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ABSTRACT 

This thesis describes the processing of thin films of lanthanide (Ln) oxides by atomic 

layer deposition (ALD) technique. Deposition of all binary lanthanide oxides was 

studied, excluding terbium oxide and the unstable promethium oxide. In addition, 

gadolinium oxide-doped cerium dioxide films were grown by combining the 

respective binary processes developed in this work.  Films were characterized by a 

wide range of analytical techniques for structural, compositional, electrical, and 

surface properties. As background for the study, some promising application areas 

for lanthanide and rare earth (RE) oxide thin films are briefly introduced, and the 

ALD technique is explained. Reported ALD processes for RE oxides are then 

reviewed.   

 

Ln(thd)3 and ozone were successfully utilized for deposition of most members of the 

Ln2O3 series. The deposited films were nearly stoichiometric Ln2O3 with only low 

concentrations of carbon, hydrogen, and fluorine impurities. Films were also uniform 

and smooth. Relative permittivity values were in the range of 8.4−11.1.  

 

In addition to Er(thd)3, Er2O3 films were also grown with (CpMe)3Er and 

Er(tBu2amd)3 as metal precursors. All processes resulted in pure and nearly 

stoichiometric Er2O3 films. The growth rate of 1.5 Å/cycle obtained with the 

(CpMe)3Er/H2O process was approximately four and six times the rates measured for 

erbia films grown by the Er(tBu2amd)3/O3 and Er(thd)3/O3 processes, respectively.  

 

Cerium dioxide films were successfully deposited with use of Ce(thd)4 or 

Ce(thd)3(phen) and ozone as precursors. Gadolinium oxide-doped CeO2 (CGO) films 

were then grown by combining the Ln(thd)x/O3 processes for the respective binary 

oxides. ALD-grown CGO films were dense and conformal, but the Ce:Gd ratio in the 

films could not be optimized to the level required in solid oxide fuel cells.  
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1. INTRODUCTION 

The rare earth elements consist of Group 3 metals (21Sc, 39Y, and 57La) and 

lanthanides (58Ce→71Lu). The rare earths (RE) and particularly the lanthanides (Ln) 

form, chemically and physically, a more or less homogeneous group, the largest in 

the periodic table (Fig. 1). This is a consequence of the lanthanide contraction, which 

refers to the gradual decrease in the ionic radius of the elements from lanthanum to 

lutetium by 17%. Owing to the lanthanide contraction, trivalent yttrium is near in 

size to the heavier lanthanides and the chemical behaviour is closely similar.1 Many 

physical and chemical properties of the rare earth oxides vary only slightly from 

element to element.2,3 

 

The use of rare earths is extensive. Examples of their classical and most recent 

applications include automotive catalytic converters, glass polishing, petroleum 

refining catalysts, phosphors, and permanent magnets.4 RE oxide thin films have 

already been utilized or they are being considered as potential materials in a variety 

of applications, particularly in optics and electronics. Some application areas where 

atomic layer deposited (ALD) RE oxide thin films may find use are presented in 

Chapter 2. By virtue of their high relative permittivity values (k=12.3−14.8),5 RE 

oxides have been considered as candidates for new gate dielectrics in 

microelectronics.6-10 Er2O3 is being used as a doping material in amplifying optical 

waveguides, while RE2O3-doped CeO2 films could be employed as oxide ion 

conducting electrolytes in solid oxide fuel cells (SOFC). The components discussed 

in Chapter 2 were not actually prepared during this work, but rather ALD processes 

for many of the relevant materials were designed.  

 

The primary aim of the present work was to develop ALD processes for lanthanide 

oxides, most of which had not earlier been deposited by ALD technique. ALD can be 

utilized to produce very thin, but yet dense, uniform, and conformal films.11,12 As 

background to the study, the general principle of ALD is described in Section 3.1, 

and a short literature review on previously reported ALD processes for RE oxides is 

presented in Section 3.2  
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The experimental part of this thesis is divided into three parts. The first part deals 

with the ALD of Ln2O3 films using the Ln(thd)3/O3 process (thd = 2,2,6,6-

tetramethyl-3,5-heptanedionate).I-III The second part focuses on the deposition of 

Er2O3 films, which are grown from three different metal precursors.III-V The 

suitability of the different precursors for ALD of lanthanide oxides is evaluated on 

the basis of the properties of the Er2O3 films. The results obtained with (CpMe)3Er 

(Cp = cyclopentadienyl) are promising for the development of water-based ALD 

processes for lighter lanthanide oxides. In the third part, the deposition and 

characteristics of cerium dioxide,VI gadolinia-doped CeO2,VII,13 and praseodymium 

oxide thin films14 are discussed.  

 

Note that the terms ‘rare earth’ and ‘rare earth oxide’ are systematically used in 

Chapters 2 and 3 even though the focus in Chapters 4 and 5 is on the ALD of 

lanthanide oxides. Because of the similarities in the properties of the rare earth 

elements, the application areas and precursor chemistry of lanthanide oxides are very 

much the same as those for oxides of Group 3 metals and thus they can be discussed 

together under the broader term rare earth oxides. 

 

Fig. 1 In the periodic table lanthanides (elements 58−71 from Ce-Lu) are usually 

drawn as a separate group below the main table. Lanthanides together with the group 

3 metals (Sc, Y, and La) are known as rare earth elements. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1    
H

2    
He

3    
Li

4    
Be

5    
B

6    
C

7    
N

8    
O

9    
F

10   
Ne

11   
Na

12   
Mg

13   
Al

14   
Si

15   
P

16   
S

17   
Cl

18   
Ar

19   
K

20 
Ca

21  
Sc

22  
Ti

23   
V

24  
Cr

25 
Mn

26 
Fe

27 
Co

28   
Ni

29 
Cu

30 
Zn

31 
Ga

32  
Ge

33  
As

34 
Se

35 
Br

36  
Kr

37  
Rb

38  
Sr

39   
Y

40   
Zr

41 
Nb

42 
Mo

43 
Tc

44 
Ru

45 
Rh

46 
Pd

47 
Ag

48 
Cd

49  
In

50 
Sn

51  
Sb

52  
Te

53   
I

54  
Xe

55  
Cs

56  
Ba

57   
La*

72  
Hf

73  
Ta

74  
W

75  
Re

76  
Os

77   
Ir

78  
Pt

79  
Au

80  
Hg

81  
Tl

82  
Pb

83  
Bi

84  
Po

85  
At

86  
Rn

87   
Fr

88 
Ra

89  
Ac**

104  
Rf

105  
Db

106  
Sg

107  
Bh

108  
Hs

109 
Mt

110  
Ds

111  
Rg

Lanthanides* 58   
Ce

59   
Pr

60   
Nd

61   
Pm

62   
Sm

63   
Eu

64   
Gd

65   
Tb

66   
Dy

67   
Ho

68   
Er

69   
Tm

70   
Yb

71  
Lu

Actinides** 90   
Th

91   
Pa

92   
U

93   
Np

94   
Pu

95   
Am

96   
Cm

97   
Bk

98   
Cf

99   
Es

100  
Fm

101  
Md

102  
No

103  
Lr
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2. POTENTIAL APPLICATIONS FOR RARE EARTH OXIDE FILMS 

This chapter discusses three promising application areas for rare earth oxide thin 

films and indicates the suitability of the ALD technique to the processing of these 

films. ALD processes for many of the relevant materials will be introduced in 

Chapters 3 and 4.  

2.1. Metal-oxide-semiconductor field effect transistors 

The scaling down of metal-oxide-semiconductor field effect transistors (MOSFET, 

Fig. 2) has been a continuous trend in microelectronics, the number of transistors per 

chip being doubled every one and a half or two years.10 This trend was predicted as 

long ago as 1965 by Gordon Moore and is known as Moore’s Law.15 The motivation 

for downscaling is manufacturing of faster transistors with lower power 

consumption.16 The dimensions of MOSFETs have now reached the level where the 

current silicon-based gate materials, namely SiO2 gate dielectric and poly-Si gate 

electrode, will have to be replaced with other materials if miniaturization is to 

continue.10,17 

 

 

 

 

 

 

 

 

Fig. 2 A schematic presentation of the gate stack in a MOSFET. 

 

Transistor speed is dependent on drive current, ID,sat, which can be written 

 
2

2
,

,
satD

invsatD

V
C

L
WI µ= ,      (1) 

where W is the channel width, L is the channel length, µ is the charge carrier mobility 

in the channel, Cinv is the capacitance density of the gate dielectric when the channel 

is in the inverted state, and VD,sat is the potential applied to the drain of the 

transistor.16,17 Because the maximum value of VD,sat is limited due to reliability 

Gate electrode 

Interfacial layer 

Gate dielectric 

Interfacial layer Channel layer 

Silicon substrate
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constraints, the channel length L has to be reduced and/or the capacitance density of 

the gate dielectric has to be increased in order to enhance the drive current, ID,sat, and 

the transistor speed. The capacitance density of the dielectric can also be written  

t
k

A
CCinv

0ε==  ,       (2) 

where C is the capacitance of the gate dielectric, A is the  area of the capacitor, k is 

the dielectric constant of the gate material, ε0 is the permittivity of free space 

(8.85×10-3 fF/µm), and t is the thickness of the dielectric layer.17 Thus, the 

capacitance density can be increased by applying a thinner gate dielectric layer or 

using a material with higher dielectric constant.  

 

The currently used MOSFET dielectric material, SiO2, can be scaled down only to a 

thickness of approximately 10−15 Å.17,18 Leakage current through a thinner SiO2 

layer would be too high, and operating voltage would result in catastrophic 

breakdown.19 If a material with a higher dielectric constant were used, the charge 

storing capacity of the capacitor could be increased without using a too thin dielectric 

layer.16,17  

 

A high permittivity (high-k) gate oxide capacitor is usually compared with a 

conventional SiO2 capacitor in terms of equivalent oxide thickness, teq (EOT), where 

EOT is the theoretical thickness of a SiO2 layer that would have the same charge 

density as the high-k dielectric. The EOT value of the high-k MOSFET is required to 

be less than 1 nm.10 It should be noted that if the gate dielectric reacts with the 

substrate, an interfacial SiO2 layer is typically formed. The relative permittivity of 

SiO2 is low (k=3.9) and thus it reduces the capacitance CTOT of the gate stack, since 

 
21

111
CCCTOT

+= ,       (3) 

where C1 and C2 represent the capacitances of the interfacial and high-k layers, 

respectively. At the same time the EOT of the gate stack also increases. EOT of the 

stack is   

 
khigh

khighSiO
SiOeq k

tk
tt

−

−×
+= 2

2
.      (4) 
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At the moment, it appears that the next generation of gate dielectrics will be based on 

hafnium oxides and silicates, but in the rather near future these Hf-based materials 

may have to be replaced as well.10 Rare earth oxides are among the candidates for the 

next generation of gate dielectrics. They are thermodynamically stable in contact 

with silicon,20 and their relative permittivity values are large enough, being in the 

range of 12.3−14.8 for bulk oxides5 but a value as high as 27 has been reported for a 

La2O3 thin film.21 The band gap and conduction band offset values of RE oxides also 

meet the requirements for gate dielectrics, being ca. 4−6 eV and >2 eV, 

respectively.8-10,22 There are many other critical factors influencing the choice of the 

next gate dielectric material. In the case of RE oxides, issues such as interface 

quality, morphology, compatibility with other gate materials, film processing 

compatibility, and reliability call for further research.10,17 The scaling down of 

MOSFETs places demands on the thin film deposition technique as well, and ALD 

may well be the method-of-choice for the deposition of gate dielectrics in the near 

future10,22,23 since it can be utilized to deposit very thin and yet conformal films even 

into deep trenches.11,12  

2.2. Optical waveguides 

Optical waveguides are employed to carry optical signals along a desired path. 

