniformly distributed when the 
phosphorus content exceeded 5 at.%, and it was enriched on the film/substrate interface when 
the content was lower. 
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1.  INTRODUCTION 
 

High thermal and chemical stability, diamagnetism, and optical transparency are characteristic 

of many metal oxides. Electrically oxides may be insulating, semiconducting, conducting, or 

even superconducting. Owing to this wide range of properties, metal oxide thin films are of 

interest for applications in microelectronics, optics, and optoelectronics as well as in sensors 

and protective coatings. However, there is still a need to enhance the quality of existing 

applications and to develop new ones. Either new metal oxide thin films with more suitable 

properties are required or the quality of the present metal oxide thin films needs to be 

improved. One way to achieve these aims is through development of new deposition 

processes.  

 

Atomic layer epitaxy (ALE) is a chemical vapor phase thin film deposition technique patented 

in the early 1970s in Finland by T. Suntola and J. Antson.1,2 The unique feature of ALE is that 

the film growth occurs in a surface-controlled manner, layer by layer.3-5 In the ALE process 

for oxide materials, metal and oxygen precursors are alternately pulsed over the substrate 

surface, with an inert gas pulse or evacuation after each precursor pulse. Thus in ALE, the 

film growth proceeds via alternate surface reactions. An excess of the precursors is supplied 

to ensure saturation of all the available reactive surface sites, and thus self-limiting growth of 

the film. ALE offers several attractive features for thin film growth: simple and accurate 

thickness control, excellent conformality, and good large area uniformity.4,5 Practice has also 

shown that ALE-grown thin films often are of superior quality as compared with films made 

by other methods at corresponding temperatures.5 

 

The present thesis provides a summary of work undertaken to grow the binary oxides Al2O3, 

Ga2O3, and La2O3 and the ternary oxides LaNiO3, LaCoO3, LaAlO3, and LaGaO3 by the ALE 

technique.I-VII These thin film materials have a variety of existing and potential applications as 

sensors, catalysts, and optical and protective coatings as well as in micro- and optoelectronics 

and solid oxide fuel cells. New ALE processes are reported for all of the films studied. Most 

notably, the feasibility of ALE for producing more complex ternary oxides is demonstrated by 

extending the use of ALE to perovskite-type oxides. 

 

As the development of an ALE process for ternary compounds often requires knowledge of 

the growth of the corresponding binary oxides, preliminary studies were undertaken on the 
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ALE growth of NiO, Co3O4, Al2O3, and more detailed studies on the growth of Ga2O3 and 

La2O3 thin films using β-diketonate metal chelates and ozone as precursors. These studies are 

reported in Publications II-V. Publications IV and V describe the first experiments on ALE 

growth of ternary perovskite-type oxides and the growth of LaNiO3 and LaCoO3. The results 

of these experiments were presented in the doctoral work of Helene Seim as well.6 

Publications VI and VII describe the extension of the work to two other ternary oxides, 

LaAlO3 and LaGaO3. Furthermore, the growth of another type of mixed oxide, viz. 

phosphorus-doped Al2O3 films from AlCl3, water, and either P2O5 or trimethylphosphate is 

reported in Publication I. 

 

The emphasis in the work now described was on the development of new ALE oxide thin film 

deposition processes and on the characterization of the resulting thin films for composition, 

crystallinity, and morphology. Thus, for instance, the electrical properties of the films are not 

reported even though finding new promising oxide materials for applications in electronics 

was one of the underlying goals of the research. 
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2.  GENERAL BACKGROUND 

 

Chapter 2 is intended to provide the reader with some background with which to evaluate the 

results obtained in the ALE studies summarized in Chapter 4. The basic principle of the 

atomic layer epitaxy (ALE) thin film deposition technique is introduced, the benefits and 

limitations of ALE are discussed, and the metal oxide films already grown by ALE are briefly 

presented. Previous work on the binary metal oxides Al2O3, Ga2O3, and La2O3 and the ternary 

metal oxides LaNiO3, LaCoO3, LaAlO3, and LaGaO3, the oxides of interest here, is then 

reviewed. Rather than a comprehensive look at all work done in the area, a summary is 

offered of the thin film deposition methods employed and the typical film properties obtained. 

In addition, possible applications of the films are noted.  

 

 

2.1  Atomic layer epitaxy 

 

2.1.1 Principle of the ALE process 

 

The advantageous feature of the atomic layer epitaxy (ALE) technique is the enhanced surface 

control obtained in thin film growth.3-5 This is achieved by combining a sequential reactant 

interaction with a substrate at a temperature that prevents condensation and decomposition of 

individual reactants on the growing surface. As a general introduction to the ALE process, 

Figure 1 summarizes the basic ALE reaction cycle leading to the formation of zinc sulfide 

monolayer from zinc chloride and hydrogen sulphide. In the ideal case, the surface exposed to 

the precursor is saturated with it via chemisorption or by reaction of it with the functional surface 

groups. The excess of precursor molecules and the released ligands as well as the volatile 

byproduct molecules are removed from the reactor by a purging step, which leaves behind only 

the precursor monolayer adsorbed on the substrate surface. The second precursor then reacts with 

the earlier deposited monolayer, liberating ligands and producing the desired solid layer. The 

deposition cycle is completed with a second purge step in which the excess precursor and 

volatile byproduct molecules are removed from the reactor. Thus in ALE, with proper 

adjustment of the experimental conditions, the film growth proceeds via alternate surface 

reactions and the film growth is self-limiting, i.e. the amount of film material deposited during 

one cycle is determined only by the density of the chemisorption layer or the reaction sites on the 
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surface.5 Accordingly, the thickness of the film in an ALE process is determined by the number 

of deposition cycles. 

 

 
 

Figure 1. A simplified view of an ALE reaction cycle leading to the formation of zinc sulfide 
thin film from zinc chloride and hydrogen sulphide: ZnCl2 + H2S → ZnS + 2HCl.7 
 

 

To emphasize the surface control of the reactions taking place upon the previously deposited 

layer, Dr Suntola coined the term atomic layer epitaxy (ALE), where the word epitaxy comes 

from Greek and means “on-arrangement”.3,4 In this meaning, the term ALE covers the deposition 

of amorphous, polycrystalline and single crystalline thin films. However, the term epitaxy is 

usually used in a narrower way, to describe the growth of single crystalline layers on a single 

crystalline surface, which controls the structure of the growing layer. Since this is not the case in 

most ALE thin film studies, where films are also amorphous and polycrystalline, unfortunate 

confusions have arisen. Other names have therefore been suggested, such as atomic layer 

deposition (ALD), atomic layer chemical vapor deposition (ALCVD), atomic layer growth 

(ALG), digital layer epitaxy (DLE) and molecular layer epitaxy (MLE).5 Since the late 1990s, 

the name atomic layer deposition (ALD) appears to have won over the others.5 In this thesis, 

only the original name atomic layer epitaxy and the acronym ALE are used.  
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2.1.2 Benefits and limitations of ALE 

 

Compared with other thin film deposition methods, ALE through its inherent surface control 

offers several attractive features for thin film growth: excellent conformality, simple and 

accurate thickness control, good large area uniformity, sharp interfaces, good reproducibility, 

multilayer processing capability, and excellent film qualities at relatively low processing 

temperatures.5,8 These advantages combined with the current trend in integrated circuit (IC) 

manufacturing, viz. to decrease device dimensions while increasing aspect ratios, have led to a 

rapidly growing interest in applying ALE. Currently, ALE is considered one of the most 

promising substitutes for the techniques already used in the IC industry.5,9 

 

A major limitation of ALE is the low deposition rate of the films, since at best one monolayer is 

deposited during one cycle. Furthermore, in real processes, steric limitations associated with 

large ligand groups, such as 2,2,6,6-tetramethyl-3,5-heptanedionate (thd) in beta-diketonates, or 

the limited number of surface groups, for example hydroxyl groups, with which the precursor 

has to react to become firmly bonded, can lead to a deposition of less than one full monolayer per 

cycle.10 As a consequence, even though saturatively formed, the layer contains too few metal 

atoms, a full monolayer of the thin film material is not formed, and deposition rates are 

accordingly rather low. However, the thickness required of films has in many cases decreased to 

the order of a few nanometers so that this drawback of ALE is becoming less important. The lack 

of good and cost-effective ALE processes for some important materials, such as metals, SiO2, 

and several ternary and multicomponent materials has also restricted the wider use of ALE.5,9 

 

 

2.2 Oxide thin films grown by ALE 

 

The ALE process has been used to produce a wide range of thin film materials. The most 

recent and comprehensive review of ALE deposited films is that of Ritala and Leskelä.5 

Originally, the ALE method was developed to produce luminescent ZnS:Mn and dielectric 

Al2O3 thin films for electroluminescent (EL) flat panel displays.1,11 During the 1980s the 

method was in most cases applied to the growth of polycrystalline and epitaxial III-V and II-

VI semiconductor thin films and amorphous insulating aluminum oxide films. In the 1990s 

ALE was confirmed to be an excellent method for the growth of a variety of oxide films.5,8,12 

As shown in Table 1, however, while the thin film growth of binary metal oxides by ALE has 
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been demonstrated for several metals and stoichiometries, little work has been done on the 

more complex ternary compounds.  

