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I. Introduction and framework of the research 
 
A. Thin film growth and atomic layer deposition 

Thin films play an important role in present day society, being intensively 
used in a wide variety of applications. Depending on their optical, electrical, 
mechanical or chemical properties, thin films can be applied as, for example, 
antireflection coating on glasses, capacitor dielectrics in microelectronics, wear 
resistive coatings on microelectromechanical systems, or catalytic surfaces in 
chemical sensors. Furthermore, thin films can change the surface properties of the 
substrates they are covering, adding new functionality to bulk materials, like in the 
case of permeation barriers on polymers and surface passivation layers on 
semiconductors. Currently, there is an increasing interest and need for thin films 
with a nanoscale thickness. The best known examples stem from the continuous 
miniaturization in the field of micro-electronics and the upcoming fields of 
nanoscience and nano-technology. An additional effect of decreasing film thickness 
is the discovery of new and interesting material properties, such as for example 
quantum effects and finite size effects, which play a role when films have a 
thickness of only a few atomic layers. From a miniaturization and process 
integration perspective, however, the demand is commonly raised to be able to 
tailor the growth process and the material properties of the films grown to fit 
certain specifications. New thin film materials and methods for growth are therefore 
actively pursued.  

An attractive technique that recently gained increasing interest for the 
growth of very thin films is atomic layer deposition (ALD), of which the development 
is discussed in Frame I. The virtue of this technique is that the deposition is 
controlled at the atomic level by self-limiting surface reactions through the 
alternate exposure of the substrate surface to different gaseous reactants 
(precursors). This is schematically shown in Fig. 1, where a film consisting of two 
elements, e.g., a metal oxide or metal nitride, is deposited with the use of two 
precursors. During the exposure of the substrate to the first precursor (A), a 
reaction occurs between the gaseous precursor molecule and a surface group. In 
this reaction the precursor molecule chemisorbs and a volatile reaction product 
molecule typically desorbs from the surface. One of the desired elements is now 
deposited and a new surface group is created, which is not reactive with the 
gaseous precursor A. The chemisorption of precursor molecules is therefore limited 
to only one sub-monolayer. After removing the excess amount of precursor A and 
the gaseous reaction products, a second precursor (B) is introduced and exposed to 
the surface. Precursor B chemisorbs through a reaction with the surface groups 
created by precursor A. In this reaction, the second element is deposited and 
surface groups are created, to which A can bind again. This set of reactions form 
one ALD cycle and it results in one monolayer of material being deposited per cycle 
at maximum. The density of atoms deposited per cycle depends on the 
temperature, precursor combination, and the reactive sites on the surface. It is 
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therefore only rarely the case that a full monolayer growth per cycle is obtained. 
The ALD cycle can be repeated until the desired film thickness is reached. 
Furthermore, due to the self-limiting surface reactions, the deposition rate in ALD 
is not proportional to the flux of reactive species on the surface, like in the case of 
chemical vapor deposition (CVD) and physical vapor deposition (PVD). Therefore, 
given that there is a sufficient flux applied, the same amount of material is 
deposited everywhere on the surface, even in high-aspect ratio structures. Other 
key features of ALD are the good uniformity of film properties, which can be 
achieved on large area substrates, the relatively low substrate temperatures used in 
the process (temperature window typically 200-400 °C), and the ability of readily 
producing multilayer structures. 

 Thin films deposited by ALD are currently applied in a number of devices, 
such as thin film electroluminescent displays, (embedded) dynamic random access 
memories (DRAM), and magnetic read heads. Currently, new variants of ALD are 
explored, which can be expected to provide even more benefits to the ALD process. 
Our interest lies in a specific type of ALD in which a plasma exposure is included in 
the ALD cycle. In this so-called plasma-assisted ALD, also referred to as plasma-
enhanced ALD or PE-ALD, the substrate is exposed to the different species present 
in the plasma. The reactive species, predominantly radicals, react with the surface 
groups created during the preceding precursor exposure. This reaction leads to 
reduction or oxidation of the chemisorbed precursor, film formation, and the 

 

 
 

FIG. 1 Schematic representation of the ALD principle. The ALD cycle typically includes two 
precursor exposures.  Precursor B chemisorbs on the surface groups created by precursor A 
and vice versa. After saturation of the precursor an intermitting purge step is commonly 
applied to remove the excess precursor and reaction products. The complete ALD cycle results 
in the deposition of the desired material. 
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creation of new surface groups to which a precursor can bind. Since in plasma-
assisted ALD part of the chemical activity, i.e., the creation of radical species, takes 
already place in the gas phase, the process depends less on the thermal energy 
available on the surface. This facilitates deposition at lower temperatures and can 
result in improved material properties compared to conventional (thermal) ALD. 
Furthermore, the use of radicals as a reactant allows the deposition of materials 
that are otherwise difficult or not attainable with the solely chemical process due to 
the absence of a suitable precursor combination. This is for example the case for 
certain metals (Ti, Ta, Al [1,2]) and metal nitrides (TaN [3]). 

 
B. Research on plasma-assisted atomic layer deposition  

The selection of the hardware is a necessary first step in the research and 
development of plasma-assisted ALD processes. Over the past years, different 
hardware concepts have been developed and there are currently several choices 
available. The development of the plasma-assisted ALD hardware can roughly be 
traced back to two different origins: the incorporation of a radical source in existing 
thermal ALD equipment; and the adaptation of plasma-enhanced chemical vapor 
deposition (PECVD) reactor configurations to operate in ALD mode. In this respect, 
next to thermal ALD, three types plasma-based ALD can be categorized: radical 
enhanced ALD, direct plasma ALD, and remote plasma ALD. The characteristics of 
the four types are presented in Frame II.  

Thermal ALD is the most researched type of ALD, because it mostly 
resembles CVD whereas the hardware configuration is also relatively simple. It 
typically consists of a (wall) heated vacuum chamber in which substrates are coated 
by the alternate pulsing of precursor vapors, separated by the use of intermitting 
purge gas flows. The whole ALD processing cycle can often be regarded as a sort of 
“pulse-train”, commonly referred to as “traveling wave”. This pulse-train starts at 
one end of the reactor moves over the substrate surface, where deposition occurs, 
and dissappears into the pump at the other end. Two reactor concepts currently 
exist: the cross flow concept, where the flow of precursors is parallel to substrate 
surface; and the perpendicular flow concept, in which the precursors are introduced 
from the top of the reactor and flow perpendicular towards the substrate going 
downwards into the pump. Both concepts can be found in commercially available 
thermal ALD reactors, for example the Cambridge Nanotech Savannah [4], ASM 
F120 [5], and ASM Pulsar [5] reactors are based on the cross flow concept, while the 
perpendicular flow concept is applied in the Picosun SUNALE series [6] and the ASM 
Advance 400 series batch reactor [5]. 