Waveguides can be either planar or, more typically, fiber-like. Planar waveguides 

consist of an optically suitable thin film material prepared on a substrate, whereas in 

fibers the optical signal propagates in the core material of the fiber. In both types of 

waveguide, the transmission medium of the optical signal is surrounded by a 

cladding, which has a lower refractive index than the transmission material. The 

optical signal is transmitted farther in the waveguide if the angle at the core-cladding 

interface is less than the critical angle for total internal reflection (Fig. 3). The typical 

transmission medium for light is glass, consisting of SiO2, with possible additives 

that modify the refractive index.24,25 
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Fig. 3 Light is guided along the transmission medium by total internal reflection. θ is 

the incidence angle of light at the core-cladding interface. 

 

The intensity of the optical signal is reduced along the waveguide due to absorption 

and scattering.24,25 The transmission loss in SiO2-containing fibers is lowest at 

approximately 1.50 µm, which is therefore used as a standard wavelength in optical 

telecommunication systems.24-26 The attenuation (or transmission loss) of the optical 

signal has to be compensated by employing optical amplifiers.  In most cases, the 

amplifying materials contain rare earth ions as dopants, and erbium-doped materials 

are of great interest.26 The transition energy between the first excited state and the 

ground state of Er3+ ions corresponds to a wavelength of 1.53 µm. Therefore, if Er3+ 

ions are excited externally, for example by a laser, the transition energy can be 

employed to provide gain in the optical signal. Use of ytterbium ions as sensitizers in 

Er-doped amplifiers enables the use of shorter wavelength lasers.26 Solubility of rare 

earth ions in pure silica is very low, however, and clusters of RE ions will quickly 

start to form reducing the number of optically active RE ions.27 However, if silica is 

first doped with Al2O3 the clustering is eliminated and doping concentrations for RE 

ions can be much higher.27 In planar waveguides, the transmission medium can be 

simply aluminum oxide doped with RE ions.26,28,29 The concentration of Er3+ ions has 

to be carefully controlled in order to achieve optimum amplification. In planar Er-

doped Al2O3 waveguides the optimal Er concentration is approximately 3×1020 

ions/cm3 (∼0.3 at.-%).26,28 

 

With ALD the level of doping can be controlled in a straightforward manner, even on 

large deposition areas, and ALD should therefore be a highly suitable method for 

preparing planar waveguides for integrated optical circuits. In fact, Solehmainen et 

al.29 have already demonstrated the fabrication of planar Er-doped alumina 

waveguides by ALD, but their process needs further development to achieve a more 
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homogeneous distribution of Er-atoms. From the above, it is clear that the 

development of new ALD processes for Er2O3 and other rare earth oxides is of 

considerable importance.  

 

2.3. Solid oxide fuel cells 

Fuel cells convert the chemical energy of fuels such as H2, CO, hydrocarbons, and 

alcohols to electrical energy. The operating principle of solid oxide fuel cells (SOFC, 

Fig. 4) is the following: (1) The fuel reacts at the anode with oxide ions that have 

travelled through the solid electrolyte, and (2) the liberated electrons travel through 

an external circuit to the cathode, where (3) oxygen is catalytically reduced to oxide 

ions.  

 

 

 

 

 

 

 

 

 

Fig. 4 Schematic presentation of a typical SOFC comprising (La,Sr)MnO3 and Ni-

YSZ electrodes and YSZ electrolyte.  

 

The most commonly employed electrolyte material today is yttria-stabilized zirconia 

(YSZ), while (La,Sr)MnO3 (LSM) and Ni-YSZ cermet have been used as electrodes. 

The operating temperature of state-of-the-art SOFCs having the Ni-YSZ/YSZ/LSM 

structure is above 950 °C. Lowering of the operating temperature to 500−750 °C 

would lengthen the lifetime of SOFCs and allow the use of less expensive 

interconnecting materials. However, there are many thermally activated processes in 

SOFCs, such as oxide ion conductivity, chemical reactions at electrodes, and internal 

reforming of fuel, and adjustment of the operating temperature requires a careful 

balancing of the benefits and disadvantages.30 Intermediate temperature SOFCs (IT-
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SOFC) operated at 500−750 °C can be realized if the decrease in the ionic 

conductivity of the electrolyte is compensated by selecting a more conductive 

electrolyte material or using a thinner electrolyte layer.30  

 

Potential new electrolyte materials for IT-SOFCs include CeO2,31-34 ZrO2,35 ThO2
36 

and Bi2O3,37 typically doped with rare earth oxides. RE2O3-CeO2 solid solutions with 

fluorite structure are a well-known group of oxide ion conductors31,38 and are 

considered as the most promising alternative materials for IT-SOFCs despite their 

instability under reducing atmospheres.31,39 Special attention has been paid to 

gadolinia-doped ceria (CGO) or Ce1-xGdxO2-0.5x, which appears to have the highest 

conductivity among ceria-based electrolytes.31,33 As the dopant concentration in the 

CGO system is increased, the conductivity passes through a maximum.40 The 

maximum in ionic conductivity is obtained when ca. 10 at.-% of Ce is substituted by 

Gd, i.e. Ce0.9Gd0.1O1.95, but the exact position of the maximum is also dependent on 

the temperature.40 Other interesting ceria-based systems are samaria-doped and 

yttria-doped ceria, which exhibit about the same conducting properties as the CGO 

electrolyte.31,41,42 

 

The thickness of the electrolyte layer in thin film IT-SOFCs is typically 5−10 µm, 

which is very much less than the 200 µm used in conventional SOFC devices. This 

means that even less conductive electrolyte materials, such as YSZ, can be employed 

in thin film IT-SOFCs.43 The processing of the electrolyte and the electrodes by thin 

film deposition techniques also improves properties of the interface.44 Although YSZ 

thin film electrolytes have been the prime research target, ceria-based thin film 

electrolytes and interlayers have been widely studied as well. Ceria-based interlayers 

between the actual electrolyte and the electrodes have been reported to enhance the 

cell performance because they significantly reduce polarization losses.45 Previously, 

CGO electrolyte films have been processed by e.g. spray pyrolysis,46 aerosol-assisted 

metal-organic CVD,47 and tape casting.48 Furthermore, screen-printing49 and 

sputtering45 methods have been utilized to deposit CGO and yttria-doped CeO2 

interlayers, respectively. In this work, ALD was applied for the preparation of CGO 

thin film electrolytes.VII,13 
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3. ATOMIC LAYER DEPOSITION OF RARE EARTH OXIDES 

The basic principle of the ALD technique is now introduced, and the ALD processes 

for binary RE oxides as well as for RE-containing multicomponent oxide thin films 

are reviewed. In Section 3.2, ALD processes for binary oxides are discussed 

according to the precursor employed and those for multicomponent RE-containing 

oxide films according to the structure of the film. Characteristics of the deposited 

films are briefly discussed. All the processes are summarized in Tables 1 (p. 28) and 

2 (p. 33). The ALD processes that were developed in this work are presented in a 

more detailed way in Chapters 4 and 5.  

3.1. Principle of atomic layer deposition 

Atomic layer deposition (ALD) is a gas-phase thin film deposition technique, which 

can be considered as an advanced version of chemical vapor deposition (CVD). It 

has also been referred to as atomic layer epitaxy (ALE), atomic layer chemical vapor 

deposition (ALCVD), atomic layer growth (ALG), atomic layer processing (ALP), 

and layer-by-layer deposition.11,12 ALD is particularly suitable for the deposition of 

binary films such as oxides, nitrides, and sulfides, but also numerous more complex 

films have successfully been processed.11,12,50-52 A schematic diagram of the ALD 

reactor used in this work is presented in Fig. 5.  

 
Fig. 5 A schematic diagram of a satellite-type ALD reactor used in this work. (1) 

Heating elements, (2) reaction chamber and substrates, (3) N2 generator, (4) external 

source for gaseous precursors, such as O3, (5) source boat for RE precursor, (6) 

pulsing valves, (7) inlets for inert gas purging, and (8) outlet to the vacuum pump.  
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In ALD, precursors are alternately introduced to the reaction chamber, where they 

saturatively react with the substrate surface. Precursors are separated from each other 

by an inert gas purge, which removes the excess of precursor molecules and volatile 

reaction by-products from the reaction chamber, thus preventing undesired gas-phase 

reactions. Pulsing and purging times are normally 1-3 s, depending on the precursors 

applied. 

 

A growth cycle in ALD of binary materials typically consists of four steps, as 

illustrated in Fig. 6 for an ALD process employing REL3 (L = ligand) and water as 

precursors. In the ALD processes using water as the oxygen source, the growth of 

oxide film occurs via hydroxyl groups bonded to the surface.11,53 For example, when 

the growth reactions of ZrO2 from Cp2Zr(CH3)2 and deuterated water were recently 

studied,54 Cp2Zr(CH3)2 was proposed to react with the OD-groups on the surface 

releasing CH3D and CpD as by-products. The remaining Cp groups were released 

during the subsequent D2O pulse and the surface was reverted to OD-terminated. 

Among the RE precursors cyclopentadienyl, alkoxide, and amidinato complexes 

have been demonstrated to react with water (see Table 1, p. 28), but in situ studies of 

these processes have not been reported. The growth reactions in the ozone-based 

ALD processes have rarely been studied. Liu et al.55 and Kim et al.56 studied the 

Hf[(N(CH3)(CH2CH3)]4/O3 and Zn(CH2CH3)2/O3 processes, respectively, while 

Puurunen57 has proposed a theoretical model for the Y2O3 growth from Y(thd)3 and 

O3. Ozone is probably such a strong oxidizer that it burns off the ligands to water and 

carbon dioxide.56,57 The water may subsequently react with the surface species and 

generate −OH groups for the next ALD cycle.  
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Fig. 6 An ALD cycle consists of two precursor doses (Steps 1 and 3), separated by 

inert gas pulses (Steps 2 and 4), as schematically illustrated for RE oxide deposition 

from REL3 (L = ligand, e.g. cyclopentadienyl or alkoxide group) and H2O 

precursors. The volatile surface reaction by-products, such as CpH or ROH, are 

purged away with inert gas.   

 

When the deposition conditions in ALD are optimal, the film growth proceeds 

through saturative, self-limiting surface reactions. The temperature range where this 

ALD-type self-terminating growth takes place often leading to a constant growth rate 

as well, is known as the ALD window.12,50,51,58 Ideally, one ALD cycle produces one 

monolayer of material, but owing to steric hindrances or lack of reactive surface 

sites, the growth rate per cycle tends to be considerably lower.50 This is also evident 

in Fig. 6, where for steric reasons the large REL3 molecules are unable to react with 

all -OH groups bound to the surface. The film thickness increment per cycle, i.e. the 

growth rate, is nevertheless constant, and the thickness of the thin film can be 

controlled simply through the number of deposition cycles. Besides the easy and 

accurate control of thickness, the self-limiting growth mechanism leads to excellent 

uniformity and conformality, and provides excellent trench filling capability.59  

 

ALD precursors have to meet several requirements.11,50 First of all, they must be 

sufficiently volatile for efficient gas-phase transportation but yet thermally stable in 

order to prevent uncontrolled decomposition reactions. Gas-phase reactions between 
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precursors are avoided in ALD because precursors are introduced to the reaction 

chamber alternately with an inert gas purge. Precursors that are highly reactive 

toward each other are even favored in ALD, because reactions are then complete, the 

resulting thin films are of high purity, and pulsing times can be shorter. Purity, low 

price, low toxicity, ease of handling, and easy synthesis are desirable, but not 

essential properties of the precursors.11  

3.2. Literature review on ALD of rare earth oxide thin films 

Thin films containing rare earth oxides have been deposited by both physical and 

chemical thin film deposition techniques. Among these are electron beam 

evaporation (EBE),60-65 sputtering,45,66 spray pyrolysis,46,67 and CVD.47,68-87 The 

number of ALD processes is still rather limited, but the ALD of RE oxide thin films 

has recently been gaining interest especially in the context of high-k research (see 

Section 2.1).6-10 At the same time, the number of scientific papers on ALD of RE 

oxides has been increasing. The following review of the ALD of RE oxides is based 

on a recently published review,88 which is supplemented and updated. 