 

 

Table 1. ALE-deposited oxide thin films described in the reviews of Ritala and Leskelä5 and 
Niinistö et al.12 as well as in the subsequent publications.13-33 

 
Dielectric binary oxides 

 
MgO, Al2O3,13 Al2O3:P, SiO2, 

Sc2O3,14 Y2O3, La2O3, 

CeO2, Nd2O3,15 Er2O3,16 

TiO2,17-22 ZrO2,23-25 HfO2,26 

V2O5,27 Nb2O5, Ta2O5
28,29 

 
Conductors / semiconductors 

 
WO3, MnOx, Co3O4, NiO, 

ZnO,30,31 ZnO:Al,31 ZnO:B, ZnO:Ga, 

Ga2O3, In2O3, In2O3:Sn, In2O3:F, 

SnO2, SnO2:Sb, Sb2O3 

 
Ternary oxides 

 
LaNiO3, LaCoO3, LaMnO3, 

LaAlO3, LaGaO3, 

SrTiO3,32 BaTiO3, MgAl2O4 

ZrxTiyOz,33 BixTiyOz 

 
Complex oxides 

 
YBa2Cu3O7-x 

 

 

In addition to the binary and ternary oxides processed by ALE, an important group of ALE 

oxides, the nanolaminates, as well as solid solution materials, have recently been attracting 

attention.5,10,34-37 A nanolaminate consists of alternating layers of two or more insulator 

materials so that each separate layer has a thickness ranging from 1 to 20 nm. The goal in 

depositing nanolaminates has been to improve upon some of the unfavorable properties of 

single oxide layers while retaining the advantageous properties. The sequential film 

deposition in ALE makes the preparation of nanolaminates straightforward.5,10 

 

ALE has also recently been described in reviews focusing on: ALE precursors,38 

nanotechnology,10 electronic and optoelectronic materials,7-9 and catalysts.39 Although the 
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advantages of ALE in many cases are obvious, its commercial use has so far been limited to 

the manufacture of thin film electroluminescent (TFEL) flat panel displays.3,5,9 

 

 

2.3 Literature review of trivalent metal oxide thin films relevant to the present study 

 

2.3.1 Binary oxides  

 

Al2O3. Alumina (Al2O3) thin films are characterized by high chemical and thermal stability, 

high resistivity, relatively high dielectric constant, very low permeability of alkali ions and 

other impurities, high thermal conductivity, and transparency over a wide range of 

wavelengths.40 Owing to these properties, Al2O3 thin films are of interest for applications in 

microelectronics as well as protective and hard coatings, ion barriers, and optical coatings.41-45 

For more than a decade, the AlCl3−H2O ALE process has been in industrial use for 

manufacturing thin film electroluminescent (TFEL) displays, where the Al2O3 film is used as 

an insulator, passivator and barrier against sodium out-diffusion from the soda lime glass 

substrate.3,46 As an alternative gate oxide, alumina has many favorable properties, including a 

high band gap of ~9 eV, thermodynamic stability with Si at high temperatures, a dielectric 

constant of ~8-10, and appearance in amorphous phase under the conditions of interest.41 

Different growth methods such as sputtering,45,47 molecular beam epitaxy (MBE),48-50 

chemical vapor deposition (CVD),40,51 and atomic layer epitaxy (ALE)5,13 have been used to 

produce high-quality aluminum oxide films. The results of CVD and ALE studies are briefly 

reviewed in the following. 

 

Aluminum chloride [AlCl3], trimethyl aluminium [Al(CH3)3], and various aluminium 

alkoxides are the most widely used metal precursors in ALE and CVD processing of Al2O3 

films, while H2O, H2O2, and N2O are the most common oxygen sources.5,40 The use of 

aluminum β-diketonates as precursors for ALE growth of Al2O3 has not been reported,5 but 

they have been used in several CVD studies.51-54 Recently, Ritala et al.55 introduced an 

interesting new ALE process for Al2O3 films where aluminum alkoxide serves as both oxygen 

and metal source and the film forms when it reacts with another metal compound such as 

metal chloride or metal alkyl. This process enables the growth of an alumina film on silicon 

without formation of an interfacial silicon dioxide layer, such as often forms in the 

conventional ALE processes. 
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The Al2O3 films deposited by CVD or ALE methods tend to be amorphous because of the 

relatively low deposition temperatures (<600 oC) employed. A weak tendency towards 

agglomeration has also been suggested as an explanation for the formation of amorphous 

films.56 Typically, Al2O3 film surfaces are smooth, for instance root-mean square roughness 

values less than 1 nm are reported for 730 nm thick films.56 The deposition temperature has 

an effect on film composition, refractive index, and dielectric constant.57-60 The content of 

residues (carbon, hydrogen, chlorine) in the films decreases as the deposition temperature is 

increased, leading to denser film structures, higher refractive indices, and higher dielectric 

constants.58-60 The lowest deposition temperature in the MOCVD studies of Al2O3 films was 

reported in the study of Kim et al.,53 where stoichiometric Al2O3 with a carbon content <2 at.-

% was obtained at 230 oC with use of Al(acac)3 and H2O as precursors, and also in the plasma 

enhanced CVD study of Ovsyannikov et al.,51 where highly transparent Al2O3 films were 

obtained at 200−250 oC with use of Al(acac)3 and oxygen as reactants. Matero et al.58 have 

recently reported the growth of very pure Al2O3 films with less than 0.2 at.% of carbon and 1 

at.-% of hydrogen using the Al(CH3)3−H2O ALE process at 250 oC. Complete elimination of 

the impurities in ALE-grown Al2O3 films probably requires deposition temperatures higher 

than 500 oC for AlCl3−H2O and 400 oC for Al(CH3)3−H2O ALE processes.60  

 

Typically the refractive index of ALE-grown Al2O3 film is between 1.65 and 1.7013,58-60 and a 

dielectric constant of 7−9 and breakdown field of 3−8 MV/cm are reported.5,13 Similar results 

have been obtained in CVD studies.51 

 

 

Ga2O3. Gallium oxide films have been tested during the past ten years or so as materials for 

oxygen61,62 and reducing gas63-65 sensors. Recently, Ga2O3 sensors for detecting ethanol, 

carbon monoxide, and methane gases have been commercialized.66 Doped gallium oxide 

films have attracted interest as emitting layers for use in thin film electroluminescent (TFEL) 

devices.67-69 Dielectric films composed of Ga2O3 and Gd2O3, for example, have been shown to 

effectively passivate GaAs surfaces in the preparation of metal-oxide-semiconductor-field-

effect transistors (MOSFET).70-72 In addition, gallium oxide films have been investigated for 

an application as transparent conducting oxide (TCO) in optoelectronics.73 

 



 17 

Most of the gallium oxide films have been deposited by physical vapor deposition (PVD) 

methods such as RF magnetron sputtering,74-78 electron beam evaporation,79,80 vapor 

evaporation,81 and pulsed-laser deposition (PLD).73 Although CVD methods are probably the 

most practical way to prepare thin films for large-scale applications, the first articles 

describing the CVD growth of Ga2O3 films were published as late as 1996II,82 and after that 

only three reports on CVD growth of Ga2O3 films83-85 have appeared in the literature. In 

addition, spray pyrolysis has been attempted.86,87 

 

The precursors used in CVD studies are gallium acetylacetonate [Ga(acac)3],II gallium tris-

hexafluoroacetylacetonate [Ga(hfac)3],82 anhydrous gallium nitrate [NO2Ga(NO3)4],85 a 

gallium dimethylamide complex [Ga(OCH(CF3)2)3(NHMe2)],84 and a gallium alkoxide 

complex [Ga(µ-O-t-Bu)(O-t-Bu)2)2],83 while ozone, oxygen, and air are used as oxygen 

sources. Although relatively low deposition temperatures between 250 and 700 oC were used 

in the CVD studies the films were fairly pure, for instance the residual carbon content was 

typically below 3 at-%. However, some of the films contained an excess of oxygen,83-85 which 

increased at lower deposition temperatures.83,84  

 

Gallium oxide can adopt several crystalline phases, such as α, β, γ, σ, and ε, of which the 

high-temperature monoclinic β-Ga2O3 modification is the most stable and is also preserved 

upon cooling. In general, Ga2O3 films are amorphous when deposited below 850 oC, whereas 

polycrystalline, monoclinic β-Ga2O3 phase is formed when the films are deposited or 

annealed at temperatures between 850 and 1100.81-83,86 There is one notable exception: 

polycystalline β-type Ga2O3 was obtained when gallium oxide films were grown at 350 oC by 

spray pyrolysis.87 This temperature is surprisingly low relative to the values reported in other 

studies and has not been confirmed by other groups.  

 

Gallium oxide films are highly transparent in the 350−1100 nm region and the refractive 

index of stoichiometric films is 1.88−1.94.79,82-84 The reported band gap is in the range of 

4.4−5.1 eV.73,80,81,83,84,86 Stoichiometric gallium oxide is insulating at room temperature but 

becomes an n-type semiconductor when slightly oxygen deficient. Oxygen deficiency in the 

crystal lattice is produced at high temperatures or by the use of low oxygen partial pressure 

during the growth process. Doping of gallium oxide films with tin has also been reported to 
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result in n-type semiconductivity.73 The dielectric constant in Ga2O3 films80 and single 

crystals88 is 10, while resistivity is in the order 1012-1013 Ωcm at room temperature.79,80  

 

La2O3. Although La2O3 thin films have a large number of potential applications, very few 

studies on their preparation and especially on their characterization have been carried out. 

La2O3 films have been deposited by different evaporation methods,89-94 by CVD,95,96 and by 

pyrolysis techniques.97-99 A conventional CVD preparation95 of La2O3 films from La(thd)3 and 

water at 570 oC resulted in poorly crystalline, pale brown films, whereas nearly stoichiometric 

La2O3 films with a carbon contamination of 1.6 wt.-% were obtained from the same 

precursors at 400 oC using the plasma enhanced CVD (PECVD) process.96  

 

Lanthanum oxide films deposited below ~600 oC are usually amorphous, whereas the 

polycrystalline, hexagonal phase is obtained when the films are deposited or annealed at 

higher temperatures. However, the recent study of Wang et al.99 reports the growth of 

monoclinic La2O3 films by spray pyrolysis method at 550 oC. This is somewhat surprising, 

since the monoclinic structure has not previously been reported for lanthanum oxide.100, 101 

Cubic (low temperature modification) La2O3 phase is reported100,101 to exist below ~400 oC, 

while hexagonal (low temperature modification) La2O3 exists between ~400 and 2040 oC. 

