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Abstract 

 

Noble metal thin films have several potential applications for example in integrated 

circuits. In this work, new noble metal processes have been developed for atomic layer 

deposition (ALD), which is a gas phase thin film deposition method based on alternate 

saturative surface reactions. The self-limiting film growth mechanism of ALD leads to 

films with excellent conformality and good large area uniformity. In addition, the film 

thickness can be accurately controlled by the number of the applied growth cycles. 

 

ALD processes for ruthenium, platinum, iridium, rhodium, and palladium were studied. All 

the processes are based on the reaction of the metal precursor with oxygen, the process 

temperatures being in the range of 200–450 °C. Metallic ruthenium films with low 

resistivity (< 20 µΩ⋅cm) and low impurity contents (< 0.2 at.% H, < 0.2 at.% C, and          

< 0.4 at.% O) were grown from a cyclopentadienyl precursor RuCp2. Ruthenium films 

grown from a β-diketonato precursor Ru(thd)3 had higher resistivities, higher impurity 

contents, and longer incubation time for onset of the film growth. High quality platinum 

films were grown from MeCpPtMe3. The films had strong (111) orientation even at the 

lowest growth temperatures. Iridium films with low resistivities (< 18 µΩ⋅cm), low 

impurity contents (< 1.0 at.% H, < 0.3 at.% C, and < 0.5 at.% O), and smooth surface 

morphology were grown from Ir(acac)3 and oxygen. Metallic rhodium films were grown 

from Rh(acac)3 and oxygen. ALD of palladium was also studied but self-limiting film 

growth was not obtained. 

 

Reaction mechanism studies were performed in order to gain better understanding of the 

chemistry in the studied noble metal ALD processes. It was found that adsorbed oxygen 

atoms react with the ligands of the noble metal precursor during the metal precursor pulse. 

Unreacted ligand species that remain on the surface after the metal precursor pulse react 

with oxygen during the following oxygen pulse. The main reaction by-products detected 

during the both reaction steps were water and carbon dioxide. 



 4 

Preface 

 

The research for this thesis was carried out at the Laboratory of Inorganic Chemistry, 

Department of Chemistry at the University of Helsinki during the years 2001–2004. 

 

I am thankful to my supervisors Prof. Markku Leskelä and Prof. Mikko Ritala for the 

invaluable help and advice that I have received during this work. 

 

I wish to thank all my co-workers for fruitful collaboration. Dr. Kai Arstila, Dr. Timo 

Sajavaara, Mr. Kristoffer Meinander, and Prof. Juhani Keinonen from the Department of 

Physics at the University of Helsinki are thanked for the TOF-ERD and AFM analysis.  

Mr. Raul Rammula and Prof. Väino Sammelselg from the Institute of Physical Chemistry 

at the University of Tartu in Estonia are thanked for the AFM analysis, and Dr. Yung-

Liang Tung and Prof. Yun Chi from the Department of Chemistry at the National Tsing 

Huang University in Taiwan are thanked for providing the palladium precursor. 

 

Ms. Petra Alén is thanked for her contribution to the ruthenium process, and for sharing the 

H-reactor, which has been a pleasure. Dr. Antti Rahtu is thanked for great help with the in 

situ experiments. All my other former and current colleagues at the Laboratory of 

Inorganic Chemistry are thanked as well. Special thanks belong to Marika for helping me 

in getting started with this work, to Marko and Raija for always being ready to help, and to 

Jarkko for sharing the office with me. 

 

Mr. Seppo Nenonen (Oxford Instruments, Finland), and Dr. Thomas Moffat and Dr. Daniel 

Josell (National Institute of Standards and Technology, USA) are thanked for providing 

SEM images for this thesis. 

 

Ms. Laura Hirvonen is thanked for revising the language of this thesis. 

 

Finnish National Technology Agency (TEKES), ASM Microchemistry, Labgas, Fortum, 

Volatec, and the Academy of Finland together with Gust. Komppa Fund of Kordelin 

Foundation, Hämäläisten Ylioppilassäätiö, and Nokia Foundation are acknowledged for 

the financial support of this work. 



 5 

List of publications 

 

The thesis is based on the following original publications, which are referred to in the text 

by the Roman numerals I–VIII. 

 

I T. Aaltonen, P. Alén, M. Ritala, and M. Leskelä,  

 Ruthenium Thin Films Grown by Atomic Layer Deposition,  

 Chem. Vap. Deposition, 9 (2003) 45–49. 
 

II T. Aaltonen, M. Ritala, T. Sajavaara, J. Keinonen, and M. Leskelä,  

 Atomic Layer Deposition of Platinum Thin Films,  

 Chem. Mater., 15 (2003) 1924–1928. 
 

III T. Aaltonen, A. Rahtu, M. Ritala, and M. Leskelä,  

 Reaction Mechanism Studies on Atomic Layer Deposition of Ruthenium and 

 Platinum, Electrochem. Solid-State Lett., 6 (2003) C130–C133. 
 

IV T. Aaltonen, M. Ritala, K. Arstila, J. Keinonen, and M. Leskelä,  

 Atomic Layer Deposition of Ruthenium Thin Films from Ru(thd)3 and Oxygen,  

 Chem. Vap. Deposition, 10 (2004) 215–219. 
 

V T. Aaltonen, M. Ritala, V. Sammelselg, and M. Leskelä,  

 Atomic Layer Deposition of Iridium Thin Films,  

 J. Electrochem. Soc., 151 (2004) G489–G492. 
 

VI T. Aaltonen, M. Ritala, Y.-L. Tung, Y. Chi, K. Arstila, K. Meinander, and M. 

 Leskelä, Atomic Layer Deposition of Noble Metals: Exploration of the Low Limit 

 of the  Deposition Temperature, J. Mater. Res., 19 (2004) 3353–3358.  
 

VII T. Aaltonen, M. Ritala, and M. Leskelä, 

 Atomic Layer Deposition of Rhodium Thin Films from Rh(acac)3 and Oxygen, 

 manuscript. 
 

VIII T. Aaltonen, M. Ritala, and M. Leskelä, 

 Atomic Layer Deposition of Noble Metals, 

 in Advanced Metallization Conference 2004 (AMC 2004), (Eds: D. Erb, P. Ramm, 

 K. Masu, and A. Osaki), Materials Research Society (2005) 663–667.



 6 

List of symbols and abbreviations 

 

k    relative dielectric constant, relative permittivity (εr) 

θ    angle between the incident X-ray beam and the substrate surface 

 

acac   2,4-pentanedionato, acetylacetonato, [CH3C(O)CHC(O)CH3]
- 

AFM   atomic force microscopy 

ALD, ALE  atomic layer deposition, atomic layer epitaxy 

BLT   (Bi,La)4Ti3O12 

BST   (Ba,Sr)TiO3 

CMOS   complementary metal-oxide-semiconductor 

CMP   chemical mechanical polishing 

Cp   cyclopentadienyl, [C5H5]
- 

DRAM  dynamic random access memory 

EDX, EDS  energy dispersive X-ray spectroscopy 

Et   ethyl, -CH2CH3 

fcc   face-centered cubic 

FET    field effect transistor 

FRAM   ferroelectric random access memory 

hfac   1,1,1,5,5,5-hexafluoro-2,4-pentanedionato,    

   hexafluoroacetylacetonato, [CF3C(O)CHC(O)CF3]
- 

hcp   hexagonal close packed 

IC   integrated circuit 

keim2   [CF3C(O)CHC(NBun)CF3]
- 

Me   methyl, -CH3 

MFIS   metal-ferroelectric-insulator-semiconductor 

MFMIS  metal-ferroelectric-metal-insulator-semiconductor 

MOSFET  metal-oxide-semiconductor field effect transistor 

MRAM  magnetic random access memory 

od   2,4-octanedionato, [CH3C(O)CHC(O)CH2CH2CH2CH3]
- 

PEALD  plasma enhanced atomic layer deposition 

PLZT   (Pb,La)(Zr,Ti)O3 

poly-Si   polycrystalline silicon 

PZT   Pb(Zr,Ti)O3 

QCM   quartz crystal microbalance 

QMS   quadrupole mass spectrometer 



 7 

RF-ID   radio frequency identification 

RHEED  reflection high energy electron diffraction 

RIE   reactive ion etching 

rms   root mean quare 

RT   room temperature 

SAM   self-assembled monolayer 

sccm   standard cubic centimeters per minute 

SEM   scanning electron microscopy 

SBT   SrBi2Ta2O9 

TEM   transmission electron microscopy 

thd   2,2,6,6-tetramethyl-3,5-heptanedionato, dipivaloylmethanato,  

   [(CH3)3CC(O)CHC(O)C(CH3)3]
- 

TOF-ERDA  time-of-flight elastic recoil detection analysis 

UHV   ultra high vacuum  

XPS   X-ray photoelectron spectroscopy 

XRD   X-ray diffraction 

XRR   X-ray reflectivity 



 8 

Contents 

 

Abstract          3 

Preface          4 

List of publications         5 

List of symbols and abbreviations       6 

Contents          8 

 

1. Introduction         10 

 1.1 Noble metals        11 

 1.2 Atomic layer deposition       13 

 

2. Applications of noble metals       14 

 2.1 Dynamic random access memory electrodes    15 

  2.1.1 Electrodes for Ta2O5      17 

  2.1.2 Electrodes for (Ba,Sr)TiO3     18 

 2.2 Ferroelectric random access memory electrodes    21 

  2.2.1 Electrodes for Pb(Zr,Ti)O3     22 

  2.2.2 Electrodes for SrBi2Ta2O9      24 

  2.2.3 Electrodes for (Bi,La)4Ti3O12      25 

 2.3 Gate electrodes in metal-oxide-semiconductor field effect transistors 25 

 2.4 Copper seed layers and barriers in interconnect metallization  27 

 

3. Experimental methods        30 

 3.1 Film growth        30 

 3.2 Film characterization       30 

  3.2.1 X-ray diffraction and X-ray reflectivity    31 

  3.2.2 Scanning electron microscopy and energy dispersive  

           X-ray spectroscopy      32 

  3.2.3 Atomic force microscopy     33 

  3.2.4 Time-of-flight elastic recoil detection analysis   34 

  3.2.5 Electrical measurements     35 

 

 

 

 



 9 

4. ALD of noble metals        36 

 4.1 Film growth        37 

  4.1.1 Ruthenium       37 

  4.1.2 Platinum        43 

  4.1.3 Iridium        46 

  4.1.4 Palladium       48 

  4.1.5 Rhodium        51 

 4.2 Reaction mechanisms       52 

  4.2.1 Oxidizing processes      52 

  4.2.2 Reducing processes      56 

 

5. Conclusions         58 

 

6. References          60



 10 

1. INTRODUCTION 

 

Atomic layer deposition (ALD), also called atomic layer epitaxy (ALE), is a thin film 

deposition technique developed in Finland in the mid 1970s.1 Initially, ALD was 

developed for deposition of materials used in electroluminescent displays2–4 but during the 

years, the selection of materials and their potential applications has expanded. For instance, 

ALD of epitaxial compound semiconductors,5,6 catalysts,7,8 and sensor materials9 has been 

studied. Recently, there has been a rapidly growing interest in ALD of materials used in 

microelectronic applications, especially in the integrated circuits (ICs).4,10 

 

ICs are used in numbers of electronic devices; they can for example be found in personal 

computers, mobile phones, radios, and cars. The performance of the ICs is continuously 

improved by scaling down the dimensions of the components and by using better materials. 

This sets new requirements for the processes used in fabrication of the ICs; very thin films 

of novel materials need to be grown into three-dimensional structures. ALD produces films 

with excellent conformality and good thickness uniformity,11 and is therefore a suitable 

thin film deposition method for IC applications. There has been a lot of research on ALD 

of high dielectric constant (high-k) oxides such as HfO2, ZrO2, Al2O3, Ta2O5 and their 

nanolaminates for gate dielectrics in the metal-oxide-semiconductor field effect transistors 

(MOSFETs).4,10 There are also several reports on ALD of tantalum, titanium, and their 

nitrides, which are used as adhesion promoters and diffusion barriers for copper.12 ALD of 

tungsten13 and copper,14,15 both of which are being used in interconnect metallization, have 

also been studied. Until very recently, there have been only a few studies on ALD of noble 

metals although they also have several potential applications in ICs. 

 

Noble metals are chemically very stable, and many of them can withstand highly oxidizing 

conditions. Therefore, noble metals are applicable to ICs as electrodes in dynamic random 

access memories (DRAMs) and ferroelectric random access memories (FRAMs). Other 

applications in ICs include gate electrodes in MOSFETs, and seed and barrier layers for 

copper in interconnect metallization. In addition to ICs, noble metals have applications for 

example in catalysis, sensors, and magnetic data storage. 

 

The aim of this work was to develop new ALD processes for the noble metals to be used in 

the above mentioned applications. Reaction mechanisms of selected processes were 

studied to obtain better understanding of the chemistry these processes involve. In this 

thesis, first there is a brief introduction to the noble metals and to the ALD technique. 



 11 

Then, some of the potential applications of the noble metals are presented, the focus being 

on the ICs. The experimental section describes the experimental set-up used in the film 

growth studies as well as in the in situ experiments, and briefly presents the film 

characterization methods. After that, the so far studied noble metal ALD processes are 

reviewed and the reaction mechanisms of the processes discussed. 

 

1.1 Noble metals 

 

In this work, the following metals are counted as noble metals: silver and gold, and the 

platinum group metals ruthenium, rhodium, palladium, osmium, iridium, and platinum. 

These metals are in some contexts, especially in jewelry, also referred to as precious 

metals. They are transition metals and belong to groups 8–11 in the periodic table     

(Figure 1). Noble metals are called ‘noble’ because of their chemical stability; they have 

positive standard reduction potentials,16 and many of them are highly resistant to oxidation, 

even at elevated temperatures.17–19 

 

 
Figure 1. Position of the noble metals in the periodic table. Noble metals include 

ruthenium (Ru), rhodium (Rh), palladium (Pd), silver (Ag), osmium (Os), iridium (Ir), 

platinum (Pt), and gold (Au). 
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Table 1 presents the atomic and physical properties of the noble metals.20,21 The melting 

points of the noble metals vary from 962 °C for silver to 3033 °C for osmium. The 

densities are in the range of 10.5–22.6 g/cm3. Silver has the resistivity of 1.5 µΩ⋅cm, which 

is the lowest of all the metals. The vacuum work functions are in the range of 4.7–5.9 eV, 

the lowest value being for ruthenium and the highest values for osmium and platinum.20 

Ruthenium and osmium have the hexagonal close packed (hcp) crystal structure while 

rhodium, iridium, palladium, platinum, and gold are face-centered cubic (fcc) metals. 