3.2.1. ALD of binary RE oxides 

ALD processes have successfully been developed for almost all binary rare earth 

oxides, the sole exception being terbium oxide and the unstable promethium (see 

Table 1, p. 28). As yet, there are only a limited number of ALD precursors for rare 

earth oxides. These precursors can be divided into five groups: (i) β-diketonates, (ii) 

alkoxides, (iii) organometallics, (iv) amides, and (v) amidinates (Fig. 7). The 

majority of the processes reported so far are based on β-diketonates,I-III,VI,VII,89-98 and 

β-diketonates were also the most intensively studied precursors in this work. 

Alkoxides are another type of oxygen-coordinated precursor, but although these are 

commonly used in CVD, there is only one report of an alkoxide precursor being 

employed in the ALD of RE oxides.99 Most recently, organometallic 

cyclopentadienyl-based precursorsIV,89,95,100,101 as well as nitrogen-coordinated 

amides102-108 and amidinatesV,109-113 have been studied as RE precursors. The choice 

of the oxygen source depends on the precursor and its reactivity, and ozone, oxygen 

plasma, and water have all been used in the ALD of RE oxides.  
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Fig. 7 Examples of metal precursors used in ALD of RE oxide thin films. (a) β-

diketonate: Nd(thd)3 (thd = 2,2,6,6-tetramethyl-3,5-heptanedionate);I,II (b) alkoxide: 

Gd(mmp)3 (mmp = 1-methoxy-2-methyl-2-propanolate);99 (c) cyclopentadienyl-

containing complexes: (CpMe)3Er (Cp = cyclopentadienyl),IV (d) 

{[Cp(SiMe3)]2LuCl}2;101 (e) alkyl silylamide: Pr[N(SiMe3)2]3;
106 and (f) amidinate: 

Er(tBu2amd)3 (amd = amidinate).V 

 

β-diketonates. Although rare earths form few volatile compounds, the volatility of 

certain rare earth β-diketonates with bulky substituents has been known since the 

1960s.114 The volatility of these complexes has been exploited in CVD and ALD, 

where they have been widely used as precursors. Many types of RE β-diketonates 

have been employed in CVD, but most typically complexes of 2,2,6,6-tetramethyl-
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3,5-heptanedione, H(thd). In fact, all RE oxides have been deposited from RE(thd)x 

precursors by conventional CVD,68-75 plasma-enhanced CVD (PECVD),76 or liquid 

injection CVD.77,78  Even bulkier ligands such as 2,2,6,6-tetramethyl-3,5-

octanedione, H(tod) have occasionally been used.72 Fluorination of ligands enhances 

the volatility,114,115 and fluorinated complexes like Ce(fdh)4 (fdh = 1,1,1-trifluoro-

5,5-dimethyl-2,4-hexanedionate) have been exploited as well.69 In addition, different 

adducts of RE β-diketonate complexes have been applied, including La(thd)3(tetea),79 

Ce(thd)3(phen),69 Gd(thd)3(tetraglyme),80 and Ln(acac)3(phen)81,82  (tetea = triethoxy-

triethyleneamine; phen = 1,10-phenanthroline; tetraglyme = tetraethyleneglycol-

dimethylether; acac = acetylacetonate).  

 

Among the many volatile β-diketonates, only thd-based complexes have been 

utilized as precursors in ALD. These are also the most frequently used rare earth 

source in ALD.I-III,VI,VII,89-98 The major part of the RE(thd)x-based ALD processes 

were developed in the course of the present work and are discussed in a more 

detailed way in Chapters 4 and 5. All thd-based processes have certain general 

features, however, which are appropriately mentioned here. RE(thd)x complexes  are 

volatile, thermally stable solids,116-118  which are easy to synthesize.119 They are also 

easy to handle and store, being relatively stable in contact with air. The optimized 

deposition temperature range (ALD window) is wide, typically extending from about 

250 to 350 °C. β-Diketonate-based processes also have some drawbacks. First, thd-

complexes do not react with water but require a stronger oxidizer such as ozone. This 

could be a problem in the high-k applications. Secondly, the growth rates obtained in 

RE(thd)x/O3 processes are rather low, typically on the order of 0.2−0.45 Å/cycle.  

 

Neutral N-donor adducts of Y(thd)3 and Ce(thd)3 complexes have been used as 

precursors in ALD of Y2O3 and CeO2.VI,90 Comparison of Y(thd)3/O3, 

Y(thd)3(phen)/O3, and Y(thd)3(bipy)/O3 (bipy = bipyridine) processes and of 

Ce(thd)4/O3 and Ce(thd)3(phen)/O3 processes failed to reveal any distinct advantages 

of adducts in the deposition of oxide films. The growth rate, the deposition 

temperature range, and impurity levels of carbon and hydrogen were similar for 

adduct and non-adduct precursors in both cases. Moreover, Y2O3 films deposited 

from Y(thd)3(phen) and Y(thd)3(bipy) were observed to contain a small amount 

(0.1−0.3 at.-%) of nitrogen.90 Adducts such as Ce(thd)3(phen) may nevertheless be 
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useful when trivalent cerium ions are needed (e.g. in ALD of electroluminescent 

SrS:Ce thin films) because adducts help to coordinatively saturate the Ce3+ ion, 

thereby stabilizing the otherwise unstable oxidation state of cerium.120  

 

Thd precursors have also been used in radical-enhanced ALD (REALD), but so far 

the results have not been promising. In this technique, reactive oxygen radicals from 

oxygen plasma are reacted with Er(thd)3 or Y(thd)3 to deposit the respective oxide 

thin films.96-98 In the case of both Er2O3 and Y2O3 films, the ALD window was at 

200−300 °C. The obtained growth rate was 0.3−0.5 Å/cycle depending on the 

precursor pulsing times,96-98 but the carbon impurity level was high being 

approximately 26 at.-%. Furthermore, the pulse times needed in the REALD process 

for Er2O3 were ∼5−10 min or hundreds of times longer than in a typical flow-type 

ALD reactor. The reason for such long pulsing times was not discussed in these 

reports, but they are related to the reactor design. The REALD reactor had a larger 

reaction chamber, which was equipped with in situ instruments, and it was operated 

under ultra high vacuum conditions.96-98  

 

Alkoxides. In general, alkoxides are widely used in CVD,121 but only recently has 

the CVD of rare earth oxides from alkoxide precursors been reported.83-87 The 

problem has been the tendency of the simple RE alkoxides to form oligomers, which 

are of low volatility.121 Recently LaOx, PrOx, Nd2O3, and GdOx were grown by liquid 

injection CVD with Ln(mmp)3 (mmp = 1-methoxy-2-methyl-2-propanolate) alkoxide 

complex as the metal precursor.83-87 The same precursors have also been applied in a 

modified ALD technique, called liquid injection ALD, for the processing of PrOx and 

Gd2O3 films.99 In this technique, the precursor solution is injected into a vaporizer 

and further directed into the reactor chamber, while oxidizer, such as water vapor, is 

directly pulsed into the reactor chamber. Between the precursor pulses the chamber is 

purged with inert gas. In ALD of PrOx and Gd2O3 films,99 the alkoxide precursor 

Ln(mmp)3 was dissolved in toluene, and tetraglyme, CH3(OCH2CH2O)4CH3, was 

added to inhibit condensation and bridging reactions of the precursor molecules. The 

growth rate was nevertheless observed to increase with increasing precursor dose, 

indicating a lack of self-limiting behavior and thus the absence of ALD-type 

growth.99 The thermal decomposition of the Ln(mmp)3 precursors might explain this 

observation, but alkoxides may also decompose by β-hydride elimination pathway as 
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recently demonstrated by Matero et al.122 β-Hydride elimination of the Ln(mmp)3 

precursors would generate Ln-OH surface species, thus preventing an ALD-type 

growth.  

 

Cyclopentadienyl complexes. Organometallic cyclopentadienyl (Cp) complexes 

contain at least one direct bond between the central metal ion and the C5H5
− 

ligand.123 Cp compounds have been used as precursors in ALD since the early 

1990s.124 Many Cp complexes are considered as attractive precursors because they 

are volatile and thermally stable, but yet highly reactive. Their ready reaction with 

water makes them suitable for the ALD of oxide thin films. Next to thd compounds, 

cyclopentadienyl-type complexes have been the most frequently studied precursor 

group in the ALD of RE oxides (see Table 1). So far, however, Cp-based processes 

have only been developed for the smaller RE oxides, viz. Sc2O3,89 Y2O3,95 Gd2O3,100 

Er2O3,IV and Lu2O3;101 no ALD  processes are reported for larger RE oxides (RE = 

La-Eu). Preliminary studies with (CpMe)3Ce and Cp3Pr were performed in this 

work,14 but controlled growth of the respective oxides was not achieved. Previously, 

(CpMe)3Ce was successfully used as a dopant source in ALD of SrS:Ce 

electroluminescent thin films.125  

 

Growth rates were high in ALD of Sc2O3,89 Y2O3,100 Gd2O3,95 and Er2O3 
IV thin films 

from Cp3Sc, Cp3Y or (CpMe)3Y, (CpMe)3Gd, and (CpMe)3Er, respectively – as 

much as six times as high as the rates obtained in the corresponding thd 

processes.I,III,89,95 The (CpMe)3Gd/H2O process was not entirely self-limiting due to 

the partial decomposition of (CpMe)3Gd,95 but the corresponding Y and Er 

complexes, (CpMe)3Y and (CpMe)3Er, as well as Cp3Sc were thermally stable in the 

optimized deposition temperature range and were successfully applied in ALD of the 

respective oxides.IV,89,100 Every process yielded highly pure films with only low 

concentrations of carbon and hydrogen. The (CpMe)3Er/H2O process, as well as the 

(CpMe)3Ce/H2O and Cp3Pr/H2O processes, were studied in this work and are 

discussed more thoroughly in Sections 4.2, 4.3, and 5.2−5.4. 

 

Lu2O3 thin films have been deposited from a silylated dimeric Cp compound, 

{[Cp(SiMe3)]2LuCl}2, and water as the precursors.101 The films were deposited at 

360 °C, although the precursor was reported to partially decompose above 250 °C. 
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An ALD-type self-limiting growth mechanism was probably not achieved therefore, 

but the variation in thickness of the films as a function of precursor pulse length was 

not reported. At 7 at.-%, as-deposited films also had a high level of chlorine 

impurity. Even though it was probably not a true ALD process, the deposited Lu2O3 

films had relatively good electrical properties (k = 10−12).  

 

Amides. There are only a few examples of nitrogen-coordinated complexes, such as 

metal amidinates or amides, being used as precursors in the ALD of RE oxides. 

Simple rare earth alkylamides, RE(NR2)3, are unstable and not suitable as CVD or 

ALD precursors.106 However, RE alkyl silylamides are volatile, thermally relatively 

stable, and yet reactive toward water.126 RE silylamides were first employed in ALD 

for the processing of electroluminescent SrS:Ce thin films, when Ce[N(SiMe3)2]3 

was used as the dopant source.127 RE[N(SiMe3)2]3 complexes have recently been 

utilized in ALD of LaOx, PrOx, and GdOx films,102-108 although in CVD these 

precursors result in the formation of RE silicates.85,128  

 

It appears likely that owing to decomposition of the silylamide precursor, 

RE[N(SiMe3)2]3/H2O (RE = La, Pr, or Gd) processes cannot be employed in ALD to 

produce RE2O3 films of sufficient purity. LaOx films grown from La[N(SiMe3)2]3 

have been reported to contain relatively high impurity concentrations, particularly the 

silicon contamination being large (4−10 at.-%).105,106,108 In addition, Kukli et al.108 

reported a very high hydrogen concentration of 39 at.-% in their LaOx films, but it 

was attributed to water which had probably diffused into the films from the ambient 

during storage. The growth rates reported for the La[N(SiMe3)2]3/H2O process varied 

noticeably. Whereas Triyoso et al.105 obtained a growth rate of approximately 

0.3−0.5 Å/cycle at 250 °C, He et al.103 obtained a rate almost one decade higher, 4.3 

Å/cycle, under similar deposition conditions. Although Triyoso et al.105 reported 

surface saturative growth of uniform La2O3 films at deposition temperatures of 

225−275 °C, the reported impurities and the detailed study by Kukli et al.108 suggest 

that the La[N(SiMe3)2]3 precursor decomposes during the deposition and the process 

is therefore not entirely self-limiting.  