However, the cubic La2O3 is probably metastable.100,101 

 

Lanthanum oxide films are transparent over a wide wavelength range from UV to near-

IR.92,96,98 The refractive index is reported92 to be 1.85 and the band gap is about 4 eV.41 The 

most recent reports on La2O3 thin films focus on their use as gate dielectric94,102,103 or study 

the interaction between La2O3 and silicon substrate.104,105 Excellent results have been obtained 

for Al/La2O3/Si capacitor structures formed by the evaporation of La onto Si, followed by 

low-temperature thermal oxidation and ex situ Al gate deposition.102,103 A physical thickness 

of 33 Å La2O3 with a dielectric constant of 27 gave an equivalent oxide thickness of 4.8 Å, 

high breakdown field of 13.5 MV/cm, and leakage current density of 0.06 A/cm2 at 1.0 V. 

However, the usefulness of La2O3 as a gate dielectric may require further examination, since 

in recent studies silicon has been shown to diffuse into the La2O3 film forming an interfacial 

SiO2 or silicate layer94,104,105 It has even been found to diffuse through the lanthanum oxide 

film.94,104 Another factor to be considered is the tendency of La2O3 to absorb water vapor and 

carbon dioxide from air, so that any ex situ exposure of these films to air will result in an 

uncontrolled reaction and stoichiometry.41 
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2.3.2 Ternary oxides  

 

LaNiO3. LaNiO3 is one of the few conductive oxides with a crystal structure suitable for 

integration in epitaxial heterostructures with perovskites of enormous technological potential 

such as colossal magnetoresistance (CMR) materials,106 high-temperature superconductors 

(HTS),107-109 and ferroelectrics.110-115 LaNiO3 has a rhombohedrally distorted perovskite 

structure with a pseudocubic lattice parameter of 3.84 Å, which matches well with the unit 

cells of common superconductors [YBa2Cu3O7-x (YBCO) and Tl-oxide based 

superconductors] as well as those of ferroelectrics [PbTiO3 (PT) and PbZrxTi1-xO3 (PZT), 

BaTiO3 (BT) and BaSrxTi1-xO3 (BST)], allowing epitaxial growth of these perovskites on 

LaNiO3 substrate. In addition, LaNiO3 is conductive with an electrical resistivity of only a 

few hundred µΩ cm at room temperature and exhibits metallic-like temperature dependence. 

Most studies in the literature report the use of LaNiO3 films in heterostructures with other 

perovskites designed for use as electrodes in ferroelectric capacitors,110-115 as buffer layers or 

substrates for YBCO,107 or as metallic parts in superconductor−normal metal−superconductor 

(SNS) junctions.108,109 Recently, LaNiO3 was found to be a promising material to replace Pt 

electrodes on silicon substrates.115-117  

 

LaNiO3 thin films have been deposited by physical vapour deposition methods such as 

molecular beam epitaxy (MBE),118 pulsed laser deposition (PLD),119-124 RF magnetron 

sputtering,125-127 spin-coating,128 spray combustion flame129 and spray-pyrolysis,106 and sol-

gel130-132 and metalorganic decomposition (MOD)133,134 techniques. However, only the 

Gorbenko group,135,136 has reported the growth of LaNiO3 thin films by a modified CVD 

process called flash powder evaporation. The film deposition at 750−850 oC on MgO(100) 

and LaAlO3(100) substrates using La(thd)3, Ni(thd)2 or Ni(acim)2, and oxygen as precursor 

resulted in stoichiometric and smooth LaNiO3 films with a cubic (100) oriented crystal 

structure. The films were metallic with a room temperature resistivity of 460 µΩ cm. 

 

Most of the LaNiO3 films are amorphous when deposited below temperatures of 400−600 oC 

but crystallize in cubic124,129,133,135 or rhombohedral108,127 forms when grown or post-annealed 

at higher temperatures. The films deposited by RF magnetron sputtering seem to be an 

exception, since they are crystalline at temperatures below 400 oC and even at temperatures as 

low as 150−250 oC.126,127 The substrate has a notable influence on the film growth. 
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Irrespective of the deposition technique, the films deposited on lattice-matched substrates, 

such as single-crystal LaAlO3(100) and SrTiO3(100), are highly epitaxial and smooth,118-

122,128,130 while the films deposited on Si(100) are either randomly oriented123,131 or at best 

highly oriented but polycrystalline.126,127,133 Both (100) and (110) orientations on Si(100) are 

observed.126,127,133 In addition, (100) oriented, textured growth is obtained on YSZ(100)122 and 

MgO(100)129,135 substrates as well as on Pt117,127 and textured Ni.125 The films grown on 

sapphire, quartz, or glass substrates are polycrystalline.128,129 Sánchez et al.124 recently 

reported the growth of epitaxial LaNiO3 thin films on Si(100) by using an intermediate double 

layer consisting of a CeO2/YSZ structure as a buffer layer. 

 

Most of the LaNiO3 films have a smooth and crack-free surface with a surface roughness of 

below 2 nm.119,123,124,130 The films have good metallic properties and a room temperature 

resistivity of 150-500 µΩ cm is widely reported for epitaxial LaNiO3 films. The resistivity in 

polycrystalline LaNiO3 films is higher, 600−2600 µΩ cm. The lowest resistivity reported, 50 

µΩ cm, is found in films deposited on SrTiO3(100) by a PVD method.120  

 

 

LaCoO3. The growth of LaCoO3 thin films by CVD methods does not seem to have been 

attempted and only a few reports describe the deposition of films by sputtering,137,138 sol-

gel,139,140 spin-coating,141 spray pyrolysis142 and spray combustion flame129 and 

electrochemical oxidation143 techniques. The LaCoO3 films deposited below 500 oC are 

amorphous but become crystalline when deposited or annealed above this temperature. Most 

of the films are polycrystalline, probably because of the deposition on non-lattice-matched 

substrates such as glass, Si, sapphire, alumina, and YSZ. However, highly (100) oriented 

LaCoO3 films were obtained on MgO(100) substrates by Ichinose et al.129 In polycrystalline 

bulk form, LaCoO3 is reported to have a rhombohedrally distorted perovskite-type structure 

with a pseudocubic lattice parameter of 3.81 Å. Both cubic129,137-139,142 and 

rhombohedral129,141 crystal structures have been reported in thin film form. 

 

Electrical resistivity of 0.5−1 Ωcm137,142,144 is reported for LaCoO3 films at room temperature, 

while at high temperatures they show metallic-like conduction behavior and a resistivity 

comparable to that of metals.137 Doping the La-site of LaCoO3 with strontium modifies the 

electrical  properties of  the  films and,  for instance,  the  room  temperature resistivity  of 
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La1-xSrxCoO3 films is reduced down to the range of 200−1500 µΩ cm.144,145 The potential 

applications of LaCoO3 and La1-xSrxCoO3 films include gas138 and ion146 sensors, electrodes 

in ferroelectric capacitors,144,145 and materials for high temperature solid oxide fuel cells 

(SOFC). 

 

 

LaAlO3. Lanthanum aluminate has an ideal cubic perovskite structure at temperatures higher 

than ~530 oC, but below that it transforms into a rhombohedral form. The rhombohedral 

distortion is slight (0.2%), though, and therefore the phase is generally viewed as pseudocubic 

with a lattice constant of 3.79 Å.147 With its matching lattice parameters and chemical 

compatibility, LaAlO3 is a promising material for use as a buffer layer for epitaxial growth of 

perovskite-type films such as HTS, ferroelectrics, and CMR oxides. Its dielectric properties, for 

example, reasonably low dielectric constant of 24 and low dielectric loss tangent,148,149 make it  a 

suitable material for many applications as well. Most often, LaAlO3 has been investigated for use 

as a buffer layer150-152 or substrate153 for HTS films. A novel modification is to grow LaAlO3 

film on biaxially textured and flexible Ni metal tapes to be employed as a buffer layer for HTS 

films.154,155 Potential applications of these structures are power transmission lines, electric 

generators, and high-field magnets.154   

 

LaAlO3 thin films have been deposited on a variety of substrates by metalorganic chemical vapor 

deposition (MOCVD),156-160 pulsed laser deposition,154,161 RF magnetron sputtering,151,162-164 sol-

gel process,155,165-167 spray pyrolysis,142 and spray combustion flame technique.129 Typically, 

solutions of metal thd or acac chelates are used as precursors in the CVD studies, but in the study 

of Malandrino et al.159 a novel lanthanum precursor, La(hfa)3·diglyme, was introduced. 

 

Both the substrate and the growth temperature have a marked influence on the crystallinity of the 

films. Irrespective of the deposition method, epitaxial LaAlO3 films are obtained on perovskite 

substrates (SrTiO3, NdGaO3, and LaAlO3), while amorphous or polycrystalline films are 

obtained on Si, SiO2, MgO, Al2O3, CeO2 or YSZ substrates under similar conditions.144,154,156,166 

As a rule, the deposition temperatures needed to obtain crystalline LaAlO3 films are higher than 

800−900 oC for films deposited on perovskite substrates and around 1000 oC for films grown on 

other substrates. Other deposition conditions than growth temperature may also have an effect, 

since highly (111) and (100) oriented LaAlO3 films have been obtained on YSZ(100) and 
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MgO(100) at 1000−1050 oC with use of thermal MOCVD and volatile surfactant-assisted 

MOCVD, respectively.156,158 These recent studies introduce a novel approach to the CVD 

growth of LaAlO3 films, namely the use of liquid single source158 or film growth in the presence 

of a volatile low melting point oxide.156 The crystalline quality of the LaAlO3 films has clearly 

improved as a result. 