From the three plasma types that are categorized, the radical enhanced ALD 
configuration can be considered the closest to thermal ALD processing. Thermal 
ALD hardware can adapted to include a remotely placed radical source, such as the 
implementation of a surfatron microwave plasma in a ASM F120, as recently 
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Frame I: Development of atomic layer deposition 

ALD has its roots in experiments made in the 1960s and the early 1970s in the former USSR 
and Finland [7], starting under the name “molecular layering”. The real development began with 
patents filed by dr. T. Suntola from 1974 onward, when ALD was developed for fabrication of 
polycrystalline ZnS:Mn and amorphous insulator films for thin film electroluminescent (TFEL) flat 
panel displays. The technique was then referred to as “atomic layer epitaxy” (ALE) [8]. From 1985, 
the epitaxial growth of III-V and II-VI semiconductor compounds raised the interest in ALD as can 
be observed by the rapid increase in publications per year shown in Fig. 2. Considerable progress 
was made in the late 1980s in the fabrication of III-V compounds, but at that time no real benefits 
could be achieved for the targeted applications with ALD, compared to competing techniques such 
as metal-organic vapor phase epitaxy (MOVPE) or molecular beam epitaxy (MBE). In the mid 1990s 
the “Renaissance” of the technique came about by interest from the silicon-based micro-electronics 
industry, where processing solutions were required for shrinking device dimensions and increasing 
aspect ratios in integrated circuits (ICs) [9]. The huge momentum gained in the last 5 years in ALD is 
mostly due to the extensive search for new suitable high-k materials, but certainly also due to the 
upcoming of new micro- and nano-technologies in which thin films play an important role. 
Currently, the ALD technique has reached industrial readiness even for front-end-of-line 
processing, as demonstrated by the recent announcement of both Intel and IBM regarding the use of 
a high-k HfSixOy material fabricated using ALD to serve as gate dielectric in their next generation 
ICs at the 45 nm node [10].   
 A relatively recent development, pushed by the search of methods for improving material 
properties and facilitating new routes to ALD film growth, is the use of a plasma. This started in the 
1990s with several pioneering explorations, but began to take shape with the experiments 
performed by Kim and Rossnagel et al. [1] from 2000 onward. The research was initially focused on 
potential Cu barrier materials that could not be produced by ALD without the assistance of radicals 
such as the metals titanium (Ti) and tantalum (Ta). The amount of “plasma-assisted ALD” 
publications is steadily increasing from 2000 onward with an expansion to metal nitride and oxide 
materials (cf. Fig. 2). 
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FIG. 2 Number of ALD and plasma-assisted ALD publications per year 
between 1975 and 2006. Search made with ISI Web of Science [11] 
(for search terms see Ref. 12). 
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reported by Niskanen et al. [13,14]. A plasma is created in the source at low 
pressure (~1-1000 mTorr) from a source gas, most commonly being O2, N2, H2, and 
mixtures thereof. It is attempted to deliver the generated radical species to the 
substrate surface, in a similar fashion as a normal precursor vapor dosing would be 
performed, i.e., via a tubular inlet. A different approach, which is also referred to as 
radical enhanced ALD, is the use of a particle beam setup. The deposition is carried 
out in an (ultra-)high vacuum chamber where a substrate is alternately exposed to 
beams consisting of a single type of radical species, which are, in most cases, 
plasma generated [15,16]. This approach is often used to mimic or simplify the 
actual deposition process, and is therefore especially suited for fundamental film 
growth studies [15].  

Originating from the PECVD background is direct plasma ALD. A common 
plasma configuration is the parallel plate concept, as shown in Frame II. The plasma 
is generated in between two parallel placed electrodes that are spaced ~1-5 cm 
apart, from a source gas at low pressure (1-10 mTorr). A rf voltage is applied to the 
top electrode. The substrate is residing on the lower, grounded counter-electrode, 
and the substrate plays “directly” a role in the plasma generation. To improve the 
uniformity of the plasma, the top electrode commonly consists of a showerhead gas 
distributor, through which the flow of plasma source gases is fed into the chamber. 
For the same reason, in some cases also the precursor is fed through the 
showerhead [17]. The parallel plate concept is used in the ASM Genitech reactor, 
with which direct plasma ALD processing can be carried out.  

Remote plasma ALD is another type of ALD that is developed from a plasma 
processing background. In this type of ALD, the plasma source is positioned at a 
distance of typically a few tens of centimeters from the substrate. Plasma species 
diffuse from the source towards the substrate located in a relatively spacious 
deposition chamber. A common plasma configuration is the inductively coupled 
plasma (ICP) concept, in which a plasma can be generated at a pressure in the range 
of 1-1000 mTorr. A commercial remote plasma-assisted ALD reactor based on the 
ICP concept is the Oxford Instruments FlexAL [18]. 
 
C. Goal and outline of this thesis  

The goal of the research described in this thesis was to develop and study 
plasma-assisted atomic layer deposition of metal oxides and metal nitrides and to 
acquire knowledge on the parameters controlling the material properties. Besides 
the necessary hardware and process development, a particular interest was to gain 
insight into the underlying plasma and surface reactions ruling plasma-assisted 
ALD.  

The research was carried out in the group Plasma & Materials Processing 
(PMP) at the Department of Applied Physics of the Eindhoven University of 
Technology. The strong background of the group in the study of both the plasma 
fundamentals and thin film growth in PECVD provided an exceptional environment, 
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Frame II. Overview of the types of atomic layer deposition 
Thermal ALD 
• Chemistry relies on the substrate temperature to 

proceed and is typically set by radiative heating 
coming from the reactor walls. 

• The main concepts are traveling wave cross-flow 
reactors and perpendicular flow (showerhead) 
reactors operating at 1-10 Torr.  

• Single wafer or batch configuration commercially 
available from ASM, Picosun, Cambridge 
Nanotech, and others. 

Cross flow concept 

 

Radical enhanced ALD 
• The chemistry is thermally activated for typically 

one of the precursors.  
• Often a radical source is attached to an adapted 

thermal ALD reactor or the reactor consists of 
radical beams in UHV. 

• In the delivery towards the substrate surface, 
radical losses due to recombination at the walls 
play a major role.  

• Reactors based on this concept are so far not 
commercially available, but separate radical 
sources are, such as the MKS R*Evolution. 

Microwave surfatron concept 

 

Direct plasma ALD 
• Precursor injection can be through the 

showerhead or in the background due to the low 
pressure (1-10 mTorr). 

• Ion bombardment (ion energy > ~100 eV) is an 
issue when depositing on sensitive substrates. 

• Reactors are commercially available from ASM 
and others. 

Parallel plate with showerhead concept 

 

Remote plasma ALD 
• The use of an ICP plasma source is one of the 

most common used concepts. Wide pressure 
range (1-1000 mTorr) can be applied. 

• Ion bombardment is low (ion energy < ~20 eV) 
• Currently commercially available from Oxford 

Instruments and others. 

Inductively coupled plasma (ICP) concept 
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particularly for the studies of the plasma electrical properties, plasma chemistry, 
and the surface reactions occurring in plasma-assisted ALD. The research was 
supported by the Dutch technology foundation STW (Stichting Technische 
Wetenschappen) under the projectname: “Plasma-assisted atomic layer deposition 
for processing at the nano-scale”. The project included a collaboration with other 
research institutes and partners of industry: ASM, OTB Engineering, Philips 
Research, NXP Semiconductors Research, Delft University of Technology, FOM 
Institute for Plasma Physics Rijnhuizen, Hauzer Technocoating, and Oxford 
Instruments. These companies and institutes have a general interest in thin film 
technology and, in particular, in ALD. The choice of materials and plasma-assisted 
ALD processes investigated throughout the project was driven by the common 
interest of the partners involved, with a constant focus on emerging technological 
needs and challenges. 