 

RE[N(SiMe3)2]3/H2O process has also been employed in ALD of PrOx and GdOx thin 

films.106,107 Owing to the decomposition of the silylamide precursor, truly self-



27

 

 

limiting ALD-type growth could not be achieved in either case, however. As-

deposited PrOx films were reported to contain high hydrogen (12−36 at.-%) and 

silicon (4−10 at.-%) impurity concentrations, while annealed “PrOx” films deposited 

were actually characterized as Pr-silicates, Pr9.33(SiO4)6O2.106 The impurities in the 

GdOx films were not reported. The growth rates obtained in the PrOx and GdOx 

processes depended strongly on the precursor pulse length and on the deposition 

temperature. In the PrOx process, growth rates of 1.1−3.0 Å/cycle and 0.15−0.34 

Å/cycle were obtained at 200 °C and 300 °C, respectively. The effective 

permittivities of as-grown films were relatively good, however, being 14−16 for PrOx 

and 10 for GdOx.106,107  

 

Amidinates. The synthesis of a number of RE complexes containing amidinate 

ligands has been reported.V,110,111 N,N’-Dialkyl-2-alkyl amidinates, or 

RE(RNCR’NR’’)3, are volatile and thermally stable.110,111 The large alkyl groups 

hinder oligomerization thus enhancing volatility, while the bidentate chelate effect 

increases the thermal stability.111 RE amidinates have also been studied as ALD 

precursors.V,109-113 Sc2O3, Y2O3, and La2O3 thin films have reportedly been grown 

using an amidinato complex with isopropyl side groups,109-111  RE[iPrNC(CH3)NiPr]3 

or RE(iPr2amd)3 (amd = amidinate), whereas in this work an erbium complex with 

larger tert-butyl side groups, Er(tBu2amd)3, was used in the ALD of Er2O3 films.V 

Sc(iPr2amd)3, Y(iPr2amd)3, and La(iPr2amd)3 precursors were reported to be reactive 

toward water, but ozone, as a more reactive oxidizer, was needed for the 

Er(tBu2amd)3 complex. The growth rates obtained with the Sc(iPr2amd)3/H2O, 
Y(iPr2amd)3/H2O, and La(iPr2amd)3/H2O processes at optimized deposition 

temperatures were 0.7, 0.8, and 0.9 Å/cycle respectively,109-111 but otherwise very 

few details were given on the growth behavior, film composition, or properties of the 

Sc2O3 and La2O3. Y2O3 films were reported to have low impurity concentrations and 

relatively good dielectric properties (k ≈ 11−12), but they contained an excess of 

oxygen (O/Y ratio = 1.7−2.0).109 In the Er(tBu2amd)3/O3 process,V the observed 

growth rate was 0.37−0.55 Å/cycle under the optimized deposition conditions 

(225−300 °C), but the process was not entirely self-limiting. The Er(tBu2amd)3/O3 

process and the film properties are discussed more thoroughly in Sections 4.2 and 

5.2.  
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Table 1. ALD processes reported for binary RE oxides. Growth rate values were 

obtained in the temperature range of the ALD-type growth (column 4). 

 Metal precursor Oxygen 

source 

Dep.  

Temp. / °C  

Growth rate / 

Å/cycle 

Ref. 

Sc2O3 Sc(thd)3 O3 335-375 0.13 [89] 

 Cp3Sc H2O 250-350 0.75 [89] 

 Sc(iPr 2amd)3 H2O 225-300 0.7 [109] 

Y2O3 Y(thd)3 O3 250-350 0.23 [90-92] 

 Y(thd)3 O2 plasma 300 0.3  [96-98] 

 Y(thd)3(phen) O3 250-350 0.22 [90] 

 Y(thd)3(bipy) O3 250-350 0.23 [90] 

 Cp3Y H2O 200-350 1.4-1.7 [100] 

 (CpMe)3Y H2O 200-400 1.2-1.3 [100] 

 Y(iPr 2amd)3 H2O 150-280 0.8 [109] 

La2O3 La(thd)3 O3 225-275 0.36 [93] 

 La[N(SiMe3)2]3 H2O 225-275 0.5-0.3 or 4.3 [102-105, 108] 

 La(iPr2amd)3 H2O 300* 0.9 [112, 113] 

CeO2 Ce(thd)4 O3 175-250 0.32 [VI, 94] 

 Ce(thd)3(phen) O3 225-275 0.42 [VI] 

PrOx Pr(mmp)3 H2O 200-300* 0.1-0.7 [99] 

 Pr[N(SiMe3)2]3 H2O 200-300* 3.0-0.3 [106] 

Nd2O3 Nd(thd)3 O3 270-325 0.45 [I, II] 

Sm2O3 Sm(thd)3 O3 300* 0.36 [I] 

Eu2O3 Eu(thd)3 O3 300* 0.32 [I] 

Gd2O3 Gd(thd)3 O3 250-300 0.30 [I, 95] 

 Gd(mmp)3 H2O 200-250* 0.2-1.0 [99] 

 (CpMe)3Gd H2O 250-300* 2.1-2.9 [95] 

 Gd[N(SiMe3)2]3 H2O 200-250* 0.5-2.2 [107] 

Dy2O3 Dy(thd)3 O3 300* 0.31 [I] 

Ho2O3 Ho(thd)3 O3 300* 0.25 [I] 

Er2O3 Er(thd)3 O3 250-375 0.25 [I, III] 

 Er(thd)3 O2 plasma 300 0.3 or 0.5 [96, 97] 

 (CpMe)3Er H2O 250-350 1.5 [IV] 

 Er(tBu2amd)3 O3 250-300* 0.39-0.55 [V] 

Tm2O3 Tm(thd)3 O3 300* 0.22 [I] 

Lu2O3 {[Cp(SiMe3)]2LuCl}2 H2O 360* 0.26 [101] 

* =  ALD-type growth not observed or not fully studied 



29

 

 

3.2.2. ALD of multi-component RE-containing oxides 

Besides binary oxides, ALD has been applied for the deposition of thin films 

containing two or more metals. Basically, the ALD of multi-component oxides is 

performed by alternately applying the corresponding binary ALD processes. The 

composition of the films can be controlled by varying the pulsing ratio of the 

different precursors. The binary processes in question must possess overlapping 

temperature ranges for ALD-type growth; otherwise the growth of multi-component 

oxide film will probably not be self-limiting. In theory, the growth rate of multi-

component thin films can be calculated from the growth rates of the respective binary 

ALD processes, but in practise large deviations from the theoretical value are 

observed. One example is the ALD of LaAlO3.129 Not only was the growth rate 

clearly lower than the rate expected on the basis of the binary processes, but the ratio 

of the observed to the expected growth rate decreased as the number of La(thd)3 

cycles increased. This behavior was explained by assuming that the growth of the 

La-O layer is inhibited by the Al-O layer on the surface or that the bonding mode of 

La(thd)3 on the Al-O surface differs from that on the La-O surface.  

 

Several multi-component oxide thin films containing at least one RE metal have been 

deposited by ALD (cf. Table 2). In most cases, studies have aimed at the deposition 

of ternary oxides, such as perovskites, with defined crystal structure and 

stoichiometry. There are also examples of RE-containing mixed oxides, which 

usually are solid solutions of binary oxides with a wide range of metal ratios. In 

addition, ALD of a structure consisting of distinct layers of La2O3 and Al2O3, i.e. 

nanolaminate, has been reported.113  

 

RE-containing perovskite thin films. In the earliest ALD studies on ternary RE-

containing films (LaNiO3 and LaCoO3),130,131 the approach was to deposit 

monolayers of the constituent binary oxides, which were expected to intermix and 

form the desired ternary oxides. Therefore, one deposition cycle consisted of 15 

La(thd)3/O3 pulses followed by 15 pulses of M(thd)2/O3 (M = Co, Ni). However, the 

as-deposited La-Ni-O films consisted of separate La-O and Ni-O layers and LaNiO3 

was formed only after annealing at 600 °C for 12 hours.130 As-deposited LaCoO3 
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films did not consist discrete layers, but they contained slight excess of cobalt, and 

Co3O4 phase was detected after annealing.131 

 

Subsequent studies on LaMnO3,
132

 LaAlO3,129 and LaGaO3
133 showed that a better 

approach is to mix the constituent binary oxides by growing them as sub-monolayers 

rather than full monolayers. The stoichiometry of the films, i.e. ratio of the metals, 

can be adjusted by changing the pulsing ratio of the constituent oxides. 

Stoichiometric as-deposited LaGaO3,133 LaAlO3,129 and LaMnO3
132

 films were 

obtained, when La(thd)3 and  Ga(acac)3, Al(acac)3, or Mn(thd)3 complexes, 

respectively, were employed as metal precursors. Furthermore, ALD has been 

applied for the deposition of quaternary films of calcium-substituted lanthanum 

manganite using La(thd)3, Ca(thd)2, Mn(thd)3, and ozone as precursors.134 All the as-

deposited films were amorphous, but crystalline perovskite phases of LaGaO3, 

LaAlO3, LaMnO3, and La1-xCaxMnO3 were obtained after annealing, a behavior that 

was typical of most of the ALD-grown multi-component thin films. Amorphous 

structures of the as-grown multi-component films may be due to low deposition 

temperatures or impurities in the films.135 

 

Neodymium aluminate films have been grown using Nd(thd)3 and Al(CH3)3 as metal 

precursors and O3 and H2O as oxygen sources.II Amorphous and stoichiometric 

NdAlO3 films were obtained at the deposition temperature of 300 °C, but films 

crystallized when the annealing temperature was raised to 800−950 °C.  

 

Mixed oxides. The majority of the ALD processes for mixed oxides presented below 

actually produce solid solutions. Typically, the purpose has been to introduce a 

controlled amount of doping material into the matrix in order to influence specific 

properties, such as crystallinity, phase stability, or conductivity. Most of the ALD 

processes for mixed oxides utilize the RE(thd)x/O3 processes for binary oxides, but 

recently other types of RE precursors have been applied as well.  

 

YScO3 is often referred to as yttrium scandate, but in fact it is a solid solution of 

Y2O3 and Sc2O3. YScO3 (or Y2O3-Sc2O3) thin films have recently been grown by 

ALD using β-diketonates Y(thd)3 and Sc(thd)3 or organometallic (CpMe)3Y and 

Cp3Sc as RE precursors.136 The growth rate achieved with the Cp precursors and 
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water (1.07 Å/cycle) was noticeably higher than the rate (0.18 Å/cycle) obtained with 

thd precursors and ozone. The as-deposited Y2O3-Sc2O3 films were amorphous but 

they crystallized as a solid solution after annealing at 800 °C or 1000 °C, depending 

on the precursors applied. In addition, the films contained only a small amount of 

impurities and they showed promising electrical properties, the effective permittivity 

being approximately 15, and higher than that of the constituent oxides.136   

 

Thin films of yttria-stabilized zirconia (YSZ, Y2O3-ZrO2), a solid solution formed by 

Y2O3 and ZrO2, have been deposited by applying Y(thd)3 as yttrium precursor, while 

Zr(thd)4, Cp2ZrMe2, or Cp2ZrCl2 has been used as zirconium source.137 Depending 

on the precursor combination, surface-controlled ALD-type growth was observed at 

275−375 °C, and growth rates of 0.56−0.89 Å/cycle were obtained with Y:Zr 

precursor pulsing ratio of 1:1. The impurity levels of the YSZ films deposited under 

optimized conditions were low, the carbon and hydrogen concentrations being 

typically less than 1 at.-%. With change in the precursor pulsing ratio, the yttria 

content in Y2O3-ZrO2 varied between 5 and 89 mol-%.137  

 

In another study, ALD-grown YSZ films were examined as conducting electrolytes 

for oxide ions in solid oxide fuel cells (SOFC).138 Very thick (∼3 µm) and dense YSZ 

films with 8−9 mol-% of Y2O3 were deposited from Y(thd)3 and ZrCl4. The 

suitability of ALD-grown gadolinia-doped cerium oxide or  

Ce1-xGdxO2-0.5x (CGO) films for electrolyte layer in SOFCs has been studied as 

well.VII,13 Up to ∼1 µm thick CGO films were deposited from Gd(thd)3, Ce(thd)4, and 

O3 precursors at 250 °C. The obtained stoichiometry of the films was Ce0.4Gd0.6O1.7. 