Silver has normally the fcc crystal structure but the hcp structure has also been reported for 

silver.21 

 

Table 1. Atomic and physical properties of the noble metals.20,21 

Metal Atomic 

number 

Atomic 

weight 

(u) 

Melting 

point 

(°C) 

Density 

at 25 °C 

(g/cm3) 

Resistivity 

at 0 °C 

(µΩ⋅cm) 

Work 

function 

(eV) 

Crystal 

structure 

Ru 44 101.07 2334 12.1 7.1  4.71a hcp 

Os 76 190.23 3033 22.6 8.1 5.93a hcp 

Rh 45 102.91 1964 12.4 4.3 4.98a fcc 

Ir 77 192.22 2446 22.5 4.7 5.76b fcc 

Pd 46 106.42 1555 12.0 9.8 5.22a 

5.6b 

fcc 

Pt 78 195.08 1768 21.5 9.6 5.64a 

5.93b  

fcc 

Ag 47 107.87 962 10.5 1.5 4.74b fcc 

(hcp) 

Au 79 196.97 1064 19.3 2.0 5.31b fcc 
apolycrystalline, b(111) oriented 
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1.2 Atomic layer deposition 

 

ALD is a gas phase thin film deposition method which can be regarded as a special 

modification of the more widely used chemical vapor deposition (CVD) technique. In 

ALD, the precursors are led into the reaction chamber in alternate pulses while in CVD, 

the precursors are led into the reaction chamber simultaneously. The alternate precursor 

pulses in ALD are separated by inert gas purging (in flow type reactors) or by evacuation 

of the reactor (in high-vacuum type reactors). The precursors react with the surface groups 

on the substrate, or chemisorb on the substrate surface. In properly chosen process 

conditions, the surface reactions are self-limiting, which leads to highly controlled film 

growth. Thermal self-decomposition of the precursors destroys the self-limiting film 

growth mechanism, and the process can no longer be considered an ideal ALD process.4 If 

the surface reactions become saturated, a constant film growth rate is obtained over the 

whole substrate surface, and films with excellent conformality and good large-area 

uniformity are obtained.11 The set of successive pulses of two or more precursors, 

separated by purge periods, is called an ALD cycle. The film growth rate is usually 

measured as the film thickness obtained during one ALD cycle. The film thickness can be 

easily and accurately controlled by the number of the applied growth cycles.4 
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2. APPLICATIONS OF NOBLE METALS 

 

Noble metals have several applications because of their catalytic, chemical, optical, 

magnetic, mechanical, and electrical properties. In many applications, only a thin, less than 

1 µm thick noble metal layer is needed. The catalytic activity of noble metals is widely 

exploited in production or disposal of different chemical compounds. Noble metals are 

used as catalysts in hydrocarbon conversion reactions22–26 and in production of other 

industrial chemicals such as ammonia.27 Platinum, palladium, and rhodium are used as 

three-way catalysts in automobile catalytic converters,28 and iridium, platinum, and silver 

have been studied as catalysts for reduction of nitric oxide exhausted from diesel and lean-

burn gasoline engines.29,30 The catalytic activity of the noble metals is also exploited in 

fuel cell technology; rhodium, ruthenium, palladium, platinum, and gold have been studied 

as catalysts for production of carbon monoxide free hydrogen for fuel cells,31,32 and 

platinum and its alloys with other noble metals have been studied as fuel cell electrode 

catalysts.33–35 Liquid phase techniques are the most common methods used for preparation 

of the noble metal catalysts but gas phase methods can be used as well.23,27,36 ALD is a 

suitable gas phase method for catalyst preparation because ALD is based on controlled 

adsorption of the precursors on the growth surface.7,8 Thus, precise surface structures can 

be prepared on the catalyst supports. In addition, excellent dispersion and distribution of 

metal species can be obtained by ALD, the processes being highly reproducible.8 ALD of 

palladium, ruthenium, iridium, and platinum on high surface area supports for catalytic 

applications have been reported recently.37–39 

 

The optical, mechanical, and chemical properties of noble metals are exploited in optical 

and protective coatings,40–42 and permeation of hydrogen through noble metals is exploited 

in hydrogen separation membranes.43,44 In gas sensor applications, noble metals have been 

used for example as active electrode materials45–47 and as catalytic layers which selectively 

remove specific gas species, thus prohibiting their access to the active sensor surface.48 

 

The applications of noble metals in magnetic data storage include antiferromagnetically 

coupled magnetic recording media49,50 and magnetic random access memories 

(MRAMs).51,52 The antiferromagnetically coupled magnetic recording media consists of 

two or more ferromagnetic layers separated by a ruthenium film. The role of the 

nonmagnetic ruthenium film is to antiferromagnetically couple the ferromagnetic layers, 

and thus stabilize the magnetic orientation of the information-storing magnetic layer.49,50 In 

magnetic tunneling junction MRAMs, the antiferromagnetic coupling stabilizes the 



 15 

magnetic orientation of the fixed magnetic layer.51,52 In addition to ruthenium, iridium has 

been studied as a nonmagnetic coupling layer but it suffers from a poor thermal stability 

with the adjacent magnetic layers.53 The degree of the antiferromagnetic coupling depends 

on the thickness of the nonmagnetic film, the optimum thickness for ruthenium being in 

the range of 0.6–0.8 nm.49 Thus, an accurate thickness control of the deposited films is 

needed over the whole substrate area. Sputtering has been so far used for deposition of the 

ruthenium films49,51 but ALD as well could be a suitable method for ruthenium deposition 

for these applications. 

 

Noble metals have several potential applications in ICs. They can be used as electrodes in 

DRAMs and FRAMs, and as gate electrodes in MOSFETs. In addition, noble metals have 

been studied as diffusion barriers and seed layers for copper in interconnect metallization. 

These applications of the noble metals in ICs are described in more detail in the following 

sections. 

 

2.1 Dynamic random access memory electrodes 

The data storage in DRAMs is based on introducing a charge into the memory capacitor. 

The charge must be repeatedly refreshed (thereof the term ‘dynamic’), the time interval 

between the refreshments depending on the leakage current through the capacitor. The 

charge storage capacity of the capacitor is determined by its capacitance, which can be 

increased by decreasing the thickness of the dielectric layer, by using a dielectric material 

with a higher dielectric constant, or by increasing the active capacitor area.54 Three-

dimensional structures provide larger capacitor areas even if the lateral dimensions of the 

capacitors decrease, and therefore, three-dimensional structures are needed in order to 

further increase the number of capacitors per unit area, and thus, the storage density of the 

DRAMs.55–57 In stacked DRAM memory cells, the capacitors are fabricated above the 

silicon substrate.56,58 Examples of stacked capacitor structures are shown in Figure 2. In 

trenched DRAM memory cells, the memory capacitors are buried into the silicon substrate. 

The capacitors are fabricated into high aspect ratio trenches, and thus have high effective 

surface areas.58,59 The area of the trench can be further increased by making it for example 

bottle-shaped.59 
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Figure 2. (a) An example of a simple stacked DRAM capacitor structure, and (b) an 

example of a concave stacked DRAM capacitor structure. 

 

There is active research on high-k materials that could replace the currently used dielectrics 

SiO2 and silicon oxynitride composites. Examples of widely studied high-k oxides include 

Ta2O5 and (Ba,Sr)TiO3 (BST).55,58,60,61 These high-k oxides cannot be grown directly on 

the polycrystalline silicon (poly-Si) plug that connects the memory capacitor to the cell 

transistor because the plug would oxidize during the high-k oxide processing, and 

oxidation of the plug would lead to a decrease in the total capacitance of the structure.62 

Therefore, a bottom electrode that prevents the plug oxidation and that remains conductive 

at highly oxidizing conditions is needed. Noble metals platinum, iridium, and ruthenium, 

and conductive oxides RuO2, IrO2, and SrRuO3 are potential electrode materials for 

DRAM memory capacitors having high-k dielectrics.61 Noble metals are suitable electrode 

materials because they remain conductive in highly oxidizing conditions; platinum is 

highly resistant to oxidation, whereas iridium and ruthenium form conductive oxides (IrO2 

and RuO2) when they become oxidized.61 Furthermore, noble metals have high work 

functions, and thus high barrier for leakage by Schottky emission, that is, thermionic 

emission in the presence of an applied electric field.61 

 

Patterning is an essential process step in fabrication of the three-dimensional DRAM 

capacitor structures. Patterning of the stacked capacitors (Figure 2) can be realized by 

vertical dry etching through a hard mask,54,63–65 or by planarization.66,67 The most common 

dry etching method used in patterning of the noble metals is reactive ion etching (RIE). 

RIE of platinum and iridium is difficult because they do not have readily generated volatile 

etch products at low temperatures.54 Sputtering, which in the lack of chemical reactions 

becomes the predominant etching mechanism in RIE, decreases selectivity between the 

metal and the mask, and may cause re-deposition of the metal on the pattern sidewall.55,68 
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By using a hard mask that tolerates elevated temperatures and more aggressive etching 

conditions, higher quality RIE of platinum and iridium can be obtained.55,65,68,69 RIE of 

ruthenium and RuO2 is easier because they react readily with Cl2 containing O2 plasma, or 

with CF4 plasma to form volatile ruthenium oxides and halides.55,63,64,70 The drawback with 

RIE of ruthenium with O2 plasma is that the reaction product RuO4 is toxic. Planarization 

of the capacitor structures is done by chemical mechanical polishing (CMP). Both stacked 

and trenched structures can be planarized by CMP.59,66,67 In general, CMP of noble metals 

is difficult because of their chemical inactivity. Thus, there are only a few reports on CMP 

of iridium,66 platinum,71,72 and ruthenium.67 

 

The bottom electrode affects the dielectric and electrical properties of the high-k oxide, and 

plays therefore a significant role in the performance of the memory capacitor.61,73,74 The 

following sections summarize the noble metal electrode structures studied for DRAM 

capacitors with Ta2O5 and BST as the dielectric materials. 

 

2.1.1 Electrodes for Ta2O5 

 

Ruthenium is a potential bottom electrode material for capacitors with Ta2O5 as the 

dielectric because high dielectric constants and low leakage currents have been reported for 

Ta2O5 grown on ruthenium electrodes.74,75 For crystalline Ta2O5 films, dielectric constants 

in the range of 45–11076,77 have been reported whereas for amorphous films, the dielectric 

constant is about 25–32.77 Thus, in order to obtain higher dielectric constants, the Ta2O5 

films need to be crystallized. The crystallization is usually performed by post-annealing at 

a temperature of 700 °C or higher.74,75 If the high-temperature annealing is performed in an 

O2 atmosphere, the ruthenium bottom electrode is likely to become oxidized to ruthenium 

oxide. The RuO2 formation causes roughening of the Ta2O5–electrode interface which 

leads to higher leakage currents.75,78 Therefore, in order to prevent ruthenium oxidation, 

the high-temperature annealing of Ta2O5 is usually performed in a N2 atmosphere or in 

vacuum.75,77 The dielectric properties of Ta2O5 can also be improved by O2 or N2O plasma 

treatments or O2 annealing performed at lower temperatures of 350–550 °C at which 

oxidation of the ruthenium bottom electrode does not take place.74,75,77 

 

Platinum is another bottom electrode material studied for Ta2O5.
74,76 Platinum is more 

resistant to oxidation and can therefore be high-temperature annealed in an O2 

atmosphere.74 However, oxygen readily diffuses through platinum and oxidizes the contact 

beyond the platinum layer. Furthermore, etching of platinum is difficult.54 
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The crystal structure of the bottom electrode affects crystallization of the Ta2O5 film and 

thus its electrical properties.74 Ta2O5 films with (110)74 and (200)76 orientations have been 

obtained on (111) oriented platinum films. Ta2O5 films with a slightly preferred (001) 

orientation have been obtained on randomly oriented ruthenium films,74 while Ta2O5 films 

with a highly dominant (001) orientation and a very high dielectric constant of 90–110 

have been obtained on (002) oriented ruthenium electrodes.77 The high dielectric constant 

of the Ta2O5 film is suggested to be caused by the strong (001) orientation of the Ta2O5 

film77,79 brought out by the (002) orientation of the ruthenium bottom electrode.74 Thus, 

ruthenium films with (002) crystal orientation can be considered the most suitable bottom 

electrodes for DRAMs with Ta2O5 as the capacitor dielectric. 