Prior to this work, no experience was available in the PMP group on the 
plasma-assisted ALD technique. The first part of the work, therefore, was focused 
on designing and constructing a plasma-assisted ALD reactor. The previous 
experience available in the group on PECVD reactor design aided the development. 
The design took into account the possibility to use the plasma and thin film 
diagnostics available in our group. In particular, spectroscopic ellipsometry (SE) 
revealed to be an excellent tool for in situ film growth monitoring in (plasma-
assisted) ALD and aided fast process development [19].1 The in situ measurements 
were complemented by an extensive characterization of the deposited material 
using various ex situ thin film analysis techniques. On the basis of the results, the 
opportunities of, as well as the challenges faced when using plasma-assisted ALD 
for different applications, could be evaluated. The interest in gaining insight into 
the reaction mechanisms during plasma-assisted ALD led to an extensive study of 
the metal oxide deposition from metal-organic precursors using an O2 plasma for 
oxidation.  

The results have been presented in several separate articles published in 
different international scientific journals. Each article is presented as a chapter in 
Part B, as outlined below. A summary of the main results will be given in this 
introductory chapter, in the form of sections. This will clarify the outline of the 
research and, in particular, the considerations taken into account for the different 
experiments discussed in the articles. In Section II, aspects concerning the hardware 
design of a plasma-assisted ALD reactor will be discussed and an overview of the 
plasma-assisted ALD processes developed in this thesis work is presented. A 
detailed description of the reactors used in this work can be found in Chapters 3 
and 4. The exploration of the “benefits” of plasma-assisted ALD is discussed in 
Section III. The opportunities for and challenges facing plasma-assisted ALD 
processes are demonstrated on the basis of the results presented in Part B. In 
particular, exploring deposition at low temperatures is a central theme in this thesis 
                                                 
1 An extensive description of the SE studies performed in this project can be found in the thesis of 
Langereis [19]. 
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and details can be found in Chapters 2 and 3, and Chapters 5 and 6, for the 
plasma-assisted ALD of TiN and Al2O3, respectively. In Section IV a summary of the 
results on the plasma properties and on the growth mechanism during plasma-
assisted ALD is given. The plasma properties are presented in terms of ion density 
and electron temperature in Chapter 3 for the H2-N2 plasma used in the deposition 
of TiN. The growth mechanism of metal oxides was investigated for the case of 
Al2O3 and Ta2O5 deposited by plasma-assisted ALD using different type of metal-
organic precursors. From these results, general consequences for plasma-assisted 
ALD of metal oxides from metal-organic precursors and O2 plasma were deduced. 
The details about the experiments can be found in Chapters 5, 6, and 7. Finally, in 
Section V an outlook to the future is presented. 
 
Overview of the chapters in Part B: 
 
Chapter 2:  Plasma-assisted atomic layer deposition of TiN monitored by in situ 

spectroscopic ellipsometry 
S. B. S. Heil, E. Langereis, A. Kemmeren, F. Roozeboom, M. C. M. van de Sanden, and 
W. M. M. Kessels, J. Vac. Sci. Technol. A. 23, L5 (2005). 

 
Chapter 3:  Low temperature deposition of TiN by plasma-assisted atomic layer 

deposition 
S. B. S. Heil, E. Langereis, F. Roozeboom, M. C. M. van de Sanden, and W. M. M. 
Kessels, J. Electrochem. Soc. 153, G956 (2006). 

 
Chapter 4:  Deposition of TiN and HfO2 in a commercial 200 mm remote plasma 

atomic layer deposition reactor 
S. B. S. Heil, J. L. van Hemmen, C. J. Hodson, N. Singh, J. H. Klootwijk, F. Roozeboom, 
M. C. M. van de Sanden, and W. M. M. Kessels, J. Vac. Sci. Technol. A. 25, 1357 (2007). 

 
Chapter 5:  In situ studies of the reaction mechanisms during plasma-assisted 

atomic layer deposition of Al2O3 

S. B. S. Heil, P. Kudlacek, E. Langereis, R. Engeln, M. C. M. van de Sanden, and W. M. M. 
Kessels, Appl. Phys. Lett. 89, 131505 (2006). 

 
Chapter 6:  Reaction mechanisms during plasma-assisted atomic layer deposition 

of metal oxides: A case study for Al2O3 

 S. B. S. Heil, J. L. van Hemmen, M. C. M. van de Sanden, and W. M. M. Kessels, 
submitted for publication 

 
Chapter 7:  Plasma-assisted atomic layer deposition of Ta2O5 from alkylamide 

precursor and remote O2 plasma 
S. B. S. Heil, F. Roozeboom, M. C. M. van de Sanden, and W. M. M. Kessels, submitted 
for publication 
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II. Reactor design for remote plasma-assisted atomic layer deposition 
 

A. Background 
In plasma materials processing a radio frequency (rf) power source is 

commonly used for plasma generation. The power in the plasma source region is 
dissipated by the acceleration of electrons in the generated rf electric fields. The 
mean electron kinetic energy is referred to as the electron temperature (Te) and is 
commonly expressed in electronvolt (eV). The heavy ions cannot “follow” the rf 
electric fields and, therefore, respond only to the time-averaged field. The ion 
temperature (Ti), i.e., the mean ion kinetic energy, is, therefore, much smaller than 
the electron temperature (Ti<<Te). Energy transfer from the highly energetic 
electrons to the heavy gas species is very inefficient and as a consequence the 
actual gas temperature remains low. This allows this type of plasma to be used for 
materials processing without considerable heat transfer to the substrate. The 
collisions between electrons and source gas species results in the ionization of the 
gas phase species such that the plasma is sustained. The collisions also lead to the 
formation of radical species through dissociation processes. 

 There are two methods that can be used to couple the rf power into the 
plasma: capacitive, with the rf electrode in direct contact with the plasma; or 
inductive, across a dielectric window. The former is used in the parallel plate 
concept in direct plasma ALD, and the latter in the inductively coupled plasma 
concept in remote plasma ALD, as presented in Frame II. 

Capacitive power coupling is performed by the acceleration of electrons in 
the oscillating electric field between two electrodes. The oscillation of the electrons 
creates a sheath region near each electrode, which contains a net positive charge 
when averaged over an oscillation period. The positive charge density decreases 
from the plasma towards the electrode surface, generating a dc voltage drop over 
the sheath region. Ions diffusing from the bulk plasma towards the electrode are 
accelerated due to the presence of this voltage drop, which results in ion 
bombardment. In a direct plasma configuration the substrate is located on one of 
the electrodes and is, therefore, exposed to an ion energy which could reach  
200-1000 eV, depending on the rf voltage and electrode design used [20]. High ion 
energy values can lead to displacement of particles present in the film and at the 
surface. This can have positive effects such as smoothening and densification of the 
film, but in ALD, where very thin films are commonly grown in a stack, energetic ion 
bombardment can also induce damage to the underlying film or substrate.  

