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ABSTRACT 
 

Atomic Layer Deposition (ALD) is a chemical, gas-phase thin film deposition 
method. It is known for its ability for accurate and precise thickness control, and 
uniform and conformal film growth. One area where ALD has not yet excelled is 
film deposition at low temperatures. Also deposition of metals, besides the 
noble metals, has proven to be quite challenging. To alleviate these limitations, 
more aggressive reactants are required. 
 
One such group of reactants are radicals, which may be formed by dissociating 
gases. Dissociation is most conveniently done with a plasma source. For 
example, dissociating molecular oxygen or hydrogen, oxygen or hydrogen 
radicals are generated. The use of radicals in ALD may surmount some of the 
above limitations: oxide film deposition at low temperatures may become 
feasible if oxygen radicals are used as they are highly reactive. Also, as hydrogen 
radicals are very effective reducing agents, they may be used to deposit metals.  
 
In this work, a plasma source was incorporated in an existing ALD reactor for 
radical generation, and the reactor was used to study five different Radical 
Enhanced ALD processes. The modifications to the existing reactor and the 
different possibilities during the modification process are discussed. The studied 
materials include two metals, copper and silver, and three oxides, aluminium 
oxide, titanium dioxide and tantalum oxide. The materials were characterized 
and their properties were compared to other variations of the same process, 
utilizing the same metal precursor, to understand what kind of effect the non-
metal precursor has on the film properties and growth characteristics. 
 
Both metals were deposited successfully, and silver for the first time by ALD. 
The films had low resistivity and grew conformally in the ALD mode, 
demonstrating that the REALD of metals is true ALD.  The oxide films had 
exceptionally high growth rates, and aluminium oxide grew at room 
temperature with low cycle times and resulted in good quality films. Both 
aluminium oxide and titanium dioxide were deposited on natural fibres without 
damaging the fibre. Tantalum oxide was also deposited successfully, with good 
electrical properties, but at slightly higher temperature than the other two 
oxides, due to the evaporation temperature required by the metal precursor. 
Overall, the ability of REALD to deposit metallic and oxide films with high quality 
at low temperatures was demonstrated.  
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1. INTRODUCTION 

 

Atomic layer deposition (ALD) is a chemical thin film deposition method 

operating in vacuum (1). Significant early development for ALD was done under 

the name Atomic Layer Epitaxy (ALE) with the desire to manufacture thin film 

electroluminescent (EL) displays. Later, materials deposited by ALD found other 

applications such as solar cells, microelectronics, gas sensors, optics, and 

protective coatings. One of the key strengths of ALD is its capability to deposit 

conformal coatings with uniform thickness on even the most demanding 

topologies. This property has lead to ALD being used in the most demanding 

applications such as coating of nanometre scale structures like catalytic particles 

and microelectromechanical systems (MEMS) (2).  

 

A vast majority of ALD processes published to date use two reactants at an 

elevated temperature to facilitate film growth. These kinds of processes are thus 

thermally activated. The thermally activated processes are often limited to 

operate at temperatures above 150 – 200 °C, as their feasibility is hindered by 

slow reactions at lower temperatures. Finding suitable reactants for the 

thermally activated growth of elemental materials such as metals is another 

challenge. In some cases, such as the ALD of silver and gold, finding a suitable 

metal precursor may already be challenging. If one is found, a compatible 

reducing agent is also needed for the reduction of the metal precursor to its 

elemental state. 

 

In this thesis, the use of radicals as the second reactant is studied in the 

deposition of selected materials by ALD. The materials include two metals, 

copper (I) and silver (II), and three oxides, aluminium oxide (III), titanium dioxide 

(IV) and tantalum oxide (V). Hydrogen radicals were used as the second reactant 

in the deposition of metals, and oxygen radicals in the deposition of oxides. The 

metal precursors chosen for this work were widely used in thermal ALD and 

thus the film properties obtained by radical enhanced atomic layer deposition 

(REALD) could be compared to the results published for the thermal ALD 
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processes. The deposition of silver is an exception to this as the material has not 

been previously deposited by ALD before.  

 

A brief review of the deposited materials is presented, along with some 

background on the generation of radicals by using plasmas. The reactor used in 

the experiments and its development is also described. The results are presented 

briefly, and will be discussed and summarized. Also, some unpublished data is 

presented and discussed. Finally, a conclusion about the suitability of radicals in 

ALD is given. 

 

2. BACKGROUND 

 

2.1 Plasma: generation, properties and reactions 

 

Plasma is commonly considered as the fourth state of matter. The description 

arises from the fact that plasma may be obtained by heating a gas, like heating 

a solid produces liquid and heating a liquid produces gas. The description is 

somewhat misleading, because the transition between gas and plasma is 

gradual instead of the sharp transition between the more common phases: the 

amount of ionized gas simply increases with increasing temperature. Also, the 

above description implies that plasmas are always hot. Naturally, plasmas 

generated by heating a gas i.e. thermal plasmas are hot, but plasmas generated 

by electric fields may also be cold (3). 

 

In thermal plasmas, the electrons, ions and neutral species are in local 

thermodynamic equilibrium. This means that the species in the plasma have for 

example the same average kinetic energy. In “cold” or non-equilibrium plasmas, 

the charged species are more energetic than the neutrals and light particles 

more than the heavy. As only a small part of the species in the plasma have a 

high energy, the overall temperature of the plasma is low, and hence the name. 

A cold, non-equilibrium plasma can be generated for example by applying an 
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alternating electric field between two parallel electrodes. The alternating electric 

field accelerates the few electrons present in the gas, either generated by 

cosmic rays or field emission from walls in confined plasmas. The accelerated 

free electrons undergo elastic and inelastic collisions with the gas molecules. 

The electrons do not lose, however, much of their energy mainly because of the 

large mass difference of the colliding bodies. This way, the electrons gain 

energy up to the point where they are able to excite or ionize molecules present 

in the gas. Ionization generates further electrons which are also accelerated by 

the electric field, and a dynamic, steady-state plasma discharge is generated. In 

the dynamic steady-state, the plasma continuously gains and loses charged 

species at equal rates, but is not in thermodynamic equilibrium (4). The above 

breakdown mechanism is called the radio frequency (RF-) breakdown, and may 

be obtained with high frequency alternating electric fields. Plasma can also be 

generated by direct current (DC) and lower frequency alternating electric fields. 

There, the breakdown is different: in particular, the electron losses on surfaces 

are more dominant than in the high frequency RF-breakdown (4).  

 

In practice, laboratory plasmas are always confined. In confined plasmas ions, 

electrons and excited species are lost in collisions with surfaces, such as walls. 

As the surfaces are hit by electrons, the surface is charged negatively. Electrons 

dominate the charging process as they have much higher kinetic energy than 

positively charged species and thus hit the surfaces more frequently. The 

negative charge build-up continues until the surfaces repulse electrons strongly 

enough to result in equilibrium. Additionally, the negatively charged walls 

attract positive ions. The positive ions are accelerated towards the walls which 

in turn decreases the charging as the ions are lost. The overall effect of the 

negative charging is the acceleration of positive ions and a decrease in the 

electron losses.  

 

There are many possible processes that can occur in a plasma (Table I), but in 

the scope of this work, the most important are the generation and elimination 

of the chemically active species and energetic ions. These are formed by 

dissociation, excitation and ionization when plasma electrons collide with gas 
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molecules. Radicals and ions are generated only when a colliding electron has 

sufficient energy to break chemical bonds or ionize the molecule. Both radicals 

and ions can be used in for example thin film research: radicals as highly 

reactive reactants and ions to produce physical changes in a sample. Ions 

recombine rapidly and are present in large quantities only inside the plasma 

discharge. Radicals are eliminated through a process called recombination. 

When using diatomic gases, radical recombination occurs only in the presence 

of three bodies due to the requirement for momentum conservation. The 

simultaneous collisions of three bodies at low gas pressure are however quite 

rare. As a result, the recombination proceeds often more rapidly on solid 

surfaces, as the surface serves as the third party and a collision of only two 

species is required. The recombination of polyatomic radicals is simpler as they 

may recombine in two body collisions where the momentum is transferred to 

bond vibrations. Radicals are longer lived than ions and are also present outside 

the plasma discharge region. With simple alterations to the experimental setup, 

it is possible to have either both energetic ions and radicals, or just radicals 

present on a sample. These two represent different cases in thin film processing, 

and the distinction between them is made in chapters 2.2.1 and 2.2.2, when 

discussing Plasma and Radical Enhanced Atomic Layer Deposition. 

 

Table I. Some possible gas phase processes in a plasma discharge (3-5). A and B 

are reactants; A+ and A- are ions of A; A* is A in an excited state; e- is an 

electron and hν is a photon with a specific energy.  

Process Reaction 

Excitation A + e- → A* + e- 

Excitation A+ + B → A+ + B* 

Ionization A + e- → A+ + 2 e-, or A2 + e- → A2
+ + 2 e- 

Ionization A+ + B → A+ + B+ + e- 

Penning ionization A + B* → A+ + B + e- 

Dissociation A2 + e- → 2 A + 2 e- 

Dissociative attachment A2 + e- → A + A- 

Surface recombination Aads* + Aads* → A2 
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Surface recombination e- + Aads
+ → A 

Volume recombination e- + A+ + B → A + B 

Volume recombination A* + A* + A2 → 2 A2 

Photoemission A* → A + hν 

 

 

Photoemission is a common process in plasmas, and produces a characteristic 

light emission from each excited species. In other words, discharges in different 

gases produce different colours. Light emitting plasma discharges are commonly 

referred to as glow discharges. 

 

It is highly unfeasible to generate a plasma by heating gas, and therefore in a 

laboratory environment plasmas are generated and maintained by plasma 

sources (6). Probably most convenient is to use plasma sources based on electric 

fields. These plasma sources utilize either direct current (DC) or alternating 

current (AC). Either current mode can be used to generate plasma simply by 

applying a voltage between two parallel electrodes. In theory, plasma can be 

generated at all gas pressures, but in practice, the majority plasmas used in thin 

film deposition are low pressure plasmas. Plasma generation at higher pressures 

is more difficult, and achieving the same degree of ionization requires more 

energy due to the greater number of atoms and molecules present. 

 

DC discharges are commonly used in fluorescent lamps. Plasma sources using 

alternating current are, however, more frequently used in deposition and 

process environments, as they are more versatile (3). The most common AC 

plasma sources are radio frequency (RF) and microwave (MW) plasma sources, 

most commonly operating at 13.56 MHz and 2.45 GHz. Plasmas generated by 

these sources are commonly referred to as electrical, gaseous or glow 

discharges.  

 

As mentioned before, plasmas produce radicals and energetic ions. Radicals are 

used due to their high reactivity and energetic ions because they can produce 
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physical changes by momentum transfer. For example, as plasma is ignited in 

hydrogen gas the following dissociation process may occur: 

 

H2(g) + e- → 2 H˙(g) + e- 

 

Thus, two hydrogen radicals are produced from one diatomic hydrogen gas 

molecule, and the colliding electron loses some of its energy in the process. The 

reverse process is slow and the recombination proceeds more readily on solid 

surfaces than in the gas phase. Naturally, radicals can be generated from 

molecular oxygen (O2) and nitrogen (N2), or from compounds: dissociating 

ammonia (NH3) results in a mixture of nitrogen and hydrogen radicals. Such a 

mixture of radicals may be used when both reduction and nitridation are 

required, such as in the deposition of transition metal nitrides (7-9). Similarly, 

hydrogen radicals are used when reduction is required, and oxygen radicals for 

oxidation (Tables II and IV). Some established commercial processes utilizing 

plasmas are the plasma enhanced chemical vapour deposition (PECVD) of silicon 

nitride and silicon oxide (5,10).  

 

Sputtering is a process where energetic ions are used to remove atoms from a 

surface. This process can be used either for etching or material deposition. In 

sputter deposition, the surface from where the atoms are removed is called the 

target. The target is electrically biased to further accelerate ions towards it. As 

the accelerated ions hit the target material, the momentum transfer process 

ejects atoms from the target. The ejected atoms travel in the gas phase and 

condense as they hit a solid surface, including the substrate, and form a thin 

film of the target material. Even complex compounds can be sputter deposited 

by using multiple targets or a single target, provided it is homogeneous (11). 