The CGO process and analyses of the film properties are described in detail in 

Sections 4.3 and 5.3.   

 

Radical-enhanced ALD has been utilized for the fabrication of Er2O3-doped Y2O3 

films.97 Er2O3-Y2O3 films were deposited at 350 °C from Er(thd)3 and Y(thd)3 metal 

precursors and oxygen radicals produced in O2 plasma. The Er content was varied by 

altering the pulsing ratio of the precursors, but films were reported to contain a 

significant amount of carbon as an impurity (13 at.-%). 
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ALD studies on lanthanum aluminum oxide prepared from La[N(SiMe3)2]3, 

trimethylaluminum (TMA), and water were recently reported.105,108,139 At first, 

Triyoso et al.105 claimed that owing to the presence of silicon in the lanthanum 

silylamide precursor, the “La-Al-O” films deposited at 225−275 °C had very high 

silicon impurity levels and, in fact, the films should be considered as La-Si-Al-O 

rather than La-Al-O. Later, however, they reported that LaAlO3 films grown by the 

same process contained less than 1 at.-% of Si.139 The difference in the results was 

not mentioned. Kukli et al.108 reported that La-Al-O films grown by the same process 

contained ca. 4 at.-% of silicon. Initially, the silicon impurity was attributed to the Si 

in the metal precursor,105 but later, intermixing of the La-Al-O layer and the Si 

substrate was observed.139 In another study, La[N(SiMe3)2]3 was employed with 

tris(tertbutoxy)silanol, (tBuO)3SiOH, to deposit amorphous lanthanum silicate 

LaSixOy, or La2O3-SiOx, but neither the process parameters nor the film properties 

were discussed in detail.102  

 

Nanolaminates. A nanolaminate structure containing La2O3 and Al2O3 layers has 

been grown from La(iPr2amd)3, TMA, and water.113 Lanthanum aluminum oxide 

nanolaminates were reported to contain less than 1 at.-% of carbon and the relative 

permittivity value was rather good (k = 13). Details of the ALD process and evidence 

for ALD-type growth were not reported.  
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Table 2. Reported ALD processes for multi-component RE-containing oxides.  

 Metal precursors Oxygen 

source 

Studied dep. 

temp. / °C 

Ref. 

Ternary or quaternary oxides    

LaNiO3 La(thd)3 + Ni(thd)2 O3 150-450 [130] 

LaCoO3 La(thd)3 + Co(thd)2 O3 200-400 [131] 

LaAlO3 La(thd)3 + Al(acac)3 O3 325-400 [129] 

LaGaO3 La(thd)3 + Ga(acac)3 O3 325-425 [133] 

LaMnO3 La(thd)3 +Mn(thd)3 O3 200-400 [132] 

La1-xCaxMnO3 La(thd)3 + Ca(thd)2 + Mn(thd)3 O3 180-360 [134] 

NdAlO3 Nd(thd)3 + Al(CH3)3 O3 + H2O 300 [II] 

Mixed oxides     

Y2O3 - Sc2O3 Y(thd)3 + Sc(thd)3 O3 335-350 [136] 

 (CpMe)3Y + Cp3Sc H2O 300 [136] 

Y2O3 - ZrO2 Y(thd)3 + ZrCl4 H2O 400 [138] 

 Y(thd)3 + Zr(thd)4 O3 375 [137] 

 Y(thd)3 + Cp2ZrMe2  O3 + H2O 310-365 [137] 

 Y(thd)3 + Cp2ZrCl2 O3 + H2O 275-350 [137] 

Er2O3 - Y2O3 Er(thd)3 + Y(thd)3 O2 plasma 300-350 [97] 

Gd2O3 - CeO2 Gd(thd)3 + Ce(thd)4 O3 250 [VII, 13] 

La-Al-Si-O or 

La-Al-O 

La[N(SiMe3)2]3 + Al(CH3)3 H2O 225-300 [105,108, 139] 

La2O3-SiOx La[N(SiMe3)2]3 + (tBuO)3SiOH H2O Not reported [102] 

Nanolaminates     

La2O3 / Al2O3  La(iPr2amd)3 + Al(CH3)3 H2O 300-330 [113] 
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4. EXPERIMENTAL  

This experimental section presents the materials, instruments, and methods employed 

in the deposition and characterization of the thin films. More detailed descriptions 

can be found in the original publications I-VII. 

4.1. Precursors and substrates 

Metal precursors. Three types of metal precursor were utilized in the deposition of 

lanthanide oxide thin films. Most of the work was done with β-diketonate-type 

chelates (Fig. 7a, p. 22), namely, thd complexes.I-III,VI,VII,13,14 In fact, Ln(thd)x 

complexes were applied for ALD of all lanthanide oxides except Tb (and Pm) oxide. 

Ln(thd)x precursors  were also used in the ALD of gadolinium oxide-doped cerium 

dioxide films. In addition, CeO2 films were deposited from Ce(thd)3(phen), which is 

an adduct of Ce(thd)3. All thd-based precursors were synthesized in the laboratory by 

literature methods,119,120 and purified by vacuum sublimation.  

 

Another precursor group studied in this work was cyclopentadienyl (Cp) complexes 

(Fig. 7c, p. 22). (CpMe)3Ce and (CpMe)3Er complexes containing monomethylated 

Cp ligands and an unsubstituted Cp3Pr complex were studied for ALD of the 

respective oxides.IV,14 (CpMe)3Ce, (CpMe)3Er, and Cp3Pr were obtained from the 

Institute of Organometallic Chemistry, Russian Academy of Sciences, Nizhny-

Novgorod, Russia. (CpMe)3Ce was observed to be a highly air and moisture sensitive 

compound, requiring special attention during loading to the ALD reactor.  

Er2O3 films were also deposited from an amidinate-type precursor, tris(N,N´-di-

tertbutylacetamidinato)erbium, i.e. Er(tBu2amd)3, where ligands are coordinated to 

erbium through nitrogen (Fig. 7f, p. 22).V Er(tBu2amd)3 was synthesized and 

characterized by Prof. Charles Winter and his group at Wayne State University, 

Detroit, Michigan, USA.  

 

Oxygen precursors. Water or ozone was used as the oxygen source. Water could be 

applied as the oxygen source only when the reactive Cp complexes were used as 

metal precursors. Water vapor was introduced to the reactor from an external 

container kept at ca. 25 °C. Ozone was required when a less reactive thd based 
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precursor or the Er-amidinato complex was used as precursor. Ozone was produced 

from >99.999% oxygen using a Fischer Model 502 ozone generator. The O3 

concentration as determined by iodometric titration was approximately 4 %.140  

 

Carrier and purge gases. Nitrogen was used as both carrier and purge gas in all 

experiments. N2 was separated from air with a Nitrox UHPN 3000-1 nitrogen 

generator employing molecular sieve technology and its purity was >99.999%.  

 

Substrates. Most of the films were deposited on 5 cm × 5 cm Si(100) substrates of 

p- or n-type, which were cut from larger wafers (∅ 150 mm) purchased from 

Okmetic, Vantaa, Finland. The native oxide on the silicon was not removed before 

deposition. Ultrasonically cleaned soda lime glass substrates of the same size were 

usually used as well. However, the main focus of the studies was on the films 

deposited on Si(100), and all the results presented in this thesis were obtained with 

those films. CGO films were also deposited onto 2 cm × 2 cm pieces of typical 

SOFC electrode materials Ni-YSZ and La1-xSrxMnO3 (LSM) obtained from InDEC 

B.V. (Innovative Dutch Electroceramics), Petten, Netherlands. 

4.2. Deposition of lanthanide oxide thin films  

New ALD processes were developed for several binary lanthanide oxides (CeO2, 

Nd2O3, Sm2O3, Eu2O3, Gd2O3, Dy2O3, Ho2O3, Er2O3, Tm2O3, Yb2O3, and Lu2O3) and 

for the mixed oxide of Gd2O3 and CeO2, or Ce1-xGdxO2-0.5x (CGO). In addition, ALD 

of PrOx was studied. Table 3 summarizes all the processes that were studied, while 

the typical pulsing sequences used in this work are illustrated in Fig. 8. Depositions 

were carried out in a satellite version of F-120 research-type ALD reactor (ASM 

Microchemistry Ltd, Espoo, Finland). The pressure inside the reactor during 

depositions was ca. 2−3 mbar. 
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Table 3. Sublimation and deposition temperatures, precursor combinations, and 

substrate materials used in the ALD processes studied in this work. Deposition 

temperature refers to the range of deposition temperatures studied.  

 Precursors Subl. temp./ °C Dep. temp./ °C Ref. 

Binary oxides     

CeO2 Ce(thd)4 / O3 140 175-375 [VI] 

 Ce(thd)3(phen) / O3 175-180 225-350 [VI] 

 (CpMe)3Ce / H2O 120-150 150-300 [14] 

PrOx Pr(thd)3 / O3 170-180 200-350 [14] 

 Cp3Pr / H2O 200-220 230-300 [14] 

Nd2O3 Nd(thd)3 / O3 161-164 310 [I, II] 

Sm2O3 Sm(thd)3 / O3 148-152 300 [I] 

Eu2O3 Eu(thd)3 / O3 135 300 [I] 

Gd2O3 Gd(thd)3 / O3 155-160 300 [I] 

Dy2O3 Dy(thd)3 / O3 125 300 [I] 

Ho2O3 Ho(thd)3 / O3 130 300 [I] 

Er2O3 Er(thd)3 / O3 130 200-450 [I, III] 

 (CpMe)3Er / H2O 115 175-450 [IV] 

 Er(tBu2amd)3 / O3 185 225-300 [V] 

Tm2O3 Tm(thd)3 / O3 125-128 300 [I] 

Yb2O3 Yb(thd)3 / O3 130 300 [14] 

Lu2O3 Lu(thd)3 / O3 122-124 200-400 [14] 

Multicomponent oxides    

CGO Ce(thd)4 / O3 + 

Gd(thd)3 / O3 

 175, 160 250-300 
[VII, 13] 

 
 
 
 

N2 purge 
1.5-2 s

N2 purge
1.5-2 s

Ozone 
2 s

RE source 1 
1-2 s 

N2 purge 
1.5 s

N2 purge
1.5 s

H2O
2 s

RE source 2 
2 s  

 
Fig. 8 A diagram of the pulsing sequences used in this work. RE source 1 represents 

thd and amidinate precursors, while RE source 2 comprises the cyclopentadienyl 

complexes. Detailed information about the pulsing times in the studied ALD 

processes can be found in the original publications I-VII. 
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The preferred stoichiometry and structure of cerium and praseodymium oxides differ 

from those of other lanthanide oxides studied in this work. This is due to the higher 

stability of the oxidation state +IV in cerium and praseodymium compounds.1-3 

Cerium preferentially forms fluorite-structured CeO2, whereas the stoichiometry of 

praseodymium oxide, PrOx depends on the prevailing conditions. In fact, 

praseodymium can form series of intermediate oxides, PrnO2n-2m, having fluorite 

structure. The depositions of CeO2, PrOx, and CGO films are presented in separately 

(Section 4.2.3) since they differed from those of the Ln2O3 series.  