 

Experiments on LaAlO3 thin film growth on silicon show that interdiffusion between LaAlO3 

and Si cannot be ruled out. It seems that, at lower temperatures than 850−900 oC, polycrystalline 

or even oriented LaAlO3 films can be grown on silicon,151,162,163 but at deposition or annealing 

temperatures over 900 oC, solid-state reactions between silicon and LaAlO3 film are initiated.159-

161 These are evident in XRD patterns where crystalline phases such as La2Si2O7, La-Si, Al2O3, 

Al-Si-O and La-Al-Si-O are reported.159-161 Unfortunately, the mixing of silicon and LaAlO3 has 

been identified only by XRD, while the element depth distributions and film−substrate interfaces 

have not been characterized, making the conclusions uncertain.  

 

 

LaGaO3. Many of the studies concerning LaGaO3 have been motivated by its possible use as a 

substrate for epitaxial growth of high-temperature superconducting (HTS) films. At room 

temperature LaGaO3 in bulk form has an orthorhombically distorted perovskite-type structure 

with a pseudocubic lattice parameter of 3.89 Å. The lattice and thermal-expansion match of 

LaGaO3 with HTS materials is good and its dielectric constant at room temperature (ε=25) is 

significally lower than that of the commonly used SrTiO3 substrate (ε=277).153,168 However, a 

first-order phase transition of LaGaO3 at ~150 oC, from orthorhombic to rhombohedral 

form,169,170 is reported to cause surface roughening, which can be detrimental to the properties of 

very thin or patterned HTS films.171 LaGaO3 can be characterized as a mixed electronic−ionic 

conductor. Doping the La-site with Sr and the Ga-site with Mg greatly enhances its ionic 

conductivity. This doubly doped LaGaO3 has been described as a superior oxide ion conductor 

with a high ionic conductivity at elevated temperatures.172 Mixed electronic−ionic conductors 

have applications in air-separating membranes, electrodes, and gas sensors. Doped LaGaO3 has 

also been examined for use as an electrolyte in solid oxide fuel cells (SOFC).172 

 

Only three reports were found in the literature dealing with the thin film growth of LaGaO3. As 

in the case of other perovskite-type oxides, the substrate employed seems to have a significant 
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effect on film crystallinity. Epitaxial LaGaO3 film was obtained on single-crystal LaAlO3(100) 

substrate with use of a sol-gel process173 followed by post-annealing at 850 oC, whereas LaGaO3 

films deposited on sapphire (110) and sapphire (001) at 900 oC by a spray-ICP technique174 were 

(112) and (022) oriented, respectively. Furthermore, randomly oriented LaGaO3 films were 

obtained on silicon (111) after films deposited by RF magnetron sputtering151 were annealed at 

900 oC for 30 minutes. It appears that LaGaO3 thin films have not been deposited by chemical 

vapor deposition (CVD) methods, making the ALE study reported in the present work the first of 

its kind.  

 



 24 

3.  EXPERIMENTAL 

 

The main experimental features are briefly presented in this section. For details of the 

experiments, see publications I-VII. 

 

 

3.1 Source materials and substrates 
 

The source materials and substrates are listed in Table 2. 

 

Table 2. Source materials and substrates. 

Film Source materials Substrates 

Al2O3:P 
AlCl3 (>98%, Merck), H2O 
P2O5 (granusic 99%, J.T. Baker), 
trimethylphosphate (TMP, >97%, Merck) 

Soda lime glass, Si(100),  
Au-covered glass 

Ga2O3 Ga(acac)3, H2O, O2, O3 
Soda lime and Corning glass,  
Si(100) 

La2O3 La(thd)3, O3 Soda lime glass, Si(100) 

LaNiO3 La(thd)3, Ni(thd)2, O3 Corning glass 

LaCoO3 La(thd)3, Co(thd)2, O3 Soda lime and Corning glass 

LaAlO3 La(thd)3, Al(acac)3, O3 
Soda lime glass, Si(100),  
MgO-buffered Si(100), sapphire, 
SrTiO3(100) 

LaGaO3 La(thd)3, Ga(acac)3, O3 

Soda lime glass, Si(100),  
MgO-buffered Si(100), sapphire, 
MgO(100), SrTiO3(100), 
LaAlO3(100) 

 

 

The metal beta-diketonates were synthesized by methods described in the literature.175,176 The 

synthesis consisted of precipitation with metal nitrates or chlorides in aqueous ethanolic 

solution of alkali(thd) or alkali(acac). The complexes that formed were separated by filtration, 

the powder was dried in vacuum at 50 oC, and the final purification was carried out by 

vacuum sublimation. The molecular structures of the metal beta-diketonates are presented in 

Fig. 2. The stability and volatility of the synthesized source materials were studied by 

simultaneous thermogravimetric (TG) and differential thermal analysis (DTA) 

measurements.II,IV A pressure of 1-3 mbar and nitrogen atmosphere were chosen to simulate 
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the growth conditions inside the ALE reactor. Ozone was generated from oxygen gas in an 

ozone generator. 

 

 

A)                  B) 

 

Figure 2. Molecular structures of metal beta-diketonates. A) M(thd)x, where M = La (x=3), 
Ni, or Co (x=2), B) M(acac)3, where M =Al or Ga. 
 
 
All Si(100) substrates that were used were covered with the native oxide. In the case of 

phosphorus-doped Al2O3 films, thermally oxidized Si(100) covered with a 170 nm thick oxide 

layer was used as substrate. Before use the glass substrates were cleaned ultrasonically in 

ethanol and deionized water and carefully blown to dryness with nitrogen. The other 

substrates that were used were only rinsed with ethanol and deionized water and blown dry 

with nitrogen.  

 

 

3.2 Film deposition 
 

The thin film depositions were carried out in three different flow-type, hot-wall ALE reactors.  

A traveling-wave-type commercial F-120 reactor (ASM Microchemistry Ltd) operated under 

a pressure of 10 mbar was used in a study I. In this reactor two substrates are located face to 

face with a distance of only 2 mm between. A detailed description of the reactor can be found 

in Ref. 5. A prototype flow-tube-type reactor described in detail in the patent literature177 was 

used in studies II, IV, and V, while a commercial F-120 flow-tube-type reactor manufactured 

by ASM Microchemistry Ltd (Espoo, Finland) was used in studies III, VI, and VII. The 

difference between these two flow-tube-type reactors is mainly in the dimensions of the 

tubular (active) reactor chamber. The pressure in these reactors during deposition was 1−3 

mbar. A schematic drawing of the flow-tube-type ALE reactor is shown in Fig. 3. In all three 
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reactors, nitrogen (>99.999%) obtained from a cylinder or a nitrogen generator served both as 

carrier and purging gas.  

 

 
 

Figure 3. Schematic drawing of the flow-tube-type ALE reactor.7 (1) N2 generator, (2) O3 
generator or temperature-controlled vessel for water, (3) pulsing valves, (4) heating elements, 
(5) source boat for solid precursor, (6) inlets for purge gas (N2), (7) tubular reactor chamber 
with substrates, (8) outlet to vacuum pump.  
 

 

The solid precursors were evaporated inside the reactor from open glass boats held at the 

temperature chosen for the precursor in question. The furnace temperature and inert gas 

valving controlled their pulsing and dosage. This approach was also used with liquid TMP. 

Water was contained in a vessel held in a thermostated bath outside the reactor and was 

introduced to the reactor through a capillary by means of its own vapor pressure. A solenoid 

valve in the supply line and inert gas valving inside the reactor accomplished the pulsing of 

water. The water flow was controlled by a needle valve located in front of the solenoid valve. 

Ozone pulsing and dosage was controlled in a similar way. Typically, four substrates of size 5 

x 5 cm2 were vertically loaded inside the flow-tube-type reactor chamber in a back-to-back 

configuration (see Fig. 3). Substrates of smaller size were mounted on a special substrate 

holder.  
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3.3 Film characterization 
 

The analytical techniques used for the characterization of thin films are summarized in Table 

3. More detailed information about the instrumentation and the measurements can be found in 

the experimental sections of Publications I-VII.  

 

Table 3. Analytical techniques used in the characterization of thin films. 

Information  Technique 
Thickness Spectrophotometry, profilometry, RBS 

Refractive index Spectrophotometry 

Elemental composition RBS, TOF-ERDA, XRF, XPS 

Crystallinity XRD 

Morphology AFM, SEM 

Elemental depth distribution SIMS, RBS, TOF-ERDA, (XPS) 

Structure & identification FTIR, XRD 

Density RBS 

Resistivity Four-point probe 

Electronic state of nickel Magnetic susceptibility 
 

 

Thicknesses and refractive indices of the films were determined by fitting the transmittance 

and reflectance spectra178 measured in the region 190-1100 nm for silicon and 370-1000 nm 

for glass substrates.I-III,VI,VII The thicknesses of non-transparent films on glass substrates were 

measured with a profilometer,IV,V which was also used to verify some of the results obtained 

by optical UV-Vis spectroscopy.I,III The thicknesses in units at/cm2 obtained by RBS together 

with thicknesses determined by spectroscopy were used to estimate the density of the films.I,III 

Typically, the thickness of deposited films was between 50 and 400 nm. 

 

Film composition and stoichiometry were determined by Rutherford backscattering 

spectrometry (RBS)I-III,V-VII and time-of-flight elastic recoil spectrometry (TOF-ERD).III,VI,VII 

Both techniques yielded information about the content and depth distribution of the main 

components in the films. The heavier elements and impurity contents are readily determined 

from the RBS spectra, while the amounts of oxygen and lighter impurities such as carbon and 

hydrogen can more accurately be obtained by TOF-ERD analysis. The uncertainties of the 
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TOF-ERD and RBS measurements are below 0.1 at.% units for contents below 1 at.% and 

below 0.2 at.% for contents above 1 at.%. In addition, X-ray fluorescence (XRF) spectrometry 

was used in elemental analysis.I,VI,VII XRF is a rapid and non-destructive method, which after 

proper calibration by RBS can be used in a routine wayI,VI,VII for the determination of film 

composition.   