 

2.1.2 Electrodes for (Ba,Sr)TiO3 

 

BST is a promising dielectric material for DRAM capacitors because of its high dielectric 

constant (> 200).61 Furthermore, low leakage currents can be obtained with BST.61 High-

temperature (> 500 °C) deposition or post-annealing is needed to obtain the desired 

perovskite crystal structure of the BST films.56,73 Platinum, ruthenium, and iridium are 

suitable electrode materials for BST because they remain conductive in the highly 

oxidizing deposition and annealing conditions needed for BST processing.61 

 

Platinum has been widely studied as electrode material for BST because very low leakage 

currents have been obtained with BST grown on platinum electrodes.56,61,73 The low 

leakage currents are due to a high potential barrier at the BST–platinum interface; platinum 

has a high work function, and thus a high barrier for leakage by Schottky emission.61,80,81 

Another reason for the low leakage currents is that smooth platinum–BST interfaces can be 

obtained because platinum is highly resistant to oxidation,61,73,82,83 and no oxidation related 

surface roughening takes place during BST processing. However, poor electrical quality of 

the BST–platinum top electrode interface may lead to higher leakage currents at negative 

bias.61,84 

 

Platinum cannot be grown directly on the poly-Si plug because it reacts with poly-Si to 

form platinum silicide.54,85 In addition, adhesion of platinum to poly-Si is poor.62 

Therefore, a conductive barrier layer that prevents silicide formation and enhances 

adhesion is needed between the poly-Si plug and the platinum electrode.54 However, a 

simple BST/platinum/barrier/poly-Si structure cannot be used because platinum is highly 

permeable to oxygen. Diffusion of oxygen through platinum leads to oxidation of the 
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underlying barrier and plug materials during BST processing.54,82,85 The problem with 

oxygen permeability can be overcome by using an electrode stack consisting of a platinum 

layer together with an additional oxygen barrier layer that has lower permeability for 

oxygen. Potential oxygen barrier materials include for example ruthenium, iridium, RuO2, 

and IrO2.
54,62,82,85 

 

Ruthenium is another electrode material that has been studied for DRAMs with BST as the 

dielectric. BST films grown on (002) oriented ruthenium electrodes have been reported to 

have a strong (110) crystal orientation and a large grain size, and thereby, a high dielectric 

constant.73,86 Ruthenium is less stable towards oxidation than platinum; the surface of the 

ruthenium electrode oxidizes to ruthenium oxide during BST deposition at temperatures of 

500 °C and higher.73,86,87 The surface oxide attenuates oxygen diffusion through the 

ruthenium electrode, and thus retards the oxidation of the underlying plug material.82,87,88 

However, the surface oxidation also causes roughening of the ruthenium–BST interface 

leading to high leakage currents.89,90 The ruthenium electrode can be processed by special 

annealings or plasma treatments to lower the leakage current.82,91,92 The potential barrier at 

the BST–ruthenium (or RuO2) interface is lower than at the BST–platinum and BST–

iridium interfaces, which is another reason for higher leakage currents obtained for BST 

films grown on ruthenium electrodes.61 

 

The ability of ruthenium to retard oxygen diffusion can be exploited in multilayer 

structures such as BST/Pt/Ru/TiN/poly-Si. The ruthenium layer attenuates oxidation of the 

nitride barrier and the poly-Si plug, while smooth surface morphology is preserved at the 

platinum–BST interface, and thus, lower leakage currents are obtained.82 Ruthenium can 

also be grown directly on the poly-Si plug without the need for a separate barrier layer.93 

Ruthenium reacts with silicon to form Ru2Si3 at temperatures higher than 450 °C,85,86 but 

in specific process conditions, a conductive ruthenium, silicon, and oxygen containing 

layer that is stable up to 700 °C can be obtained at the ruthenium–poly-Si interface.93 

However, the stability of the ruthenium–poly-Si interface during back-end processing 

remains a question.56 

 

Iridium is a promising electrode material for BST because good dielectric properties have 

been reported for BST films grown on iridium electrodes.73,94,95 BST films having a 

preferred crystal orientation, and therefore, a high dielectric constant, have been obtained 

on iridium electrodes.95 The top electrode material affects the dielectric constant of the 

BST film as well; higher dielectric constants have been obtained when iridium is used as 
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the top electrode instead of platinum.95 This difference was explained by a large 

compressive stress in the BST film induced by the iridium top electrode. The leakage 

currents reported for BST films grown on iridium are, however, higher than for BST films 

grown on platinum.73,94 High-temperature post-annealing in O2 atmosphere has been 

reported to lower the leakage currents of BST films grown on iridium electrodes.73 

 

An iridium oxide layer forms on the surface of the iridium electrode during BST 

processing at temperatures of 600 °C or higher.85,95,96 This iridium oxide layer can act as an 

oxygen diffusion barrier.95 Iridium films annealed at 700 °C in N2 atmosphere have been 

reported to prevent oxygen diffusion better than non-annealed films.85 This is because the 

number of grain boundaries reduces during the high temperature annealing. Thus, there are 

less pathways for oxygen diffusion.85 The stability of iridium in contact with silicon is 

moderate; iridium reacts with silicon when annealed in O2 atmosphere at 650 °C but is not 

completely consumed in the reaction with silicon.97 
  

In summary, platinum, ruthenium, and iridium are the most widely studied noble metal 

electrode materials for BST. Platinum has good interface stability with BST but the oxygen 

permeability of platinum is a problem. Formation of a thin oxide layer on the surface of the 

ruthenium and iridium electrodes retards further oxygen diffusion. However, surface 

roughening of the ruthenium electrodes as a result of the surface oxidation leads to high 

leakage currents. Therefore, multilayer structures consisting of several noble metal layers 

show most promise as bottom electrodes for BST. 

 

Highly conformal noble metal thin films are needed in fabrication of three-dimensional 

DRAM capacitor structures. Therefore, ALD and CVD are suitable methods for noble 

metal deposition for DRAMs.57 Films grown by physical methods such as sputtering, on 

the other hand, suffer from poor step coverage.98 The noble metal layer grown on top of the 

nitride barrier should be grown by a reductive process in order to avoid oxidation of the 

barrier during the noble metal deposition. The subsequent bottom electrode layers as well 

as the top electrode can be grown by oxidizing processes as well. 
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2.2 Ferroelectric random access memory electrodes 

 

In FRAMs, the data is stored as the polarization state of the ferroelectric film. Switching 

between two stable polarization states is realized by applying an electric field across the 

ferroelectric film. As both of the polarization states are stable in the absence of electric 

field, FRAMs are non-volatile, that is, the data is preserved when the power is switched 

off.99 In addition to non-volatility, the benefits of FRAMs include fast reading and writing 

times, low power consumption, and low operation voltage.100,101 Therefore, FRAMs are 

applicable to portable electronics such as mobile phones, and to other wireless applications 

such as radio frequency identification (RF-ID) cards and smart IC cards.100–102 

 

FRAMs have two different types of operation principles; the data can be stored in 

ferroelectric capacitors or in ferroelectric transistors. Ferroelectric capacitors are otherwise 

similar to DRAM capacitors (Figure 2) but the high-k dielectric is replaced by the 

ferroelectric film. In ferroelectric capacitors, an excess charge is drawn from the circuit 

and stored to the capacitor if the polarization state of the ferroelectric film is changed 

during the read-out process. Thus, the polarization state of the ferroelectric film can be 

determined by detecting the presence or the absence of the switching charge pulse.99 The 

magnitude of the switching charge can be increased by using three-dimensional capacitor 

structures.103 The metal-ferroelectric-insulator-semiconductor (MFIS) FET104 shown in 

Figure 3 is an example of a ferroelectric transistor. In ferroelectric transistors, the 

conductance of the transistor channel depends on the polarization state of the gate 

ferroelectric. The polarization state of the ferroelectric film can thus be determined by 

measuring the drain current.105,106 The advantage of the ferroelectric transistors is that 

unlike in the ferroelectric capacitors, the data read-out is non-destructive.  

 

 
Figure 3. A schematic of a MFIS field effect transistor. 
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Pb(Zr,Ti)O3 (PZT), SrBi2Ta2O9 (SBT), and (Bi,La)4Ti3O12 (BLT) are widely studied 

ferroelectrics for FRAMs.101,104,107 In ferroelectric capacitors, the bottom electrode affects 

the texture and quality, and thereby the performance of the ferroelectric film.101 Since the 

ferroelectric oxides are deposited in oxidizing conditions and at high temperatures of 450–

850 °C,101 bottom electrodes that remain conductive in these process conditions are 

needed. Therefore, noble metals platinum, iridium, and ruthenium as well as their 

conductive oxides IrO2 and RuO2 are potential electrode materials for FRAM capacitors. 

 

In ferroelectric transistors, noble metals are used as gate electrodes. In a MFIS transistor 

(Figure 3), the electrode is grown on top of the ferroelectric material while in a metal-

ferroelectric-metal-insulator-semiconductor (MFMIS) transistor the ferroelectric is grown 

on the metal electrode. Noble metals platinum, iridium and ruthenium have been studied as 

gate metals in the ferroelectric gate transistors.104,108,109 The following sections summarize 

the noble metal electrode structures studied for FRAM capacitors and FRAM transistors 

having PZT, SBT, or BLT as the ferroelectric. 

 

2.2.1 Electrodes for Pb(Zr,Ti)O3 

 

PZT and lanthanum substituted PZT [(Pb,La)(Zr,Ti)O3, PLZT] are widely studied 

ferroelectric materials in FRAM memory capacitors. Processing of the PZT films is 

performed in oxidizing conditions at temperatures of 450–700 °C.101 A disadvantage with 

PZT is that it is prone to fatigue; the switching polarization of PZT decreases with 

increasing number of repeated reading and writing cycles.101,106,110 However, fatigue 

problems with PZT can be overcome by tailoring the electrode structure.101 Diffusion of 

hydrogen through the electrode to PZT film during later device processing degrades its 

ferroelectric properties.101,111 Therefore, the top electrode needs to be covered by an 

additional hydrogen barrier layer. Alternatively, a top electrode material such as IrO2, 

which has low catalytic activity for dissociation of H2 to hydrogen atoms, can be 

used.101,111 

 

Platinum is a widely studied electrode material for PZT. A multilayer electrode stack is 

always needed when using platinum electrodes because platinum reacts with poly-Si to 

form platinum silicide,85 is permeable to oxygen112 and lead,113 and has poor adhesion to 

SiO2 and other materials used as interlayer dielectrics.114 Titanium has been used as an 

adhesion promoting layer for platinum but oxidation of titanium to TiO2, interdiffusion of 

platinum and titanium, and hillock formation on the platinum electrode are problems with 
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the Pt/Ti electrode structure.115 Therefore, conductive oxides such as IrO2 and RuO2 have 

been introduced to replace the titanium layer in the electrode stack.113 

 

Perovskite phased PZT films having good polarization properties and low leakage current 

can be grown on platinum electrodes.99,116,117 However, PZT films grown on platinum 

suffer from poor fatigue resistance.110,118–120 Oxygen vacancies at the PZT–electrode 

interface affect the fatigue resistance behavior of PZT.110,118,120 Better fatigue resistance is 

obtained when conductive oxides are used as electrode materials but then the films have 

high leakage currents.118,120 Good fatigue resistance together with low leakage currents and 

high remnant polarization have been achieved by using an electrode consisting of about   

10 nm thick platinum film grown on conductive oxide such as RuO2 or IrO2.
113,116–119 The 

oxide layer under the thin platinum film is essential in obtaining good fatigue properties 

because it acts as a sink for oxygen vacancies.118 

 

Iridium has been shown to be a suitable electrode material for PZT because high remnant 

polarization, low leakage currents, and good fatigue properties have been obtained for PZT 

grown on iridium.121–123 The good fatigue properties of the PZT films are most probably 

due to oxidation of the iridium surface during the PZT deposition at temperatures higher 

than 530 °C.122 In addition, the IrOx layer formed on the surface of the iridium electrode 

prevents diffusion of lead and oxygen through the electrode.113 Iridium can also be used as 

an oxygen barrier layer in multilayer electrode structures.122 

 

Ruthenium is another electrode material studied for FRAM capacitors with PZT as the 

ferroelectric.120 PZT films grown on ruthenium electrodes have better fatigue properties 

than PZT films grown on platinum electrodes,120,124 and show higher remnant polarization 

than PZT films grown on RuO2.
120 The leakage currents are lower than for PTZ grown on 

RuO2 but higher than for PZT grown on platinum.120 The ferroelectric film cannot be 

grown on ruthenium electrode at high temperatures because interface reactions take place. 

PLZT, for example, has been reported to react with ruthenium at temperatures higher than 

600 °C.121,125 Ruthenium can be used as an oxygen diffusion barrier and as an adhesion 

promoting layer in multilayer electrode structures.126,127 
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2.2.2 Electrodes for SrBi2Ta2O9 

 

SBT has better fatigue resistance than PZT, but has low remnant polarization101 and 

requires high processing temperatures of 650–700 °C.101,128 Platinum and iridium have 

been studied as electrode materials for both FRAM capacitors and FRAM transistors 

having SBT as the ferroelectric. 

 

Platinum is a widely used electrode material for FRAM capacitors having SBT as the 

ferroelectric material.128,129 Electrode stack having the structure of Pt/IrO2/Ir/Ti(Al)N/W-

plug has been proposed for SBT.128 In this structure, platinum is used as the topmost layer 

because it forms a stable interface with SBT. IrO2 is needed as an oxygen diffusion barrier, 

because platinum is highly permeable to oxygen,128 as well as to bismuth from the SBT 

layer.129 The IrO2 layer cannot be grown directly on the Ti(Al)N barrier because Ti(Al)N 

would oxidize during the IrO2 deposition. Therefore, an iridium layer is needed between 

IrO2 and the Ti(Al)N. Ti(Al)N works as a barrier and an adhesion promoting layer, and 

forms a stable interface with the tungsten plug.128 However, because of stresses in the 

electrode stack, hillocks may form on the platinum electrode during high-temperature 

annealing.128 Platinum has been used as an electrode material also in MFIS transistors with 

SBT as the ferroelectric.108,130 

 

Iridium is a potential electrode material both in ferroelectric capacitors and in ferroelectric 

transistors having SBT as the ferroelectric.108,131 In ferroelectric capacitors, SBT films 

grown on iridium electrode have been reported to show poor ferroelectric properties, 

possibly because of oxidation of the iridium surface during SBT processing.128,131 

However, iridium and IrO2 can be used as oxygen barrier layers together with platinum 

electrodes in multilayer electrode structures.128,132 Platinum cannot be grown directly on 

iridium, because platinum and metallic iridium interdiffuse at temperatures higher than  

650 °C.132 Iridium, on the other hand, cannot be grown directly on the poly-Si plug 

because it forms iridium silicide.132 In MFMIS transistors, iridium has been used as the 

lower metal electrode on which the ferroelectric SBT layer is grown.108 However, bismuth 

was reported to diffuse into the iridium electrode during high temperature annealing.108 
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2.2.3 Electrodes for (Bi,La)4Ti3O12 

 

BLT has good fatigue resistance and large remnant polarization and is therefore a 

candidate ferroelectric material for FRAMs.107 Processing temperatures of 650 °C or 

higher are usually required in preparation of BLT.107 Platinum has been used as electrode 

material both in FRAM capacitors107,133 and in FRAM transistors109 having BLT as the 

ferroelectric. In ferroelectric capacitors, however, bismuth readily diffuses into the 

platinum electrode.133 Ruthenium is another electrode material studied for BLT.134 

However, higher leakage currents have been measured for BLT grown on ruthenium than 

for BLT grown on platinum. The surface of the ruthenium electrode becomes oxidized to 

ruthenium oxide during annealing of the capacitor in oxygen.134 In multilayer electrode 

stacks, iridium has also been used as an electrode material.135 

 

2.3 Gate electrodes in metal-oxide-semiconductor field effect transistors 

 

In MOSFETs, SiO2 has been traditionally used as the gate dielectric, and poly-Si as the 

gate electrode. In order to maintain the capacitance density at the desired level as the 

transistor dimensions are scaled down, SiO2 needs to be replaced by a high-k dielectric. 