Sputter deposition belongs to the physical vapour deposition (PVD) methods. In 

sputter etching, the ejected atoms are not collected and the target is the sample 

to be etched. By adding a suitable etching gas to the plasma chamber the 

etching speed can be enhanced or the etching process made selective (12). This 

modification is called reactive ion etching (RIE) (13).  
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2.2 Atomic Layer Deposition 

 

Atomic Layer Deposition (ALD) is a chemical gas phase thin film deposition 

method (1). It belongs to the group of Chemical Vapour Deposition (CVD) 

methods. A characteristic of this group is that the films are formed via chemical 

reactions as opposed to PVD methods where the films are formed mainly via 

physical material transport.  

 

The film deposition by ALD occurs via alternating, self-limiting surface reactions. 

As a result of the self-limiting reactions, growth by ALD, or in the ALD mode, is 

saturative. This means that the film forming reactions proceed to completion, 

and then stop. Thus, each ALD cycle results in precisely the amount of material 

deposited regardless of the exposure once the saturation threshold is exceeded.  

 

The concept of the ALD window can be used to describe the temperature 

dependent processes which may or may not lead to film growth in the ALD 

mode (Figure 1). Processes leading to non-saturative growth, with either too 

high or low growth rates, occur outside the ALD window. An increased growth 

rate may either result from precursor condensation at too low temperatures, or 

from precursor decomposition at too high temperatures. Alternatively, a 

decreased growth rate may be a result of incomplete reactions at the low 

temperature regime, or of precursor desorption at too high temperatures. In the 

ALD window, the growth rate may or may not be dependent on temperature, 

depending on the particular process. The growth in the ALD window is, 

however, always saturative.  

 

The use of radicals in the deposition process can eliminate the regime of 

incomplete reactions, provided that the metal precursor adsorbs to the surface, 

since radicals are assumed to react very rapidly. Thus, the ALD window is 

extended to lower temperatures, down to the condensation limit of the metal 

precursor. An example of a process where activating the reactant dramatically 

enhances the deposition rate, or lowers the deposition temperature is the 
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deposition of aluminium oxide from trimethylaluminium (TMA, Al(CH3)3) and 

molecular oxygen (O2). This process has not been reported in the literature. 

However, deposition with possibly a more favourable metal precursor, 

aluminium chloride (AlCl3), requires over 600 °C (14). By dissociating the oxygen 

with a plasma discharge aluminium oxide growth with TMA as the aluminium 

precursor was obtained already at room temperature, 25 °C (III). 

 

 

 

 

 

 

ALD processes have been studied and reviewed extensively (1,15). The material 

variety includes oxides, nitrides, sulphides, II-VI and III-V compounds, and 

elemental materials including both metals and non-metals. 

 

The majority of the ALD processes studied to date are thermally activated. In 

thermally activated processes the reactants have their intrinsic reactivities 

towards the other reactant(s) and the overall kinetics can be sped up only by 

G
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Deposition temperature  

Desorption 

Decomposition 
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ALD window 

Slow 

reactions 

Figure 1. The ALD window, depicting the dependency of the growth rate on 

the deposition temperature. The temperature range resulting in ALD growth, 

i.e. the ALD window, is depicted with the bolded line. Condensation, 

decomposition, desorption and slow reactions are possible processes for a 

precursor outside the ALD window. 



 18

increasing the deposition temperature. The main reasons that limit the 

deposition of certain materials with thermally activated ALD are that the metal 

precursor may decompose before sufficient reactivity is achieved, no reactivity 

between the reactants is achieved at all, and side- or etching reactions 

dominate. The deposition temperature may be further limited by the substrate, 

which may be a heat-sensitive material or a device structure. Low deposition 

temperature may also limit the obtainable film quality if the film forming 

reactions are slow or incomplete. For example, slow desorption of reaction by-

products may result in increased amounts of impurities in the films. Some 

processes have demonstrated aggressive enough half-reactions and produced 

high quality films even at low temperatures (16), but others have suffered from 

excessively long cycle times and have shown high impurity contents (17).  

 

2.2.1 Plasma Enhanced Atomic Layer Deposition 

 

In PEALD, plasmas are used to dissociate gas to produce the desired radical, 

which then functions as the non-metal precursor. The metal precursor cannot 

be dissociated as this would lead to CVD growth. The distinctive feature of 

PEALD is that the substrate is located either inside the plasma discharge or very 

close to it, and is exposed to the charged species originating from the plasma 

(Figure 2, left). The proximity of the plasma discharge to the substrate results in 

a large flux of radicals which is a major advantage of PEALD. Also, the particle 

bombardment from the plasma may provide additional energy to the adsorbed 

species and increase their surface mobility and the rate of the film forming 

reactions. As a downside, the bombardment may result in surface damage and 

the close proximity of the plasma discharge can result in dissociation of possible 

reaction by-products or adsorbed precursors and thereby lead to 

contaminations (18). Also, the negative charging is present in PEALD on 

insulating surfaces. Thus, a risk of damaging insulating materials during 

deposition exists in PEALD as electrical breakdown may occur if the substrate 

holder for example is grounded. Most, if not all, PEALD reactors use an RF-
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plasma source and operate at a few mbar pressure. The currently published 

PEALD processes are listed in Table II, and include mostly oxides but also some 

elemental materials and transition metal nitrides. 

 

 

Figure 2. Schematic representations of how the plasma discharge is located with 

respect to the substrate in Plasma (left) and Radical Enhanced ALD (right). R is a 

radical, I is an ion and e is an electron.  

 

 

Table II. Materials deposited by PEALD 

Material Metal 

precursor(s) 

Dissociated 

gas 

Deposition 

temperature 

/ °C 

Reference 

Al Al(CH3)3 H2 250 (19) 

AlN AlCl3 NH3 and H2 350 (7,8) 

Al2O3 DMEAA O2 100 – 125 (20) 

Al2O3 Al(CH3)3 O2 200 (21,22) 

Al2O3 (CH3)(C4H8)NAlH3 O2 100 (23) 

REALD 

PLASMA DISCHARGE 

Substrate 

R R 

I
I 

e e 

PLASMA DISCHARGE 

Substrate 

R
R 

I
I 

e e 

PEALD 
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Al2O3 Al(CH3)3 O2 and N2 100 – 350 (24-26) 

Al2O3:N Al(CH3)3 O2 and N2 80 (27) 

AlSixOy Al(CH3)3 and TEOS O2 120 – 150 (28,29) 

Co CoCp(CO)2, 

CoCp2 

NH3 300 (30) 

Cu Cu(thd)2 H2 180 (31) 

Ga2O3 [(CH3)2GaNH2]3 O2 200 (32) 

HfO2 Hf[OC(CH3)3]4 O2 100 (33) 

HfO2 Hf(NEt2)4 O2 250 (34,35)  

HfO2 Hf(NEt2)4 N2O 340 (36) 

Ni NiCp2 H2 165 (37) 

Ru Ru(EtCp)2 NH3 270 (38,39) 

Ru-TiN Ru(EtCp)2, 

Ti[N(CH3)2]4 

N2, 

H2 and N2 

200 (40) 

SrTiO3 Sr(thd)2,  

Ti(OiPr)4 

O2 250 – 350 (41) 

SrTa2O6 Sr[Ta(OEt)5dmae)]2 O2 300 (42) 

TaN (EtN)3Ta=NC(CH3)3 H2 260 (43,44) 

Ta(N) Ta[N(CH3)2]5 He and H2 275 (45) 

Ta2O5 Ta(OEt)5 O2 280 (46) 

Ta2O5 Ta[N(CH3)2]5 O2 250 (47) 

TixAlyN Ti[N(CH3)2]4, 

Al(CH3)3 

NH3
a, 

H2 

180 (48) 

TixAlyN TiCl4, 

AlCl3 

H2 and N2, 

H2 and NH3 

350 (49) 

TiN Ti[N(CH3)2]4 H2 and/or N2 175 (50) 

TiN TiCl4 H2 and N2 270 – 370, 

100 – 400 

(51,52) 

TiO2 Ti(OiPr)4 O2 200 (53) 

TiO2 Ti(OiPr)4 O2 and N2 250 (54) 

TiO2 Ti[N(CH3)2]4 O2 200 55 

TiO2 Ti[N(CH3)2]4 O2 200 (47) 
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TixSiyN TiCl4, 

SiH4 

H2 and N2 350 (56) 

WC W[N(CH3)2]2[N=C(CH3)3]2 H2 and N2 250 (57) 

ZrO2 Zr[NEt2]4 or 

Zr[OC(CH3)3]4 

O2 250 (58) 

ZrO2 Zr[OC(CH3)3]4 O2 100 (33) 

ZrO2 Zr[N(Et)(CH3)]4 O2 110 – 250 (59,60)  
a unactivated NH3 used to deposit TiN 

 

2.2.2 Radical Enhanced Atomic Layer Deposition 

 

In REALD, only radicals are let to reach the substrates. This is realized by placing 

the substrates in a remote location with respect to the plasma source (Figure 2, 

right), which results in the elimination of energetic ion and electron 

bombardment on the substrates. The film forming reactions are thus governed 

by the radicals’ chemical behaviour. Also, as the substrates are not exposed to 

ion or electron bombardment, no additional energy is provided in the film 

forming reactions. Thus, the rate of the film forming reactions is determined by 

the reactivities of the used precursors and by-product desorption at the 

prevailing temperature, like in thermal ALD. On the other hand, the possibility 

for surface damage and precursor decomposition is decreased. The radicals may 

also be formed by other means, for example hydrogen radicals can be 

generated by thermal cracking with a heated tungsten filament.  

 

As radicals recombine on a surface very rapidly, saturative adsorption is not 

observed, like with metal containing precursors. Film growth in the ALD mode 

should still be obtained if the reactions that radicals undergo with the adsorbed 

metal precursor do proceed to completion. As with any new ALD process, the 

growth rate saturation as a function of pulse length must be demonstrated for 

both precursors. Additionally, good conformality should also be shown for each 

new REALD process, but keeping in mind that the radical depletion due to 

recombination may be severe in structures with very small dimensions.  



 22

 

As radicals are somewhat different from the more commonly used non-metal 

precursors, it may be worthwhile to examine how they fulfil the requirements 

set for ALD precursors (1) (Table III).  

 

Table III. Requirements for ALD precursors (after reference 1, with permission).  

Requirement Comments 

Volatility  For efficient transportation, a rough 

limit of 0.1 Torr at the applicable 

maximum source temperature 

Preferably liquids of gases 

No self-decomposition Would destroy the self-limiting film 

growth mechanism 

Aggressive and complete reactions Ensure fast completion of the surface 

reactions and thereby short cycle times

Lead to high film purity 

No problems of gas phase reactions 

No etching of the films or the 

substrate material 

No competing reaction pathways 

Would prevent the film growth 

No dissolution into the film or the 

substrate 

Would destroy the self-limiting film 

growth mechanism 

Unreactive volatile by-products To avoid corrosion 

Sufficient purity To meet the requirements specific to 

each process 

Inexpensive  

Easy to synthesize and handle  

Non-toxic and environmentally friendly  

 

 

The requirement for sufficient volatility can be understood as a requirement to 

obtain the desired reactant in sufficient amounts. This can be fulfilled by a 

proper reactor design and sufficient pulse lengths. The requirement for no self-

decomposition means that the precursor should not decompose in a way that 
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leads into a solid deposit. Radicals do not decompose, but are lost through 

recombination, which results in no additional growth, only in the loss of 

reactants. In this respect, the requirement is fulfilled, but the loss of radicals 

may lead to issues with up-scaling the deposition process to large substrates. 

The radicals undergo fast reactions and thus fulfil the requirement for 

aggressive and complete reactions. The highest risk of etching the substrate or 

the deposited film occurs when the substrates are exposed to the plasma 

discharge. In REALD this possibility should be eliminated since a remote, 

downstream plasma configuration is used. The formation of hydrogen chloride 

may be a cause for film or substrate etching in some processes. This could occur, 

for example, when using metal halides and hydrogen radicals in the same 

process. Additionally, the formation of volatile species during the film 

deposition offers a distinct possibility for etching the film. Examples of such 

species are ruthenium tetroxide, RuO4, which could be formed during the 

deposition of ruthenium oxide, and silane, SiH4, during the deposition of silicon.  