4.2.1. Ln(thd)3/O3 process for Ln2O3 films  

Among the thd-based ALD processes developed for the Ln2O3 series, only the 

growth of Nd2O3, Er2O3, and Lu2O3 films was fully evaluated over a wide 

temperature range and with different pulsing times of the precursors.II,III,14 In the 

depositions of other Ln2O3 films (Ln = Sm, Eu, Gd, Dy, Ho, Tm, and Yb), the 

precursor sublimation temperatures and pulsing times were not optimized but merely 

set to obtain sufficient precursor flow and surface saturation during the film growth.I 

Furthermore, substrate temperature of 300 °C was used in these depositions because, 

from the reported ALD processes for RE2O3 (RE = Y, La, Nd, or Er),90,93,II,III it was 

clear that the ALD windows of RE(thd)3/O3 processes are around 300 °C. The 

thicknesses of the Ln2O3 films were adjusted to approximately 50 nm to allow 

meaningful comparison of the film characteristics, such as purity, roughness, 

crystallinity, and relative permittivity.I 

 

The sublimation temperatures of Ln(thd)3 precursors were observed to decrease 

toward the heavier lanthanides, from 161−164 °C for Nd(thd)3 to 122 °C for 

Lu(thd)3. The higher volatility of heavier Ln(thd)3 complexes has been reported 

earlier.117,141 Although this finding might at first appear surprising it can be explained 

in terms of the lanthanide contraction. The smaller size of the heavier lanthanide ions 

makes their complexes less susceptible to intermolecular interactions such as 

dimerization and oligomerization, which reduce volatility.114  
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4.2.2. Processes for Er2O3 films  

Er2O3 films were deposited using three different metal precursors.III-V In addition to 

the Er(thd)3 complex, study was made of organometallic (CpMe)3Er and nitrogen-

coordinated Er(tBu2amd)3. Er2O3 film growth was carefully studied in each process 

over a wide deposition temperature range and with different pulsing times of the 

precursors. The suitability of the different precursors for ALD of lanthanide oxides 

was then evaluated.  

 

Water was used as the oxygen source in the (CpMe)3Er process, but ozone with 

Er(thd)3 and Er(tBu2amd)3, which do not react with water. Use of water may be 

preferred for gate dielectric applications since ozone reportedly reacts with HF-

etched silicon substrate to form an 1.1−1.4 nm thick interfacial SiOx layer,91,142,143 

thus increasing the EOT value. This may not be so critical, however, because it might 

be preferable to have a very thin SiO2 layer on the Si substrate to obtain dielectric 

layer of high quality and yet a low EOT value (<1 nm).144 It has namely been 

reported that the HfCl4/H2O process yielded non-uniform HfO2 films with poor 

electrical properties when deposited on H-terminated Si, but high quality films with 

good electrical properties were obtained when Si substrates had a thin thermally 

grown SiO2 layer on top.145 Additionally, in some comparative studies it has even 

been reported that H2O and O3 form equally thick interfacial SiOx layers on HF-

etched silicon.142,146
   

4.2.3. ALD of CeO2, Ce1-xGdxO2-0.5x, and PrOx films  

In the ALD of CeO2 films, two different β-diketonate compounds, Ce(thd)4 and 

Ce(thd)3(phen), were successfully employed as Ce precursors, while ozone was used 

as the oxygen source. The temperature range studied was 175−375 °C for Ce(thd)4 

and 225−350 °C for Ce(thd)3(phen). The effect of pulse and purge times was 

investigated as well.VI ALD of CeO2 films was further studied with (CpMe)3Ce as 

precursor and a deposition temperature range of 150−300 °C.14 
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The ALD process for Ce1-xGdxO2-0.5x (CGO) filmsVII,13 was developed by combining 

the binary Ce(thd)4/O3
V and Gd(thd)3/O3

I,95 processes. The deposition temperature 

was selected to be 250 °C, which is inside the ALD windows of both binary 

processes.VI,95 The aim was to deposit films having the stoichiometry of 

Ce0.9Gd0.1O1.95, and where the conductivity of CGO is highest.33 CGO films were 

first deposited on Si(100) substrates to define the dependence of the film 

stoichiometry on the pulsing ratio of the precursors. Pulsing ratios of Ce(thd)4 and 

Gd(thd)3 varying from 3:1 to 19:1 were studied. Actual samples for SOFCs were 

then grown on typical electrode materials: Ni-YSZ cermet and  

La1-xSrxMnO3 (LSM). CGO films were up to 1 µm thick and thus considerably 

thicker than films in any other study in this work. For comparison, CGO thin films 

were also prepared by sputtering, and results were compared with those for the ALD-

grown films.VII,13  

 

Two different precursors were tested for the ALD of PrOx thin films, namely Pr(thd)3 

and Cp3Pr. The temperature ranges studied were 200−350 °C in the Pr(thd)3/O3 

process and 230−300 °C in the Cp3Pr/H2O process.14   

4.3. Film characterization 

Various analytical techniques were employed for characterization of the thin films. 

Film thicknesses were determined by fitting the transmittance or reflectance spectra 

measured with a Hitachi U-2000 spectrophotometer.147 In some cases, thickness of 

the very thin films was also measured with a Bruker D8 Advance X-ray 

diffractometer set in the X-ray reflection mode (XRR).   

 

An X-ray diffractometer (Philips MPD 1880) with Cu-Kα radiation was used to 

determine the crystallinity and crystallite orientation of the films. Fourier transform 

infrared spectroscopic (FTIR) measurements (Nicolet Magna-IR 750) were carried 

out to obtain information about hydroxide and carbonate impurities in the films. The 

contribution of the Si substrate was subtracted from the measured spectra. 
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Film morphology and uniformity were examined by atomic force microscopy 

(AFM). A Nanoscope III (Digital Instruments) was used in the AFM measurements 

and it was operated in tapping mode with a scanning rate of 1−2 Hz. Large area 

images (10 µm × 10 µm) were measured from different parts of the films to ascertain 

the uniformity, while final images were taken using a scanning area of 2 µm × 2 µm. 

Surface roughnesses were calculated as root mean square (rms) values. Furthermore, 

film composition and stoichiometry were determined by time-of-flight elastic recoil 

detection analysis (TOF-ERDA).148,149 A 53 MeV 127I10+ ion beam produced in a 5 

MV tandem accelerator EGP-10-II was used in TOF-ERD analyses. 

 

Ce1-xGdxO2-0.5x films were analyzed by combined use of a secondary electron 

microscope (SEM) and an energy dispersive X-ray spectroscope (EDS) to obtain 

information about uniformity, density, and stoichiometry. Leica S440 and Tracor-

Noran Voyager 1 instruments were used in the SEM and EDS analyses, respectively.  

 

Electrical properties of the dielectric Ln2O3 films were analyzed with use of a HP 

4284A precision LCR meter for capacitance-voltage (C-V) and a Keitley 2400 

Source Meter for current-voltage (I-V) measurements. Al/Ln2O3/native SiO2/n-

Si(100)/Al structures for the electrical measurements were prepared by depositing 

aluminum dots onto the dielectric film surface and an Al-contact layer onto the 

backside of the Si(100) substrate by electron beam evaporation. The native oxide 

layer on the backside of the Si(100) substrate was HF-etched before evaporation to 

achieve ohmic contact between Si and Al. A voltage step of 0.05 V and ac signal 

frequency of 100 kHz or 500 kHz were used in C-V measurements. A voltage step of 

0.05 V was applied in the I-V measurements. Both C-V and I-V measurements were 

carried out at room temperature and under normal pressure. Electrical conductivity of 

the CGO films was measured by impedance spectroscopy using an Autolab 

PGSTAT30 instrument manufactured by Ecochemie BV.  
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5. RESULTS AND DISCUSSION  

The results for ALD of Ln2O3, CeO2, PrOx, and CGO thin films are now 

summarized. The growth and properties of Ln2O3 films deposited by the Ln(thd)3/O3 

process are discussed in Section 5.1. In Section 5.2, special attention is paid to Er2O3 

films grown by three different processes. The deposition and properties of CeO2 and 

CGO thin films are reviewed in Section 5.3, and finally the ALD of PrOx films is 

discussed in Section 5.4. 

5.1. Ln2O3 thin films from Ln(thd)3 and O3 

The temperature dependence of the growth rate was studied in Nd2O3, Er2O3, and 

Lu2O3 processes (Fig. 9). A very wide ALD window was achieved in the Er2O3 

process at 250−375 °C,III while the growth rate of Nd2O3 and Lu2O3 films was nearly 

constant in narrower ranges of 275−325 °C and 300−350 °C, respectively.II,14 On the 

basis of these results, 300 °C was chosen as the deposition temperature for other 

Ln2O3 oxides. 

 

Fig. 9 Growth rates of Nd2O3, Er2O3, and Lu2O3 as a function of deposition 

temperature.II,III,14 
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The growth rates of the Ln2O3 films deposited at 300 °C were in the range of 

0.22−0.45 Å/cycle, which corresponds well with the previously reported value of 

0.23 Å/cycle for another rare earth oxide, Y2O3.52 The ALD growth rates of the 

lanthanide oxides decreased with increase in atomic weight of the lanthanide. Since 

the ionic radius decreases at the same time, a more or less linear dependence is 

obtained when the growth rates of the Ln2O3 thin films are presented as a function of 

ionic radius (Fig. 10).  

 
Fig. 10 ALD growth rates of Ln2O3 thin films presented as a function of ionic 

radius.I-III,14 

 

The increase in growth rate is large and cannot be fully explained by the increase in 

ionic radius. For example, the difference between the ionic radii of Tm3+ and Gd3+ is 

only 6.8%, while the growth rate of Gd2O3 is 45% higher than that of Tm2O3. As 

Puurunen points out,12 the contribution of the ionic radius is too small alone to 

explain the increase in growth rate; in addition the number of Ln atoms deposited per 

cycle per unit surface area has to increase with the ionic radius. The increase in 

growth rate must thus depend on some factor dependent on the ionic radius. One 

such factor could be the tendency of larger Ln atoms to adopt high coordination 

numbers, typically 8 or 9, which results in dimerization of Ln(thd)3 complexes of the 
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larger lanthanides (Ln = La-Gd).114,150-152 Complexes of the smaller lanthanides are 

monomeric.114,152,153 Such behavior could result in different reactions on the substrate 

surface. It is not clear what other factors might contribute to the observed trend in 

growth rate and therefore the ionic radius is the most informative choice at this point. 

 

X-ray diffraction showed the Ln2O3 thin films to have a polycrystalline, cubic 

structure. Films deposited at temperatures close to 300 °C preferred the (100) 

orientation, as (400) was the strongest observed reflection. Minor (222), (411), (440), 

(611), and (622) reflections were also detected, as can be seen from the diffraction 

pattern of Tm2O3 presented in Fig. 11a. At 250 °C and below, all studied films were 

amorphous or only weakly crystalline.I-III Studies with Er2O3 and Lu2O3 showed that, 

as the deposition temperature was increased, films became more crystalline and the 

relative intensities of the reflections changed, the (222) reflection being the strongest 

one above 350 °C (Fig. 11b).III,14 The same kind of behavior has been reported for 

Sc2O3 and Y2O3 films grown by the RE(thd)3/O3 ALD process when the deposition 

temperature was increased from 300 °C to 375 °C.89,90 In the Nd2O3 films, however, 

(100) remained the dominant orientation at all deposition temperatures where 

crystalline films were obtained (>250 °C).  