In order to avoid severe ion bombardment, inductive power coupling can be 
used. This is known to result in low dc voltages across the plasma sheaths, hence 
low ion bombardment (typically <20 eV) at all surfaces [20]. In order to further 
decrease the ion bombardment, while maintaining a high radical production, the 
source can be placed remotely from the deposition area. By using low pressures, 
plasma generation and radical production can still occur at the substrate level. This 
is a major difference compared to radical enhanced ALD, where outside the source 
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region only radical loss processes take place. 
The combination of a relatively low ion bombardment energy with the ability 

to deliver a sufficient radical flux is the main reason why a remote plasma 
configuration was chosen in the work presented in this thesis.  

 
B. Considerations in remote plasma ALD reactor design 

The main challenge was to construct a versatile research tool dedicated to 
the study of a wide variety of plasma-assisted ALD processes. Several choices were 
made with respect to the plasma source, reactor chamber, heating, substrate 
handling, precursor delivery, pumping, and accessibility for diagnostics.  

A homebuilt inductively coupled plasma (ICP) source was chosen for its 
flexibility, versatility, and cleanliness. The ICP consists of a copper coil wrapped 
around a dielectric tube, that can be made of glass, quartz, or alumina. A plasma 
can be generated in various source gases, such as N2, H2, O2 and mixtures thereof, 
throughout a wide pressure range (1-1000 mTorr). Because of these features, the 
ICP source can also be found in a variety of other commercial plasma processing 
tools. 

To prevent film growth in the source, however, there is a need for a gate 
valve to be positioned in between the source and the deposition chamber, which 
shields the plasma source from precursor adsorption. The deposition of a 
conductive film (e.g., TiN or TaN) in the source is undesired, since it would alter the 
dielectric properties affecting the power incoupling over time. At a certain moment, 
plasma generation becomes impossible. The use of a gate valve positioned above 
the substrate is however a compromise, since the movement of the valve during 
processing can be a source of particle contamination and generally slows the 
process down (~1.5 s open-close time). In the deposition of metal oxides, where 
contamination of the source is less, or not an issue, the gate valve could be fixed in 
the open position or, preferably, be omitted entirely. 

To minimize pump and purge periods, the volume of the deposition chamber 
was kept at a reasonable size (~20 liter). Additionally, the need for a high gas 
conductivity was taken into account by using a 100 mm diameter opening from the 
plasma source to the chamber, and from the chamber towards the pump. To keep 
the reactor relatively simple, it is open-load, i.e., the deposition chamber is vented 
to atmosphere each time a substrate is loaded.  

The substrate holder is resistively heated to allow deposition at elevated 
temperatures. The reactor walls can be heated to reduce condensation losses of 
precursors with a low vapor pressure and to aid the removal of sticky reaction 
products. Furthermore, for the deposition of metals and metal nitrides, reducing the 
background presence of H2O, which can act as a source for O impurities, can be 
important, depending on the precursors used. Heating of the reactor walls was 
made possible by applying heating tape on the outside of the reactor and by using 
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aluminum foil to achieve uniform heating. Furthermore, on the gate valves heating 
jackets were applied. The coating on the reactor walls, in particular TiN, proved to 
be hard to remove by chemical solvents. For complete cleaning, sand blasting of the 
chamber during maintenance was applied. The chamber was typically cleaned 
before switching from the deposition of one material to another. Although not 
available at the beginning of the project, a process that could be used for in situ 
cleaning is the etching of TiN using an SF6 plasma.  

The precursor is dosed from a small inlet (~4 mm diameter) at a position 
above the substrate holder using a fast open-close gas valve. The precursor is 
heated when its vapor pressure is low. The delivery can be done on the basis of 
vapor drawn, e.g., in the case of TiCl4 or Al(CH3)3; or assisted by an inert carrier gas 
flow (so-called bubbling), e.g., in the case of Hf[N(CH3)(C2H5)]4 or Ta[N(CH3)2]5. The 
use of a divert line allows the carrier gas to serve also as purge gas, through which 
cycle time can be reduced.  

In plasma-assisted ALD processing the pressure during deposition should be 
chosen in a range of typically 1-1000 mTorr, in order to be able to generate and 
sustain the plasma efficiently. This is related to the breakdown voltage which varies 
with pressure, or the so-called Paschen curve [21]. Furthermore, due to the use of 
very reactive precursors, it is beneficial to have a good quality vacuum in order to 
reduce incorporation of impurities in the deposited material. The choice was 
therefore made for a turbomolecular pump which resulted in a 10-6 Torr base 
pressure in the reactor chamber. To protect the bearings, the turbo pump is 
continuously purged using a small nitrogen flow. The turbo pump is backed by a 
mineral oil greased rotary vane pump. An oil mist filter is placed in between the 
turbopump and rotary vane pump to minimize the diffusion of oil towards the turbo 
pump.  

To obtain an understanding of the film growth in plasma-assisted ALD 
processes the setup should also allow the application of in situ diagnostics. 
Windows were added to the sides of the deposition chamber, allowing the use of 
non-invasive measurement techniques, such as optical emission spectroscopy, laser 
absorption or laser induced fluorescence measurements, or Fourier transform 
infrared (FTIR) spectroscopy. Furthermore, special quartz windows were mounted 
under a 68° angle with the substrate normal for the use of spectroscopic 
ellipsometry. This angle is close to the average Brewster angle of Si (~75°) in the 
wavelength range used (250-1500 nm), which enhances the sensitivity of the in situ 
SE measurement when depositing on silicon-based substrates. To protect the SE 
windows from being coated upon, open-close gate valves were mounted between 
the windows and the chamber. Moreover, ports for mass spectrometry and the 
insertion of a quartz crystal microbalance were also implemented.  

These considerations led to the current version of the homebuilt laboratory 
scale reactor “ALD-I”. Its features are presented in Frame III. Additional details on  
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Frame III. Plasma-assisted ALD reactors 
ALD-I 
 

 

 
Manufacturer: homebuilt 
Plasma source: ICP (60 mm diameter, 0-100 W) 
Source gases: H2, N2, O2, NH3, Ar 
Precursors: 2 connections 
Substrate loading: open-load 
Substrate: up to 100 mm diameter  
Deposition temperature: RT-400 °C 
Wall heating: RT-150 °C 
 
Diagnostics: spectroscopic ellipsometry, mass 
spectrometry, optical emission spectroscopy, 
quartz crystal microbalance, Fourier transform 
infrared spectroscopy, Langmuir probe 
 
Processes developed: 
TiN from TiCl4 and H2-N2 plasma [22-24] 
TaNx from Ta[N(CH3)2]5 and H2, NH3, H2-N2 
plasma [25,26] 
Ta2O5 from  Ta[N(CH3)2]5 and O2 plasma [27] 
Al2O3 from Al(CH3)3 and O2 plasma, Al(CH3)3 and 
H2O [28-31, 32] 
AlN from Al(CH3)3 and H2-N2 plasma [30] 

FlexAL RPT 
 

 
 

 
 

 
Manufacturer: Oxford Instruments 
Plasma source: ICP (65 mm diameter, 0-600 W) 
Source gases: H2, N2, O2, NH3, N2O, Ar, SF6 
Precursors: 2 connections (max. 4) 
Substrate loading: load lock 
Substrate: up to 200 mm diameter 
Deposition temperature: RT-400 °C 
Wall heating: RT-150 °C 
 
Diagnostics: mass spectrometry, spectroscopic 
ellipsometry, optical emission spectroscopy 
 
Processes developed: 
TiN from TiCl4 and H2-N2 [33] 
TiO2 from Ti[OCH(CH3)2]4 and O2 plasma [34] 
HfO2 from Hf[N(CH3)(C2H5)]4 and O2 plasma [33] 
Al2O3 from Al(CH3)3 and O2 plasma, Al(CH3)3 and 
H2O [35] 
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the ALD-I reactor can be found in Chapter 3 of this thesis. Currently, this type of 
reactor, based on the remote ICP concept, is the most commonly used for remote 
plasma-assisted ALD processing [1,36-38].  