 

The requirement for no dissolution into the substrate or the growing film is 

fulfilled by the high reactivity of the radicals. As a result, the radicals may react 

with the substrate and are generally unable to penetrate materials due to 

reactions or recombination. Reactions with the substrate may result in the 

formation of hydrides, nitrides or oxides. An example of the oxide formation 

was seen in the ALD of aluminium oxide on silicon from trimethylaluminium and 

oxygen plasma, where a thin silicon oxide layer formed under the deposited film 

(21). A slightly thinner interfacial oxide layer was obtained with ozone as the 

oxygen source, and no interfacial oxide was seen when using water. In a related 

study, it was observed that the use of remote oxygen plasma, i.e. oxygen 

radicals, did not produce an interfacial layer at all (61). Apparently, the avoiding 

the formation of the interfacial oxide is very challenging since in another study 

even remote plasma formed such a layer (34,35,62). As the radicals used in a 

process contain only one or two elements, the risk of forming reactive or non-

volatile by-products should be less than with thermally activated precursors. 

Additionally, the reaction by-products probably undergo further reactions with 

the radicals and reduce or oxidize to very simple compounds. The requirement 
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for sufficient purity is easily fulfilled as the purity depends on the used gases, 

which can be further purified if desired. Radicals are also non-toxic and 

environmentally friendly as they recombine very rapidly. The radicals, however, 

do not satisfy the requirements for inexpensiveness and ease of handling, due 

to the difficulty of generating the radicals in the first place and the relatively 

expensive equipment required. On the other hand, many of the precursors used 

to deposit noble metals do not fulfil the last two requirements either and are 

still considered quite successful processes (see Section 2.3). 

 

The majority of REALD processes reported so far can be divided into two 

groups: processes done in ultra high vacuum (UHV), evacuation-type reactors, 

and processes done at a few mbar pressure with continuous flow reactors (1). 

Only recently two commercial REALD capable reactors were introduced: a 

travelling-wave reactor Ever-Tek Plus-200 (61), and an evacuation-type reactor 

FlexAL by Oxford Instruments. The majority of the published work was made 

using self-built reactors, mainly due to the brief availability of commercial 

reactors. The published REALD processes including the ones presented in the 

current work are outlined in Table IV.  

 

 

Table IV. Materials deposited by REALD 

Material Metal 

precursor(s) 

Dissociated 

gas 

Deposition 

temperature 

/ °C 

Reactor 

type 

Reference 

Al2O3 Al(CH3)3 O2 25 – 300 Flow III 

Al2O3 Al(CH3)3 O2 300 Travel (61) 

Ag AgPiv(PEt3) H2 150 Flow II 

Cu Cu(acac)2 H2 150 – 200 Flow I 

Er2O3 Er(thd)3 O2 200 – 300 UHV (63) 

HfO2 Hf(NEt2)4 O2 250 Flowb (34,35,64) 

HfO2 Hf(mp)4 O2 250 Flow (62) 

Ge Et2GeH2 H2
a 420 – 528 UHVa (65,66) 
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Pd Pd(hfac)2 H2 80 UHV (67) 

SrTiO3 Sr(thd)2 and 

Ti(OiPr)4 

O2 150 – 275  Flow (68) 

SrTiO3 Sr(thd)2 and 

Ti(OiPr)4 

H2O 250 Flowb (69) 

Ta TaCl5 H2 25 – 400 UHV (70-72) 

TaN TaCl5 H2 and N2 300 UHV (73,74) 

TaN Ta[N(CH3)2]5 H2 and/or N2 250 – 300 UHV (75) 

Ta2O5 Ta(OEt)5 O2 150 – 300 Flow V 

Ti TiCl4 H2 25 – 400 UHV (70,76) 

TiN TiCl4 H2 and N2 400 UHV (77) 

TiN TiCl4 D2 and N2 25 – 137 UHV (78) 

TiN Ti[N(CH3)2]4 N2 150 – 350 Flow (79) 

TiN Ti[N(CH3)2]4 N2 and/or H2 250 Flow (80) 

TiN Ti[N(CH3)2]4 H2 or N2 or 

NH3 

250 Flow (9) 

TiO2 Ti(OiPr)4 O2 50 – 300 Flow IV 

Y2O3 Y(thd)3 O2 200 – 300 UHV (81) 

ZrO2 Zr(NEt2)4 O2 250 Flow (82) 
a dissociated with a tungsten filament 
b uncertain 

 

2.3 ALD of metals 

 

The ALD of metals has always been quite challenging. To date, the following 

metals have been deposited either by using a thermally activated process or 

with additional activation: Al (19), Ti (70,76), Fe (83), Co (83), Ni (37,83,84), Cu 

(I, 31,83-90), Mo (91), Ru (38-40,92-96), Rh (97), Pd (67,94,98-100), Ta (70-72), 

W (101-104), Ir (105), and Pt (84,106). 

 

The largest challenge in depositing metals with only thermal activation has been 

in finding an effective reducing agent. Metallic zinc is one, especially in the 
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deposition of transition metal nitrides (107,108), but the risk of zinc dissolution 

into silicon or the deposited materials themselves has limited the interest in it. 

Molecular hydrogen has been used widely, but it is not very active in its 

diatomic form and required an activating surface, metallic platinum or 

palladium, in the ALD of copper using CuCl and Cu(thd)2 (86,87). Molecular 

hydrogen has also been used with transition metal amidinates to deposit Fe, Co, 

Ni and Cu films by thermal ALD (83). Amidinates seem like a potential precursor 

group for ALD of metals, especially as molecular hydrogen can be used without 

an activating surface. However, only limited film properties were reported and, 

consequently, further studies on the film properties are required before the 

suitability of amidinates as ALD precursors can be established. A fresh approach 

to ALD of metals has been reported with the deposition of noble metals. There, 

the ligand is decomposed oxidatively and at the same time the metal is reduced 

to its elemental state (93). Finally, tungsten has been deposited with thermal 

ALD from WF6 and Si2H6 (101-104). Besides the above processes, the deposition 

of metallic films by ALD still remains as a challenge.  

 

2.3.1 Copper 

 

Copper has the second lowest resistivity of all metals. It recently replaced 

aluminium as the main conductor material in microelectronic circuits. An ALD 

copper process would seem to be applicable in depositing a thin seed layer of 

copper on which the commonly used electroplating process could be applied 

(109,110). The seed layer is required to promote adhesion to the diffusion 

barrier and guide the crystallographic texture of the electroplated copper (109). 

ALD could replace PVD as the seed layer deposition method, since the seed 

layer must be conformal on even the highest aspect ratio structures.  

 

Copper has been deposited by thermal ALD (83-90), REALD (I) and PEALD (31). 

The processes have used copper β-diketonates (I,84,87-89), CuCl 

(85,86,90,111) or copper dialkylacetamidinato (83) as the metal containing 

precursor. The reducing agents have been molecular hydrogen (83,84,86,87,90), 
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zinc vapour (85), alcohols or formaldehyde (88,89). Copper has also been 

grown epitaxially by ALD on (001) α-Al2O3 from CuCl and a mixture of H2O and 

H2 at 400 °C (111). A common feature of the thermally activated processes is 

that the reducing agent is less than optimal. Probably the most suitable 

reducing agent for any deposition process would be atomic hydrogen. Its 

advantages are high reducing power, reactivity and chemical compatibility with 

most processes. The main limitation for using atomic hydrogen is that it needs 

to be produced in-situ, by for example dissociating molecular hydrogen with a 

plasma source or a hot tungsten filament. 

 

Copper deposition using PEALD was also reported (31). The process was based 

on Cu(thd)2 and atomic hydrogen generated by an inductively coupled RF-

plasma plasma source. Copper has also been deposited via reduction of CuO: 

first a CuO layer was grown by thermal ALD which was then reduced to metallic 

copper with organic molecules such as alcohols, aldehydes or formic acid (112).  

 

2.3.2 Silver 

 

Silver has the lowest electrical resistivity, 1.59 μΩcm, of the known, non-

superconducting materials, and the highest thermal conductivity. Because of the 

lower resistivity, silver may be the only replacement for copper in integrated 

circuits, especially as its resistivity in under 100 nm features was reported to be 

much less than that of Cu (113-117). 

 

Silver is also a highly reflective material, and thus has a low emissivity, and is 

therefore a very good choice if reflectivity in the IR region is also needed (118). 

For these reasons silver is being used in mirrors where the highest obtainable 

reflectivity is required. The high reflectivity has resulted in silver being used as a 

decorative material in utensils, i.e. as silverware, and in jewellery. Additionally, 

thin silver films have been used as gas sensors, where gases chemisorbing on 

the silver surface change its reflectivity (119). Silver surfaces are also good 

partial oxidation catalysts, and are used to catalyse several reactions: oxidative 
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coupling of methane (CH4) (120), partial dehydrogenation of methanol (CH3OH) 

into formaldehyde (121), and the partial oxidation (or epoxidation) of ethylene 

(C2H4) (122).  

 

Monolayers of silver have been used as surfactants in the deposition of giant 

magnetoresistive (GMR) spin valves (123,124). The structure generally consists 

of a magnetic transition metal layer, such as Co, Ni or Fe, and a layer of some 

noble metal, such as Au, Ag or Cu. The use of a surfactant reduces the 

agglomeration of the transition metals when they are deposited on the noble 

metals. As a result, the interfaces are smoother and the layers in the GMR 

structure better defined. The surfactant floats out during the deposition of the 

transition metal, which is promoted in the case of silver by its large atomic 

volume. An order of magnitude increase in was reported in the GMR properties 

of a NiO-Co-Cu-Co structure with the incorporation of the silver surfactant into 

the manufacturing process (124). 

 

The REALD of silver (II) is the first reported ALD process for the material as no 

reference to a successful deposition of silver by ALD was found in the literature. 

This is probably due to a lack of a suitable silver precursor, reducing agent and a 

lack of interest in the ALD of silver. Silver films have been deposited with both 

CVD (125,126), and PVD methods such as evaporation and sputtering. 

 

2.4 ALD of oxides 

 

Oxides are probably the most studied materials in the field of ALD research. The 

deposition of oxides by ALD has been reviewed extensively by Ritala and Leskelä 

(1), and Puurunen (15). Generally, the most common metal precursors are 

halides, alkoxides and alkyls. The thermally activated oxide processes have 

widely used water as the oxygen-containing precursor. Also other oxygen 

sources, such as H2O2, O3 and metal alkoxides, have been used. In the following 

chapters the applications and deposition of aluminium oxide (Al2O3), titanium 

dioxide (TiO2) and tantalum oxide (Ta2O5) are reviewed briefly.  
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2.4.1 Aluminium oxide 

 

Aluminium oxide has suitable properties for many applications. As thin films, 

Al2O3 can be used as a dielectric, passivating and protecting material. It has a 

moderately high dielectric constant (κ = 9), and a high electric field strength. 

Aluminium oxide also has a high band-gap, 8.7 eV. These properties make it an 

attractive material for gate dielectric in metal-oxide-semiconductor (MOS) 

transistors.  

 

The thermally activated ALD of aluminium oxide has been studied very widely, 

and thus only a few representative references are listed below. For a more 

comprehensive discussion on the subject, see the review by Ritala and Leskelä 

(1) or by Puurunen (15). The most common aluminium containing precursors 

have been AlCl3 (127-129) and Al(CH3)3 (TMA) (17,21,130-136). Some studies 

have also been made with alkoxides Al(OEt)3 and Al(OnPr)3 (137), and 

Al(CH3)2(O
iPr) (138). Also the use of an alkyl-halide precursor Al(CH3)2Cl has 

been studied (139). Water is the most commonly used oxygen source 

(17,21,127,130-133,136,138), but also ozone (21,134,135), alcohols (137), and 

aluminium alkoxides (140) have been used. 

 

Aluminium oxide has been deposited with REALD from TMA and oxygen 

radicals (III). The deposition with PEALD has been studied with more precursor 

combinations: TMA and O2 (21,22), TMA and O2-N2 mixture (24-26), DMEAA 

and O2 (20), and methylpyrrolidine alane ((CH3)(C4H8)NAlH3, MPA) and O2 (23). 

 

2.4.2 Titanium dioxide 

 

Titanium dioxide has a range of attractive properties which make it suitable for 

many thin film applications. Titanium dioxide has a high refractive index, 2.2 - 

2.6 depending on the deposition method and thus the film structure, and can 

be thus used for optical coatings (141,142). It also has a high dielectric constant, 

80 – 110, which makes it an interesting candidate for high-κ gate dielectrics 
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(143). The major limitation in this application is that titanium dioxide suffers 

from high leakage currents. Recently, titanium dioxide has received wide 

attention as a bioactive (144) and photocatalytic material (145,146). 