The high-k dielectrics that have been studied as potential alternatives for SiO2 include for 

example Ta2O5, Al2O3, ZrO2, and HfO2.
136 The poly-Si gate electrode suffers from 

depletion effect which decreases the total capacitance of the gate stack. Additional 

disadvantages of poly-Si are its high electrical resistance and diffusion of boron from the 

doped poly-Si gate to silicon.137 Furthermore, most of the high-k gate dielectrics are 

unstable in contact with silicon.136,138 Therefore, metal gate electrodes are needed to 

replace the poly-Si gate electrode in the future complementary metal-oxide-semiconductor 

(CMOS) devices. Figure 4 shows a schematic of a FET with a metal gate electrode. 

 
Figure 4. A schematic of field effect transistor with a metal gate electrode. 
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Noble metals are potential gate electrode materials because they have high work functions. 

High work function is needed because the threshold voltage of the transistor depends on 

the work function difference between the gate electrode and the semiconductor. The work 

function of the poly-Si gate can be easily adjusted by doping, but when a metal gate is 

used, adjusting of the work function is more complicated. The desired work functions are 

5.0–5.2 eV for p type MOSFETs, and 4.1–4.3 eV for n type MOSFETs.137 Noble metals 

have vacuum work functions in the range of 4.7–5.9 eV (Table 1), and are therefore 

potential gate electrode materials for the p type transistors. Alloying of noble metals with a 

non-noble metal such as tantalum can produce alloys with a work function suitable for the 

n type transistors.139,140 

 

The work function of the gate metal depends on the nature of the interface between the 

gate metal and the gate dielectric. Thus, different work functions are obtained on different 

gate dielectric materials. The nature of the metal–dielectric interface, and thus the work 

function of the gate metal, may change for example during post-annealing of the 

structure.137,141 The following effective work functions have been reported for noble metals 

grown on high-k dielectrics and SiO2. For iridium, work functions of 4.5–4.7 eV137,142 have 

been reported on HfO2 and 4.9 eV on SiO2.
143 For platinum, work functions of 4.6–5.3 eV 

have been reported on HfO2,
141,142,144 and for ruthenium, work functions of 4.6–5.3 eV 

have been reported on HfO2,
142,145,146 5.0 eV on Al2O3,

146 and 5.1–5.3 eV on SiO2.
143,146 

The effective work functions measured for iridium and platinum are lower than the 

vacuum work functions given in Table 1 for clean iridium and platinum surfaces.20 For 

ruthenium, both higher and lower work functions than the vacuum work function of        

4.7 eV20 have been reported. 

 

The gate electrode should be chemically stable with the gate dielectric during the electrode 

deposition process and the high-temperature post-annealings needed for the device 

fabrication. Studies on the stability of the iridium–Ta2O5
147 and iridium–HfO2

137 interfaces 

show that the structures are unstable during high-temperature annealing; metallic tantalum 

forms at the iridium–Ta2O5 interface during annealing at 750 °C,147 and significant 

interdiffusion takes place at the iridium–HfO2 interface at 800 °C.137 Integration of iridium 

gate electrode in the SiO2 based MOSFETs has also been studied; the iridium–SiO2 

interface was found to be stable during annealing up to 900 °C.148 The platinum–

HfO2
141,149 and platinum–ZrO2

150 interfaces have been reported to be stable up to 500 and 

600 °C, respectively. However, platinum has poor adhesion to most of the dielectric 

materials.136,151 Palladium has not been extensively studied as the gate electrode although 
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the palladium–HfO2 interface was reported to be stable up to 500 °C.149 Ruthenium films 

grown by sputtering have been reported to be stable in contact with ZrO2 and SiO2 even 

during annealing at 800 °C.152 When the ruthenium films were grown by digital CVD, a 

thin amorphous ruthenium oxide layer was reported to form at the ruthenium–HfO2 

interface.145 However, since ruthenium oxide is conductive, this layer does not decrease the 

total capacitance of the gate stack. The conductive oxides RuO2 and IrO2 are potential gate 

electrode materials as well.136,153 

 

Ruthenium seems to be the most suitable noble metal electrode material because no 

detrimental interface reactions or interdiffusion take place at the ruthenium–dielectric 

interface. Furthermore, work function values suitable for p type transistors have been 

reported for ruthenium electrodes. In addition, etching of ruthenium is easy.54 Platinum 

electrodes, on the other hand, are difficult to etch and suffer from poor adhesion to the 

dielectrics. Iridium is another potential gate electrode material. However, poor stability of 

the iridium–dielectric interface at high temperatures may be a problem. 

 

ALD has been shown to be a suitable method for deposition of high-k gate dielectrics to 

MOSFETs.136 Thus, ALD could be used for deposition of the gate electrodes as well. The 

gate electrode is grown on the gate dielectric, and therefore, oxidizing noble metal 

processes can be used for growing the gate electrode. However, oxidation of the 

underlying silicon gate during gate electrode deposition may be a concern.146 Ruthenium, 

platinum, and iridium films grown by the ALD processes presented in Papers I, II, and V 

have already been studied as gate electrodes.142 

 

2.4 Copper seed layers and barriers in interconnect metallization 

 

Copper is replacing aluminum as the interconnect material in ICs because of its low 

resistivity and high electromigration resistance. Diffusion of copper to the interlayer 

dielectric must be prevented by using a barrier layer between copper and the dielectric. 

Transition metal nitrides are widely used as barrier materials, but they require an additional 

seed layer, conventionally a thin copper layer, for subsequent copper electroplating.154 

However, deposition of conformal copper seed layers with high enough quality is 

difficult.155,156 

 

The use of noble metals as seed layers for copper electroplating, and possibly also as 

copper diffusion barrier layers, has recently gained interest. Ruthenium, palladium, 
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rhodium, iridium, platinum, and silver have low enthalpies for oxide formation, and 

therefore, direct electroplating of copper on their surface is possible in acidic electrolyte 

without oxidation of the noble metal surface.157 Thus, no additional copper seed layer is 

needed for copper electroplating. Direct electroplating of copper has been reported on 

ruthenium,154,155,157 iridium,158 palladium,157 and rhodium.157 If the noble metal layer is 

able to prevent copper diffusion to the interlayer dielectric, no additional diffusion barrier 

layer is needed, and the noble metal works as a combined barrier and seed layer. If the 

noble metal layer does not have sufficient barrier properties, an additional copper diffusion 

barrier layer is still needed. 

 

Ruthenium is a potential material as a combined barrier and seed layer because it has low 

solid solubility in copper up to 900 °C.154 No new phases were detected at the ruthenium–

copper interface after annealing at 800 °C indicating stability of the interface.154 A 20-nm 

thick ruthenium film deposited by sputtering has been reported to prevent copper diffusion 

up to 450 °C during annealing in vacuum.159 However, copper diffusion along the grain 

boundaries of crystalline ruthenium films may still turn out to be a problem. Ruthenium 

works also as an adhesion promoting layer since adhesion between copper and ruthenium 

is strong.154,156,157,159 Both (111) oriented154 and non-oriented157 copper films have been 

obtained by electroplating on ruthenium surface; (111) is a more desirable crystal 

orientation for copper because of its lower susceptibility to electromigration.154 

 

Iridium is another potential material for copper seed layer. Figure 5 shows a trench with an 

iridium seed layer grown by the ALD process presented in Paper V. Copper was directly 

electroplated on the iridium seed layer, and the trench was filled with copper without 

formation of any voids.158 

 

 
 

Figure 5. A trench with an iridium seed layer grown by ALD. Copper was electroplated 

directly on the iridium seed layer.158 
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Palladium does not have good barrier properties because it diffuses in copper already at 

400 °C but it can be used as a seed layer for both electroplating and electroless plating of 

copper.157,160,161 Both (111) oriented160 and non-oriented157 electroplated copper films have 

been obtained on palladium. 

 

The copper interconnects are fabricated by using dual-damascene processing. Figure 6 

shows an example of a dual-damascene interconnect structure. In dual-damascene 

processing, the barrier and seed layers should have nearly perfect step coverage, uniform 

thickness over the substrate, and they should be grown at temperatures lower than          

400 °C.162 In addition, the barrier and the seed layers should have low resistivities and low 

halide contents, be CMP compatible, and have good adhesion to all materials they are in 

contact with.162 Thus, both the barrier and the seed layers need to fulfill strict demands. 

The maximum thickness of the single barrier layer or the barrier stack is restricted by the 

dimensions of the interconnects. In 2003, the via diameter was 90 nm but it will eventually 

decrease down to 45 nm.163 In the future devices, the acceptable total thickness of the 

barrier and the seed layers will be less than 7 nm.154,159 
 

 
Figure 6. An example of a dual-damascene interconnect structure. In the next processing 

step copper is electroplated on the seed layer. 

 

ALD is a suitable method for barrier and seed layer deposition into the dual-damascene 

structures because of the excellent conformality of the films grown by ALD.11,156,158 ALD 

of transition metal nitride diffusion barriers,12 and copper seed layers15 have been widely 

studied, and ALD is considered a potential method for noble metal seed and barrier layer 

deposition as well.155,158,164 If an additional nitride barrier is used, the noble metal seed 

probably needs to be grown in reducing conditions in order to avoid oxidation of the 

barrier. If, on the other hand, no additional barrier is used but the noble metal layer is 

grown directly on the interlayer dielectric, oxidizing process conditions may also be used. 
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3. EXPERIMENTAL METHODS 

 

3.1 Film growth 

 

The films were grown in a flow-type hot-wall F120 ALD reactor3 (ASM Microchemistry, 

Finland) and the in situ experiments were carried out in a specially modified F120 ALD 

reactor.165 The reactor pressures were 10 mbar and 2 mbar, respectively. Solid precursors 

were vaporized from glass crucibles held inside the reactor, while gaseous precursors were 

introduced into the reactor from external reservoirs. The flow rate of the gaseous precursor 

was adjusted with a needle valve and measured with a mass flow meter. Pulsing of the 

precursors was accomplished by solenoid valves. The noble metal precursors studied in 

this work as well as the process conditions used are summarized in Paper VIII. Depending 

on the process, either air or oxygen (99.999 %) was used as the other reactant, and nitrogen 

(99,999 %) or argon (99.99 %) as both purging and carrier gas. In most of the film growth 

experiments, the substrate was coated with a thin Al2O3 film just prior to noble metal 

deposition. The Al2O3 film was grown from AlCl3 and water166 and its function was to 

provide uniform hydroxyl group coverage on the surface, and thus facilitate uniform 

nucleation of the noble metal film. The substrate size was 5 cm x 5 cm. 

 

In the in situ reaction mechanism studies, the gas phase species were analyzed with a 

Hiden HAL/3F 501 RC quadrupole mass spectrometer (QMS) using a Faraday cup 

detector and ionization energy of 70 eV. Sampling and pressure reduction from 2 mbar to 

about 10-4 mbar were accomplished by differential pumping through a 200 µm orifice. 

Mass changes were analyzed with a Maxtek TM-400 quartz crystal microbalance (QCM). 

 

3.2 Film characterization 

 

The films grown were analyzed with various methods. The crystalline phases were 

identified by X-ray diffraction (XRD) and the film thickness and the surface roughness 

were determined by X-ray reflectivity (XRR). Energy dispersive X-ray spectroscopy 

(EDX, EDS) was the principal method used for the film thickness determination. The 

surface morphology of the films was studied by scanning electron microscopy (SEM) and 

atomic force microscopy (AFM). Time-of-flight elastic recoil detection analysis (TOF-

ERDA) was performed to analyze the impurity contents of the films. Electrical resistivities 
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of the metal films were calculated from the sheet resistances measured by a four-point-

probe. The analysis techniques used in this work are described in the following. 

 

3.2.1 X-ray diffraction and X-ray reflectivity 

 

XRD was used to detect the crystalline phases present in the film. The measurements were 

made by using a θ–2θ scan mode, where θ is the angle between the incident beam and the 

substrate surface. With this measurement setup, only crystal planes parallel to the substrate 

are detected. Preferred crystal orientations in the films were determined by comparing the 

relative intensities of the detected peaks to the reference values for randomly oriented 

powder samples.21 Rocking curve measurements were performed in order to get further 

information of the orientation of the grains. In the rocking curve measurement, the X-ray 

tube and detector were held at a specific Bragg angle 2θ, and were rotated in respect to the 

substrate. The width of the obtained peak tells how well the grains are oriented; the wider 

the peak, the broader the distribution in the grain orientation. 

 

XRR can be used for determining the thickness, roughness, and density of the films. In 

XRR, the X-ray beam is directed to the material at grazing angles of incidence (0.0–3.0°), 

and the intensity of the specular reflection is measured. Examples of XRR reflectivity 

curves are shown in Figure 12 on page 44 and in Paper V. The incident X-ray beam 

undergoes total reflection from the film surface at incident angles lower than the critical 

angle for reflection. At angles higher than the critical angle, the incident beam penetrates 

into the film, and the intensity of the reflected X-rays decreases significantly. The density 

of the material can be determined on the basis of the value of the critical angle.19,167,168 The 

accurate determination of the density requires accurate calibration of the angle between the 

incident beam and the surface. Due to difficulties in calibrating the tool in high enough 

accuracy, the density values are not presented in the results. 

 

Above the critical angle, the incident beam penetrates into the film and reflects from all 

interfaces at which the electron density, and thus the refractive index of the material, 

changes. Interference between X-rays reflected from the film surface and film–substrate 

interface are responsible for formation of the oscillatory pattern, also called Kiessig 

fringes, in the reflectivity curve. The film thickness can be determined from the distance of 

the oscillations.19,167,168 The film thickness range analyzable by XRR depends greatly on 

the sample. In the present study, film thicknesses in the range of 10–100 nm could be 

determined by XRR. The advantage of XRR in the film thickness determination is that it is 



 32 

an absolute measurement which directly gives the thickness without the need to know 

other film properties, such as the density of the material. In addition, no reference samples 

or standards are needed, either. 

 

Increasing surface roughness of the films leads to a decrease in the intensity of the 

reflected beam. The surface roughness of the film can thus be determined from the 

decrease of the signal intensity in the reflectivity curve.167,168 For very rough surfaces, the 

intensity decrease smears out the oscillation pattern and the thickness determination 

becomes impossible. XRR can be used for detecting short scale roughness of the surface. 