 
C. The Oxford Instruments FlexAL reactor 

The rising interest in ALD both in industry and academia (cf. Fig. 1) was the 
motivation for Oxford Instruments to investigate the market for plasma-assisted 
ALD reactors. The PMP groups’ expertise in plasmas and diagnostics combined with 
the experience already gained in plasma-assisted ALD on the ALD-I reactor 
provided a unique opportunity for co-developing their first commercial plasma ALD 
reactor, the FlexAL.2 The FlexAL is also a remote plasma-assisted ALD reactor. 
Similar to the ALD-I, it is based on the remote ICP concept. A beta-version of the 
Oxford Instruments FlexAL reactor is currently installed in the Eindhoven University 
clean room, as shown in Frame III. Key advantages compared to the ALD-I, are the 
capability to process large substrates (up to 200 mm) and the availability of a load 
lock. In our case, a spectroscopic ellipsometer and mass spectrometer are mounted 
for process development and monitoring. The features of the FlexAL are extensively 
described in Chapter 4 of this thesis. 
 
 
III. Opportunities and challenges for plasma-assisted atomic layer deposition 
 

Thermal ALD is already being used in the manufacturing of several 
applications such as TFEL displays (Planar company in Finland uses ALD already for 
more than two decades) [39], read-write heads in hard disks, and in (embedded) 
DRAM [40,41]. Recently, it was announced by both Intel and IBM that ALD will be 
utilized for the fabrication of the high-k dielectric in their complementary-metal-
oxide-semiconductor (CMOS) transistors in the 45 nm technology [10]. The use of 
plasma-assisted ALD is however still in a development phase at (corporate) research 
institutes and universities.  

The investigation of the films grown by plasma-assisted ALD processes, as 
presented in Part B of this thesis, demonstrates that the introduction of a plasma 
step in the ALD cycle is a very promising development. The plasma-assisted ALD 
approach yields several potential benefits, in addition to the earlier mentioned 
merits of the thermal ALD process mentioned in Section I:  

 
• Improved material properties including higher film density, lower impurity 

levels, and better control of film composition and microstructure;  

                                                 
2 In the development of the FlexAL reactor Dr. H. Jeon (Hangyang University, South Korea), Dr. Steve 
Rossnagel (IBM Research, USA) and Dr. W.M.M. Kessels (Eindhoven University, The Netherlands), took 
place in an international advisory panel.  
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• Deposition at reduced substrate temperatures due to the increased reactivity 
provided by the plasma species;  

• Increased growth per cycle as well as reduced purging steps, especially at 
low substrate temperatures;   

• Good control of film stoichiometry by tailoring the plasma step as well as the 
possibility to introduce dopants by co-doping during the plasma step;   

• Increased choice of precursors and obtainable materials, including high 
quality single element films (metals), difficult to obtain by thermal ALD;  

• More process versatility due to the possibility of in situ substrate 
conditioning, plasma densification, nitridation, etc. 
 
These benefits can be illustrated by several examples taken from the 

developments within the STW project, of which some are presented in Part B of this 
thesis. That the plasma-based process can lead to improved material properties has 
clearly been demonstrated by results on metallic TiN films, which are presented in 
Chapters 2 and 3. The process based on TiCl4 

dosing in combination with H2-N2 
plasma exposure has yielded thin TiN films with resistivity values and impurity 
levels surpassing the material quality achieved with the thermal process employing 
NH3 

dosing [23,42]. Moreover, in terms of acceptable material quality, the thermal 
ALD process is limited to the substrate temperature range of >300 °C, while the 
plasma-based process can yield fair material properties down to temperatures as 
low as 100 °C, as shown in Fig. 4. For thicker films resistivity values as low as  
72 μΩ·cm (400 °C) and 209 μΩ·cm (100 °C) have been obtained. This is a promising 
achievement since TiN has numerous applications in the back-end-of-line of CMOS, 
DRAM, and also in the metallization and 3D integration of sensor and microsystem 
technology [22,43].  
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FIG 4. Resistivity of TiN films synthesized by plasma-assisted ALD using TiCl4 dosing and  
H2-N2 plasma exposure [23]. For the films of 10-20 nm thickness both the resistivity obtained 
from in situ spectroscopic ellipsometry [24] and ex situ four-point probe measurements is 
given. 
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High quality Al2O3 
films can be synthesized by plasma-assisted ALD using 

the combination of Al(CH3)3 dosing and O2 
plasma exposure, even at room 

temperature [30,35]. The thermal ALD process is also feasible at such low 
temperatures [44]. However, the purge time required for pumping of H2O is very 
time consuming compared to the case of plasma-assisted ALD (cf. Fig. 5). 
Insufficient purging is detrimental to the film properties and deposition process as 
remaining H2O readily reacts with the Al(CH3)3, leading to an uncontrolled CVD 
component, particle formation, etc. Low temperature ALD of Al2O3 

films proved of 
great value for applications in the field of flexible electronics involving temperature 
sensitive organic materials. ALD Al2O3 

films, for example, have been demonstrated 
to serve as excellent moisture permeation barriers for packaging of organic light 
emitting diode (OLED) devices [30,45-48]. Also applications of oxides in photonics 
[49] and in photovoltaics [29,50] are reported to benefit from a low temperature 
ALD process in which O3 or O2 plasma is used as alternative to oxidation by H2O.  

Besides shorter purge times, plasmas can also be switched on and off almost 
instantaneously and, therefore, the reactivity can be turned on and off also almost 
immediately. In some cases, especially at low temperatures, the plasma source gas 
(e.g., O2) is also not reactive with the precursors. The source gas can thus flow 
continuously and serve as purge gas [28,31]. In that case, only the precursor gas 
and plasma power need to be pulsed. In addition, for several materials, it has been 
found that the growth per cycle is higher for the plasma-based approach than for 
the thermal process. This is not only the case for Al2O3 

deposited at low 
temperatures using an O2 

plasma, but was also reported for the deposition of HfO2 
from Hf[N(C2H5)(CH3)]5 and Ta2O5 from Ta[N(CH3)2]5, as also described in Chapters 4 
and 7, respectively.  