 

Titanium dioxide has been deposited by thermally activated ALD from titanium 

halides and alkoxides: TiCl4 (142,147-158), TiI4 (159-163), Ti(OiPr)4 (IV,54,164-

167), Ti(OEt)4 (168-171) and Ti(OMe)4 (145). The oxygen-containing precursors 

have been water (142,145,147-152,154-159,164-166,168-171), hydrogen 

peroxide (159,160,166), molecular oxygen (161,162) and ozone (167). Titanium 

dioxide has also been deposited by REALD and PEALD from Ti(OiPr)4 and oxygen 

radicals (IV,53,54), and Ti[N(CH3)2]4 and O2 plasma (172). 

 

2.4.3 Tantalum oxide 

 

Tantalum oxide is very stable chemically and thermally, and has suitable 

properties for protective, optic, optoelectronic and electronic applications. 

Tantalum oxide has a moderately high dielectric constant: 22 – 28 for 

amorphous and up to 40 for the crystalline phase (173,174). Despite the high 

leakage currents that tantalum oxide generally suffers from, it is relatively easy 

to integrate into existing manufacturing processes. Thus, tantalum oxide is 

being used in integrated thin film capacitors and as a dielectric layer in ultra 

large scale integration (ULSI) dynamic random access memory (DRAM) devices. 

Tantalum oxide films have been used as protective coatings on, for example, 

solid state electrochromic devices (175). 

 

Tantalum oxide has been deposited by thermally activated ALD using several 

different tantalum precursors: TaCl5 (176-179), TaI5 (180), Ta(OEt)5 

(129,181,182), and alkylamides (183). Oxygen containing precursors have been 

water (176-183), hydrogen peroxide (180) and oxygen (184). An interesting 

process was reported by Kukli et al. where they deposited tantalum oxide by the 

reaction between TaCl5 and Ta(OEt)5 (185). 
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Tantalum oxide has also been deposited by photoassisted ALD from Ta(OEt)5 

and water (186), Ta(OEt)5 and O2 (187) and by REALD and PEALD using Ta(OEt)5 

and oxygen radicals (V,46). Finally, in-situ reaction mechanism studies were 

made by Kukli et al. where they studied the thermally activated deposition of 

tantalum oxide from Ta(OEt)5 and H2O between 70 and 375 °C (182). Rahtu et 

al. used mass spectrometry to study the reaction mechanisms of the thermally 

activated ALD of tantalum oxide from Ta(OEt)5 and D2O (169). 

 

3. EXPERIMENTAL 

 

In this chapter, the experimental details are described. More specific information 

about the processes can be found in the corresponding publications and from 

the cited references. 

 

3.1 Reactor design for Radical Enhanced Atomic Layer Deposition 

 

As there were no commercially available reactors for REALD, one had to be 

constructed in this work. To have the possibility to use low-vapour pressure 

solid precursors, an existing flow-type ALD reactor, the F-120 by ASM 

Microchemistry, was chosen as the starting point for constructing the REALD 

reactor. This reactor has a well working solid precursor feed system operated 

with inert-gas valving (1). An open chamber version of the reactor was used 

instead of the more widely used compact quartz cassette, to which it would 

have been very difficult to incorporate the radical source.  
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Figure 3. A schematic drawing of the RF-REALD reactor. Reactor components 

are not in scale.  

 

 

Several types of plasma sources would theoretically be suitable for REALD. A 

capacitively coupled RF-plasma source was considered first, but for some reason 

the ignition of plasma was not successful with this setup. As a result, inductive 

coupling was used in the first RF-plasma ALD reactor (Figure 3). However, due 

to several reasons, the RF-source was changed into another plasma source.  

 

First, in the chosen reactor, heating coils surround the substrate area. Therefore 

the RF-coil needed to be located outside the reactor volume, as the electric field 

generated by the RF-coil could easily induce into the heating coils and further to 

the electronics of the reactor. For the same reason, the heating coils themselves 

could not be used to generate the electric field. Furthermore, using the heating 

coils would have possibly resulted in the generation of plasma in the deposition 

chamber and PEALD-like situation. The discharge region and the induction coils 

could not be located inside the reactor because having two concentric vacuum 

tubes with different gases in them could lead to a situation where the plasma is 

ignited in an unwanted area, i.e. between the tubes.  

 

Second, in the chosen reactor the distance between the substrates and either 

end of the reactor is long. Because the plasma source needed to be located 
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outside the reactor, the radicals have to travel a long distance to reach the 

substrates. And finally, the operation of the RF-plasma source proved to be 

unreliable in the reactor as the gas pressure inside the reactor changed 

constantly. As a result, the plasma discharge failed frequently to ignite, making 

the estimation of actual deposition cycle amount impossible.  

 

For these reasons, a surface-wave (SW) launcher plasma source, powered with a 

microwave source, Sairem GMP 03KE/D with IC 336, and launched by Sairem 

SURF451 surfatron (188,189) was installed into the reactor (Figure 4). The main 

advantages of the SW launcher are its small size, it is relatively easy to operate 

and, most importantly, the discharge can be made to extend very close to the 

substrates (188). This will help to minimize recombination, because radicals are 

generated all the way to the substrates. Such a long extension would not have 

been possible with the RF-plasma source. The SW launcher generates a 

travelling electromagnetic wave onto the inner surface of the discharge tube. 

The travelling wave, in turn, generates radicals as long as it has sufficient energy 

to do so.  

 

 

Figure 4. A schematic drawing of the final REALD reactor, using a microwave 

plasma source. 

 

The plasma column was chosen to extend very close to the substrates, yet still 

leaving them downstream of the discharge. This way, the substrates are 

protected from particle bombardment and charged species. The radicals are 

generated in the discharge tube made of glass or quartz from the desired gas. 

The tube passes through the surfatron SW launcher, into the ALD reactor, and 

onto the substrates (Figure 5). The length of the plasma column is adjusted by 
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both power setting and the flow rates of gases running through the discharge 

tube. Increasing the power setting increases the surface-wave energy, and if a 

fixed gas flow is used, the length of the discharge column is increased. With a 

fixed power, the column length is a result of the balance between radical 

production and recombination as a function of pressure. Therefore, there is an 

optimum in flow rate which maximizes the discharge column length.  

 

Several other considerations needed to be made due to the unique nature of 

the plasma source. The electromagnetic field launched by the surfatron is easily 

reflected by conductive materials. This is a result of the field extending radially 

outside the discharge tube (188). As the plasma is generated by the 

electromagnetic field, it is desirable to allow it to travel as unhindered as 

possible. Consequently, most metallic parts surrounding the path of the 

discharge tube were substituted with plastic ones. Polycarbonate was chosen as 

the replacement material, as it is very stiff, can withstand moderately high 

temperatures, and is transparent. Later, it was seen that polycarbonate 

withstood plasma damage much better than Teflon. When in contact with 

plasma, polycarbonate was consumed very uniformly, whereas channels 

traversing the entire object were rapidly produced in Teflon. 
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Figure 5. A photograph of the REALD reactor viewed from the plasma source 

end. The plasma source is operated at full power. The discharge tube enters the 

reaction chamber through the light grey disc.  

 

The substrates are located in an open volume in the REALD reactor. This volume 

was minimized to speed up pulsing and purging. Argon was used as the carrier 

and purge gas in the REALD reactor. More commonly used nitrogen could not 

be used, since it is dissociated by the plasma discharge into radicals with 

unwanted reactivity. Argon and hydrogen were purified with point of use gas 

purifiers, as even trace amounts of oxygen could lead to oxygen radicals and 

oxidation when depositing metals.  
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3.2 Film deposition  

 

The films were deposited using the REALD reactor described in chapter 3.1. A 

typical REALD deposition cycle is outlined in Table V.  

 

Table V. A typical REALD deposition cycle with the range of pulse and purge 

times and plasma power used 

Step 1 2 3 4 

Action Metal precursor 

pulse 

purge Reactive gas 

pulse 

purge 

Time / s 0.2 – 5 0.2 – 10 4 – 12 3 

Plasma power / W (%) 20 (7) 20 (7) 300 (100) 20 (7) 

Discharge flow / sccm 0 0 60 0 

 

 

The simultaneous pulsing of the discharge flow and plasma power was 

necessary to sustain the plasma discharge throughout the film growth process. 

Sustaining the plasma discharge is crucial, since the ignition of plasma is not 

simple with this type of plasma source. During each radical pulse two 3 second 

periods were required to increase and decrease the plasma power in a 

controlled fashion to avoid the accidental extinguishing of the plasma discharge. 

The discharge flow contained the desired reactive gas mixed with argon. The 

reactive gas was either hydrogen or oxygen, to deposit either metals (I, II) or 

oxides (III–V). The amount of reactive gas mixed with argon was set by using the 

maximum power for the plasma and adjusting the amount of reactive gas to 

produce a discharge column with the optimal length.  

 

Most films were deposited on 5x5 cm2 glass substrates and silicon (I–V). While 

film growth was observed on the entire substrate area, the saturated growth 

was observed as a circle of uniform thickness. The circle increased in diameter 

as the radical pulse was lengthened, and eventually covered the entire substrate 

area. The deposition temperatures were limited by the condensation of the 
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metal precursor, its thermal decomposition, and the reactor’s material 

restrictions. For example, Cu(acac)2 begins to decompose at about 250 °C (84), 

which is thus the highest temperature at which it may be used in ALD. The 

thermal decomposition for TMA does not begin at least until 375 °C (190), but 

the materials used in the REALD reactor limit the highest possible deposition 

temperature to 300 °C.  

 

3.3 Film characterization 

 

The films were characterized with several methods. Film crystallinities were 

studied with grazing incidence x-ray diffraction (GIXRD) (I–V). X-ray reflectivity 

(XRR) was used to measure the film thickness, density and surface roughness 

(I,III–V). XRR was limited to films with less than 150 nm thickness and 6 nm 

roughness on the top surface. Both GIXRD and XRR measurements were 

conducted with a Bruker-AXS D8 Advance x-ray diffractometer/reflectometer 

operating in parallel beam geometry. For over 80 nm thick transparent films, 

the thicknesses and refractive indices were determined by fitting optical 

transmittance or reflectance spectra measured within a wavelength range of 

370-1100 nm using a Hitachi U-2000 Spectrophotometer (191) (III–V). Energy 

dispersive X-ray analysis (EDX) was used to measure the film thicknesses from 

the rough, non-transparent films, which could not be analyzed by XRR (II). The 

EDX measurements were analyzed with the GMR electron probe thin film 

program (192). The EDX measurements were conducted with an INCA Energy 

350 spectrophotometer connected to a Hitachi S-4800 field emission scanning 

electron microscope (FESEM) (II). Additionally, atomic force microscopy (AFM) 

measurements conducted with a ThermoMicroscopes CP Research instrument 

were used to measure the surface roughness and verify the results obtained by 

XRR (I). The X-ray crystal structure of the precursor synthesized for the ALD of 

silver was determined with a Bruker Nonius KappaCCD diffractometer using 

graphite monochromated MoKα radiation (II). 
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The film conformality was studied by cross-sectional SEM measured with a 

Hitachi S-4800 field emission scanning electron microscope (FESEM) (II,IV-V), 

and a Jeol JSM-7400F Electron Microscope (I). The presence of aluminium oxide 

deposited at low temperatures on polymers and natural fibres was verified by 

scanning electron microscopy (SEM) using a Zeiss DSM-962 electron microscope, 

and energy dispersive x-ray spectroscopy (EDX) using a Link ISIS spectrometer 

(III). Also, the penetration titanium dioxide into the wool fibre was studied by 

the Hitachi FESEM, and EDX mapping using the INCA Energy 350 

spectrophotometer (IV). 

 

Sheet resistances of the conductive films were measured with the four-point 

probe technique using a Keithley 2400  SourceMeter with an Alessi C4S Four 

Point Probe head (I,II). The leakage currents of the dielectric films were analyzed 

using a metal-insulator-metal (MIM) structure. The films were deposited on a 

conductive sputter deposited indium tin oxide (In2O3:Sn, ITO) (III) or evaporated 

platinum (IV,V). Aluminium dots were evaporated with an Edwards Auto 306 

resistive evaporator through a shadow mask to form the top electrodes (IV,V). 

The platinum (III–V) and some aluminium (III) evaporation was done with an 

Instrumentti Mattila IM-1992 electron beam evaporator. 

 

The Keithley 2400 SourceMeter was also used for measuring the leakage 

current densities (III–V). Capacitance measurements were done with a HP4284A 

LCR meter using measuring frequencies of 10 to 100 kHz (III–V). The 

breakdown voltage and dielectric constant were measured from several 

electrodes and the reported values were obtained from at least three electrodes. 