However, large scale inhomogeneities are averaged out in the XRR analysis. 

 

A Bruker AXS D8 Advance XRD instrument using copper Kα X-ray beam was used in 

both the XRD and the XRR analysis. A Göbel mirror was used for generating parallel 

beam geometry. 

 

3.2.2 Scanning electron microscopy and energy dispersive X-ray spectroscopy 

 

SEM images were taken to study the surface morphology and the conformality of the 

films. Both secondary electrons released by the primary electron beam and electrons 

backscattered from the surface were used for imaging. Topography differences are more 

clearly visualized by the secondary electrons while backscattered electrons provide better 

material contrast. 

 

Electrons are removed from the inner shells of the sample atoms by the electron 

bombardment, and X-rays are produced when the atoms relax to the ground state after 

ionization. With EDX, both qualitative and quantitative analysis can be made on the basis 

of the emitted X-rays.169 Since elements with atomic number below 11 could not be 

quantitatively analyzed with the tool used, the hydrogen, carbon, and oxygen impurities 

could not be analyzed by EDX. Thus, EDX was used only for determining the film 

thicknesses. 

 

The EDX analyses were made with a Link ISIS spectrometer attached to a Zeiss DSM 962 

SEM. The acceleration voltage used in the EDX measurements was 20 keV. Figure 7 

shows the EDX energy spectra obtained from ruthenium, iridium, and platinum films. The 

analysis of ruthenium films was done by using the Lα peak at 2.6 keV. For, iridium the Lα 

peak at 9.2 keV gave more reliable thickness values than the Mα peak at 2.0 keV because 
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the Mα peak overlaps with the silicon Kα peak at 1.7 keV (Figure 7a). For the same 

reason, the Lα peak at 9.4 keV instead of Mα at 2.1 keV was used for analysis of platinum 

(Figure 7b). The analysis of the palladium films was made by using the Lα peak at 2.8 keV 

and the analysis of the rhodium films by using the Lα peak at 2.7 keV.170 

 

 
Figure 7. EDX energy spectra measured from (a) ruthenium (70 nm)/iridium (20 

nm)/Al2O3/Si and (b) platinum (50 nm)/Al2O3/Si film structures. The peaks for aluminum 

and oxygen are not clearly distinguishable. The thicknesses given in the parenthesis are 

obtained from the analysis of the spectra. 

 

The intensity ratio k = I / Istandard for each element was calculated by using theoretical 

standards and the film thicknesses were calculated from the k values using a GMR electron 

probe thin film microanalysis program.171 Bulk densities of the noble metals (Table 1) 

were used in the thickness calculation, which probably caused some error in the obtained 

thickness values since the films were likely to have densities lower than the bulk density. 

Therefore, the film thickness values obtained from EDX analysis are likely to be smaller 

than the actual film thicknesses. 

 

3.2.3 Atomic force microscopy 

 

The surface morphology and surface roughness of the noble metal thin films were studied 

by AFM, which was operated in the intermittent-contact mode, also called the tapping 

mode. In the intermittent-contact mode AFM, the film surface is probed with a sharp tip 

that is attached to a cantilever. The system vibrates the cantilever near its resonance 

frequency that depends on the distance between the tip and the sample surface. Changes in 

the frequency are then used for imaging the surface topography. The tip vibrates very close 

to the surface just barely hitting the surface so that no lateral forces are applied to the 

surface. The intermittent-contact mode is suited for imaging large areas that include 

variation in the sample topography. The AFM analyses were made with an AutoProbe CP 

AFM (Park Scientific Instruments/Veeco). 
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3.2.4 Time-of-flight elastic recoil detection analysis 

 

The impurity contents of the noble metal films were analyzed by TOF-ERDA172,173 which 

is a suitable method for analyzing light elements in a heavy matrix. The analyses were 

performed with an EGP-10-II tandem accelerator.172 In TOF-ERDA, the sample is 

bombarded by an ion beam, and the recoiled sample atoms released from the sample in 

elastic collisions are analyzed. The probability for elastic scattering increases with 

increasing atomic number, mass, and the energy of the primary ion. Therefore, heavy 

primary ions with masses of 79–127 u and energies of 48–58 MeV were used in the 

analysis of the noble metal samples. The time-of-flight and the energy of the recoil atoms 

are analyzed by separate time-of-flight and energy detectors. The mass of each detected 

atom can then be calculated from the classical formula for kinetic energy, and the atoms 

can thus be identified. Figure 8 shows TOF-ERDA data collected from a 145-nm rhodium 

film on silicon.VII The recoil atoms and the primary ion have been identified on the basis of 

the time-of-flight vs. energy data. 

 

 
Figure 8. Time-of-flight vs. energy data measured from a 145-nm thick rhodium film on 

silicon by using 40 MeV 79Br8+ ions as the primary beam.VII The contour curves denote the 

intensity of the signals. Analysis of the data reveals that the film contains less than 0.1 at.% 

H, 1.6 at.% C, and 2.3 at.% O.VII 

 

The atomic concentration of the different elements in the sample can be calculated from 

the number of the detected recoil atoms by using the probability function for a sample 

atom to recoil to a specific detector angle. The recoil atoms lose energy as they move 

through the sample, and thus, the energy of the detected atoms decreases with increasing 

original distance from the sample surface. Thus, depth profiles of the elements can be 

obtained from their energy distribution, and atoms originating from the film can be 

separated from the atoms originating from the substrate.172,173 
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3.2.5 Electrical measurements 

 

Electrical resistivities of the noble metal films were calculated from sheet resistances 

measured by a four-point-probe. The four-point-probe has four equally spaced probes that 

are pushed against the substrate. A constant current is applied between the outer probes 

and the voltage difference is measured between the inner probes. The probes are relatively 

sharp to minimize the contact area between the probe and the film. When measuring 

resistances of very thin or soft films, the probes may penetrate through the film making the 

measurement unreliable. The film resistivities were calculated from the measured sheet 

resistances by multiplying them with the film thicknesses obtained by EDX or XRR. The 

measurements were performed with a Keithley 2400-SourceMeter and Alessi C4S four-

point-probe head. 

 

The bulk resistivities of noble metals are in the range of 1.5–9.8 µΩ⋅cm (Table 1). Thin 

films usually have resistivities higher than the bulk resistivity because of the effect of 

impurities, grain boundaries, surface roughness, and in very thin films also surface 

scattering.163,174 Since the film thickness is needed in calculation of the resistivities, error 

in the film thickness also causes error in the calculated resistivity values; if the measured 

film thickness is smaller than the actual value, as can be the case in thicknesses determined 

by EDX, too low resistivities are obtained. 
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4. ALD OF NOBLE METALS 

 

Noble metal ALD processes have been reported for ruthenium,I,IV,37,156,175,176 platinum,II,39 

iridium,V,38 palladium,37,177 and rhodium.VII,178 So far, no ALD processes have been 

reported for gold, silver, and osmium. The difficulty with ALD of silver and gold is the 

poor thermal stability of many organometallic silver and gold compounds.179,180 There are 

some reports on CVD of osmium from organometallic osmium precursors,181 but the 

suitability of these precursors for ALD has not been reported. 

 

Many of the reported noble metal ALD processes are based on similar type of chemistry as 

the noble metal CVD processes, which have been widely studied.182–185 Despite the same 

precursor combinations used in ALD and CVD, the reaction mechanisms in the ALD 

processes are likely to differ from those in the CVD processes because in ALD the 

precursors are led into the reaction chamber in alternate pulses. In addition, stability of the 

precursors against thermal self-decomposition is a critical factor in ALD. There is still a 

large amount of volatile noble metal compounds that have not been studied in ALD.180,186 

The number of oxidants and reducing agents studied in ALD processes is very limited as 

well. Therefore, it is likely that the process window for ALD of noble metals can be further 

expanded by using new precursor combinations. The following sections contain a review 

of the so far reported noble metal ALD processes and their reaction mechanisms. The 

processes studied in the present work are also reviewed in Paper VIII. 
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4.1 Film growth 

 

4.1.1 Ruthenium 

 

ALD of ruthenium has been reported from cyclopentadienyl compounds RuCp2
I,VI (Cp = 

cyclopentadienyl) and Ru(EtCp)2 (Et = ethyl),156,175 and from β-diketonate compounds 

Ru(od)3 (od = 2,4-octanedionato)176 and Ru(thd)3 (thd = 2,2,6,6-tetramethyl-3,5-

heptanedionato).IV,37 The mechanisms of these processes are based either on oxidation of 

the ruthenium precursor by oxygen,I,IV,156,176 or on reduction by NH3 plasma175 or 

hydrogen.37 In patent literature, the use of hydrazine (H2NNH2) and its derivatives as 

reducing agents in ALD of ruthenium has also been mentioned.187 The reported ruthenium 

ALD processes are summarized in Table 2. 
 

Table 2. Summary of the reported ruthenium ALD processes. 

Metal 

precursor 

Tvaporization 

(°C) 

Reaction gas Flow rate 

(sccm) 

Tgrowth 

(°C) 

Ref. 

45–70 Air 2–8 275–400 I RuCp2 

 60 O2 5 225–275 VI 

80 O2 20–120 270 156 Ru(EtCp)2 

 80 NH3 plasma 100 270 175 

Ru(od)3 200 O2 100 275–450 176 

100 Air 40 325–450 IV 

100 O2 20 250–325 VI 

Ru(thd)3 

180 H2 separate 

reduction step 

180/300 37 

 

RuCp2
I,VI 

ALD of ruthenium from RuCp2 and O2 has been reported in Papers I and VI. RuCp2 has 

melting point of 195 °C,188 but its vapor pressure is relatively high also in the solid state.182 

RuCp2 is stable during short exposures to air which makes it easy to handle. Both pure 

oxygenVI and airI have been used as oxygen sources. Ruthenium films could be grown on 

Al2O3 at temperatures of 275–400 °C,I whereas on iridium or platinum seed layer, the film 

growth took place already at 225 °C.VI The film growth rate varied from about              

0.10 Å/cycle at 225 °CVI to about 0.55 Å/cycle at 400 °C.I At 350 °C, the growth rate 

saturated to about 0.45 Å/cycle with RuCp2 and air pulse times longer than 0.5 and 1.0 s, 
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respectively. Constant growth rates were measured also when the RuCp2 dose was varied 

by varying its sublimation temperature between 50–70 °C.I At air flow rates of 8 standard 

cubic centimeters per minute (sccm) or higher, the film growth rate and the surface 

roughness increased; the films lost their mirror-like appearance and became milky-like.I 

Figure 9 shows an AFM image of a 85-nm thick ruthenium film grown at 350 °C from 

RuCp2 and air. The air flow rate was 4 sccm. The film has root mean square (rms) surface 

roughness of about 5 nm. 
 

 

Figure 9. AFM image of a 85-nm ruthenium film grown at 350 °C from RuCp2 and air. 

 

All the films grown from RuCp2 and air were metallic ruthenium as analyzed by XRD.I 

The SEM image in Figure 10 shows the excellent conformality of a ruthenium film grown 

at 350 °C. It is also visible in the SEM image that the film has a columnar grain structure. 

Transmission electron microscopy (TEM) studies on ruthenium films grown from RuCp2 

and air at 350 °C have also shown the columnar grain structure of the films.189 The films 

grown at 300 °C were randomly oriented while the films grown at higher temperatures had 

a preferred (002) orientation.I The resistivities of the ruthenium films increased with 

decreasing film thickness; a 160-nm film grown at 350 °C had a resistivity of 12 µΩ⋅cm 

while a 40-nm film grown at the same temperature had a resistivity of 18 µΩ⋅cm.VIII The 

thickness of the ruthenium films grown at 350 °C increased linearly with the number of 

growth cycles, thus enabling easy and accurate control of the film thickness. At 300 °C, 

there was a relatively long incubation time for onset of the film growth but after that, linear 

dependence between the film thickness and the number of the growth cycles was obtained.I 
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Figure 10. Trenches covered by a ruthenium film grown from RuCp2 and oxygen. 

Magnifications of the upper and lower corners of the trench are shown on the right. 

 

The ruthenium films grown from RuCp2 and air at 350 and 400 °C had only traces of 

impurities; on the basis of the TOF-ERD analysis, the films contained less than 0.5 at.% 

hydrogen, carbon, and oxygen, each. In the films grown at 300 °C, the oxygen content was 

higher but still less than 1.5 at.%.I The ruthenium films grown on Al2O3 were uniform and 

had good adhesion. On the contrary, films grown directly on borosilicate glass or silicon 

with native oxide were non-uniform and of poor quality. It is likely that a uniform 

coverage of hydroxyl groups on the as-deposited Al2O3 surface promotes uniform 

nucleation of the ruthenium films.I 

 

Ru(EtCp)2
156,175 

Ruthenium thin films have been grown from Ru(EtCp)2 at temperature of 270 °C by 

conventional, thermally activated ALD156 and by plasma enhanced ALD (PEALD).175 

Studies on CVD of ruthenium from Ru(EtCp)2 have shown that Ru(EtCp)2 is thermally 

stable in vacuum up to 400 °C and that it reacts with oxygen already at temperatures above 

220 °C.190 Hence, because of its thermal stability and reactivity with oxygen, Ru(EtCp)2 

can be expected to be a suitable precursor for ALD as well. Furthermore, Ru(EtCp)2 is a 

liquid at room temperature, which simplifies its use as an ALD precursor. Ru(EtCp)2 

vaporization temperature of 80 °C was used in the reported ALD processes.156,175 Films 

grown by thermally activated ALD from Ru(EtCp)2 and oxygen had resistivities of          

15 µΩ⋅cm and contained less than 2 at.% carbon and oxygen. Adhesion of the films to TiN 

was good.156 The films grown by PEALD from Ru(EtCp)2 and NH3 plasma had slightly 
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lower resistivities of 12 µΩ⋅cm and impurity levels beyond the detection limits of TOF-

ERDA.175 A 50-nm thick ruthenium film grown by PEALD had a rms surface roughness of 

0.7 nm whereas a 50-nm film grown by thermally activated ALD had a higher surface 

roughness of 3.1 nm. The densities of the films grown by thermally activated ALD and 

PEALD were 8.7 and 12.0 g/cm3, respectively.175 The ruthenium films grown by PEALD 

had a preferred (002) orientation175 while the films grown by thermally activated ALD had 

a preferred (101) orientation.156 The differences between the ruthenium films grown by 

PEALD and thermally activated ALD were suggested to be due to the effect of energetic 

plasma species that interact with the surface. 