Plasmas also yield the opportunity to incorporate low concentrations of 
dopants or other species into the film, for example a low percentage of N atoms can 
be incorporated into oxides by nitridation using a N2-O2 

mixture as plasma source  
 

 

400 800 1200 1600 2000
10-6

10-5

10-4

10-3

H2O

 

 

P
re

ss
ur

e 
(T

or
r)

Pump down time (s)

O2

 
 
FIG 5. Pump down time after releasing a dose of H2O vapor or O2 gas. The reactor temperature 
was 55 °C. 



 17

gas [30]. The stoichiometry of the films can be controlled by tailoring the plasma 
composition and exposure time which has clearly been demonstrated for metal 
nitrides. For example for TaN deposited from metalorganic precursors (e.g., 
Ta[N(CH3)2]5) it is possible to tune the material properties [26,51]: from insulating 
N-rich Ta3N5 by using a H2-N2 

plasma to low resistivity cubic TaN by using H2 
plasma exposure. In the deposition of TiN, presented in Chapter 3, the variation of 
the H2-N2 plasma exposure time from 5 to 60 s resulted in a control of the 
stoichiometry ([N]/[Ti]) ranging from 0.93 to 1.15. 

Achieving a good step coverage in high-aspect ratio structures is often 
indicated as a challenge for plasma-assisted ALD. The reason is that plasma  
radicals can recombine at the sidewalls of high-aspect ratio features when diffusing 
down into these features. Depending on the surface recombination probability of 
the radicals on the material deposited, this can imply that relatively long exposures 
are necessary to obtain a sufficient radical flux at the bottom of the features. The 
role of radical surface recombination and the consequences for the conformality 
obtainable by plasma-assisted ALD should therefore be addressed in future work. It 
should also be noted that for the plasma-based process, an excellent step coverage 
on high-aspect ratio features is certainly attainable for some materials and under 
certain conditions. This is for example demonstrated for Al2O3 deposition as shown 
in Fig. 6 [35]. The recombination of plasma species on the side walls might be of 
more influence for metals and metal nitrides. For the deposition of TiN in  
high-aspect ratio features by plasma-assisted ALD using an H2-N2 plasma the 
conformality was still relatively poor [22]. This is possibly due to the surface 
recombination of the radicals but might also be related to the fact that a too small 
precursor dosing was applied for the substrate with a very high surface area. As a 
matter of fact, even for thermal ALD achieving a good conformality in high-aspect 
ratio structures is not always trivial as it depends on the diffusion of species in 
features with a low gas conductivity.  

 
 

 
 
FIG 6. High resolution scanning electron microscope images showing an Al2O3 film, deposited 
by plasma-assisted ALD, in 2.5 μm wide macropores with an aspect ratio of ~8 [35]. The 
thickness of the film on top surface was 82 nm (as measured by spectroscopic ellipsometry) 
whereas the thicknesses at the bottom and sidewall of the macropores was 80±3 nm. 
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FIG 7. High resolution cross sectional TEM image showing a 20 nm Al2O3 film on c-Si with a 
thin SiOx interface layer. The dark region in between the c-Si and SiOx is an imaging artifact. 

 
A second major challenge for plasma-assisted ALD might lie in the high 

reactivity of the plasma such that also the underlying substrate of film stack can be 
influenced. For example, both oxidation and nitridation of c-Si substrate have been 
found to occur when a plasma is applied. The formation of an interfacial oxide was 
observed in the deposition of Al2O3 [29,35] whereas a interfacial nitride was 
observed for TiN [22,52]. In Fig. 7 a cross sectional transmission electron 
microscope (TEM) image shows the result of plasma-assisted ALD of Al2O3 on an  
H-terminated c-Si substrate. Gaining control over the interfacial oxide properties is 
a general major challenge in the growth of films for delicate applications, such as 
gate-oxide in CMOS. The oxidation that occurs during plasma-assisted ALD can, 
however, also provide an opportunity. For example in the electrical passivation of  
c-Si, where it was demonstrated that the surface recombination properties of the 
Al2O3 film deposited by plasma-assisted ALD proved to be much better than films 
deposited with thermal ALD Al2O3 [53]. The difference in properties of the 
interfacial oxide formed during thermal ALD and plasma-assisted ALD of Al2O3 
potentially plays an important role in this process. 
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IV Reaction mechanisms 
 
 A. Introduction 

 A fundamental understanding of the reaction mechanisms involved in film 
growth by plasma-assisted ALD is crucial to fully exploit its benefits. For several 
thermal ALD processes, investigations into the reaction mechanisms have already 
been reported. In particular the thermal ALD process of Al2O3 from Al(CH3)3 and H2O 
[44,54-61] has been investigated in detail and this process is currently considered 
to be a model system for metal oxide film growth from metal-organic precursors 
[7]. In thermal ALD of Al2O3, both during Al(CH3)3 exposure and H2O exposure, 
ligand exchange reactions, in which CH4 is being formed, were found to be the main 
chemisorption mechanism. The result is an alternate coverage of the surface with 
TMA ligands (-CH3) and -OH groups, which forms the basis for self-limiting film 
growth. This alternation of surface functional groups consisting of precursor 
ligands and –OH surface groups has also been experimentally confirmed for the 
deposition of other metal oxides. For example, it occurs in the thermal ALD of ZrO2, 
HfO2, TiO2, and SnO2 from a range of different metal precursors types such as 
halides [62,63], alkyls [59,64,65], and alkoxides [66-68], in combination with H2O 
as oxidant source. Moreover, in the thermal ALD of metal nitrides, where commonly 
NH3 is used as N source, an equivalent chemisorption mechanism occurs as in the 
thermal ALD of metal oxides. Instead of –OH surface groups, however, in the 
deposition of metal nitrides -NHx (x=1,2) surface groups alternate with the 
presence of precursor ligands [69-72]. The main chemisorption mechanisms which 

 
 

 
 

FIG. 8. Chemisorption mechanism identified for ALD: (a) Ligand exchange reaction;  
(b) dissociation of the precursor; (c) association of the precursor onto the surface.  



 20

have been found in thermal ALD are shown schematically in Fig. 8. Next to ligand 
exchange, there exists mechanisms involving dissociation of the precursor, in which 
the ligands are split off but remain at the surface, and association, in which the 
precursor remains intact but bonded to the surface [7].  

The use of ozone (O3) as an alternative oxidant source to H2O in metal oxide 
deposition has recently become an active area of research [73-75]. The reaction 
mechanism during the O3-based ALD process has, however, hardly been addressed. 
Very recently, theoretical and experimental investigations of the reaction 
mechanism of Al2O3 ALD from Al(CH3)3  precursor and O3 have been reported by 
Elliott and co-workers [76] and George and co-workers [77]. The general concept is 
that the O3 molecules form O radicals at the surface and hence a possible similarity 
to plasma-assisted ALD, where O radicals arrive directly, might exist. In this thesis 
work, the reaction mechanisms during plasma-assisted ALD processes using an O2 
plasma were investigated. The investigations were performed for a metal-alkyl and 
metal-alkylamide precursor for the deposition of Al2O3 (Chapter 4 and 5) and Ta2O5 
(Chapter 6), respectively. An in situ multi-diagnostic approach was employed that 
included the use of quartz crystal microbalance measurements (QCM), quadrupole 
mass spectrometry (QMS), spectroscopic ellipsometry (SE), and optical emission 
spectroscopy (OES). This approach was implemented on the ALD-I setup, as 
schematically shown in Frame IV for the investigation of the plasma-assisted ALD of 
Al2O3. Since the diagnostics are all (relatively) new to plasma-assisted ALD, the 
technical aspects involved will first be briefly discussed. Afterwards the main 
insights into the metal oxide film growth by plasma-assisted ALD will be presented. 
 