 

Film impurity contents were analyzed by time-of-flight elastic recoil detection 

analysis (TOF-ERDA) (193) (I–V). Fourier-transform infrared spectroscopy (FTIR) 

performed with a Perkin Elmer Spectrum GX spectrophotometer in transmission 

mode was used to study the aluminium oxide phases and the chemical nature 

of the impurities (III,IV). 
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The photocatalytic activity of the crystalline titanium dioxide films was studied 

by decomposing methylene blue in an aqueous solution under UV irradiation 

(145), using a General Electric F20T12/BLB 20 W black light blue fluorescent 

lamp which has the main emission at 365 nm (IV). 

 

4. RESULTS AND DISCUSSION 

 

The results reported in this chapter are presented in more detail in references I–

V. Here, the results are reviewed and discussed with the emphasis on how 

changing the non-metal precursor to radicals affects the growth and film 

properties. Also, results from unpublished experiments are summarized. Most of 

the unpublished experiments were done during the survey of suitable processes 

to be studied with REALD. The most successful ones were chosen to be studied 

further in this thesis, but some of the successful ones may have potential to be 

working ALD processes.  

 

4.1 Metals 

 

Both copper and silver were deposited using hydrogen radicals as the reducing 

agent. The metal-containing precursors were, however, quite different. 

Whereas the copper process utilized a readily available commercial precursor, 

the silver precursor was synthesized in-house. 

 

 

4.1.1 Copper (I) 

 

The REALD of copper was done with copper(II)2,4-pentanedione (Cu(acac)2), 

and hydrogen radicals (I). The deposition temperature was chosen as low as 

possible. As the evaporation temperature of Cu(acac)2 was 125 °C, the lowest 

feasible deposition temperature which did not cause condensation of the 

copper precursor in the deposition zone was 140 °C. The growth, however, 
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occurred at least up to 200 °C. The saturated growth rate for copper was found 

to be 0.018 nm per one ALD cycle, with a 1 second Cu(acac)2 pulse and 5 

second hydrogen radical pulse. The purge periods after these pulses were 4 and 

3 seconds. As the overall cycle time was 13 seconds, a 0.08 nm/min growth was 

thus obtained. Higher growth rates of 0.2 nm/cycle (89) and 0.04 nm/cycle (83) 

have been reported in the literature for thermal ALD of copper. Comparing 

these results to the REALD of copper is difficult, since both precursors in the 

thermally activated processes were chemically different. The films were 

polycrystalline on both silicon and glass substrates, and exhibited both (111) 

and (200) XRD reflections. The RMS roughness values measured by XRR and 

AFM were in the range of 2 – 3 nm for about 25 nm thick films, which is lower 

than what has been reported earlier for copper films deposited by thermally 

activated ALD.(90) The film adhesion was studied by the Scotch tape peel test, 

and the films were found to be adherent on silicon, HF-etched silicon, glass, 

SiLK (194, a low dielectric constant organic polymer for replacing silicon dioxide), 

evaporated copper, and ALD grown TaN (195) and TiN (196) films. 

 

Saturated surface reactions should also result in conformal film growth. This 

was verified with cross-sectional SEM images from a film deposited on a 

patterned trench substrate (Figure 6). As can be seen from the image, the film 

thickness is equal on the bottom and the top surface, which shows that the 

hydrogen radicals did reach the bottom of the trench. Together, growth rate 

saturation and conformality prove that the film growth does occur in the ALD 

mode.  
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Figure 6. An SEM image of a 30 nm thick copper film deposited on a 2:1 aspect 

ratio trench. 

  

 

Film purity was studied with and without argon and hydrogen purification. The 

copper films grown with the gas purification contained approximately 11-at.% 

oxygen, 2-at.% hydrogen and 1-at.% carbon as analyzed by TOF-ERDA, 

whereas the films grown without gas purification contained approximately 12-

at.% oxygen, 8-at.% hydrogen and 5-at.% carbon. The values are quite similar, 

but some additional contamination seems to arise from the use of less pure 

gases. It can be concluded that the process seemed to tolerate trace amounts of 

water and/or oxygen and still form conductive copper. In both cases, the 

desorption rates of oxygen and hydrogen during the TOF-ERDA measurement 

lead to the assumption that some oxygen was in the form of an adsorbed water 

layer. As the measurements were done ex-situ, the films were exposed to air 

prior to the measurement. This is the most likely source of the adsorbed water. 

Interestingly, the use of gas purification resulted in significantly lower Cu(acac)2 

usage. One explanation for this could be that the Cu(acac)2 reacts with trace 

moisture from the carrier gas to form Cu(acac)2·xH2O and evaporates more 

rapidly. 
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The film resistivity was quite low, 15 μΩcm for a 25 nm thick film. The film 

thickness, grain size, surface roughness and impurity contents all increase the 

lowest obtainable resistivity (197). Based on the contribution of thickness alone, 

the theoretical minimum for resistivity for a 25 nm thick Cu film is 

approximately 6 μΩcm. The grain size and surface roughness in the film were 

approximately 23 and 3 nm. Taking these into account increases the lowest 

obtainable resistivity to close to the observed resistivity, making the contribution 

of film impurities very small or negligible. Mårtensson et al. obtained higher 

resistivity values with the thermally activated Cu(thd)2 + H2 process (87). They 

found that the resistivity increased with decreasing film thickness, a common 

phenomenon in thin metal films (198,199), and was 41.2 μΩcm for a 40.9 nm 

thick film. 

 

Jezewski et al. deposited copper films with PEALD (31). They used Cu(thd)2 and 

hydrogen radicals at 180 °C deposition temperature. Although deposition at 

90 °C was reported, it is doubtful that the deposition is ALD-like, because the 

evaporation temperature of Cu(thd)2 was 123.5 °C and precursor condensation 

occurs very likely below this temperature. The growth rate was 0.011 nm/cycle 

on SiO2, and 0.020 nm/cycle on TaNx and Au. These values are similar to the 

growth rate obtained with the REALD Cu process. The films were less rough 

than the REALD Cu films of similar thickness: only 0.4 nm RMS roughness was 

measured for a 24.5 nm thick PEALD Cu film deposited on SiO2. The smaller 

roughness obtained with PEALD may be caused by the use of a slightly different 

copper precursor or a smoothening effect caused by the plasma’s particle 

bombardment (18). Another alternative is that they have used crystalline SiO2, 

or quartz, substrates whereas the REALD depositions were conducted on 

borosilicate glass. The PEALD process produced adherent films, as studied by 

the Scotch tape peel test. The film crystallinity was also studied with selected 

area electron diffraction (SAED). The films were reported to be polycrystalline 

with a (111) preferred orientation. The film composition was studied with 

Rutherford backscattering spectroscopy (RBS) ex-situ from films deposited on a 

40 nm thick tantalum sputtered on an amorphous carbon wafer. The PEALD Cu 
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films contained 58 atom-% Cu, 32 atom-% O, 1-3 atom-% C and 9 atom-% Si. 

The oxygen contents are significantly higher than what was obtained for the 

REALD Cu films. If only due to air exposure, the oxygen contents should be 

comparable since both measurements were conducted ex-situ. Especially, as the 

REALD films were exposed to air for approximately two weeks prior the TOF-

ERD analysis. The carbon contents were very similar for the PEALD and REALD 

films. The silicon impurities observed in the PEALD deposited films were not, 

however, seen in the REALD films. Thus, the authors’ explanation of the plasma 

dislodging silicon atoms from the used equipment seems plausible. Finally, the 

resistivities of the PEALD films were not reported; the authors only commented 

that the films were conductive.  

 

 

4.1.2 Silver (II) 

 

The deposition of silver by ALD is demonstrated for the first time. Whereas an 

inexpensive, commercially available precursor was used for the REALD of copper, 

the silver films were deposited using in-house synthesized (2,2-

dimethylpropionato)silver(I)triethylphosphine, Ag(O2C
tBu)(PEt3), (Figure 7). The 

precursor forms trimeric chainlike aggregates where one carboxyl ligand acts as 

a bridging ligand. The precursor was evaporated at 125 °C, which should 

eliminate the possibility of decomposition, as a normal pressure 

thermogravimetric (TG) analysis under N2 revealed that the compound 

decomposes in one step at 200-280 ºC. The deposition sequence was like with 

copper, and similarly the deposition temperature was chosen as low as possible. 

The films were successfully deposited on silicon and glass. A saturated growth 

of 0.12 nm/cycle was obtained at 140 °C using a 3 second silver precursor pulse 

and a 7 second hydrogen radical pulse. The silver precursor was purged for a 

period of double the pulse length. Insufficient purging resulted in a massive 

increase in the film resistivity. The growth obtained in one minute was 0.51 nm. 

The growth rate is much higher than with the REALD copper (I), which 

produced only 0.018 nm/cycle or 0.08 nm/min. The difference in the growth 

rates is possibly due to the different metal precursors used in the processes (I,II). 
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If the silver precursor adsorbs as a trimer it may lead to higher growth rate as 

there are three silver atoms delivered to the surface per one adsorbed precursor 

molecule whereas only one is delivered by Cu(acac)2. 

 

 

Figure 7. Left: The molecular structure of Ag(O2C
tBu)(PEt3).  

Right: The crystal structure of Ag(O2C
tBu)(PEt3). A single asymmetric unit is 

shown, with the thermal ellipsoids drawn on 50 % probability level.  

 

 

The films were polycrystalline and as a result, very rough. The film thicknesses 

could thus not be analyzed by XRR, but instead EDX measurements were used. 

The high roughness can also be seen in the SEM image (Figure 8), which also 

shows that the films grew conformally despite the high roughness. Visually the 

films were, however, mirror-like. The films were also relatively pure, containing 

only 4.0 atom-% phosphorous, 5.0 atom-% hydrogen and 1.0 atom-% carbon. 

The purity is also evident in the low film resistivity, only 6 μΩcm for a 40 nm 

thick film. Again, the film thickness, grain size and surface roughness increase 

the lowest obtainable resistivity value (197-199). The effect of surface 

roughness alone is expected to be significant as the films are very rough. 

Therefore, with the addition of the grain size effect, the contribution of the 

impurities may be very small. The low resistivity also verifies that the films are 

continuous even on a macroscopic scale. The film purity was better than for the 

REALD copper (I). The difference may well be a result of a more favourable 
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chemistry in the ligand removal, or simply of the less reactive nature of silver, as 

it is less electropositive than copper. 

 

 

 

Figure 8. A cross-sectional SEM image of a 40 nm thick silver film deposited on 

a patterned trench substrate.  

Left: A close-up of the top of a trench  

Middle: An overview of the trench substrate 

Right: A close-up of the bottom of a trench 

 

4.1.3 Other experiments 

 

The deposition of the following metals and nitrides (Table VI) were attempted 

but no growth or formation of an oxide resulted. Most of the metal precursors 

are known to adsorb on the used substrates, as the deposition of other 

materials has been successful with them. No growth suggests that either there 

is no reaction between the metal precursors and hydrogen radicals, or no 

adsorption after one monolayer growth. However, as most of the materials 

listed in Table VI have been deposited by PEALD or UHV-REALD, a more 

plausible explanation for no growth is that the radical flux was not sufficient in 

our experiments. Additionally, the oxide formation may be a result of oxygen-

containing residues in the carrier gas, as gas purification was not yet used 

during these experiments. 
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Table VI. Experimental parameters for unsuccessful metal and nitride 

experiments 

Material / 

substrate 

Metal 

precursor 

Reactive gas Temperature 

/ °C 

Result 

TiN / Si TiCl4 N2, N2+H2 300 No growth, 

only two 

experiments 

conducted 

Al / Si, glass, 

Cu 

Al(CH3)3, 

Al(OEt)3, or 

AlCl3 

H2 100 – 250, 

200  

100 - 200 

No growth or 

oxide 

formation 

AlN / Si, glass Al(CH3)3 N2 250 No growth 

Ru / glass RuCp2 H2 200 No growth 

Ta / Si, glass TaCl5 H2 130 - 200 No growth 

Nb / Si, glass Nb(OEt)5 H2 150 No growth 

Hf / Si, glass HfCl4, or 

HfI4 

H2 200,  

150 - 200 

No growth 

Cr / Si, glass Cr(acac)3 H2 160 - 250 No growth 

Mo / Si, glass MoCl5 H2 150 No growth 

Ni / Si, glass Ni(OiPrN(CH3)2)2 H2 100 No growth 

 

 

4.2 Oxides 

 

The oxide films were deposited using oxygen radicals as the oxygen source. The 

aim with the oxide films was to study metal precursors used in existing thermal 

ALD oxide processes and see how using oxygen radicals as the oxygen source 

affects the film properties. Also, decreasing the deposition temperature 

compared to the existing processes was attempted, followed by the deposition 

on heat sensitive materials. The literature is reviewed with respect to how 

altering the oxygen source affects the film growth and properties.  
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4.2.1 Aluminium oxide (III) 

 

 

Aluminium oxide was deposited from TMA and oxygen radicals by REALD 

between 25 and 300 °C (III). The saturated growth rates were 0.31, 0.23, 0.23 

and 0.15 nm/cycle for films deposited at 25, 100, 200, and 300 °C (Figure 9, 

left). The growth rate thus decreased with increasing temperature. The growth 

rate saturation required approximately 10 s cycle time, the growth rates as 

nanometres per minute were 1.8 and 0.9 nm/min for films deposited at 25 and 

300 °C. In addition to silicon, glass and evaporated platinum, the deposition 

experiments at room temperature were conducted on polyethene, paper and 

wool. The successful deposition on especially wool is encouraging, since it 

serves to demonstrate the gentleness of the REALD process. In a related study in 

our laboratory, an identical wool fibre was exposed directly to low-power 

oxygen plasma and was oxidized (burned) within seconds.  