 

Films grown by thermally activated ALD from Ru(EtCp)2 and oxygen at 270 °C had a 

growth rate of 1.5 Å/cycle156 whereas the films grown by PEALD from Ru(EtCp)2 and 

NH3 plasma had a growth rate of 0.38 Å/cycle.175 The growth rate obtained in the 

thermally activated Ru(EtCp)2 process was also much higher than the growth rates 

obtained in the oxygen-based RuCp2
I and Ru(thd)3

IV ALD processes, which were also 

thermally activated. The film growth rate in the thermally activated Ru(EtCp)2 process was 

reported to depend on the oxygen partial pressure during the oxygen pulses; when the 

oxygen flow rate was decreased from 80 sccm to 20 sccm, the growth rate decreased from 

1.5 to 0.65 Å/cycle.156 This change may be related to the amount of adsorbed oxygen on 

the ruthenium surface. As the partial pressure of oxygen increases, more oxygen adsorbs 

on the surface, higher portion of the EtCp ligands are consumed in the reaction with the 

adsorbed oxygen, and more Ru(EtCp)2 molecules are able to adsorb on the surface. It is 

also evident that as the amount of adsorbed oxygen increases, longer Ru(EtCp)2 pulse 

times are needed to remove all the adsorbed oxygen. In fact, it was reported that with short 

Ru(EtCp)2 pulse times RuO2 was formed.156 Thus, it seems that the high growth rate and 

the RuO2 formation are due to the high oxygen partial pressure used in the process. The 

reaction mechanisms of the noble metal ALD processes are discussed in more detail in 

Chapter 4.2. 

 

Ru(od)3
176 

Ruthenium has been grown by ALD from a β-diketonato compound Ru(od)3 and 

oxygen.176 Ru(od)3 is a viscous liquid which at the atmospheric pressure vaporizes at     

310 °C.191 In the ALD experiments, Ru(od)3 was dissolved in 0.1 M n-butyl acetate, and 

the solution was injected into a vaporizer which was kept at 200 °C. The oxygen flow rate 

was 100 sccm. The films were grown at temperatures between 275 and 450 °C. At growth 

temperatures between 275 and 375 °C, growth rates of 0.6–0.9 Å/cycle were obtained on 
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SiO2/Si wafer.176 At temperatures higher than 375 °C, the growth rate increased rapidly 

indicating thermal self-decomposition of Ru(od)3. TEM-EDX analysis of films grown on 

carbon nanotubes revealed that the films contained detectable amounts of carbon and 

oxygen.176 Because the film growth was performed in non-saturative conditions, 

incomplete surface reactions may be responsible for incorporation of the carbon and 

oxygen impurities. During annealing in oxygen at 500 °C for one hour, the ruthenium films 

oxidized to ruthenium oxide.176 

 

Ru(thd)3
IV,VI,37 

Another β-diketonato precursor that has been studied for ALD of ruthenium is Ru(thd)3, 

which has been used both in oxygen-basedIV,VI and in hydrogen-based processes.37 

Ru(thd)3 has a melting point of 216 °C188 and is relatively stable against air and moisture. 

In the reported ALD processes, Ru(thd)3 has been sublimated at temperatures of             

100 °CIV,VI and 180 °C.37 In the latter case, ruthenium was grown on high surface area 

support, and the higher sublimation temperature of 180 °C was needed to obtain high 

enough Ru(thd)3 dose to saturate the very large surface area. 

 

In the oxygen-based process, both air and pure oxygen have been used as oxygen 

sources.IV,VI The air and oxygen flow rates were 40 and 20 sccm, respectively. On Al2O3, 

films were obtained at growth temperatures of 325 °C and higher. The upper temperature 

limit for the process was 450 °C because of thermal self-decomposition of Ru(thd)3.
VI On 

iridium surface, the film growth took place already at 250 °C.VI When air was used as the 

oxygen source, the growth rate at 350 °C saturated to 0.36 Å/cycle.IV With pure oxygen, 

the growth rate at 250 °C was 0.15 Å/cycle.VI Figure 11 shows the XRD pattern of a 

ruthenium film grown from Ru(thd)3 and oxygen on iridium seed layer at 325 °C. In the 

XRD pattern shown in Figure 11, the intensity ratio of the ruthenium (002) and (101) 

reflections is 1.2 : 1 whereas in a randomly oriented powder, the ratio would be 0.35 : 1.21 

Thus, the film grown at 325 °C has a preferred (002) crystal orientation. The fraction of the 

crystals having the (002) orientation increases with increasing growth temperature; in a 

XRD pattern of a ruthenium film grown at 450 °C the intensity ratio was 3.2 : 1.IV The 

impurity contents of the films grown from Ru(thd)3 and air at 350 °C were analyzed by 

TOF-ERDA; the films contained 2.2 ± 0.5 at.% hydrogen, 1.2 ± 0.3 at.% carbon, and      

4.1 ± 1.0 at.% oxygen.IV 
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Figure 11. XRD pattern of a ruthenium film grown from Ru(thd)3 and oxygen on iridium 

seed layer at 325 °C. 

 

Ruthenium has been deposited from Ru(thd)3 on high surface area Al2O3 and SiO2 supports 

by a hydrogen-based ALD process.37 Ru(thd)3 was sublimated at 180 °C to ensure 

sufficient dose of the vaporized precursor to saturate the large surface area. The supports 

were exposed to Ru(thd)3 at 180 °C, and the adsorbed precursor was then reduced by 

hydrogen in a separate reducing step at 300 °C. Thus, only one growth cycle was applied in 

these experiments. A low ruthenium content of 0.1–0.3 ruthenium atoms/nm2 was obtained 

on the supports, which was suggested to be due to a low reactivity of Ru(thd)3 with the 

surface hydroxyl groups, or to a high desorption rate of the precursor at 180 °C.37 

 

In the above presented ALD processes for ruthenium, the growth temperature range was 

225–450 °C. The onset temperature of the film growth depended on the reactivity of the 

ruthenium precursor and on the nature of the initial growth surface; films were obtained at 

lower temperatures from RuCp2 than Ru(thd)3, and film growth took place at lower 

temperatures on catalytically active iridium surface than on Al2O3.
VI The crystal 

orientation of the films depended on the ruthenium precursor, on the growth temperature, 

and on the type of the process (thermally/plasma activated). Ruthenium films with a 

random orientation, with a preferred (002) orientation, and with a preferred (101) 

orientation were obtained. The (002) orientation is thermodynamically the most stable one, 

and the crystals tend to become (002) oriented at high growth temperatures,I,IV or when the 

surface atoms obtain energy from a high energy plasma.175 

 

The growth rates obtained in the ruthenium ALD processes varied from 0.1 to 1.5 Å/cycle. 

Low growth rates were obtained at low growth temperatures and at low oxygen partial 

pressures. Ruthenium films with very low impurity contents can be grown by ALD; films 
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having less than 0.4 at.% hydrogen, carbon, and oxygen were obtained with an oxygen-

based process.I Only when high oxygen partial pressures were used, a significant amount 

of oxygen was left into the films.156 The resistivities of the ruthenium films, when reported, 

were in the range of 12–20 µΩ⋅cm depending on the film thickness and the precursors 

used. These values are slightly higher than the ruthenium bulk value of 7.1 µΩ⋅cm.20 

 

4.1.2 Platinum 

 

ALD of platinum thin films has been studied from two different platinum precursors: 

MeCpPtMe3 (Me = methyl)II,VI,39 and Pt(acac)2 (acac = acetylacetonato).VIII,192 Table 3 

summarizes these platinum ALD processes. 

 

Table 3. Summary of the reported platinum ALD processes. 

Metal 

precursor 

Tvaporization 

(°C) 

Reaction gas Flow rate 

(sccm) 

Tgrowth 

(°C) 

Ref. 

RT Air 40 300 II 

RT O2 20 200–300 VI 

Air  100/350 

 

MeCpPtMe3 

70 

Air, H2 

separate 

calcination and 

reduction steps 100/350/300 

39 

155 H2 30 250 192 Pt(acac)2 

120 O2 20 210–220 VIII 

 

MeCpPtMe3
II,VI,39 

Platinum thin films have been grown by ALD from MeCpPtMe3 and oxygen.II,VI 

MeCpPtMe3 was vaporized at room temperature, which is slightly below its melting point 

of 30 °C.193 The vapor pressure of MeCpPtMe3 at room temperature is relatively high.193 

MeCpPtMe3 is air-sensitive, and must therefore be handled under an inert gas. Air with 

flow rate of 40 sccmII or pure oxygen with flow rate of 20 sccmVI was used as the other 

reactant. When pure oxygen was used as the reactant, platinum films were obtained at 

temperatures of 200–300 °C.VI When air was used as the oxygen source, films were 

obtained only at temperatures of 300 °C and higher.II Thermal self-decomposition of 

MeCpPtMe3 becomes significant above 300 °C, which is therefore considered the upper 

temperature limit for this process.II The results thus show that at temperatures lower than 

300 °C the reactivity of the precursors increases with increasing oxygen partial pressure. 
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The impurity contents of the films grown with air at 300 °C decreased with increasing air 

pulse time; the films contained less than 0.5 at. % hydrogen, less than 0.5 at. % carbon, and 

less than 1.0 at. % oxygen when long air pulse times of 2.0 s were used.II If pure oxygen is 

used as reactant, shorter pulse times are likely to be needed to complete the surface 

reactions. The films grown at 200 °C with pure oxygen contained less than 0.5 at.% of 

hydrogen, carbon, and oxygen, each.VI Thus low impurity contents were also obtained at 

low growth temperatures. 

 

The growth rates of the platinum films grown at 300 °C from MeCpPtMe3 were about 0.5 

Å/cycle both when air and pure oxygen were used as oxygen sources.II,VI At 200 °C, the 

growth rate was 0.30 Å/cycle. The thickness of the platinum films grown at 300 °C using 

air depended linearly on the number of the growth cycles at the studied thickness range of 

35–110 nm.II The films grown at 300 °C using air had relatively rough surfaces; AFM 

analysis showed that a 50-nm platinum film had a surface roughness of about 4 nm.I The 

films grown using pure oxygen had smoother surfaces since a 50-nm platinum film grown 

at 300 °C had a surface roughness of 1.2 nm as analyzed by AFM.VI Figure 12 shows an 

XRR pattern measured from a platinum film grown at 250 °C with pure oxygen. The 

roughness value obtained from simulation of the curve was 1.2 nm which is comparable to 

the roughness value of 0.8 nm obtained by AFM analysis for the same film.VI The 

resistivities of the platinum films were low; a 30-nm film grown at 200 °C had a resistivity 

of 17 µΩ⋅cm and a 50-nm film grown at 300 °C had a resistivity of 13 µΩ⋅cm.VI Adhesion 

of the films to Al2O3 was moderate; the films grown with air as the oxygen source did no 

pass the tape test,II while the films grown with pure oxygen passed the tape test.VI 

 

 

Figure 12. XRR pattern of a platinum film grown at 250 °C. The film thickness is obtained 

from the spacing of the oscillations and the surface roughness from the decrease in the 

signal intensity. 
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All the platinum films grown from MeCpPtMe3 had a highly preferred (111) 

orientation.II,VI The crystallinity of the films and the proportion of the (111) oriented 

crystals increased with increasing growth temperature. The (111) orientation is favorable 

because it has the lowest surface energy of the fcc crystal planes. TEM studies on platinum 

films grown at 300 °C using air as the reactant showed that the films have well-ordered, 

columnar grain structure.189 Single spots were detected in the reflection high energy 

electron diffraction (RHEED) pattern measured from the same platinum film verifying the 

strong (111) orientation and pronounced ordering of the grains.194 

 

MeCpPtMe3 has been used as a precursor also in ALD of platinum on high surface area 

Al2O3 and SiO2 supports.39 MeCpPtMe3 was vaporized at 70 °C which is above its melting 

point. The supports were exposed to MeCpPtMe3 at 100 °C; MeCpPtMe3 was found to 

react with the surface hydroxyl groups of the supports already at 100 °C. X-ray 

photoelectron spectroscopy (XPS) analysis showed that there is platinum with oxidation 

states of 0 and +2 on the surface. Carbon content analysis of the chemisorbed platinum 

precursor indicated that during adsorption the three methyl ligands were released as 

methane in reaction with the hydroxyl groups, and that the MeCp ligands remain on the 

surface. The remaining ligands were removed from the surface by a separate calcination 

step at 350 °C in air. During the calcination, part of the platinum at an oxidation state +2 

was oxidized to an oxidation state +4. Platinum was reduced in an additional reduction step 

at 300 °C in hydrogen. However, although the amount of metallic platinum increased 

during the reduction step, some platinum with an oxidation state of +2 was still left on the 

surface.39 

 

Pt(acac)2
 VIII,192 

Another precursor studied for ALD of platinum is Pt(acac)2.
VIII,192 Both hydrogen and 

oxygen have been studied as reactive gases. In the hydrogen-based process, Pt(acac)2 was 

sublimated at 155 °C, but it was found to thermally decompose on the glass walls of the 

source furnace during sublimation. The hydrogen flow rate was 30 sccm. Platinum films 

were obtained at 250 °C on titanium, aluminum, and glass substrates. On silicon, only 

weak indications of film growth were detected.192 Because of the thermal self-

decomposition of Pt(acac)2, self-limiting growth mechanism is hardly achieved in this 

process. 
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In the oxygen-based process, Pt(acac)2 was sublimated at slightly lower temperature of  

120 °C.VIII The oxygen flow rate was 20 sccm. However, only non-uniform films were 

obtained at the temperature range of 210–220 °C.VIII 

 

4.1.3 Iridium 

 

ALD processes for iridium have been reported so far only for Ir(acac)3 and oxygen,V,VI and 

for Ir(acac)3 and hydrogen.38 Table 4 presents a summary of these iridium ALD processes. 

 

Table 4. Summary of the reported iridium ALD processes. 

Metal 

precursor 

Tvaporization 

(°C) 

Reaction gas Flow rate 

(sccm) 

Tgrowth 

(°C) 

Ref. 