B. In situ diagnostics in plasma-assisted atomic layer deposition 

The quartz crystal microbalance is a commonly used diagnostic in the study 
and monitoring of thermal ALD processes [55,62,66-68,78-83]. The principle of 
the QCM is based on a quartz crystal resonating at a high frequency (5-30 MHz), 
which is exposed to the vapor phase. When a precursor molecule adheres to one of 
the surfaces of the crystal, the oscillation frequency of the crystal deviates due to 
the increase in mass. The adhered mass density of the chemisorbed species can be 
calculated with great precision (~0.3 ng cm-2) from the small shift in frequency that 
occurs. Because of its extreme mass sensitivity, the QCM can be used to monitor 
the removal and addition of mass during each separate step in the ALD cycle. In this 
fashion insight into the chemisorption mechanism of the precursors can be 
obtained. In this work the QCM has been used to study film growth and reaction 
mechanisms during plasma-assisted ALD. A major difference compared to thermal 
ALD proved to be the exposure of the QCM to the plasma environment, in which 
charged particles are present. A large spike in signal, not related to the actual 
plasma-assisted ALD process, was observed when the plasma was ignited,  
cf. Frame IV. It remains unclear if this can be attributed to a temperature increase, 
an electrical interference, or a combination of both causes. When the plasma was 
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turned off, the QCM signal recovered over a time period of ~10 s after which a 
correct value of the mass change could be deduced.  

Mass spectrometry has been previously used in the study of several thermal 
ALD processes [54,55,67,72,84,85]. In this work, the quadrupole mass 
spectrometer (QMS) is separately pumped and gas sampling occurs via a small 
diameter pinhole which connects it to the deposition chamber. A major difference 
compared to thermal ALD is that the highly reactive radicals, which form the surface 
reactants in plasma-assisted ALD, have a negligible chance to be detected in the 
mass spectrometer. The radicals have a low flux compared to the unreactive neutral 
species such that their signals cannot easily be distinguished. Moreover, the 
radicals will have many wall collisions before reaching the ionizer of the QMS and 
therefore their signal will also be reduced due to surface recombination. In this 
work it was demonstrated that the consumption of radicals, such as O, H, and N, in 
for example, O2, H2, N2 plasmas can, however, be monitored indirectly via the 
depletion of the source gas. 

Spectroscopic ellipsometry is an often used thin film measurement technique 
to determine the thickness and optical properties of films. New in this work is that 
SE was applied in situ for ALD, which allowed for the fast evaluation of saturated 
growth conditions [22]. Moreover, on the basis of the in situ SE measurements the 
evolution of the material properties, such as electrical resistivity, composition, and 
microstructure could also be determined during the plasma-assisted ALD film 
growth [24,26,34]. The SE modeling and measurement procedures are the topic of 
another PhD thesis related to this project [19].  

Optical emission spectroscopy is a commonly used diagnostic in the study of 
plasmas and plasma processing of materials. The technique is based on the analysis 
of the light emitted by the electronically excited species in the plasma. The optical 
decay of the excited atom or molecule gives rise to the emission of light with a 
characteristic wavelength associated with the energy levels of the atom or molecule 
involved. The presence of a certain molecule can therefore be deduced from the 
identification of the emission lines present in the emission spectrum. The use of 
OES to determine the radical species in plasma-assisted ALD has also been reported 
by others [86,87]. However, in this work it was observed that the light emission 
during processing was different to the normal plasma operation due to the 
presence of gas phase reaction products [28,31]. Moreover, by monitoring the 
emission related to the presence of reaction products as a function of time, it has 
been demonstrated that OES can be a valuable technique in the optimization of 
plasma-assisted ALD processes [88]. 
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Frame IV: Reaction mechanism studies of plasma-assisted ALD of Al2O3 
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C. Main insights into the reaction mechanisms during plasma-assisted ALD of metal 
oxides 

Two different types of metal-organic precursors were chosen to investigate 
the reaction mechanisms during metal oxide film growth by plasma-assisted ALD. 
The alkyl-based Al(CH3)3 was used as Al source in Al2O3 deposition and the 
alkylamine-based Ta(N(CH3)2)5 as Ta source in the deposition of Ta2O5 [27,28,31].   

During the Al(CH3)3 exposure, CH4 was detected to leave the surface into the 
gas phase [28,33]. This indicates that in the chemisorption of Al(CH3)3 an H atom is 
abstracted from the surface to form a volatile CH4 molecule together with one of the 
–CH3 ligands. A proposed mechanism could be ligand exchange, similarly as in 
thermal ALD.3 The plasma-assisted ALD process of Al2O3 from Al(CH3)3 in which O2 
plasma exposure is used for oxidation is schematically shown in Fig. 9. The thermal 
ALD process using H2O is also shown for comparison.  

During the O2 plasma exposure, the presence of H2O, CO2, and CO was 
detected in the gas phase. Furthermore, the consumption of O radicals was 
observed by a decrease in the O2 density by QMS and in the O radical light emission 
coming from the plasma by OES. These observations demonstrate that  
combustion-like reactions in which the surface groups are converted by O radicals 
into combustion products occur at the surface. Moreover, the chemisorbed 
precursor is oxidized and new surface groups are formed. In addition to the 
combustion products, also CH4 was detected to be produced during the O2 plasma 
exposure. The observance of CH4 can be explained by the fact that the produced 
H2O is also acting as an additional oxidant source next to the O radicals. This 
reveals that besides the combustion-like reactions more reaction pathways appear 
to be active. Thirdly, C2Hx species were detected in relative small amounts. This 
indicates that, although minor, a third reaction pathway, e.g., association processes 
at the surface, might be active, as also suggested on the basis of theoretical 
calculations [56,76]. 

For the case of Ta2O5, during the Ta(N(CH3)2)5 dosing, the formation of 

reaction products could not be observed by mass spectrometry in the range studied 
(m/z = 15-46). This might suggest a chemisorption mechanism in which the 
complete precursor molecule remains on the surface, such as the dissociation or 
association mechanisms presented earlier. We would like to note that there is little 
literature data available about the surface composition of amorphous Ta2O5, in 
particular after the oxidation step in thermal ALD. Moreover, the chemisorption of 
metal-alkylamides has not been as extensively studied as for metal-alkyl or  
metal-halide precursors. Similar as in the case of Al2O3, during the O2 plasma 
exposure in the plasma-assisted ALD of Ta2O5, CO, CO2, and H2O were also  
                                                 
3 In a separate experiment on plasma-assisted ALD of Al2O3, in situ Fourier transform infrared measurements 
revealed the presence of –OH groups on the surface after O2 plasma exposure. After Al(CH3)3 dosing it was 
determined that the surface was covered with –CH3 groups [32]. 
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detected and the consumption of O radicals was observed. Additionally, the 
presence of nitric oxide (NO) was also detected. Combustion-like reactions between 
the O radicals and N containing surface groups are therefore assumed to occur. 
Furthermore, the CN was detected in the plasma, which suggests that alternative 
reaction pathways might also exist in parallel. 