 

The film densities increased with increasing deposition temperature from 2.52 

to 2.76, 2.94 and 3.73 g/cm3, for films deposited at 25, 100, 200 and 300 °C 

(Figure 9, left). 
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Figure 9. Left: The dependence of growth rate and density on the deposition 

temperature.  

Right: Infrared absorption spectra of Al2O3 films grown using either H2O (a) or 

O-radicals (b-e) as the oxygen precursor. The film deposition temperatures were 

150 °C (a), 25 °C (b), 100 °C (c), 200 °C (d) and 300 °C (e). 
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The impurities in the films were analyzed by TOF-ERDA (Table VII). As a general 

trend, the impurity contents decreased with increasing deposition temperature. 

The films were very close to stoichiometric Al2O3 at 300 °C deposition 

temperature. At 25 °C deposition temperature the film composition is closer to 

AlOOH. In the films deposited above 100 °C, the impurities seem to appear 

with a 1:3 C:H –ratio, which suggests that the impurities are residual methyl 

groups from TMA (Table VII). Based on the FTIR-measurements (Figure 9, right), 

however, all samples were similar, even the one grown at 25 °C. The films 

contained only features associated to Al2O3 and not to AlOOH, for which an 

Al=O stretch should be seen in the IR spectrum at 1067 or 1022 cm-1 for 

crystalline and amorphous forms (200). The only difference between the 

samples is in the intensity of the very broad AlO-H stretch between 2600 and 

3800 cm-1 (130) which increases with decreasing deposition temperature. Thus, 

as the sample grown at 300 °C is nearly pure Al2O3 (Table VII) and the sample 

grown at 25 °C displays similar FTIR spectrum, the latter seems to be Al2O3 also. 

Thus, the hydrogen seems to be in the form of residual methyl or hydroxyl 

groups instead of a discrete AlOOH phase. Finally, the refractive indices were 

between 1.60 and 1.64 at 580 nm wavelength for samples grown at 25 and 

300 °C. The increasing values are in accordance with the increasing film density 

and purity.  

 

The leakage current behaviour was also quite consistent with the impurity 

contents of the films: the leakage current prior to catastrophic breakdown 

decreased with increasing deposition temperature, and was negligible for films 

deposited at over 200 °C. The catastrophic breakdown occurred at 8.1, 10.2, 

9.2, and 9.9 MV/cm for films deposited at 25, 100, 200, and 300°C, and the 

leakage currents preceding the breakdown were 100, 2.4, 0.8, and 0.4 μA/cm2. 

Interestingly, the dielectric constant was approximately 8 for TMA-water, PEALD 

and REALD deposited films regardless of the deposition temperature (II, 17,24). 
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Table VII. The composition of REALD Al2O3 films according to TOF-ERDA. 

 The amount of an element present / atom-%

Deposition temperature / °C Al O H C 

25 25 56 15 3.8 

100 32 58 7.8 2.3 

200 38 59 2.5 1 

300 40 59 0.8 0.15 

Stoichiometric Al2O3 40 60 0 0 

 

 

Groner et al. studied the deposition of aluminium oxide from TMA and water at 

both low (17), and more typical higher temperatures (133). They obtained 

growth rates of 0.111, 0.134 and 0.125 nm/cycle at 33, 125 and 177 °C. These 

are lower growth rates than what was obtained with REALD. They obtained 

almost identical film densities as compared to REALD films at 33 and 177 °C, 

2.46 and 3.06 g/cm3. The hydrogen contents in the films according to forward 

recoil spectrometry (FReS) were and 22 and 7 atom-% at 33 and 177 °C 

deposition temperatures. These are higher than obtained with the REALD 

process at similar temperatures. Thus, at least compared to this case, changing 

the oxygen source from water to oxygen radicals decreased the hydrogen 

content in the films. The higher hydrogen content of the TMA-water process is 

reflected also in the refractive indices which were 1.51 and 1.60 for films 

deposited at 33 and 177 °C. The differences in the reported values may partly 

be explained by the differences in measuring the refractive indices, but overall 

the values obtained from the REALD films are higher. Groner et al. also 

measured the leakage current behaviour, and the catastrophic breakdown 

occurred at 3.7 and 4.4 MV/cm for films deposited at 33 and 177 °C. Here, the 

REALD films clearly outperform the thermally deposited ones. A major 

difference between the room temperature REALD and the thermal TMA-water 

ALD process is in the cycle times. The cycle time for the thermally activated 

process at 33 °C was 203 s and for the REALD process at 25 °C it was 10 s. The 

long cycle time is a result of the very slow purging water at low temperatures. 
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Kim et al. studied the deposition of aluminium oxide from TMA and ozone 

(134,135). They obtained a 0.085 nm/cycle growth rate at 380 °C deposition 

temperature. This is lower compared to both thermally activated TMA-water 

process and the REALD process. They obtained conformal growth and low 

impurity contents, less than 1 atom-% of carbon according to AES depth 

profiling. The film stoichiometry was found to be Al2.2O2.8 by RBS analysis.  

 

Ha et al. studied the deposition of aluminium oxide by using TMA and three 

different oxygen sources: water, ozone and oxygen plasma (21). They obtained 

a 0.08nm/cycle growth rate using water and a 0.06 nm/cycle rate using ozone, 

both at 350 °C. The growth rate with oxygen radicals was 0.14 nm/cycle at 

200 °C. Lim et al. also obtained a high, 0.18 nm/cycle, growth rate with PEALD 

using TMA and O2-N2 gas mixture as the reactants (24). Lim et al. also studied 

the leakage current behaviour of the PEALD films and obtained results similar to 

REALD: the catastrophic breakdown occurred at approximately 9 MV/cm electric 

field for films deposited between 100 and 250 °C. It is, however, unclear how 

the incorporation of nitrogen affects the electrical properties of Al2O3 in this 

case. 

 

The above studies depict a certain order between the growth rates using TMA 

with different oxygen sources: ozone seems to produce the lowest growth rates 

followed by water, and oxygen radicals seem to produce the highest growth 

rates. This order is further confirmed by Ha et al. in their comparative study (21). 

The growth rate differences may be explained by differences in the number of 

adsorption sites left on the surface by the difference oxygen sources: higher 

number of adsorption sites would lead to higher number of adsorbed metal 

precursor and thus to higher growth rate. Overall, using oxygen radicals as the 

oxygen source produced the highest quality films and thus seems the best 

suited of the reviewed oxygen sources for depositing aluminium oxide with 

TMA as the metal precursor. The suitability of oxygen radicals and the effects on 

the film properties may be different in the case of different aluminium 

precursors such as halides or alkoxides.  
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4.2.2 Titanium dioxide (IV) 

 

Titanium dioxide films were deposited with REALD between 50 – 300 °C from 

titanium isopropoxide, Ti(OiPr)4 and oxygen radicals (IV). The saturated growth 

rate at 50 °C was 0.19 nm/cycle, obtained with a 0.2 second Ti(OiPr)4 and a 7 

second oxygen radical pulse. As the overall cycle time was 11 seconds, the 

growth rate was 1.0 nm/min. Increasing the deposition temperature to 300 °C 

decreased the growth rate to 0.16 nm/cycle or 0.87 nm/min. Deposition in ALD 

mode was further verified by the conformal growth seen in the cross-sectional 

SEM image taken from a 30 nm thick titanium dioxide film deposited on a 

substrate with patterned trenches (Figure 11). 

 

 

Figure 11. An SEM image of a 40 nm thick titanium dioxide film deposited onto 

a 10:1 aspect ratio trench. The image has been rotated 90 degrees counter-

clockwise for convenience.  

 

 

The film density was 3.2 – 3.4 g/cm3 at 50 °C and increased to 3.8 g/cm3 as the 

deposition temperature was increased to 250 °C. The surface roughness also 

increased with increasing deposition temperature, from 1.0 to 1.6 nm for 40 

nm thick films deposited at 50 and 250 °C. This may indicate a beginning of 

crystallization, although the film grown at 250 °C was still amorphous 

according to XRD. Increasing the deposition temperature to 300 °C resulted in a 

very rough, crystalline film with the anatase phase. The film deposited at 50 °C 

had a titanium-oxygen ratio of 1:2.2 and contained 13 atom-% of hydrogen 

and 4 atom-% of carbon according to TOF-ERD analysis. The impurity contents 

decreased with increasing deposition temperature, and were only 0.5 atom-% 



 52

for hydrogen and 0.4 atom-% for carbon at 250 °C. The titanium-oxygen ratio 

also increased to nearly stoichiometric. The refractive indices at 580 nm were 

2.2 and 2.4 for films grown at 50 and 300 °C. The crystalline film deposited at 

300 °C was also tested for photocatalytic activity. The film, however, showed 

only very weak photocatalytic activity, especially when compared with the most 

active films deposited with thermal ALD from titanium methoxide and water 

(145). 

 

The films grown between 50 and 300 °C with pulse lengths sufficient for 

growth rate saturation were insulating according to the four-point probe 

measurements. Some films deposited with insufficient oxygen radical pulses had 

a conductivity that was measurable by the four-point probe. Conductive, 

oxygen deficient TiO2 was deposited by Ritala from TiCl4 and water (201). A 58 

nm thick film grown on platinum at 50 °C showed some dielectric properties, 

however. The dielectric constant of the film was 20. The electric field causing a 

1 μA/cm2 leakage current density was approximately 0.1 MV/cm (Figure 12). 

The catastrophic breakdown occurred at 0.63 MV/cm field. The catastrophic 

breakdown occurred at 0.67 MV/cm in a slightly thicker film deposited also at 

50 °C.  
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Figure 12. The leakage current as a function of applied electric field for a 58 nm 

thick TiO2 film deposited on evaporated platinum.  
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The deposition on heat-sensitive substrates was studied at 50 °C. For these 

experiments, natural wool, polycarbonate, polypropene, polyethene and paper 

were used. The results were again very encouraging, as the deposition was 

successful on all the tested substrates without damaging them. This is 

demonstrated by the SEM images of the wool, where the original morphology 

of the wool fibre is visible even after the deposition (Figure 12). An EDX line 

scan taken from a cross-section of a single wool fibre coated with titanium 

dioxide (Figure 13) shows that the radicals have not damaged the fibre, by for 

example forming pores or channels, and titanium dioxide was deposited only on 

the surface of the fibre.  

 

 

Figure 13. A scanning electron microscope image of a wool fibre coated with 

titanium dioxide (right). An uncoated wool fibre is displayed on the left. 
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Figure 14. An energy dispersive x-ray spectroscopy line scan overlaid on a 

scanning electron microscope image of a wool fibre coated with titanium 

dioxide. The concentration of titanium was measured along the straight white 

line, which also functions as the baseline for the titanium concentration curve 

(displayed in arbitrary units). 