150 Air 5–40 225–400 V 

150 O2 5–20 225–300 VI 

Ir(acac)3 

N/A H2 separate 

reduction step 

  200–250 / 

275–450 

38 

 

Ir(acac)3
V,VI,38 

Ir(acac)3 is solid at room temperature and has a relatively low vapor pressure,195 which, 

however, is not a problem in ALD. In the oxygen-based process, Ir(acac)3 was sublimated 

at 150 °C. Air with a flow rate of 5–40 sccm or pure oxygen with a flow rate of 5–20 sccm 

was used as the oxygen source.V,VI The film growth took place on Al2O3 surface at 

temperatures of 225 °C and higher. At 400 °C, signs of thermal self-decomposition of 

Ir(acac)3 were observed, and therefore, 375 °C was considered the upper temperature limit 

for the process. The temperature range for the film growth is in good accordance with the 

reported thermal stability of Ir(acac)3 in vacuum and in oxygen atmosphere.180 

 

At 300 °C, the growth rate of the iridium films grown from Ir(acac)3 and air saturated to 

0.40 Å/cycle as the precursor pulse times were increased.V The growth rate depended on 

the growth temperature; the growth rate increased from 0.23 Å/cycle at 225 °C to          

0.55 Å/cycle at 375 °C. For films grown at 300 °C, the film thickness depended linearly on 

the number of the growth cycles at the studied thickness range of 9–175 nm. Resistance 

measurements by a four-point-probe indicated that a 9-nm iridium film was already 

continuous. AFM analysis showed that the films had very smooth surfaces and no notable 

surface roughening was observed even at high growth temperatures or at high air flow 
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rates. The surface roughnesses of 9-nm and 65-nm films grown at 300 °C were 0.5 and   

1.6 nm, respectively.V 

 

Resistivities of about 70-nm thick iridium films grown from Ir(acac)3 and air at 

temperatures between 225 and 400 °C were lower than 12 µΩ⋅cm.V The film resistivity 

decreased with increasing growth temperature which was most probably due to increased 

crystallinity of the films. At 400 °C, there was a small increase in the resistivity, possibly 

due to the increased impurity contents of the film. Figure 13 shows the dependence of the 

resistivity on the film thickness. The increase in the resistivity with decreasing film 

thickness is related to an increased effect of grain boundary and surface scattering.163,174 

 

 
Figure 13. Resistivity of the iridium films grown from Ir(acac)3 as a function of the film 

thickness. The films were grown at 300 °C. 

 

The iridium films grown from Ir(acac)3 and oxygen at temperatures of 225–400 °C were 

metallic iridium with a preferred (111) crystal orientation as studied by XRD. The films 

showed a strong tendency to orient the (111) crystal plane, which has the lowest surface 

energy, parallel to the surface.V,VI Similar tendency was also observed with platinum, 

which is a fcc metal, too. The iridium films had a preferred (111) crystal orientation even 

at the lowest growth temperaturesV,VI implying high surface mobility of the iridium atoms. 

Figure 14 shows that the (111) crystal orientation is favorable already at the beginning of 

the growth of an iridium film at 300 °C; in the XRD pattern measured from a 9-nm film, 

the intensity ratio of the iridium (111) and (200) reflections is 4.6 : 1 while in a randomly 

oriented powder, the intensity ratio would be 2 : 1.21 
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Figure 14. XRD patterns measured from iridium films of different thicknesses. The films 

were grown at 300 °C. 

 

The impurity contents of the iridium films grown from Ir(acac)3 and oxygen were low as 

analyzed by TOF-ERDA.V The films grown at temperatures of 225–350 °C contained less 

than 1.0 at. % hydrogen, less than 0.3 at. % carbon, and less than 0.5 at. % oxygen. The 

film grown at 400 °C had higher oxygen and carbon contents, which is most probably 

related to the thermal self-decomposition of Ir(acac)3. The iridium films had good adhesion 

to as-deposited Al2O3 and TiN layers, and to silicon with native oxide. Partial oxidation of 

iridium to iridium oxide took place during post-annealing at 600 °C in oxygen.V 

 

Iridium has been deposited by ALD from Ir(acac)3 and hydrogen on large surface area 

Al2O3 and SiO2-Al2O3 supports for catalytic applications.38 The reaction temperature 

during Ir(acac)3 exposure was 200 or 250 °C. The results imply that when Ir(acac)3 adsorbs 

on the support surface, one of the three acac ligands is released in reaction with the surface 

hydroxyl groups. The remaining ligands were removed by a separate reduction step at 

temperature of 275–450 °C.38 

 

4.1.4 Palladium 

 

ALD of palladium has been reported from Pd(hfac)2 (hfac = hexafluoroacetylacetonato) 

using hydrogen or glyoxylic acid [HC(O)C(O)OH] as reducing agent.177 ALD of palladium 

from Pd(thd)2
VIII,37 and from Pd(keim2)2 {keim2 = [CF3C(O)CHC(NBun)CF3]

-}VI has also 

been studied. The studied palladium ALD processes are summarized in Table 5. 
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Table 5. Summary of the reported palladium ALD processes. 

Metal 

precursor 

Tvaporization 

(°C) 

Reaction gas Flow rate 

(sccm) 

Tgrowth 

(°C) 

Ref. 

H2 8 80, 130 Pd(hfac)2 50 

glyoxylic acid + 

Ar carrier 

15 210 

177 

180 H2 separate 

reduction step 

180/90, 

180/300  

37 Pd(thd)2 

130 O2 10–20 250–275 VIII 

Pd(keim2)2 60 O2 20, 40 250–275 VI 

 

Pd(hfac)2
177 

Palladium has been grown by ALD from Pd(hfac)2 by using two different reducing agents: 

hydrogen and glyoxylic acid.177 The sublimation temperature of Pd(hfac)2 was 50 °C, 

which is below its melting point of 100 °C.196 Hydrogen had a flow rate of 8 sccm, and 

glyoxylic acid was vaporized at 60 °C and transported to the reactor by argon carrier with a 

flow rate of 15 sccm. The process with hydrogen took place on iridium surface at low 

temperatures of 80–130 °C. Glyoxylic acid had sufficient reactivity only at temperatures 

higher than 200 °C. An upper temperature limit for the film growth was 230 °C because of 

the thermal self-decomposition of Pd(hfac)2. With the hydrogen-based process, films were 

grown on iridium surfaces. Growth rates of 0.26 and 0.13 Å/cycle were obtained at growth 

temperatures of 80 and 130 °C. The lower growth rate at 130 °C was explained by 

desorption of Pd(hfac)2 from the palladium surface. At 130 °C, the initial growth rate on 

the iridium surface was higher than on the as-grown palladium surface. Thus, the growth 

rate decreased as the initial iridium surface was covered by palladium. The difference in 

the growth rates was explained by different Ir–Pd(hfac)2 and Pd–Pd(hfac)2 bond energies. 

The palladium films grown on nearly randomly oriented iridium had a preferred (111) 

orientation. Palladium seed layers were also grown on tetrasulfide-terminated self-

assembled monolayers (SAMs) at 210 °C using glyoxylic acid as a reducing agent. The 

desorption rate of Pd(hfac)2 increases with increasing temperature, and lower growth rates 

were obtained in the glyoxylic acid process than in the hydrogen-based process taking 

place at lower temperatures. The films grown on SAMs at 210 °C had higher carbon and 

fluorine impurity contents than the films grown on iridium at lower temperatures, which 

was attributed to the increased dissociation of the hfac ligand at the higher growth 

temperature.177 
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Pd(thd)2
VIII,37 

Palladium has been deposited by ALD from Pd(thd)2 on large surface area Al2O3 and SiO2 

supports using hydrogen as a reducing agent.37 In these experiments, only one growth 

cycle of palladium was applied. Pd(thd)2, which has melting point of 255 °C, was 

sublimated at 180 °C. The supports were exposed to Pd(thd)2 at the same temperature. 

During adsorption on Al2O3 and SiO2, the thd ligands of the palladium precursor reacted 

with the hydroxyl groups of the surface, and desorbed from the surface as Hthd. Most of 

the thd ligands were lost already during Pd(thd)2 adsorption. The adsorbed precursor was 

reduced by a separate reducing step at 90 °C or at 300 °C leading to an additional decrease 

of the amount of the ligands on the surface. However, even after the reduction step, a small 

portion of the ligands remained on the surface. In addition, the deposits also contained 

oxidized palladium. Pd(thd)2 was found to be more reactive towards the SiO2 surface than 

the Al2O3 surface, which may be related to a higher density of hydroxyl groups on the SiO2 

surface.37 

 

ALD of palladium from Pd(thd)2 has also been studied in an oxygen-based process.VIII The 

sublimation temperature of Pd(thd)2 was 130 °C, and the growth temperatures studied were 

250 and 275 °C. However, only non-uniform films were obtained; the films were thicker at 

the trailing edge of the substrate suggesting that etching of the film by the incoming 

palladium precursor may possibly take place.VIII  

 

Pd(keim2)2
VI 

ALD of palladium from a β-ketoiminato compound Pd(keim2)2 and oxygen has been 

studied as well.VI Pd(keim2)2 was vaporized at 60 °C which also is its melting point.197 The 

growth temperatures were 250 and 275 °C.VI As studied by XRD, the films were metallic 

palladium with a preferred (111) orientation. The growth rate did not saturate to a constant 

value at the studied pulse time range of 0.5–2 s. The lack of saturation may be either due to 

poor reactivity of the precursors, or to thermal self-decomposition of Pd(keim2)2. 

However, the impurity contents of the films determined by TOF-ERDA were relatively 

low; the films contained 0.3 at.% hydrogen, 0.5 at.% carbon, 0.1 at.% nitrogen, 1.0 at.% 

oxygen, and 0.1 at.% fluorine. The films had poor adhesion to Al2O3 but adhered well to a 

thin, as-grown iridium film. Although palladium films with good quality could be grown, 

the process cannot be considered true ALD process because self-limiting film growth was 

not obtained.VI 
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4.1.5 Rhodium 

 

So far, there are only a few reports on ALD of rhodium; ALD of rhodium from 

CpRh(CO)2 and oxygen has been reported in patent literature,178 and ALD of rhodium 

from Rh(acac)3 and oxygen is reported in Paper VII. Table 6 summarizes the reported 

rhodium ALD processes. 

 

Table 6. Summary of the reported rhodium ALD processes. 

Metal 

precursor 

Tvaporization 

(°C) 

Reaction gas Flow rate 

(sccm) 

Tgrowth 

(°C) 

Ref. 

CpRh(CO)2 N/A O2 50 100 178 

Rh(acac)3 150 O2 10–20 200–300 VII 

 

CpRh(CO)2
178 

An oxygen-based ALD process has been reported for rhodium from CpRh(CO)2, which is 

a liquid at room temperature.178 Growth of metallic rhodium takes place at low temperature 

of 100 °C with CpRh(CO)2 flow rate of 5 sccm and oxygen flow rate of 50 sccm.178 

Rhodium oxide RhO2 is obtained when ozone is used as the reaction gas.198 Metallic 

rhodium films can be oxidized to RhO2 by annealing in oxygen at 850 °C for 30 s.198 

 

Rh(acac)3
VII 

Rhodium films have been grown from Rh(acac)3 and oxygen.VII Rh(acac)3 was sublimated 

at 150 °C, which is below its melting point of 260 °C.199 The vapor pressure of Rh(acac)3 

is relatively low at 150 °C, and therefore, relatively long pulse times were needed. 

Rh(acac)3 was sublimated at as low temperature as possible to avoid its decomposition 

during sublimation. The films were grown at a temperature range of 200–300 °C. At      

300 °C, Rh(acac)3 showed signs of thermal self-decomposition, and therefore, it can be 

considered the upper limit for the growth temperature. At 250 °C, a growth rate of        

0.75 Å/cycle was obtained with oxygen pulse times of 1–10 s. The growth rate depended 

somewhat on the Rh(acac)3 pulse time but seemed to stabilize to about 0.80 Å/cycle at long 

pulse times. The low vapor pressure of Rh(acac)3 explain the long pulse times needed to 

obtain saturation. The slight increase in the growth rate with increasing Rh(acac)3 pulse 

time may also be related to thermal self-decomposition of Rh(acac)3, or to its 

adsorption/desorption behavior.VII The growth rates obtained in this process are relatively 
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high as compared to the other oxygen-based noble metal ALD processes.VIII The thickness 

of the films depended linearly on the number of the growth cycles.VII 

 

The films grown from Rh(acac)3 and oxygen at 250 °C were metallic rhodium with a 

preferred (111) crystal orientation as analyzed by XRD.VII TOF-ERD analysis showed that 

the films contained less than 0.1 at.% hydrogen, 1.6 at.% carbon, and 2.3 at.% oxygen. 

Films thicker than 20 nm had resistivities less than 12 µΩ⋅cm. Adhesion of the films to 

Al2O3 was relatively good; only films thicker than 80 nm did not pass the tape test.VII 

 

4.2 Reaction mechanisms 

 

There are only a few studies on the reaction mechanisms of the noble metal ALD 

processes.III,IV,37,39,177 All these studies apply to conventional, thermally activated ALD 

processes. Reaction mechanisms of the plasma-assisted noble metal ALD processes are 

apparently more complicated and have not been studied so far. While considering reaction 

mechanisms, one must distinguish between the reactions taking place on the initial growth 

surface and the reactions taking place on the surface of the as-deposited noble metal film. 

Furthermore, the catalytic nature of the noble metals must be taken into account when 

studying reactions on noble metal surfaces. 

 

4.2.1 Oxidizing processes 

 

Reaction mechanisms of the oxygen-based noble metal ALD processes taking place on the 

as-deposited noble metal surface have been studied in situ by a quadrupole mass 

spectrometer (QMS) and quartz crystal microbalance (QCM).III,IV The QMS studies on 

ALD of ruthenium from RuCp2 and ALD of platinum from MeCpPtMe3 show that the 

ligands become oxidized mainly to water and carbon dioxide.III These reaction by-products 

are detected during both the metal precursor pulse and the oxygen pulse. Thus, on the 

surface, there must be chemisorbed oxygen during the metal precursor pulse and unreacted 

ligand species during the oxygen pulse. Figure 15 shows the proposed reaction mechanism; 

oxygen chemisorbs on the metal surface during the oxygen pulse, and the ligands of the 

metal precursor react with this chemisorbed oxygen during the following metal precursor 

pulse.III Because of the limited amount of the chemisorbed oxygen, the ligands do not 

become completely oxidized but some unreacted ligand species remain on the surface after 

the metal precursor pulse. These species then react with oxygen during the following 

oxygen pulse.III In the RuCp2 process, the ligands reacted with oxygen to produce mainly 
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water and carbon dioxide while in the Ru(thd)3 process, also carbon monoxide and 

hydrogen were detected.IV Thus, the reactions taking place on the noble metal surface 

depend on the chemical nature of the ligands of the metal precursor. 