 

The elemental depth distributions were also measured by secondary ion mass spectrometry 

(SIMS).VII The XPS measurements were done without sputtering so that only the surface 

composition of the films was characterized.IV-VII Structural information about the films was 

obtained from Fourier transform infrared (FTIR) spectra.I,III,VI FTIR is a convenient method 

for surface analysis since it does not destroy the sample and no special conditions such as 

ultra high vacuum are required for the measurement. In the present studies both FTIR 

transmission spectroscopy (films deposited on silicon) and reflection spectroscopy (films 

deposited on gold layer) were applied. 

 

The film crystallinity was determined by X-ray diffraction (XRD),II-VII while information 

about the epitaxial quality of the films was obtained by rocking curve measurements.VI,VII The 

surface quality and morphology of the films were examined by atomic force microscopy 

(AFM)III,IV,VI,VII and scanning electron microscopy (SEM).IV  

 

The electrical resistivity of the LaNiO3 films was measured by the four-point probe method 

and the electronic state of nickel in the films was determined by magnetic susceptibility 

studies.IV  
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4.  RESULTS AND DISCUSSION 

 

This chapter summarizes the results of ALE thin film depositions of the binary oxides La2O3 

and Ga2O3 and the ternary oxides LaNiO3, LaCoO3, LaAlO3, and LaGaO3. In addition, the 

preliminary results of studies on NiO, Co3O4, and Al2O3 films and some unpublished results 

concerning the properties of phosphorus-doped Al2O3 thin films are included in section 4.1.1. 

 

 

4.1  Binary oxides 

 

4.1.1 Film growth and properties 

 

La2O3.III A temperature-independent, self-limited growth, with a growth rate of 0.36 Å/cycle 

on both silicon and soda lime glass substrates, was obtained between 225 and 275 oC. 

Between 275 and 425 oC the growth rate increased with temperature, and above 425 oC the 

films became profiled and the deposition was no longer controllable, indicating 

decomposition of the La(thd)3 precursor. The thickness of the films deposited at 250, 350, and 

375 oC showed a linear relation with the number of deposition cycles and the growth rates at 

the mentioned temperatures were independent of the La(thd)3 pulse duration, indicating that 

surface controlled growth was achieved even at temperatures up to 375 oC. All the films 

deposited between 225 and 425 oC exhibited good thickness uniformity over the substrate 

area of 10 x 5 cm2. The increase in the growth rate at higher deposition temperatures is most 

likely due to partial decomposition of the La(thd)3 precursor. The La(thd)3 may lose one or 

two of its three ligands either in the gas phase or upon adsorption on the film surface, with the 

result that the density of surface coverage by the precursor is enhanced and the growth rate 

increased, but the surface-controlled growth mode is maintained. A similar phenomenon was 

recently detected in the ALE growth of Y2O3 thin films.179 

 

The composition of the films changed with temperature. RBS and TOF-ERD analysis showed 

that the films grown between 225 and 275 oC consisted of La2O2CO3, whereas between 300 

and 325 oC a phase mixture of La2O3 and La2O2CO3 was likely formed. This was further 

confirmed by XRD results, which showed that the films grown below 300 oC were amorphous 

and those grown above 300 oC were cubic, polycrystalline La2O3. At 350 oC and above, the 

films contained cubic La2O3; however, they contained an excess of oxygen, which could be 
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explained in terms of the carbonate-type impurity seen in the FTIR spectra of the films (Fig. 

4a). The La2O3 films deposited in the temperature range of 375−425 oC contained about 3 

at.% of carbon, which is less than the carbon content in films grown by CVD methods.96 The 

cubic La2O3 phase is regarded as metastable in the bulk form100 but nevertheless was observed 

to be the only crystalline phase in the as-deposited films. A similar phenomenon has been 

observed earlier in the ALE-grown La2S3 films, which crystallized in cubic form at 450-500 
oC, although the bulk La2S3 is reported to be stable only at 1000 oC or above.180 

 

 

Figure 4. FTIR spectra of as-grown cubic La2O3 film deposited at 350 oC on silicon substrate (a) 
and of the same film after storage of a few weeks (b). FTIR spectra of a hexagonal La2O3 film 
heat-treated at 800 oC in nitrogen atmosphere for 30 minutes (c) and after exposure to air (d).III 
 

 

FTIR was found to be a convenient method to obtain qualitative information about carbon 

impurities in the filmsIII,VI and also to characterize the chemical stability of the films.III 

Elemental carbon has been observed in CVD studies of metal beta-diketonates, but in our case 

the use of a strong oxidizer may have converted it to carbonate. Carbonate species can be 

identified in IR spectra as bands at 850 cm−1 and a doublet with transmittance maxima at 

around 1390 and 1470 cm−1(Fig. 4a). Typically in the La2O3 films, the carbonate peak area 
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decreased as the carbon content of films of the same thickness decreased. A similar type of 

carbonate impurity has been found in ALE-grown Y2O3 films deposited from yttrium beta-

diketonate and ozone precursors.179  

 

The IR spectrum presented in Fig. 4b, reveals that the as-deposited cubic La2O3 films were 

chemically unstable, absorbing water from the air and slowly transforming to LaO(OH) phase 

during storage. The transformation was seen as a new peak at about 3450 cm−1 caused by 

hydroxyl group stretching. It was also seen in the XRD patterns of the films where additional 

peaks of the LaO(OH) phase appeared.III Further, TOF-ERD analysis indicated film 

composition corresponding to lanthanum oxide hydroxide,III but only after weeks of storage. 

According to IR spectra, XRD patterns, and TOF-ERD analyses, the films grown at 

deposition temperatures below 350 oC were chemically stable. The origin of peaks observed 

in Figs. 4c & d is discussed in section 4.1.2. 

 

 

Preliminary studies on the growth of NiO and Co3O4.IV.V Before the LaNiO3 and LaCoO3 

thin film depositions, preliminary studies were made on the constituent oxides, viz. NiO and 

Co3O4. However, only the effect of deposition temperature between 200 and 450 oC on the 

film growth was studied. At all temperatures, both NiO and Co3O4 films had a clear thickness 

profile in the gas flow direction. A similar profile was recorded in the study of Utriainen et 

al.181 where NiO films were deposited by ALE from Ni(acac)2 and ozone. The authors report 

that the profile was associated with too low precursor doses and uniform films were obtained 

only with very long pulses of 25 s for Ni(acac)2 and ozone. Another explanation for the non-

uniformity of the films might be that Hthd, formed during the reaction of metal beta-

diketonates with the OH groups on the surface, further reacts with the oxide surface and either 

removes metals as thd complexes or blocks the available reactive surface sites. The etching of 

the oxide surface with beta-diketonates has been reported in the literature.182,183 It is also 

possible that the previously formed oxide layer catalyzes the decomposition of beta-

diketonate precursors. Since the cobalt oxide films were non-transparent and dissolving them 

into mineral acids was not successful, the thickness and growth rate of the cobalt oxide films 

could not be determined. The NiO films were transparent at all deposition temperatures and a 

growth rate of about 0.29 Å/cycle was measured at 350 oC.  
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The as-deposited films were crystalline with a cubic NiO or Co3O4 structure between the 

deposition temperatures 250 and 350 oC. In the case of cobalt oxide, a two-phase mixture of 

Co3O4 and CoO was observed in the temperature range of 350−400oC. Both cobalt and nickel 

precursors clearly decomposed at 400 oC, seen, for instance, as a mixture of peaks of NiO and 

Ni in the XRD patterns.  

 

 

Ga2O3.II Oxygen was not reactive enough to facilitate Ga2O3 thin film growth from Ga(acac)3 

at temperatures between 350 and 400 oC, but temperature-independent, self-limited growth 

was observed in the Ga(acac)3−H2O process in the narrow temperature range between 365 and 

380 oC. Unfortunately, RBS analysis showed the films to contain a considerable amount of 

carbon impurity, making this process unsuitable for the processing of high-quality Ga2O3 thin 

films. 

 

In the Ga(acac)3−O3 process a temperature-independent growth was achieved between 350 

and 375 oC. The growth rate was independent of Ga(acac)3 pulse duration and also the film 

thicknesses exhibited a linear relation with the number of cycles, confirming that the growth 

was self-limiting. The growth rate was 0.28 Å/cycle on soda lime glass but a slightly lower 

0.21 Å/cycle on silicon. In contrast to the CVD-type growth above 375 oC reported in 

Publication II, the new experiments carried out in a flow-tube-type reactor with smaller 

reactor chamber showed that the films were uniform even outside the ALE window, up to 425 
oC.VII  The new series of experiments also gave a somewhat higher growth rate of 0.33 Å per 

cycle on soda lime glass.  

 

The films deposited with ozone were stoichiometric within the accuracy limits of RBS and 

only 1 at.% of carbon was detected as an impurity.II In addition, TOF-ERD analysis of a 100- 

nm-thick film grown in the other flow-tube-type reactor at 370 oC showed the film to consist of 

stoichiometric and pure Ga2O3, containing less than 0.1 at-% of carbon and hydrogen as 

impurities. No carbonate group peaks were detected in the IR spectra either. RBS and TOF-

ERDA results indicated that the elemental distributions in the films were uniform. The films 

were amorphous and highly uniform with only 1% thickness variations in the gas flow 

direction. In addition, the film density of 5.6 g/cm3 and refractive index of 1.9, which are 

similar to the values of bulk β-Ga2O3,II verified that the ALE-grown Ga2O3 thin films are of 
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high quality. In comparision with films prepared by CVD, described in section 2.3.1, the 

ALE-grown Ga2O3 films would appear to have lower impurity content and better 

stoichiometry. 