 

Lanthanide oxides are basic materials, which become hydrated and carbonated when 

exposed to atmospheric water and carbon dioxide.1-3 The basicity increases toward 

the lighter lanthanides. Neodymium is the lightest of the lanthanides studied in this 

work, and this may explain why the results for Nd2O3 films were somewhat different 

from those obtained for the other Ln2O3 films. For example, the XRD experiments 

revealed that Nd2O3 films react with ambient air during storage and NdO(OH) is 

formed (Fig. 11c).II The formation of NdO(OH) was also observed in FTIR 

experiments, where an absorption band around 3435 cm-1 could be assigned to 

stretching of the hydroxide group. The tendency of Nd2O3 films to absorb water 

seemed to be related to the amount of carbon impurity in the films. Namely, as the 

deposition temperature of the Nd2O3 films was increased, the carbon concentration 

decreased (according to FTIR), and at the same time the films became more reactive 

toward atmospheric moisture. A similar tendency has been reported for ALD-grown 

La2O3 films,93 but no formation of the LnO(OH) phase was observed for the heavier 

lanthanide oxides studied here.I  
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Fig. 11 (a) XRD patterns recorded for a 69-nm Tm2O3 film deposited at 300 °C, (b) a 

62-nm Lu2O3 film deposited at 400 °C, and (c) a 153-nm Nd2O3 film deposited at 

310 °C after storage of a few months. All the indexed peaks originate from cubic 

Ln2O3 phase, but peaks due to Si(100) substrate or NdO(OH) are also marked in the 

figure. The signal intensity within the 2θ range of 40−60° is magnified by a factor of 

ten. XRD patterns were recorded using Cu Kα radiation. 

 

In FTIR measurements of 50-nm thick Ln2O3 samples, broad absorption bands 

appeared at 1400−1600 cm-1 due to the asymmetric carbonate C-O stretching.154-156 

This suggested that the carbon impurity was in the form of carbonate species.I-III,14 

Lanthanide oxides, and particularly the lighter Ln2O3, are known to react with CO2.1-3 

In fact, the area of the carbonate absorption peak and therefore the amount of 

carbonate contamination was observed to decrease toward the heavier lanthanides. 

Similarly, in studies on Er2O3 and Nd2O3, the amount of carbon impurity was found 

to decrease when the deposition temperature was raised.II,III 
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Elemental concentrations in Ln2O3 films (Ln = Nd, Sm, Gd, or Er) were measured by 

TOF-ERDA (Table 4). The main impurity in the films deposited at 300 °C was 

carbon, which was present at levels ranging from 1.8 to 5.0 at.-%.I More detailed 

studies on Er2O3 films showed the carbon concentration to decrease with increasing 

deposition temperature,III in agreement with the FTIR results. When the TOF-ERDA 

and FTIR results for Nd2O3 were considered together, it could be concluded that the 

films deposited at ≤230 °C actually consisted of neodymium oxycarbonate, 

Nd2O2CO3. A corresponding oxycarbonate phase has previously been detected in 

La2O3 films grown by ALD at low temperatures of 180−275 °C.93 The formation of 

the oxycarbonate phase was not observed in Er2O3 or Lu2O3 films, and the other 

Ln2O3 films were not fully studied. However, since the measured carbonate FTIR 

peak areas for Nd2O3, Sm2O3, Eu2O3, and Gd2O3 films deposited at 300 °C were all 

of the same magnitude,I it may be that these elements form oxycarbonate phase as 

well, despite the decrease in stability of the lanthanide oxycarbonate phase with 

increasing atomic number.157  

 

Other impurities detected by TOF-ERD analysis of Ln2O3 films were hydrogen and 

fluorine, and Sm2O3 films also contained a small amount of sodium. The probable 

origin of the fluorine impurity was the perfluorinated vacuum grease or Teflon 

gaskets,90 while the sodium originated from the sodium hydroxide used in the 

synthesis of Sm(thd)3.119 The Ln:O ratios were in the range 0.54−0.63, and thus 

somewhat below the stoichiometric value of 0.67, but the oxygen excess can partly 

be explained by the carbonate impurity.  
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Table 4. Elemental concentrations in Ln2O3 (Ln = Nd, Sm, Gd, or Er) films 

according to TOF-ERDA results. 

Material  Temp. / 

°C 

Ln / at.-

% 

H /  

at.-% 

C /  

at.-% 

O /  

at.-% 

F /  

at.-% 

Na / at.-

% 

Ln:O 

ratio 

Nd2O3 310 34 1.2 4.3 59 1.0 - 0.58 

Sm2O3 300 32.5 0.6-0.8 5 60 1.1 1.2 0.54 

Gd2O3 300 33 1.7 2.3 61 1.7-2.0 - 0.54 

Er2O3 300 36 4 1.8 57 1.7 - 0.63 

Er2O3 350 36 3 0.8 59 0.8 - 0.61 

Er2O3 400 36 5 0.5 58 0.7 - 0.62 

 

 

Lanthanide oxide thin films prepared by the Ln(thd)3/O3 process appear very smooth 

and uniform when deposited within the ALD window. For example, according to 

AFM measurements the rms values of 95-nm-thick Gd2O3 and 94-nm-thick Nd2O3 

films were only 1.9 and 0.8 nm, respectively (cf. Fig. 12).I,III Surface roughnesses 

were not systemically studied, which means that comparisons cannot be made of 

different Ln2O3 films nor of the effects of different deposition conditions. In the case 

of the Er(thd)3/O3 process, it was noticed, however, that the surface rougness 

increases significantly when deposition temperatures above the ALD window are 

used; the rms value increases from 0.3 nm at 300 °C to 5.6 nm at 400 °C.III 
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Fig. 12 (a) Two-dimensional AFM images of 95-nm-thick Gd2O3 film deposited at 

300 °C; image size 10 µm × 10 µm; depth scale 50 nm from black to white; (b) and 

image of 94-nm-thick Nd2O3 film deposited at 310 °C; image size 2 µm × 2 µm; 

depth scale 20 nm from black to white. 

 

Electrical measurements showed that 50-nm-thick Ln2O3 films have rather similar 

capacitance-voltage (C-V) characteristics (Fig. 13). The relative permittivities of the 

Al/Si(100)/native SiO2/Ln2O3/Al capacitor structures ( Ln = Nd, Sm, Eu, Gd, Dy, 

Ho, Er, Tm, or Lu) containing the native SiO2 layer were in the range of 8.4−11.1.I,14 

If the thickness of the interfacial native SiO2 layer is estimated to be 1.5 nm,IV the 

permittivity values of the Ln2O3 layers alone are in the range of 9.0−12.1. These 
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values correspond fairly well to the literature values of 14.3−12.4 for bulk oxides, 

although they did not systematically decrease from Nd2O3 to Lu2O3. The literature 

values for Ln2O3 (Ln = Nd-Lu) thin films prepared by different techniques have 

typically been in the range of 11-20.60-66,77,158,159 

 
Fig. 13 Capacitance-voltage curves for Al/n-Si(100)/native SiO2/Ln2O3/Al capacitor 

structures measured with a signal frequency of 500 kHz. Ln2O3 (Ln = Nd, Sm, Eu, 

Gd, Dy, Ho, Er, or Tm) film thickness was approximately 50 nm.I  

5.2. Er2O3 thin films from different processes 

The deposition of Er2O3 films succeeded from all precursors. Selected characteristics 

of the different precursors and processes are presented in Table 5 at the end of this 

section. 

 

From the other ALD studies on thd complexes, it was expected that Er(thd)3 would 

not react with water, but it was somewhat surprising that no reaction occurred 

between amidinato complex Er(tBu2amd)3 and water, since amidinato complexes 

Sc(iPr2amd)3, Y(iPr2amd)3, and La(iPr2amd)3 containing smaller isopropyl side 

groups have been reported to react with water in ALD of the respective oxides.109-111 
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Evidently the larger tertbutyl side groups make the complex more stable, at the same 

time reducing its reactivity. Details of the processes using RE(iPr2amd)3 complexes 

were not given in the literature, however, and it cannot be verified therefore that 

RE(iPr2amd)3 complexes are stable enough to produce uniform films through an 

ALD-like, self-limiting growth mechanism.  

 

Highest growth rate of 1.5 Å/cycle was obtained in the (CpMe)3Er/H2O process. This 

is about 6 and 3 to 4 times as high as the growth rates in Er(thd)3/O3 and 

Er(tBu2amd)3/O3 processes, respectively (see Fig. 14 and Table 5).III-V Clear ALD 

temperature windows were obtained with (CpMe)3Er/H2O and Er(thd)3/O3, but in the 

Er(tBu2amd)3/O3 process the growth rate increased with deposition temperature. In 

the (CpMe)3Er/H2O and Er(thd)3/O3 processes, the growth rate of Er2O3 films 

remained constant when longer precursor pulse lengths were employed, verifying 

ALD-type growth. In the Er(tBu2amd)3/O3 process, however, the growth rate 

increased slightly with precursor pulse duration suggesting partial thermal 

decomposition of the precursor. 

 
Fig. 14 Growth rates obtained in different ALD processes of Er2O3 as a function of 

deposition temperature.III-V 
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All processes yielded relatively pure Er2O3 films when depositions were performed 

within the optimized deposition temperature range. According to TOF-ERD analysis, 

the concentrations of carbon and hydrogen impurities were typically less than 2.0 at.-

% and 4.0 at.-%, respectively (Fig. 15 and Table 5). These impurity concentrations 

are comparable to those reported for RE2O3 films grown from corresponding 

precursors.89,90,95,100,110 In the case of the (CpMe)3Er/H2O process, the carbon level 

increased with the deposition temperature. In ALD of RE2O3, however, the carbon 

content has typically decreased up to the temperature where precursor decomposition 

begins.II,III,89,90,95 As discussed in the previous section, under oxidizing conditions 

carbon readily forms carbonates in Ln2O3 films. FTIR peaks originating from 

asymmetric carbon-oxygen stretching154-156 were detected in Er2O3 films as well.III,V 

In the (CpMe)3Er/H2O process, the formation of the tetragonal Er2O2CO3 phase was 

detected by XRD measurements of Er2O3 films deposited at 350-450 °C, where the 

carbon concentration was high being 2.5−15 at.-%.IV 

 
Fig. 15 Concentrations of carbon and hydrogen impurities in Er2O3 films deposited 

by different ALD processes as measured by TOF-ERDA.III-V 

 



51

 

 

Crystallinity of the Er2O3 films differed slightly according to the process. The as-

deposited films grown by Er(thd)3/O3 and Er(tBu2amd)3/O3 processes were 

amorphous at deposition temperatures below 250 °C, but they were polycrystalline 

cubic Er2O3 with the (100) orientation dominant when deposited at 250−350 °C. The 

(CpMe)3Er/H2O process, in turn, consistently gave polycrystalline films, the (222) 

crystal plane showing the strongest reflection throughout the deposition temperature 

range studied. The (100) and (111) orientations of the cubic Ln2O3 phase have been 

the dominant ones in all previously reported ALD processes as well. Inside the ALD 

windows of these processes, i.e. at deposition temperatures around 300 °C, the 

RE(thd)3/O3 process (RE = Y, La, or Nd-Lu)I-III,90,95 seems to prefer the (100) 

orientation, but in the case of scandium, which is the smallest RE element, the thd 

process resulted in (111) oriented Sc2O3 films.89 The (111) orientation is also 

typically preferred in RE2O3 films (RE = Sc, Y, Gd, or Er) grown from 

cyclopentadienyl precursors.IV,89,90,95 Where other types of precursors have been 

used, the dominant orientation in Ln2O3 has been (100) in Er2O3 from Er(tBu2amd)3,V 

(111) in Gd2O3 from Gd(mmp)3,99 and both (111) and (100) in Y2O3 from 

Y(iPr2amd)3.110 The precursor therefore influences the growth mode, and furthermore 

the orientation of ALD grown films. As noted above, however, in the thd processes 

the size of the RE ion plays a role as well. 

 

Electrical properties of the 50-nm and 12.5-nm thick Er2O3 films grown by the 

Er(thd)3/O3 and (CpMe)3Er/H2O processes, respectively, were analyzed for 

permittivity. Films were deposited onto Si(100) substrates covered by a native SiO2 

layer. In both cases, the relative permittivity of the measured Al/Er2O3/native SiO2/p-

Si(100)/Al structures was 10. The relative permittivity of the Er2O3 layer can only be 

evaluated if the thickness of the native SiO2 layer is known. According to XRR 

measurements, the SiO2 layer in films grown by the (CpMe)3Er/H2O process was ca. 