 

       

 
Figure 15. Reactions taking place on the ruthenium surface (a) during the RuCp2 pulse and 

(b) during the O2 pulse. 

 

The in situ QCM studies show that during the RuCp2 pulse there is a momentary mass 

increase at the beginning of the pulse but that the total mass change is negative (i.e. the 

mass decreases). Respectively, during the oxygen pulse, the total mass change is positive 

(i.e. the mass increases).III The mass increase during the oxygen pulse can be explained by 

chemisorption of oxygen on the ruthenium surface and diffusion of oxygen atoms to the 

subsurface region. During the RuCp2 pulse, the RuCp2 precursor first chemisorbs on the 

surface leading to a mass increase. After that, as the ligands start to react with the 

chemisorbed oxygen atoms, volatile reaction products leave the surface, and the mass starts 

to decrease. On the basis of the QMS studies, it can be estimated that about 15 oxygen 

atoms are consumed per one chemisorbing RuCp2 molecule.III The mass change calculated 

on the basis of the QMS results is negative during the RuCp2 pulse, and in relatively good 

agreement with the mass decrease detected by QCM.III The growth rate of the ruthenium 
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films grown from RuCp2 at 350 °C corresponds to 0.2 monolayers (ML) of ruthenium per 

one growth cycle.I Thus, 15 oxygen atoms per one deposited ruthenium atom corresponds 

to an oxygen atom amount equal to 3 ML.III Figure 16 shows the relative sizes of the 

ruthenium atoms21 and the Cp ligands.200 

 

Figure 16. Relative sizes of the ruthenium atoms and the Cp ligands. 

 

The in situ QMS and QCM analysis of the ruthenium and platinum processes show that 

chemisorption of oxygen on the noble metal surface plays an important role in the reaction 

mechanisms. Oxygen chemisorption on most of the noble metals is dissociative, that is, 

oxygen binds to the surface as separate atoms. Dissociation of the oxygen molecule to 

oxygen atoms increases its reactivity; the as-deposited noble metal films thus self-catalyze 

the film growth reactions. 

 

On ruthenium, ultra high vacuum (UHV) studies have shown that dissociative 

chemisorption of oxygen takes place below room temperature, and at temperatures higher 

than 280 °C, oxygen atoms start to penetrate into the subsurface region.18 The oxygen 

atoms in the subsurface layer are in the form of dissolved oxygen, not in the form of 

covalently bound ruthenium oxide. Thus, the subsurface oxygen is mobile and can 

participate in surface reactions. The amount of oxygen in the adsorption layer depends on 

the temperature and on the oxygen partial pressure.18 A stable RuO2 phase forms only at 

temperatures higher than 480 °C.18 

 

The growth rate of the ruthenium films grown by ALD has been reported to depend on the 

oxygen partial pressure,156 and on the growth temperature.I,II These dependencies may be 

related to the amount of adsorbed oxygen on ruthenium; more oxygen adsorbs on 

ruthenium at high oxygen partial pressures and at high substrate temperatures. Hence, 

higher portion of the precursor ligands are consumed in the reaction with the chemisorbed 
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oxygen, and due to the increased number of free adsorption sites, more ruthenium 

precursor molecules are able to chemisorb on the surface. It has been shown that if the 

chemisorbed oxygen atoms are removed by a hydrogen plasma, lower growth rates are 

obtained.201 The observation that ruthenium films are obtained although oxygen is removed 

from the surface suggests that a chemisorbed oxygen layer is not a prerequisite for the film 

growth to proceed. 

 

According to the reaction mechanism presented in Figure 15 for ALD of ruthenium, all 

oxygen in the adsorption layer is consumed during the ruthenium precursor pulse. Lack of 

ruthenium oxide formation and the low oxygen content of the filmsI,IV support this 

mechanism. However, some oxygen may remain in the subsurface layer if the amount of 

adsorbed oxygen in the subsurface layer is high, if the noble metal precursor dose is 

deficient, or if the noble metal precursor pulse time is too short for the reactions to proceed 

to completion. In such cases, some oxygen may remain in the subsurface layer. In fact, 

ruthenium oxide has been obtained ALD with high oxygen partial pressures and short 

ruthenium precursor pulse times.156 

 

On platinum, dissociative chemisorption of oxygen takes place at UHV below room 

temperature, and associative desorption of oxygen occurs at temperatures higher than    

330 °C.202 A subsurface oxygen layer has also been reported to form on platinum 

surface,203,204 but it is much more unlikely than on ruthenium surface. The subsurface 

oxygen is also less reactive than the surface oxygen.203 Platinum oxide starts to form at 

temperatures higher than 530 °C.17 On iridium, dissociative chemisorption of oxygen takes 

place already at room temperature, and diffusion of oxygen into the subsurface region 

begins at temperatures higher than 30 °C.205 An initial stage of iridium surface oxidation 

has been observed at 330 °C, and more intensive oxidation takes place at temperatures 

higher than 580 °C.205 

 

On palladium surface, dissociative chemisorption of oxygen takes place at UHV at 

temperatures below the room temperature.206 Associative desorption of oxygen, on the 

other hand, takes place at temperatures higher than 480 °C. Oxygen also migrates into the 

subsurface region but even at 250 °C the formation of the subsurface oxide is relatively 

slow and the amount of oxygen in the subsurface region is small.206 The reactivity of the 

subsurface oxygen is lower than that of chemisorbed oxygen on the palladium surface.206 

During oxygen exposure at temperatures higher than 200 °C, surface oxidation of 

palladium to PdO may also take place.207 On rhodium, dissociative chemisorption of 
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oxygen takes place below room temperature, and subsurface oxygen starts to form at     

100 °C at UHV.208 Desorption of the subsurface oxygen begins at 380 °C.208 

 

The film growth must take place not only on the as-deposited noble metal surface but also 

on the initial substrate surface. The chemical nature of the initial substrate surface may be 

very different to that of the noble metal surface, and in particular, it may not have catalytic 

activity for oxygen dissociation. Only after the substrate is partly or fully covered by the 

noble metal, the reaction mechanisms change to those taking place on the as-deposited 

noble metal surface. The reactions with the initial substrate surface are very important 

because they may limit the onset-temperature for the film growth or even totally prohibit 

the film growth. Ruthenium films, for example, were obtained at lower growth 

temperatures on iridium than on as-deposited Al2O3.
VI The catalytic activity of the iridium 

surface enables onset of the ruthenium film growth at lower temperatures than on Al2O3. 

Thus, poor reactivity of the precursors on the initial Al2O3 surface restricts the film growth 

at low temperatures. 

 

4.2.2 Reducing processes 

 

Hydrogen-based ALD processes have been studied for ruthenium,37 platinum,39,192 

iridium,38 and palladium.37,177 Other reducing agents reported for thermally activated noble 

metal ALD processes include glyoxylic acid177 and hydrazine.187 In hydrogen-based 

processes taking place on noble metal surfaces, dissociative chemisorption of hydrogen 

catalytically activates the reactions; the ligands are released from the surface in the 

hydrogenated form, and the central metal ion is reduced to metallic state.177 Stability of the 

chemisorbed noble metal precursor against desorption is essential; in ALD of palladium 

from Pd(hfac)2, desorption rate of the noble metal precursor increases with increasing 

substrate temperature leading to a lower growth rate.177  

 

Reactions of the β-diketonate precursors Pd(thd)2, Ru(thd)3, and the cyclopentadienyl 

precursor MeCpPtMe3 with the hydroxyl groups on high surface area Al2O3 and SiO2 

supports have been studied by several analysis methods such as thermogravimetric analysis 

and mass spectrometry.37,39 The results show that the both thd ligands of the Pd(thd)2 

precursor react with the surface hydroxyl groups. The reaction by-products detected with a 

mass spectrometer were Hthd and its fragments as well as 2-dimethyl propionic acid.37 

Palladium with oxidation states of 0 and +2, and +6 were detected on the surface by XPS, 

the metallic state with oxidation number of 0 being the most abundant.37 The ruthenium 
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precursor Ru(thd)3 chemisorbs on the surface at 180 °C without losing any ligands. The 

density of the ruthenium atoms on the surface was very low, probably due to a low 

reactivity of Ru(thd)3 or to a fast desorption of Ru(thd)3 from the surface.37 The three 

methyl ligands in MeCpPtMe3 react with the surface hydroxyl groups but the MeCp 

ligands remain on the surface. Platinum with oxidation states of 0 and +2 were detected on 

the surface after the first reaction step.39 It is possible that the formation of metallic atoms 

on the surface already during the adsorption of the metal precursor enables catalytic 

activation of the reduction reaction during the following reduction step. That is, the 

hydrogen atoms dissociatively adsorb on the metallic atoms, and the reaction thus becomes 

catalytically activated already during the first growth cycle. 

 

Interaction of Pd(hfac)2 with tetrasulfide-terminated SAMs has been studied by XPS.177 

For the palladium film growth to take place on a SAM, the Pd(hfac)2 molecule must be 

able to chemisorb on the SAM, that is, an interfacial Pd–S bond must form.177 Shift in the 

sulfur peak in the XPS spectrum shows that Pd(hfac)2 indeed chemisorbs on the sulfur 

atom of the tetrasulfide-terminated SAM.177 The advantage of being able to grow 

palladium on SAMs is that SAMs enable modification of the initial growth surface.177 
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5. CONCLUSIONS 

 

The results obtained in this work show that high quality ruthenium, platinum, iridium, and 

rhodium films can be grown by ALD. ALD of palladium was also studied, but the film 

growth did not proceed by a self-limiting ALD mechanism. All of the processes are based 

on reactions of the metal precursor with oxygen, the growth temperatures being in the 

range of 200–450 °C. 

 

Ruthenium films were grown from two ruthenium precursors: a cyclopentadienyl precursor 

RuCp2 and a β-diketonato precursor Ru(thd)3. The films grown from RuCp2 had 

resistivities lower than 20 µΩ⋅cm, and the films grown at 350 °C contained less than       

0.2 at.% hydrogen, less than 0.2 at.% carbon, and less than 0.4 at.% oxygen. The film 

growth rate at 350 °C saturated to 0.45 Å/cycle. The films grown from Ru(thd)3 had higher 

resistivities, higher impurity contents, and longer incubation time for the onset of the film 

growth. 

 

Platinum films with a strong (111) orientation were grown from MeCpPtMe3 and oxygen 

at temperatures of 200–300 °C. The films had low resistivities and low impurity contents; a 

30-nm platinum film grown at 200 °C had a resistivity of 17 µΩ⋅cm and contained less 

than 0.2 at.% of hydrogen, carbon, and oxygen, each. Pt(acac)2 was also studied as a 

platinum precursor but only non-uniform films were obtained. 

 

Iridium films were grown from Ir(acac)3 and oxygen at a temperature range of              

225–375 °C. The films were metallic iridium with a preferred (111) crystal orientation. 

Depending on the thickness, the films had resistivities in the range of 9–18 µΩ⋅cm. The 

films had smooth surfaces; a 65-nm film grown at 300 °C had an rms surface roughness of 

1.6 nm. At 300 °C, the film growth rate saturated to 0.40 Å/cycle, and the film thickness 

depended linearly on the number of the growth cycles. 

 

Metallic rhodium films with a preferred (111) crystal orientation were grown from 

Rh(acac)3 and oxygen at temperature of 250 °C. A 30-nm film had a resistivity of about 10 

µΩ⋅cm. The films contained less than 0.1 at.% hydrogen, 1.6 at.% carbon, and 2.3 at.% 

oxygen.  

 

ALD of palladium was studied from two palladium precursors: a β-ketoiminato precursor 

Pd(keim2)2 and a β-diketonato precursor Pd(thd)2. Although palladium films with good 
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quality could be grown from Pd(keim2)2, the process cannot be considered true ALD 

process because self-limiting film growth was not achieved. The films grown from 

Pd(thd)2 and oxygen were non-uniform, probably because of etching reactions. 

 

The reaction mechanism studies showed that adsorbed oxygen on the noble metal surface 

plays an important role in the film growth reactions; oxygen adsorbs on the noble metal 

surface during the oxygen pulse, and the adsorbed oxygen atoms react with the ligands of 

the noble metal precursor during the following metal precursor pulse. Because of the 

limited amount of adsorbed oxygen in the adsorption layer, some unreacted ligand species 

remain on the surface. These species react with oxygen during the next oxygen pulse. The 

main reaction by-products were water and carbon dioxide. Since only traces of impurities 

were detected in the films, the surface reactions go to completion. 

 

On the basis of the studied processes, it can be concluded that the oxidizing chemistry 

works well with the different metals and with the different types of metal precursors. 

Despite the oxidizing process condition, the metals did not become oxidized but metallic 

films were obtained in all process conditions used in this work. Saturation of the film 

growth rate was observed in most of the processes, showing that adsorption of the 

precursors was self-limiting. 

 

ALD is a suitable method for growing noble metals for the potential applications in ICs 

which include electrodes in DRAMs and FRAMs, gate electrodes in MOSFETs, and seed 

layers for copper in interconnect metallization. Noble metal ALD processes taking place in 

oxidizing conditions can be used when growing DRAM and FRAM top electrodes, gate 

electrodes for MOSFETs and ferroelectric FETs, and combined seed and barrier layers for 

copper in interconnect metallization. The DRAM and FRAM bottom electrodes as well as 

the copper seed layers grown on nitride barriers need to be grown in reducing process 

conditions. 

 

All the processes studied in this work take place in oxidizing conditions. In order to be able 

to grow noble metals on nitride barriers and other easily oxidizing materials, more research 

is needed on thermal noble metal ALD processes taking place in reducing conditions. Film 

growth on different kinds of starting surfaces should also be studied; so far, most of the 

noble metal deposition studies have been performed on Al2O3, SiO2, and noble metal 

surfaces. The results presented in this thesis are thus likely to be only the opening of 

research on ALD of noble metals. 
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