 

 

Preliminary studies on the growth of Al2O3.  A new aluminum precursor compatible with 

the lanthanum precursor, La(thd)3, was required for the LaAlO3 film studies.VI Since no film 

growth was detected when Al(thd)3 and ozone were used as precursors, studies were focused 

on Al(acac)3 and ozone as the precursors for the growth of Al2O3 thin film.VI A narrow 

plateau of temperature-independent, self-limited growth with a growth rate of 0.24 Å/cycle on 

silicon was observed in the temperature range 350−380 oC. Above 380 oC and below 350 oC 

the growth rate increased with temperature. Below 300 oC there was no film formation. The 

films formed between 300 and 400 oC were of uniform thickness both along and across the 

gas flow direction. TOF-ERD analysis of a film deposited at 350 oC showed it to be 

stoichiometric Al2O3. No peaks of carbonate groups could be detected in the IR spectra. 

 

 

Phosphorus-doped Al2O3.I,184 The ALE growth rate measured for Al2O3 films deposited at 

500 oC using AlCl3 and H2O as precursors was 0.46 Å/cycle, which is of the same magnitude 

as found in other ALE studies.58 The same growth rate was obtained for phosphorus-doped 

Al2O3 films when the P/Al atomic ratio in the films was below 1.0. When the P/Al atomic 

ratio in the films was > 1.0 the growth rate was 0.35 Å/cycle, indicating that the film growth 

mechanism changes when more phosphorus is introduced. The growth of phosphorus-doped 

Al2O3 films on soda lime glass was similar to the growth on thermally oxidized silicon, since 

both the P/Al ratio in the films and the film growth rate were the same in films grown 

simultaneously on different substrates. This result is reasonable, since soda lime glass and 

SiO2-covered silicon has similar surface sites for reactants to adsorb at. 

 

The film composition was calculated from the elemental concentrations determined by RBS 

(Table 4). From these data it was concluded that Al2O3 and AlPO4 were simultaneously 

present. All the films contained chlorine, which is most probably in the form of surface-bound 

aluminum oxochloride, Al2ClxO3-x
185,186 and is due to incomplete reaction of aluminum 

chloride and water. When the P/Al atomic ratio exceeded 1.0, the films were concluded to 

contain predominantly AlPO4. In addition, since these films had a small surplus of 
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phosphorus some phosphorus-containing compounds have to exist in the films. The density of 

the films was close to that of aluminum orthophosphate and their IR spectra resembled those 

of AlPO4, further indicating that the films were in fact AlPO4. The RBS results showed that 

the distribution of phosphorus was homogeneous in films where the phosphorus content was 

greater than 5 at.%. In films with lower phosphorus content the phosphorus was enriched at 

the film/substrate interface, most probably as a consequence of diffusion. Typically, the films 

were amorphous, but a weak (210) reflection of aluminum orthophosphate was observed in 

the XRD patterns of films when the phosphorus concentration exceeded 17 at.%. 

 

Table 4. Measured (RBS) concentrations of Al, P and Cl in phosphorus-doped Al2O3 films 
and calculated fractions of aluminum orthophosphate and aluminum oxide. The film densities 
are given. Samples 1-4 were processed with P2O5 and the rest with TMP as a phosphorus 
source. 

 
Total 
cycles 

(Al:P ratio) 

Al 
at.% 

P 
at.% 

Omeas.(Ocalc.) 
at.% 

Clmeas.(Clcalc.) 
at.% 

AlPO4 
at.% 

Al2O3 
at.% 

Density 
g/cm3 

1 1430 (5:1) 17.0 19.0 62.5 (64.5) 1.5 (1.5) 96.7 - 2.17 
2 700 (10:1) 15.6 17.1 65.5 (65.5) 1.9 (1.9) 93.5 - 2.30 
3 220 (30:1) 25.1 10.9 63.1 (63.8) 0.9 (0.9) 64.3 34.8 2.42 
4 95 (60:1) 34.1 5.5 59.6 (61.6) 0.9 (0.8) 31.1 68.1 3.12 
5 1200 (5:1) 28.8 9.2 61.1 (63.0) 0.9 (0.8) 52.6 46.6 2.70 
6 600 (10:1) 31.8 6.0 61.0 (61.6) 1.2 (1.2) 35.6 63.2 2.74 
7 230 (30:1) 35.9 2.9 59.9 (60.4) 1.3 (1.2) 17.1 81.7 2.85 
8 100 (60:1) 37.7 2.1 59.5 (60.4) 0.7 (0.7) 12.2 87.1 2.92 

 

 

The chemical behavior of the films was studied by determining etching rates in phosphoric 

acid at 60 oC. The etching rate of pure aluminum oxide film was 10 nm/min. Films with 

phosphorus content greater than 5 at.% showed higher etching rates, from 15 nm/min to over 

200 nm/min (>17 at.% P). These observations support the conclusion that the films contained 

both Al2O3 and AlPO4. 

 

 

4.1.2 Effect of post-annealing on film crystallinity and properties 

 

La2O3.III The extent and character of crystallization was dependent on the deposition and 

annealing temperatures, as summarized in Fig 5. A two-phase mixture of cubic and hexagonal 
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La2O3 was obtained when as-deposited cubic La2O3 was annealed at 800 oC or the amorphous 

La2O2CO3 film was annealed below 900 oC. The as-deposited cubic La2O3 film crystallized as 

hexagonal La2O3 with a preferred (101) orientation at annealing temperature of 800 oC, 

whereas only after increase in the annealing temperature to above 900 oC was the hexagonal 

phase obtained from the amorphous film. According to TOF-ERD analysis, annealing clearly 

reduced the carbon content of the films. 

 

 
Figure 5. Summary of the influence of deposition and annealing temperatures on film 
composition. Also the effect of ambient air on film quality is shown.III 
 

 

The IR spectrum, presented in Fig. 4d, revealed that the hexagonal La2O3 films are chemically 

even more unstable in ambient air than the as-deposited cubic La2O3 films. A relatively quick 

transformation to lanthanum hydroxide was detected by FTIR, shown as two new peaks at 

3610 and 640 cm−1 due to the OH stretching and La-OH bending modes of the La(OH)3 

phase, respectively. The formation of La(OH)3 phase was clear in the XRD patterns as well, 

where after storage of a few days the peaks of hexagonal La2O3 phase completely disappeared 

and only peaks of hexagonal La(OH)3 phase were observed.III The chemical instability of the 

La2O3 films in ambient air is consistent with the results obtained for La2O3 powder material.187 

The rare earth sesquioxides (RE2O3, RE = element of atomic number 57-71) are known to be 

basic and they tend to absorb water vapor and carbon dioxide from the atmosphere. The order of 

basicity decreases with increasing atomic number, lanthanum sesquioxide being the most basic 

and therefore the most unstable towards reaction with water and acidic carbon dioxide. 
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4.2  Ternary oxides 
 

4.2.1 Film growth and composition 

 

LaNiO3
IV and LaCoO3

V oxides. In the first studies on the ALE growth of ternary oxides, the 

approach was to grow one monolayer of each binary oxide alternately over the top of the 

other. On the basis of the growth rates of the constituent binary oxides, the following pulsing 

sequence was chosen: N x [15 x (La(thd)3 + O3) + 15 x (M(thd)2 + O3)], where N is the 

number of deposition cycles (“basic cycles”) and M is Ni or Co. The number of basic cycles 

(N) was varied to obtain films of different thickness. 

 

Only the effects of deposition temperature and number of deposition cycles on the film 

growth were studied. On the basis of the studies on binary metal oxides, most of the growth 

experiments were done in the temperature range 200−400 oC. As shown in Fig. 6, the growth 

rates of both LaNiO3 and LaCoO3 films increased as the deposition temperature increased. In 

the case of LaNiO3, the growth rate seemed to be constant in the temperature region from 215 

to 250 oC, indicating a possible ALE window. However, as the thickness determination of 

these rather thin films (<70 nm) was not very accurate, the existence of an ALE window is not 

certain. Because the growth rates for LaNiO3 and LaCoO3 were very low below deposition 

temperature of 300 oC, further deposition studies were made at higher temperatures. 

 

The film growth was sufficiently reproducible at higher temperatures. The thickness of both 

LaNiO3 and LaCoO3 films could be controlled by the number of deposition cycles (see Fig. 6, 

inset). The growth rate of LaNiO3 at 400 oC was 0.25 Å/cycle while that of LaCoO3 at 350 oC 

was 0.35 Å/cycle. All the LaNiO3 and LaCoO3 films deposited between 200−400 oC exhibited 

similar thickness profiles in the gas flow direction to those observed in the binary metal oxide 

depositions of NiO and Co3O4 (discussed in section 4.1.1). This type of thickness profile is 

also seen in LaMnO3 and MnOx films.188 Since the La2O3 films deposited in the same reactor 

were highly uniform, it is unlikely that the profile is related to reactor gas flow characteristics. 

More likely it is explained by the etching effect of the released Hthd. This type of etching was 

detected by Haukka et al.,182 in a study where mixed oxides of LaCeCuO and MgMnCoO 

were deposited on high surface area alumina. Of the single oxide layers they processed, cobalt 

and copper oxide were the most heavily etched. Haukka et al.182 concluded that for example, 

cobalt, easily changes its oxidation state and can be etched both as Co(thd)2 and as Co(thd)3. 
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Furthermore, both cobalt and nickel oxides are known to be catalytically active materials and 

therefore may catalyze the decomposition of beta-diketonate precursors leading to non-

uniform film thicknesses. 

 

 
Figure 6. Dependence of LaNiO3 and LaCoO3 film growth rates on the deposition 
temperature. The inset shows the dependence of LaNiO3 and LaCoO3 film thickness on the 
number of basic cycles (N) at deposition temperatures of 400 oC and 350 oC, respectively. 
 