 

 

The deposition of titanium dioxide with the thermally activated process from 

Ti(OiPr)4 and water has been studied by several authors (164-166). Ritala et al. 

obtained saturated growth with a 0.03 nm/cycle rate between 250 and 325 °C 

(164). The growth rate was found to increase to 0.06 nm/cycle with a higher 

water dose (165,166). By changing the oxygen source to the more oxidizing 

H2O2, Aarik et al. reported an increase in the growth rate, to 0.12 nm/cycle, 

though with a different reactor (166). Ritala et al. analyzed the film crystallinity 

by XRD and the films were found to be partly crystalline already at 250 °C. The 

crystallinity increased with the deposition temperature, which could be seen as 

the intensification of the anatase phase reflections. They observed a refractive 

index of 2.5 above 225 °C deposition temperature, and the value decreased 

slightly to 2.3 as the deposition temperature was decreased to 150 °C. The 

hydrogen content in the film bulk was 0.3 atom-% as analysed by NRA (164). 
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The carbon content as reported by Aarik et al. was 0.3 – 0.5 atom-%. They also 

obtained stoichiometric films with a 1:2 Ti:O –ratio as analysed by Auger 

electron spectroscopy (AES) (166). The films deposited at 100 °C by Aarik et al. 

had 1.3 – 1.6 atom-% carbon, and changing the oxygen source to H2O2 

decreased the carbon contents to 0.6 – 1.0 atom-%. Ritala reported that most 

films deposited with thermal ALD from Ti(OiPr)4, Ti(OEt)4, TiCl4 and water were 

conductive enough to be measured with the standard four-point probe 

technique (201). The resistivities were between 1 and 100 Ωcm, and the 

conductivity was attributed to the tendency of titanium dioxide to form slightly 

oxygen deficient films when annealed in vacuum or in the presence of reducing 

agents.  

 

Kim et al. studied the use of ozone (O3) as the oxygen source in the deposition 

of titanium dioxide with Ti(OiPr)4 as the titanium precursor (167). They used a 

travelling-wave reactor, and obtained a saturated growth rate of 0.054 

nm/cycle at 250 °C. They also reported very high dielectric constants for films 

deposited on ruthenium films at 250 °C. The dielectric constants were 83 and 

100 on sputtered and ALD deposited ruthenium films. The dielectric constant 

was only 43 for a film deposited on sputtered platinum films. The films were, 

however, annealed in 5 % O2/N2 at 400 and 500 °C for 30 minutes. Results for 

the as deposited films were not reported. The leakage currents were 

approximately 0.01 μA/cm2 up to 0.3 and 0.4 MV/cm electric fields for 27.2 nm 

and 25.4 nm thick films deposited on platinum and ruthenium films. The 

leakage currents increased rapidly with increasing electric field to 1 mA/cm2 at 

0.74 and 0.78 MV/cm for the films deposited on platinum and ruthenium films. 

The dielectric constants are higher and leakage currents lower than for the 

REALD TiO2 films.  

 

Lim et al. studied the PEALD of titanium dioxide using Ti(OiPr)4 and O2 or an O2-

N2 mixture at 250 °C (54). For reference, they also deposited TiO2 using Ti(OiPr)4 

and water without any additional activation. They obtained a saturated growth 

rate of 0.017 nm/cycle and 0.042 nm/cycle for the thermally and plasma 

activated processes. The reported growth rate is only half of that reported by 
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Ritala et al .(164) and a quarter of what Rahtu et al. reported for a higher water 

dose (165). Lim et al. obtained a higher growth rate of 0.05 nm/cycle by using a 

larger water dose but reported that it significantly deteriorated the film 

uniformity and quality. The leakage currents at 0.1 MV/cm electric field 

decreased four orders of magnitude as the oxygen source was changed from 

water to O2-N2 plasma, with the lowest value being approximately 1 μA/cm2. 

The leakage current decreased only two orders of magnitude if O2 plasma was 

used, as the oxygen source instead of water. The lowest leakage current 

reported by Lim et al. is quite similar to what was obtained with REALD. Choi et 

al. also studied the PEALD of titanium dioxide using Ti(OiPr)4 and plasma 

activated O2, but no film properties or experimental details other than those 

related to the resistive switching properties were reported (53). 

 

Park et al. studied the deposition of TiO2 from Ti[N(CH3)2]4 and O2 plasma 

between 150 and 250 °C (55). They obtained a growth rate of 0.036 nm/cycle 

at 200 °C, and noted that the deposition did not proceed with molecular O2: 

radicals were required. They also demonstrated conformal growth with over 

95 % step coverage on approximately 1:1 aspect ratio. They reported that the 

films contained no carbon as analyzed by AES depth profiling, and commented 

that the use of plasma is most likely the reason for the low carbon content. 

They obtained quite low leakage currents for their post deposition annealed 

films, 1 μA/cm2 at a 0.4 MV/cm electric field. However, the leakage currents 

were two to three orders of magnitude higher for the as-deposited films. Also 

Kim et al. studied the deposition of titanium dioxide by PEALD from Ti[N(CH3)2]4 

and O2 plasma at 200 °C (172). They used a post-deposition laser annealing 

with a power density of 100 mJ/cm2. The as-deposited films exhibited a leakage 

current of 0.4 mA/cm2 at a 0.26 MV/cm electric field, and the laser annealed 

films showed a 3 mA/cm2 leakage current at the same electric field. Finally, 

Maeng et al. studied the PEALD of TiO2 from Ti[N(CH3)2]4 and O2 plasma at 

200 °C (47). They obtained a 0.22 nm/cycle growth rate and a 0.7 mA/cm2 

leakage current at 1 MV/cm electric field. Both Park and Kim et al. reported 

much higher leakage currents than what was obtained with REALD, but Maeng 
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et al. demonstrated the lowest leakage currents reported so far for as-deposited 

ALD titanium dioxide.  

 

Comparing the processes using titanium isopropoxide with different oxygen 

sources, the highest growth rate was obtained with the REALD process using 

oxygen radicals as the oxygen source (IV). Of the thermally activated processes, 

the fastest growth per cycle was obtained using H2O2 as the oxygen source 

(166). In a related study, Aarik et al. obtained TiO2 with the rutile phase, and 

0.18 nm/cycle growth rate at 445 °C using TiI4 and water (163). Compared to 

this process, the rate of 0.195 nm/cycle obtained with the REALD process is only 

10 % higher. The highest refractive index, 2.5, was obtained with the thermally 

activated process using titanium isopropoxide and water (164). However, even 

higher refractive indices, 2.4 – 2.7 and 2.8, were reported by Aarik et al. for 

crystalline, non-epitaxial and epitaxial films deposited on α-Al2O3 from TiCl4 and 

water (142). An epitaxial deposition using titanium isopropoxide has not been 

reported. The impurity contents were not largely affected by the choice of 

oxygen source, as all the processes produced pure, stoichiometric films close to 

250 °C. The highest dielectric constant and the lowest leakage currents were 

obtained by Kim et al. using ozone as the oxygen source, although an even 

lower leakage current was reported by Maeng et al. using Ti[N(CH3)2]4 and O2 

plasma. Good electrical properties were obtained with the REALD films at 50 °C. 

 

4.2.3 Tantalum oxide (V) 

 

Tantalum oxide films were deposited with three different sequences using 

Ta(OEt)5, oxygen radicals and water between 150 and 250 °C (Table VIII). The 

experiments with water were conducted at 250 °C, and the water was not 

activated or dissociated with the plasma discharge. With the baseline Ta(OEt)5-O 

sequencing, saturated growth of 0.195 nm/cycle was obtained with a 0.6 

second Ta(OEt)5 pulse and a 3 second oxygen radical pulse (Table IX). With the 

overall cycle time being 8 seconds, the growth rate was 1.4 nm/min. The films 

grew conformally, as can be seen in the cross-sectional SEM images (Figure 10). 

By adding a water pulse to the Ta(OEt)5-O sequencing, either before or after the 
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tantalum ethoxide pulse, the difference between the half reactions of Ta(OEt)5-

O and Ta(OEt)5-H2O can be studied. 

  

 

Figure 10. SEM images of a 20 nm thick Ta2O5 film deposited on a 4:1 aspect 

ratio trench. Top left part of the trench is show on the left and the bottom part 

on the right. 

 

 

Table VIII. The precursor pulse sequences used for Ta2O5 deposition and the 

growth rates obtained with them.  

Sequence / 

steps 

1 2 3 4 5 6 Growth rate / 

nm/cycle 

Ta(OEt)5-O Ta(OEt)5 purge O purge   0.20 

Ta(OEt)5-H2O-O Ta(OEt)5 purge H2O purge O purge 0.11 

H2O-Ta(OEt)5-O H2O purge Ta(OEt)5 purge O purge 0.20 

Ta(OEt)5-H2O Ta(OEt)5 purge H2O purge   0.05 

 

 

The addition of a water pulse before the tantalum precursor, according to the 

H2O-Ta(OEt)5-O sequence, resulted in the same growth rate as the Ta(OEt)5-O 

deposition sequence (Table VIII). In both cases the chemisorbed tantalum 

ethoxide reacts with oxygen radicals. However, when the water pulse followed 

the tantalum ethoxide pulse, according to the Ta(OEt)5-H2O-O sequence, the 

growth rate decreased significantly, to 0.11 nm/cycle (Table VIII). This is still 

higher than what was obtained with the Ta(OEt)5-H2O sequencing, i.e. the 

thermally activated tantalum ethoxide-water process, 0.05 nm/cycle (Table VIII). 



 59

In both cases the chemisorbed tantalum ethoxide is reacted with water. A 

possible explanation for the lower growth rate of Ta(OEt)5-H2O compared to 

Ta(OEt)5-H2O-O is that the oxygen radical pulse in the end of the Ta(OEt)5-H2O-O 

sequence increases the number of adsorption sites on which tantalum ethoxide 

can attach to during the next reaction cycle, though not to the level obtained 

with the Ta(OEt)5-O sequence. Thus, the amount of film grown per cycle would 

be closer to a complete monolayer than in the process utilizing solely water, but 

somewhat lower than in the process using only oxygen radicals.  

 

The refractive index at 580 nm was 2.06 for films grown at 150 °C. Increasing 

the deposition temperature to 250 °C increased the refractive index to 2.21. 

The highest refractive index, 2.27, was obtained by the H2O-Ta(OEt)5-O pulsing 

sequence at 250 °C, whereas the Ta(OEt)5-H2O-O sequence resulted in a 

refractive index of 2.06. The film density increased with deposition temperature 

from 7.1 to 7.6 g/cm3 for films deposited at 150 and 250 °C. The densities are 

relatively high for amorphous Ta2O5, as the density of crystalline Ta2O5 is 8.2 

g/cm3 (202). The density decreased slightly with the H2O-Ta(OEt)5-O sequencing, 

to 7.2 g/cm3. Film RMS roughness was 1.4 nm for a 90 nm thick film deposited 

at 250°C, and increased to 2.6 nm with the H2O-Ta(OEt)5-O sequencing. Thus, 

the H2O-Ta(OEt)5-O sequencing produced the highest refractive index, 

decreased density and increased roughness. 

 

The tantalum oxide films deposited using only oxygen radicals at 150 °C had 

slightly higher amount of oxygen than expected from stoichiometry (Table IX), 

but the film also had high amounts of carbon and hydrogen. Increasing the 

deposition temperature to 250 °C decreased the amount of impurities in the 

film and made the film more stoichiometric. The addition of a water pulse to 

the deposition process at 250 °C had also an effect on the film impurities: H2O-

Ta(OEt)5-O sequencing improved the film purity as compared to Ta(OEt)5-H2O-O 

which is consistent with the refractive indices, but both still had slightly higher 

amount of impurities than the film deposited without the additional water pulse.  
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The C:H ratio in the impurities of the film deposited at 250 °C is 2:5, which 

suggests that the impurities may be in the form of left-over ethoxide ligands. 

Thus, some excess oxygen may also be in the ethoxide residues and the films 

deposited without the additional water pulse are more stoichiometric than the 

Ta:O ratio indicates. The C:H ratio is different for the films deposited with the 

additional water pulse, roughly 2:3. Therefore, there must be other impurities 

present besides ethoxide ligands, possibly left-over hydroxyl groups. 

 

Table IX. The Ta2O5 film composition according to TOF-ERDA. The Ta:O ratio is 

calculated from the bulk composition. 