1.5 nm thick.IV Thus the relative permittivity values were 14.5 and 10.8 for the Er2O3 

samples deposited by the (CpMe)3Er/H2O and Er(thd)3/O3 processes, respectively. 

Previously, Mikhelasvili et al.63 have reported relative permittivity values of 6.8 for 

6.5-nm-thick and 14 for 50-nm Er2O3 films deposited by EBE.  
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Table 5. Comparison of ALD processes for Er2O3 developed in this work. 

 Er(thd)3/O3 (CpMe)3Er/H2O Er(tBu2amd)3/O3 

Synthesis of the 

Er precursor 
Easy 

Complicated 

(inert atmosphere) 

Complicated 

(inert atmosphere) 

Handling of the 

Er precursor 
Easy 

Air and moisture 

sensitive (glove box) 

Air and moisture 

sensitive (glove box) 

Availability of 

the precursor 

Commercially 

available 

Commercially 

available 

Not commercially 

available 

Stability under 

storage 
Excellent 

Good 

(glove box) 

Good 

(glove box) 

Sublimation 

temp. 
130 °C 115 °C 185 °C 

Optimized 

growth 

temperature 

250-375 °C 250-350 °C 
250 °C (ALD 

window not detected) 

Growth rate at 

250°C  
0.25 Å/cycle 1.5 Å/cycle  0.45 Å/cycle  

Impurities in the 

films deposited 

in optimized. 

temp. range 

<1.8 at.-% C 

<4.0 at.-% H 

<1.7 at.-% F a 

<2.5 at.-% C 

<2.9 at.-% H 

F not detected 

<1.8 at.-% C 

<1.9 at.-% H 

<1.3 at. % F a 

Er to O ratio 0.59-0.63 0.58-0.59 0.55-0.59 
a For origin of F, see the text p.46 or Ref. 90. 

5.3. CeO2 and Ce1-xGdxO2-0.5x thin films  

Both Ce(thd)4 and Ce(thd)3(phen) can be used as cerium precursors to deposit CeO2 

films by ALD.VI Regions of constant growth rate were obtained at 175−275 °C in the 

Ce(thd)4/O3 process and at 225−275 °C in the Ce(thd)3(phen)/O3 process. Within the 

ALD windows of both processes, CeO2 films were polycrystalline and the (111) 

orientation of the fluorite-structured, cubic CeO2 was dominant. Films were highly 

uniform, as the rms values of 50−75-nm-thick films were in the range of 0.6−1.2 nm.  

 

According to TOF-ERD analysis, the CeO2 films deposited from Ce(thd)4 or 

Ce(thd)3(phen) precursors at 200−225 °C contained 0.8−4.0 at.-% carbon, 7−10 at.-% 

hydrogen, and 1.3−2.0 at.-% fluorine as impurities (Table 6). The high hydrogen 

concentrations are probably due to the relatively low deposition temperatures of the 
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sample films, as is typical for thd processes.III,90,95 The presence of carbon was 

verified by FTIR measurements, where a carbonate-type impurity was observed. 

 

The growth rate obtained with Ce(thd)3(phen)/O3 (0.42 Å/cycle) was somewhat 

higher than that of the Ce(thd)4/O3 process (0.32 Å/cycle). Otherwise the Ce(thd)4 

precursor seemed better. The advantages of Ce(thd)4 include its stability under 

storage and the width of the ALD window. Furthermore, Ce(thd)4 is more easily and 

more reproducibly synthesized (see Table 6), although its physical and chemical 

properties are also known to depend on the method of synthesis.160  

 

The third Ce precursor studied in this work was organometallic (CpMe)3Ce. 

However, (CpMe)3Ce is too air and moisture sensitive to be used as an ALD 

precursor, at least if an inert precursor loading system is not available and the 

precursor is exposed to air even for a short period of time.14 Films prepared from this 

precursor had a visually observable thickness profile and were dark colored 

suggesting a high level of carbon impurity. A comparison of the three CeO2 

processes is presented in Table 6.  
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Table 6. Comparison of ALD precursors for CeO2 studied in this work. 

 Ce(thd)4 Ce(thd)3(phen) (CpMe)3Ce 

Synthesis of the 

precursor 

Easy, but problems in 

reproducibility 

Easy, but problems in 

reproducibility 

Complicated (inert 

atmosphere) 

Handling of the 

precursor 
Easy Easy 

Highly air and 

moisture sensitive 

Commercially 

available 
Yes No Yes 

Stability under 

prolonged storage 
Good Fair 

Good 

(glove box) 

Sublimation temp. 140 °C 175-180 °C 125-150 °C 

Growth temperature 

(ALD window) 
175-275 °C 225-275 °C - a 

Growth rate at 

250°C 
0.32 Å/cycle 0.42 Å/cycle - a 

Impurities in CeO2 

film deposited at 

225 °C 

0.8 at.-% C 

7.0 at.-% H 

2.0 at.-% F b 

4.0 at.-% C 

9.0 at.-% H 

0.6 at.-% F b 

0.4 at.-% Na c 

Not measured 

Ce to O ratio 0.47 0.46 Not measured 
a  Depositions did not succeed, see text above; b For origin of F, see text p. 46 or Ref. 90; 
c Na originates from the precursor synthesis, see Ref. 119.  

 

The growth rate of CGO films deposited with the Ce(thd)4/O3/Gd(thd)3/O3 process 

was approximately 0.40 Å/cycle.VII On the basis of preliminary studies on Si(100), 

the pulsing ratio of Ce(thd)4 and Gd(thd)3 was adjusted in order to obtain the 

stoichiometry of Ce0.9Gd0.1O1.95, where conductivity is at maximum. According to 

EDS analyses, however, the actual SOFC samples deposited onto LSM and Ni-YSZ 

substrates contained excess of Gd and the film stoichiometry was Ce0.4Gd0.6O1.7. 

Comparison of the electrical properties of the ALD-grown CGO electrolyte layers 

with those of sputtered CGO films having the optimal stoichiometry of 

Ce0.9Gd0.1O1.95
13 revealed noticeably higher conductivity for the sputter-deposited 

films. On the positive side, the ALD-grown CGO films were uniform, very dense, 

and conformal following closely the shapes of the substrate surface (Fig. 16).  
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Fig. 16 Cross-sectional SEM view of an ALD-grown 1-µm-thick Ce0.4Gd0.6O1.7 thin 

film on LSM substrate.VII  

 

In the future, the stoichiometry of CGO needs to be adjusted to achieve better ionic 

conductivity.VII,13 In addition, it might be preferable to develop an ALD process for 

CGO with a higher growth rate, because electrolyte layers in SOFCs are at least 

several hundred nanometers thick. Until different precursor combinations leading to 

higher growth rates are developed, the use of ALD in SOFC technology may be 

limited to the deposition of thin interlayers between electrodes and the electrolyte. 

5.4. PrOx thin films  

Good quality PrOx films could not be grown from the precursors studied in this work. 

When Pr(thd)3 and O3 were used as precursors, the films exhibited a distinct 

thickness profile at all temperatures studied.14 The growth rate increased from 0.38 

Å/cycle at 190 °C to 1.48 Å/cycle at 350 °C. In terms of thickness uniformity, the 

best films were obtained at the lower end of the deposition temperature range. At 200 

°C, growth rate increased from 0.52 Å/cycle to 0.71 Å/cycle as the Pr(thd)3 pulse 

length was increased from 0.5 s to 3.75 s. Elemental analyses of PrOx were not 

carried out, but reported RE oxide thd processes,I-III,VI,89,90 suggest that the impurity 
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concentrations are rather high at low deposition temperatures, and somewhat higher 

temperatures should be preferred.  

 

Depositions from Cp3Pr and H2O resulted in non-uniform films. Films had a clearly 

visible thickness profile at deposition temperatures of 230−300 °C.14 Note, however, 

that the sublimation temperature of Cp3Pr was high, 200−220 °C. The low volatility 

of Cp3Pr was probably due to attractive forces between the neighboring molecules 

which may have led to oligomerization. Intermolecular forces should be inhibited by 

adding side groups to Cp ring thus enhancing the volatility. 
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6. CONCLUSIONS 

The ALD studies reported here on the deposition of lanthanide oxide thin films 

covered most of the lanthanides (Ce-Lu). Studies with different metal precursors 

gave valuable information about their suitability for ALD precursors. In the 

following, the main features of the different processes are summarized and 

conclusions regarding the processes are presented.  

 

Ln(thd)3 complexes were demonstrated to be viable precursors in ALD. Deposition 

processes were developed for the majority of the lanthanides in the Ln2O3 series, and 

some general features can be noted: (i) Thd complexes are not reactive toward water 

but require the use of a strong oxidizer, such as ozone, for completion of surface 

reactions. This may be a problem in high-k applications where the formation of 

interfacial SiO2 layer increases the EOT value. (ii) The optimal deposition 

temperatures, i.e. the ALD window, are typically aout 300 °C. Low deposition 

temperatures should be suitable for a number of applications. (iii) Growth rates are 

relatively low, ranging from 0.22 Å/cycle for Lu2O3 to 0.45 Å/cycle for Nd2O3. 

Although low growth rate is not critical in applications utilizing very thin films over 

a large substrate area, it may limit the use of thd processes in applications such as 

SOFCs that require thicker films (∼1 µm). 

 

Results obtained with the (CpMe)3Er precursor were highly encouraging: high 

quality lanthanide oxide films with good electrical properties were grown by an ALD 

process having water as an oxygen precursor. (CpMe)3Ce and Cp3Pr could not be 

employed as precursors in ALD of their respective oxides. In future, studies on 

cyclopentadienyl precursors may play an important role in high-k research, if, as 

seems probable, water-based processes are developed for lighter lanthanide oxides 

with larger permittivity values. It seems that, in the case of the heavier (but smaller) 

lanthanides such as erbium, the Cp ring does not need to be highly substituted, but a 

single methyl group is sufficient to stabilize the complex. Lighter and larger 

lanthanides, in turn, need bulkier substituents to make their complexes thermally 

stable. Substituents in the Cp ring also make complexes more volatile by preventing 

their dimerization and oligomerization.  
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On the basis of the present studies, (CpMe)3Er can be considered as the best Er 

precursor for ALD of Er2O3. Among the three Er precursors tested for the ALD of 

Er2O3, (CpMe)3Er was associated with highest growth rate, lowest impurity levels, 

and highest relative permittivity values. However, impurity levels were also very low 

for Er2O3 films deposited by the Er(thd)3/O3 and Er(tBu2amd)3/O3 processes. Er2O3 

films deposited by the Er(thd)3/O3 and (CpMe)3Er/H2O processes under optimized 

conditions were highly uniform, but the films from the Er(tBu2amd)3/O3 process had 

a slight thickness profile.  

 

Atomic layer deposition of CeO2 was achieved with two different precursors: β-

diketonate-type Ce(thd)4 and Ce(thd)3(phen). Comparison of these two precursors 

showed that adducting does not bring any distinct advantages to ALD of CeO2. 

Although the growth rate achieved in the Ce(thd)3(phen)/O3 process was higher than 

that of the Ce(thd)4/O3 process, the synthesis of Ce(thd)3phen was more complicated 

and less reproducible. The deposition of Ce1-xGdxO2-0.5x mixed oxide was initiated on 

the basis of the previously studied binary processes for CeO2 and Gd2O3, but the 

stoichiometry of the CGO films could not be properly adjusted during the course of 

this work. Nevertheless, the CGO films prepared by ALD were of high quality, being 

very dense and conformal. More work now needs to be done to achieve optimal 

stoichiometry and to develop an ALD process with higher growth rate, since the 

electrolyte layers need to be relatively thick.  
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