 

XPS analysis indicated that the as-deposited LaNiO3 films consisted of separate oxide layers 

that reacted only during annealing. According to the RBS and XPS data, no discrete layers 

were present in the as-deposited LaCoO3 films. However, the La/Co content ratio in the film 

deposited at 350 was nearly 1.5, indicating that the film contained a phase mixture of LaCoO3 

and Co3O4. The carbon content in LaCoO3 films determined by RBS was 2-3 at.% on the 

surface but below 0.5 at.% in the bulk. 

 

 

LaAlO3
VI and LaGaO3

VII oxides. Since the studies on LaNiO3 and LaCoO3 film growth 

showed these films to contain either separate oxide layers or an excess of one metal oxide, a 

new approach was adopted for studies on LaAlO3 and LaGaO3 films. The following pulsing 

sequence was selected: N x [A x (La(thd)3 + O3) + B x (M(thd)3 + O3)], where N is the number 

of deposition cycles, A and B have a value between 1 and 7 and M is Al or Ga. The objective 
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here was to mix (La-O) and (M-O) deposition cycles as completely as possible and to control 

the La/M ratio in the films by changing the precursor pulsing ratio (A/B). The results for the 

respective binary oxides suggested study of the film growth in the temperature range 325−425 
oC. Films of different thickness were grown by varying the number of deposition cycles. 

 

For both films, the film composition was linearly related to the precursor pulsing ratio at all 

temperatures studied (see Fig. 7). This means that stoichiometric films can be grown at any 

deposition temperature between 325 and 425 oC by selecting a suitable precursor pulsing 

ratio. Stoichiometric LaAlO3 films were obtained at temperatures between 350 and 375 oC 

with the La/Al precursor pulsing ratio of 1.75-2.0, while stoichiometric LaGaO3 films were 

obtained in the temperature region 350−390 oC with the La/Ga precursor pulsing ratio of 2.5. 

All films, whatever the La/M (M=Al,Ga) atomic ratio, were of uniform thickness both along 

and across the gas flow direction. The thickness of the films was in linear relation with the 

number of deposition cycles, and growth rates on silicon substrate were 0.39 Å/cycle for 

LaAlO3 at 375 oC and 0.40 Å/cycle for LaGaO3 at 370 oC. The composition of films of 

different thickness was the same, showing that the growth was well controlled.  

 

 
Figure 7. La/Al atomic ratio in LaAlO3 films deposited at 350 oC and La/Ga atomic ratio in 
LaGaO3 films deposited at 370 oC as a function of the precursor pulsing ratio. Both films 
were deposited on silicon(100) substrates. 
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The film growth rates were the same at different La/M (M=Al,Ga) pulsing ratios and, 

expressed relative to the theoretical growth rates calculated from the measured growth rates of 

the separate oxides, they clearly decreased as the number of La-O cycles increased.VI,VII It 

seems that the growth of the La-O layer was inhibited by the already formed Al-O or Ga-O 

surface. Possibly either the surface sites available were not favorable for the adsorption of 

La(thd)3 or the bonding mode of La(thd)3 on the Al-O or Ga-O surface differed from that on 

the La-O surface. 

 

The stoichiometric LaAlO3 and LaGaO3 contained small amounts of the common impurities, 

carbon and hydrogen. Fluorine contamination was detected as well, possibly originating from 

the reactor. Less than 1.9 at.% carbon and about 0.3 at.% hydrogen were detected in LaAlO3 

films, and still less impurities were found in LaGaO3 films, namely 0.4 at.% carbon and less 

than 0.2 at.% hydrogen. In both films the carbon was mainly related to the La-O part of the 

film as it was observed that typically the carbon content of the films decreased as the La/M 

atomic ratio in the films decreased. The FTIR spectra suggested that carbon is mainly present 

as carbonate-type impurity. The depth distributions of lanthanum, aluminum and gallium in 

the films deposited on silicon were uniform as shown in Fig. 8. Also the interfaces of 

LaAlO3/Si and LaGaO3/Si were well defined and no diffusion was detected. 

 

         (a)                   (b) 

Figure 8. SIMS depth profiles of the as-deposited 100-nm-thick LaAlO3 (a) and LaGaO3 (b) 
films deposited on silicon(100) substrates. 
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4.2.2 Crystallinity and morphology 

 

The effect of deposition temperature on the crystallinity of the films is presented in Table 5. 

Consistent with results reported in the literature (see section 2.3.2), the low deposition 

temperature resulted in amorphous films. The materials used for construction of the ALE 

reactor restrict the available deposition temperatures to 500 oC and below, which in the case 

of LaAlO3 and LaGaO3 is too low to obtain crystalline films. In the case of LaNiO3 and 

LaCoO3 films, crystalline films were obtained at temperatures above 400 oC, but they were of 

poor quality and the XRD patterns indicated phase mixtures of La2NiO4/NiO or 

LaCoO3/La4Co3O10/Co3O4, showing that the perovskite was either fully or partially 

decomposed. As regards stability, many LaMO3 (M=transition metal) perovskites are highly 

sensitive to changes in temperature and oxygen partial pressure.6 The reduction of transition 

metals at high temperatures and/or under low oxygen partial pressure leads to decomposition 

of the perovskite. In the present study, nitrogen gas was used as purge gas to separate the 

precursor pulses, and the thin films remained in nitrogen atmosphere during cooling. Probably 

this caused the decomposition of the films at higher deposition temperatures. Deposition of 

crystalline LaNiO3 and LaCoO3 films might be successful at deposition temperatures above 

450 and 400 oC, respectively, but this probably would require the use of oxygen as a carrier 

gas or cooling in oxygen atmosphere, or both. Furthermore, thermal decomposition of the 

precursors above 400 oC argues for the use of more stable precursors. 

 
 
Table 5. Crystallinity and phase purity of the LaMO3 films (M=Ni, Co, Al or Ga) at different 
deposition temperatures, as studied by XRD. 

Deposition temperature 
Film material 

≤ 350 oC 400-425 oC 450 oC 500 oC 
LaNiO3 Amorphous Amorphous LaNiO3 La2NiO4/NiO 

LaCoO3 Amorphous LaCoO3/La4Co3O10/Co3O4 —a —a 

LaAlO3 Amorphous Amorphous —a —a 

LaGaO3 Amorphous Amorphous —a —a 
aNot studied. 
 

 

AFM measurements showed that the as-deposited amorphous films consisted of small 

crystallites and the roughness of the films was the same or even less than the roughness of the 

substrate, typical of ALE-type of growth of amorphous films.  
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4.2.3 Effect of post-annealing on film crystallinity and properties 

 

Ex situ post-annealing was required to obtain crystalline films. The annealing studies were 

made in a tube furnace under air or oxygen atmosphere as well as in a rapid thermal annealing 

furnace under nitrogen atmosphere. 

 

 

LaNiO3
IV and LaCoO3

V oxides. Crystalline films were obtained when the as-deposited films 

were annealed at 600 oC in air or oxygen atmosphere. The XRD patterns of annealed LaNiO3 

and LaCoO3 films showed no splitting of reflections due to rhombohedral distortion, 

indicating that both films crystallized with polycrystalline cubic structure. This is consistent 

with the earlier reports on LaNiO3 and LaCoO3 thin films deposited by other techniques, 

reviewed in section 2.3.2. Since amorphous Corning glass was used as substrate, epitaxial or 

strongly textured growth was not to be expected. Furthermore, an excess of Co3O4 was 

detected by RBS and XRD in the LaCoO3 films deposited at 350 oC and 400 oC after 

annealing. SEM images of LaNiO3 indicated that the annealed films had non-porous and 

smooth surfaces without cracks. Some films contained small amounts of spherical particles or 

droplets on the surface, as was seen also in LaNiO3 films deposited by other methods.124 As 

regards the electrical resistivity of LaNiO3 films, this varied from 320 Ω cm for the 

amorphous as-deposited film to 540 µΩ cm for the same film after annealing and 

crystallization. The latter value is of the same order of magnitude as found for polycrystalline 

LaNiO3 films deposited by other thin film deposition methods, as reviewed in section 2.3.2.  

 

 

LaAlO3
VI and LaGaO3

VII oxides. Obtaining crystalline films required post-annealing 

temperatures of 900 oC for LaAlO3 and 850 oC for LaGaO3. Both films crystallized as 

perovskite phase having a pseudocubic stucture. As shown in Table 6, the substrate employed 

had a marked influence on the crystallinity of the films. Epitaxial LaAlO3 and LaGaO3 films, 

presented in Fig. 9, were obtained only on perovskite-type single-crystal substrates, e.g. 

SrTiO3 and LaAlO3. These films had a very smooth surface with a surface roughness of 1.1 

nm. Compared with the best results for LaAlO3 films deposited on perovskite-type single-

crystal substrates by other CVD methods,156,157 the ALE-grown films appear to have better 

crystalline quality and smoother surfaces. The benefit of the ALE process seems to be that the 

amorphous film obtained has a suitable stoichiometry and perfect surface morphology for 
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efficient re-crystallization in the thermal annealing process. The films deposited on sapphire 

and single-crystal MgO(100) were polycrystalline with the (110) reflection being the most 

intense. These results are consistent with the results of other groups reviewed in section 2.3.2, 

where epitaxial growth was achieved on lattice-matched substrates, while randomly or 

slightly oriented films were obtained on non-lattice matched substrates.  

 

 

Table 6. Crystal quality of annealed LaAlO3 and LaGaO3 films deposited onto various 
substrates. 