Process / composition 

(atom-%) 

Ta:O ratio 
Ta O C H 

Ta(OEt)5-O, 150 °C 2:5.6 21.6 60.7 3.3 13.8 

Ta(OEt)5-O, 250 °C 2:5.1 25.2 72.1 0.6 2.1 

H2O-Ta(OEt)5-O, 250 °C 2:5.0 27.8 69.1 1.2 1.9 

Ta(OEt)5-H2O-O, 250 °C 2:5.2 26.8 68.5 1.9 2.8 

Stoichiometric Ta2O5 2:5 28.6 71.4 0 0 

 

 

Overall, the dielectric constant increased with the deposition temperature. The 

dielectric constants were 28 and 36 for films deposited on platinum at 150 and 

250 °C. The leakage current density at 1 MV/cm electric field was 0.01 μA/cm2 

for films grown both at 150 and 250 °C. The leakage current measurements 

were probably limited by the simple measuring setup and the actual values may 

be even lower. The leakage currents of 1 μA/cm2 were obtained with 2.3 and 

1.6 MV/cm applied electric fields for films deposited at 150 and 250 °C, and the 

catastrophic breakdown occurred at 4.1 and 3.1 MV/cm. The leakage currents 

increased in a linear fashion up to the catastrophic breakdown. Adding water to 

the pulsing sequence at 250 °C decreased the dielectric constant and increased 

the leakage currents for both the H2O-Ta(OEt)5-O and Ta(OEt)5-H2O-O 

sequencings. The deterioration was however minor with the Ta(OEt)5-H2O-O 

sequencing, but quite severe with the H2O-Ta(OEt)5-O sequencing. This is 
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surprising as the H2O-Ta(OEt)5-O film has lower impurity contents and is closer 

to stoichiometric than the film deposited with the Ta(OEt)5-H2O-O sequence. 

The leakage current densities at 1 MV/cm were 0.45 mA/cm2 and 5 μA/cm2, and 

the dielectric constants 31 and 34 for the H2O-Ta(OEt)5-O and Ta(OEt)5-H2O-O 

sequencing. This suggests that the poor electrical results are related to the H2O-

Ta(OEt)5 half-reaction where tantalum ethoxide adsorbs on a hydroxyl-covered 

surface. On the other hand, the slow growth seems to be connected to the 

Ta(OEt)5-H2O half-reaction where adsorbed tantalum ethoxide reacts with water.  

 

Kukli et al. deposited tantalum oxide with thermally activated ALD using 

Ta(OEt)5 and water between 150 and 450 °C (181). From 250 to 325 °C 

deposition temperatures, the growth rate was 0.04 nm/cycle, and decreased 

both above and below this temperature range. The refractive index increased 

from 1.9 to 2.23 when the deposition temperature was increased from 150 to 

300 °C, and remained at the higher value up to 450 °C. The refractive index at 

150 °C deposition temperature was slightly lower than with the REALD process, 

but increased to an almost identical value at higher temperatures. The films 

deposited at 250 and 325 °C contained 4 and 0.6 atom-% of hydrogen as 

analysed by nuclear reaction analysis (NRA). This is slightly higher than what was 

obtained with the REALD process, but interestingly very similar to what was 

obtained with the Ta-H2O-O sequencing (Table IX). The films deposited at both 

temperatures were very close to being stoichiometric Ta2O5. Dielectric constants 

of 21 and 25 and leakage currents of 4.0 and 2.3 mA/cm2 were obtained for 

films deposited at 250 and 325 °C. Both the dielectric constant and the leakage 

current behaviour were improved with the REALD process.  

 

Tantalum oxide has been deposited with PEALD by Song et al. at 260 °C using 

Ta(OEt)5 and oxygen plasma (46). The growth rate was 0.075 nm/cycle, which is 

slightly higher than with using water as the oxygen source, but much slower 

than with the REALD process. The film composition was analyzed by TOF-ERDA, 

and the films were found to be stoichiometric both before and after the post 

deposition annealing, and contained less than 0.1 atom-% of carbon and 

hydrogen. They obtained leakage currents of 10 and 1 μA/cm2 at 1 MV/cm 
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electric field for the as-deposited and oxygen annealed films. These are higher 

values than what was obtained with the REALD and photoassisted ALD (Photo-

ALD) processes (see below). They however obtained a quite high dielectric 

constant of 38, which is higher than that obtained with the REALD process. 

 

Photoassisted ALD has been used to deposit tantalum oxide from Ta(OEt)5 and 

water between 170 and 400 °C (186) by Kwak et al., and from Ta(OEt)5 and O2 

between 170 and 350 °C by Lee et al. (187). They both used a UV lamp with 

185 nm radiation to provide additional energy to the reactions. Using water as 

the oxygen source, a 0.042 nm/cycle growth rate was obtained without the 

photoassistance and 0.047 nm/cycle with Photo-ALD. Using photoactivated 

oxygen as the oxygen source, the growth rate was even lower, only 0.037 

nm/cycle. The growth rate without the additional energy is in good accordance 

to the values reported by Kukli et al. (181). Although the growth rate did not 

increase significantly, Kwak et al. found that the cycle times could be reduced 

with the Photo-ALD, and thus the throughput was increased (186). The 

refractive indices were between 2.12 and 2.16 for films deposited with Photo-

ALD between 190 and 300 °C. The film grown at 260 °C also had a quite 

typical dielectric constant of 23. A significant improvement was however 

obtained in the leakage current, which decreased from the 4 mA/cm2 reported 

by Kukli et al. (181) to 0.6 – 1.0 μA/cm2 at an 1 MV/cm applied electric field for 

a film deposited at 260 °C. Lee et al. also obtained remarkably low leakage 

currents, only 0.01 μA/cm2 at the same, 1 MV/cm applied field for films 

deposited at 350 °C (187). The dielectric constant of those films was 22 – 25. 

The leakage currents obtained by Lee et al. are of the same magnitude as 

obtained with the REALD process at 250 °C, only with a slightly lower dielectric 

constant. The authors speculated that the low leakage currents are a result of 

highly reactive oxygen atom species generated by the UV radiation. The film 

growth is, however, much slower than with either PEALD or REALD, though it is 

closer to the PEALD than REALD growth rate.  

 

Finally, very good electrical results have been obtained by Hausmann et al. with 

a thermally activated process utilizing pentakis(dimethylamido)tantalum(V), 
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Ta[N(CH3)2]5 or tris(diethylamido)(ethylimido)tantalum(V), Ta[(NEt)(NEt2)]3, and 

water at deposition temperatures ranging from 50 to 350 °C (183). They 

obtained a 0.065 nm/cycle growth rate with both tantalum precursors, which is 

slower than with REALD but slightly higher than for the thermally activated 

process using Ta(OEt)5 and water. They obtained also good conformality, 6.6 

g/cm3 density, and a refractive index of 2.1 for the films deposited between 50 

and 350 °C. The deposition at 50 °C, however, required very long cycle times: 

300 s purge periods were used to allow sufficient purging of the precursors. 

The films had a dielectric constant of 28, and the catastrophic breakdown 

occurred at a 4.5 MV/cm electric field. The leakage currents were below 1 

μA/cm2 for a 1.5 MV/cm electric field, which are quite similar to the values 

obtained with the PEALD process by Song et al. 

 

Of the previously discussed processes using tantalum ethoxide and different 

oxygen sources, the REALD process produced the highest growth rate and film 

density. The films deposited with REALD also exhibited a high dielectric constant 

and low leakage current, very similarly to the PEALD processes. The highest 

refractive index was obtained with the thermally activated tantalum ethoxide-

water process and the highest film purity with the PEALD process by Song et al.  

 

4.2.4 Other experiments 

 

Table X presents processes to deposit oxides which were tried but not studied 

further or published. 

 

Table X. Experimental parameters for less studied or unsuccessful oxide 

deposition experiments 

Material / 

substrate 

Metal 

precursor 

Reactive 

gas 

Temperature 

/ °C 

Result 

CuO / Si, 

glass 

Cu(thd)2,  

Cu(acac)2 

O2 150 - 250 Growth on glass 

and Si 

SrTiO3 / Si, SrCp2,  O2 275 Growth on all 
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glass, Pt Ti(OiPr)4 substrates, single 

experiment 

SiO2 / Si, 

glass 

TEOS O2 25 – 300 No growth 

ZnO / Si, 

glass 

Zn(CH3)2 O2 150 – 250 Growth on Si and 

glass 

Nb2O5 / Si, 

glass 

Nb(OEt)5 O2 250 Growth on Si and 

glass, single 

experiment 

Cr2O3 / Si, 

glass 

Cr(acac)3 O2 150 - 250 Growth on Si and 

glass, non-uniform 

growth 

RuO2 / glass RuCp2 O2 100 – 300 Metallic Ru at over 

200 °C, possibly 

RuO2 at 100 °C 

NiO / Si, 

glass 

Ni(OiPrN(CH3)2)2 O2 100 No growth 

 

 

The deposition of chromium oxide resulted in non-uniform growth. As the 

deposition area is circular, two concentric areas were obtained in this case: the 

centre area had very little film growth and the surrounding areas had a thicker 

film. This may be a result of precursor desorption, possibly by a formation of 

some volatile species, or etching. The deposition using RuCp2 and oxygen 

radicals resulted in metallic ruthenium films at 200 °C as the precursor reacted 

with molecular oxygen. The deposition with molecular oxygen should not, 

however, proceed at such a low temperature. The deposition at 100 °C resulted 

in a film which had a lower density and higher resistivity than metallic 

ruthenium. Both density and resistivity were, however, in accordance with the 

properties of ruthenium oxide.  
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5. CONCLUSION 

 

The increasing interest towards ALD in general raises hope that techniques now 

under basic research could become more common in the future. One such 

technique is the use of plasmas and radicals in the deposition of thin films by 

ALD. Radical Enhanced ALD offers several benefits over conventional, thermally 

activated ALD processes: possibility to deposit at very low temperatures, 

increased growth rate and the ability to use a widely applicable reducing agent, 

hydrogen radicals.  

 

The deposition of copper and silver with REALD can be considered successful. 

Both processes were unproblematic, and both copper and silver grew 

conformally in the ALD mode. The material purity was also good in both cases, 

and the film properties were also very promising. The successful deposition of 

silver, in particular, is very encouraging as it is a novel material for ALD. On the 

basis of the REALD copper and silver, it seems that hydrogen radicals are good 

reducing agents. On the other hand, higher fluxes may be needed for the 

reduction metals at higher oxidation states than copper or silver.  

 

The deposition of oxides with REALD was also successful. A common feature in 

the REALD of oxides was their high growth rate, as compared to their thermally 

activated counterparts. The high growth rates may be a result of the oxygen 

radicals forming volatile reaction by-products more efficiently. Therefore, the 

growth surface would be cleaner, and have a higher number of free adsorption 

sites for the metal precursor. Thus, a higher growth rate would be obtained. 

The chemical nature of the adsorption sites is not known, however. 

 

Comparing the deposition of aluminium, tantalum, and titanium oxides to their 

thermal ALD counterparts, the most improvement in the film properties was 

obtained in the case of aluminium oxide, where the metal precursor was a 

metal alkyl. Less improvement was obtained in the case of titanium and 

tantalum oxides, where the metal precursors were alkoxides. This raises a 
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question whether the oxygen radicals are better suited for use with metal alkyls 

than with alkoxides. More generally, are some precursors more suitable to be 

used with oxygen radicals while others produce better results with water? And 

finally, is there an ideal group of metal precursors which react optimally with 

oxygen radicals? Similar questions apply naturally to the processes utilizing 

hydrogen radicals, both requiring systematic research.  

 

A major advantage of REALD is that the lowest deposition temperature is 

governed only by the condensation of metal precursor, as the non-metal 

reactant is so highly reactive. On the other hand, a possibility for contamination 

and slow deposition still exists at low deposition temperatures if poorly volatile 

or bulky reaction by-products are formed. If the radicals react also with the by-

products, their volatility may be improved. 

 

The high reactivity of radicals and thus recombination excludes the use of 

REALD in highly porous materials and where penetration is required. Batch 

processing is also very challenging with REALD, as is deposition on large areas. 

With proper reactor design and a large area plasma source, these may become 

possible. Decreasing the reactor pressure will decrease recombination but 

makes pumping slower. Equipment-wise the greatest weakness of REALD at the 

moment is the poor availability, and thus the heterogeneity of the deposition 

equipment. The currently used REALD reactor has long cycle times as compared 

to similar ALD reactors operating without a plasma source. The long cycle times 

arise mainly from the operation of the plasma discharge. This is somewhat 

alleviated by the high growth rates and thus the high throughput obtained with 

silver and oxide processes. Despite the limitations of the reactor, the successful 

deposition of metals and oxides by REALD shows a lot of promise, warrants 

further study of REALD processes, and hopefully will encourage further 

development of commercial deposition equipment. 
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