LaAlO3 thin films  LaGaO3 thin films  
Substrate 

Annealed at 900 oC Annealed at 950 oC Annealed at 850 oC 
SrTiO3(100) Epitaxial LaAlO3 Epitaxial LaAlO3 Epitaxial LaGaO3 

LaAlO3(100) a a Epitaxial LaGaO3 

Sapphire 
Polycrystalline 
LaAlO3, 
(110) most intense 

Polycrystalline 
LaAlO3, 
(110) most intense 

Polycrystalline 
LaGaO3, 
(110) most intense 

MgO(100) a a 
Polycrystalline 
LaGaO3, 
(110) most intense 

Si(100) 
Polycrystalline 
LaAlO3, 
(110) oriented 

Highly crystalline 
La4Al2O9 + LaAlO3  

Highly crystalline 
La4Ga2O9 + LaGaO3 

MgO(100)-buffered 
Si(100) 

Polycrystalline 
LaAlO3, slightly 
(100) oriented 

LaAlO3 + La4Al2O9 
 

Highly crystalline 
La4Ga2O9 + LaGaO3 

MgO(111)-buffered 
Si(100) 

Polycrystalline 
LaAlO3, 
(110) oriented 

LaAlO3 + La4Al2O9 
 

Highly crystalline 
La4Ga2O9 + LaGaO3 

aNot deposited. 
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Figure 9. XRD patterns of epitaxial LaGaO3 film deposited on LaAlO3(100) substrate and 
LaAlO3 film deposited on SrTiO3(100) substrate after post-annealing in N2 at 900 and 850 oC 
for 30 min, respectively. 
 

 

LaAlO3 films with (110) orientation were obtained on Si(100) at 900 oC, but interdiffusion 

between film and substrate was observed when the annealing temperature was raised to 950 
oC. In the case of LaGaO3, the interdiffusion occurred at 850 oC and a crystalline LaGaO3 

phase was not observed on silicon. In both cases, where silicon diffused into the film highly 

crystalline La4M2O9 (M=Al,Ga) phase was detected in XRD patterns as the main phase and 

small peaks of LaMO3 (M=Al,Ga) were observed as a secondary phase (Table 5). As 
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demonstrated by the SIMS depth profiles in Fig. 10, the diffusion was more pronounced in the 

LaGaO3 films.  

 

(a) (b) 
 

Figure 10. SIMS depth profiles of the 100-nm-thick LaAlO3 (a) and LaGaO3 (b) thin films 
deposited on silicon(100) substrates and annealed at 950 and 850 oC in N2 for 30 min, 
respectively. 
 

 

The surface roughness of films deposited on silicon and annealed at different temperatures 

was typically below 1.0 nm, indicating very smooth surfaces. The columnar-type growth seen 

in the AFM images of the annealed La-Al-O films was not observed in those of the La-Ga-O 

films. Deep cracks appeared on the surface of the La-Al-O films annealed at 950 oC, but no 

cracks were observed in the La-Ga-O films annealed at 850 oC.  

 

To study whether the mixing of the silicon substrate and LaAlO3 or LaGaO3 film during 

annealing could be prevented, films were also deposited on MgO-buffered Si(100) substrates. 

The ALE-grown MgO-buffer layers had either a preferred (100) or (111) orientation.189,190 

Thin LaAlO3 films (<100 nm) grown on (100) or (111) oriented MgO and annealed at 900 oC 

had (100) or (110) preferred orientations, respectively, but when the annealing temperature 

was raised to 950 oC an additional La4Al2O9 phase was observed in the XRD patterns. 

However, if the thickness of MgO-buffer layer or LaAlO3 film exceeded 100 nm, the films 

mostly contained the LaAlO3 phase. In the case of LaGaO3, all films deposited on MgO-
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buffered silicon and annealed at 850 oC predominently crystallized as the La4Ga2O9 phase, 

irrespective of the thickness of buffer layer or film. 

 

The SIMS depth profiles (Figs. 11a and 5c in publication VII) indicated that the interfaces of 

LaGaO3/MgO and LaAlO3/MgO were well defined in the as-deposited films and no diffusion 

was detected. In the annealed films, containing the La4M2O9 (M=Al,Ga) phase, MgO-buffer 

layer prevented the diffusion of silicon, but instead magnesium diffused through the films 

(Figs. 11b and 5d in publication VII). The diffusion of magnesium was somewhat surprising, 

because MgO was expected to be stable and it had been successfully used as a substrate by 

another group.156 The obtaining of polycrystalline LaGaO3 films on single-crystal MgO 

substrate (see Table 5) suggests that the MgO films grown by ALE are not stable at high 

annealing temperatures. Probably this is because of their polycrystalline structure.  

 

 

(a) (b) 

 

Figure 11. SIMS depth profiles of the 100-nm-thick LaAlO3 films deposited on MgO-
buffered silicon: as-deposited amorphous film (a) and the same film after annealing at 950 oC 
in N2 for 30 min (b). 
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The SIMS depth profiles also showed gallium to diffuse towards the La-Ga-O/MgO interface 

and even through the MgO layer into the silicon substrate (Fig. 5d in publication VII); no 

corresponding phenomenon was detected in the case of LaAlO3 (Fig. 11b). The La/M 

(M=Al,Ga) atomic ratio in the bulk of the annealed films deposited on silicon or MgO-

buffered silicon as determined by RBS differed from the La/M ratio of the La4M2O9 phase 

determined by XRD. Probably part of the aluminum and gallium is in the form of amorphous 

oxide on grain boundaries and therefore not detected by XRD. 

 

It can be concluded that the diffusion of silicon or magnesium into LaAlO3 or LaGaO3 films 

initiates the formation of the La4M2O9 (M=Al,Ga) phase. However, it is not clear why silicon 

and magnesium diffuse more easily (at a lower temperature) into the LaGaO3 film than into 

the LaAlO3 film.  
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CONCLUSIONS 

 

Metal oxides have a wide range of chemical, electrical, optical, and magnetic properties that 

make them of interest for applications in thin film technology. Among the many techniques 

used for depositing thin films, atomic layer epitaxy (ALE) uniquely offers controlled growth 

of high quality films onto large area substrates. So far, the majority of ALE thin film studies 

have focused on binary systems of metal oxides, nitrides, and sulfides and the growth of 

binary oxides by ALE is fairly straightforward. The growth of ternary oxides remains a 

challenge, because achieving the correct stoichiometry is much more difficult. In the present 

thesis, the preparation of the ternary oxide thin films LaNiO3, LaCoO3, LaAlO3, and LaGaO3 

by ALE technique has been studied. First, preliminary studies were carried out on the ALE 

growth of the binary metal oxides NiO, Co3O4, and Al2O3 and more detailed studies on the 

growth of La2O3, and Ga2O3 films. In addition, modification of the Al2O3 films by phosphorus 

doping was studied. 

 

The binary and ternary oxides were deposited from metal beta-diketonates and ozone 

precursors. In the case of the Al2O3 and Ga2O3 films, the growth was temperature-

independent and self-limiting and films were stoichiometric, pure, dense, and uniform. Thus, 

both processes were considered applicable for the ternary oxide growth studies. The La2O3 

phase was formed only at higher temperatures, where the growth rate increased with 

temperature. In addition, the La2O3 films contained a small amount of carbon impurity. 

However, since growth was well controlled and films were uniform at these higher 

temperatures, the La2O3 process, too, was considered applicable for the ternary oxide growth 

studies. The NiO and Co3O4 films, in contrast, showed variations in thickness at all 

temperatures studied. Evidently the changes in oxidation state of the transition metal makes 

the thin film growth of these metal oxides very complicated, a problem that could not be 

solved in this work. The growth rates of all films deposited from metal beta-diketonates and 

ozone were much less than one monolayer per cycle, probably because of steric hindrance due to 

the bulky metal beta-diketonate molecules. Both Al2O3 and Ga2O3 films were amorphous, 

whereas the NiO, Co3O4 and La2O3 films were polycrystalline with a cubic structure. The 

phosphorus-doped Al2O3 films deposited from AlCl3, P2O5 or trimethyl-phosphate, and water 

were amorphous as well. At heavy phosphorus doping the AlPO4 phase was formed as 

predominant phase; otherwise the films consisted of both Al2O3 and AlPO4.  
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The ALE process used for growing the LaNiO3 and LaCoO3 films was not optimal. The 

approach chosen was to grow monolayers of the constituent binary oxides alternately on top 

of one another. In the case of LaNiO3, this resulted in films consisting of separate layers of 

the lanthanum and nickel oxides, which reacted only during annealing to form LaNiO3. In the 

case of LaCoO3, excess of cobalt resulted. A better approach is to sequentially grow 

submonolayers of the two constituent oxides so that the oxide structure is better mixed. A 

stoichiometric ratio of the two metals in the films is achieved by applying the appropriate 

precursor pulsing ratio. With this improved approach, stoichiometric and pure LaAlO3 and 

LaGaO3 films with a uniform depth distribution of metals were deposited.  

 

All the as-deposited ternary oxide films were amorphous but crystallized with cubic structure 

when post-annealed. Even though good quality films were obtained after annealing, growth of 

crystalline films inside the ALE reactor would be preferred. The materials currently used for 

construction of the ALE reactor set an upper limit for the deposition temperature at around 

500 oC, which is too low to obtain crystalline LaAlO3 and LaGaO3. In the case of LaNiO3 and 

LaCoO3, it might be possible to obtain crystalline films between deposition temperatures 400 

and 500 oC, but more stable precursors would then be needed. In addition, the decomposition 

of the transition metal perovskite due to the reduction of the transition metal at high 

temperatures and low oxygen partial pressure is a problem that needs addressing.  

 

To conclude, the present work has shown that after optimization of the processing parameters, 

some of the general advantages of the ALE method, such as excellent control of 

stoichiometry, thickness, and uniformity of the films, can be achieved for both the binary 

metal oxides and the perovskite-type oxides. Even though ALE has already been proven itself 

a versatile method for the controlled processing of binary oxide films, the capability of ALE 

for producing the more complex ternary oxide thin films opens up new prospects for the ALE 

technique. 
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