A similar investigation of the reaction products in the Al(CH3)3/O2 plasma 
process was also performed on the FlexAL reactor using QMS and OES [31]. The 
results were found to be similar to the ones on the ALD-I reactor. This is an 
important result, since in points out that the proposed reaction mechanisms are 
reactor independent. On the basis of the results presented here on Al2O3 and Ta2O5 
deposition it can be anticipated that the occurrence of combustion-like processes is 
generic for plasma-assisted ALD of metal oxides from metal-organic precursors 
using an O2 plasma.  

 
 

V Outlook to the future 
At the beginning of this thesis work, the development of the plasma-assisted 

ALD technique was still in its infancy compared to thermal ALD. The work described 
in this thesis included the development of a plasma-assisted ALD reactor, an 
exploration into the deposition of several materials with a demonstration of the 
opportunities and challenges, and a route towards creating an understanding of the 

 
 

FIG. 9. Schematic of the ALD cycle during Al2O3 growth by thermal and plasma-assisted ALD 
from Al(CH3)3 and using H2O or O2 plasma exposure as oxidant, respectively. 
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reaction mechanisms in plasma-assisted ALD.  
With the interest in ALD shown by industry, the reactor and process 

development has progressed the past years. In particular, the improvement of 
material properties at low temperatures has broadened the interest, in particular in 
plasma-assisted ALD processing. With the infrastructure available in our group, a 
widescale investigation into plasma-assisted ALD processes for a variety of 
processes and applications has started. Related to this project, the application of 
Al2O3 has been investigated as dielectric in metal-insulator-metal (MIM) capacitors 
[35,89,90], as passivation layer on c-Si for solar cell applications [29,50], and as 
moisture diffusion barrier in organic light emitting diode (OLED) devices [30]. 
Moreover, TiN has been tested as a diffusion barrier and copper plating base in the 
Cu filling of through wafer vias and as an electrode in MIM capacitor structures [43]. 
TiN is currently also under investigation for the application as Li diffusion barrier in 
solid state batteries [91]. First results on the use of plasma-assisted ALD in these 
applications look promising and will aid the further development of  
plasma-assisted ALD equipment and processes to industrial readiness.  

From a fundamental point of view, the study of the surface chemical 
composition is an important addition to the gas phase analysis presented in this 
work for obtaining a detailed understanding of film growth in plasma-assisted ALD. 
Besides studies of the surface composition using FTIR, which have already been 
initiated on the basis of this work, the time has come to include more sensitive 
techniques such as evanescent wave cavity ring down spectroscopy (EW-CRDS) 
[92,93]. This technique has already been used in our group in the study of the 
growth of a-Si:H [94,95], and has demonstrated its potential in determining surface 
coverage with sub-monolayer sensitivity [96]. Preferably, this experiment should be 
done in a specialized beam setup under ultra high vacuum conditions 
[94,95,97,98]. 

Determining the role of ions and in particular ion bombardment in the 
deposition chemistry is an important topic for investigation. In the remote 
configuration presented in this work, this could for instance be done by applying a 
controlled substrate bias. The energy of the ions can then be tuned and the 
influence of ion bombardment on the film growth can be studied in more detail. 
The ion bombardment could potentially be an important factor to allow further 
improvement of material properties at low deposition temperatures. Furthermore, 
the results could be valuable to create a general understanding of the differences in 
film growth characteristics and material properties that are sometimes reported for 
different reactors and plasma-assisted ALD configurations.  
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Chapter 2 
 
 
Plasma-Assisted Atomic Layer Deposition of TiN 
Monitored by in situ Spectroscopic Ellipsometry 
 
 
In situ spectroscopic ellipsometry has been employed to determine the properties of titanium nitride 
(TiN) films during plasma-assisted atomic layer deposition by alternating TiCl4 precursor dosing and 
H2-N2 plasma exposure. Besides monitoring the film thickness when optimizing the half reactions, it is 
shown that spectroscopic ellipsometry is a very valuable tool for in situ studies of (air-sensitive) film 
properties such as resistivity, and for investigating the nucleation phase during initial film growth.1 

 
 

                                                 
1 Published as: S. B. S. Heil, E. Langereis, A. Kemmeren, F. Roozeboom, M. C. M. van de Sanden, and  

W. M. M. Kessels, J. Vac. Sci. Technol. A, 23, L5 (2005). 
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I. Introduction 
The processing challenges in next-generation semiconductor device 

fabrication and integration make the self-limiting growth method of atomic layer 
deposition (ALD) a very innovative field from a scientific and technological 
perspective. For example, by the recent introduction of a low-temperature plasma 
step in the ALD reaction cycle, it is possible to deliver additional reactivity to the 
surface in the form of plasma-produced radical species. This opens up a processing 
parameter space that is unattainable by the strictly thermally driven process [1]. 
Plasma-assisted ALD, therefore, is a bright prospect in terms of increased choice of 
chemistry and precursors as well as in improved film quality at lower substrate 
temperatures and higher growth rates.  

A key factor in (plasma-assisted) ALD, which still needs to be explored 
extensively, is in situ monitoring of the film growth and on-line process control. 
Currently, for (plasma-assisted) ALD the most common techniques used for in situ 
studies are quartz crystal microbalance measurements and mass spectrometry  
[2-4]. However, early insight into the growth of the film on the substrate material of 
interest and into the specific film properties obtained is also desired. This is 
especially relevant when information about the film properties during initial growth 
is required or when one cannot simply rely on ex situ film characterization, for 
example for film properties that change under air exposure.  

In this Letter we will show that the optical technique of spectroscopic 
ellipsometry (SE) is a very valuable tool for in situ monitoring of the growth process 
and determining the film properties. We illustrate this for the plasma-assisted ALD 
process of titanium nitride (TiN) which is based on TiCl4 precursor dosing and H2-N2 
plasma exposure and which is an extension of the set of metals and their nitrides 
deposited by plasma-assisted ALD as recently reviewed by Kim [5]. Thin metallic 
TiN films have wide-spread applications in semiconductor industry, for example as 
diffusion barrier layers in interconnect technology (for W, Al, etc.), as a future 
replacement for the poly-silicon gate electrode in metal-oxide-semiconductor 
(MOS-FET) gate stacks, and as metal electrode in high density MOS “trench” 
capacitors. From a comparison with ex situ techniques, we will show that SE gives 
accurate information on the TiN film thickness as well as on the resistivity of the 
films, even for very small film thicknesses (possibly as thin as 10 Å). Furthermore, it 
is revealed that SE also yields insight into the nucleation phase during initial film 
growth. 

 
II. Experiment 

The deposition system is similar to the one described by Rossnagel et al. [1] 
and consists of a H2-N2 operated plasma source connected through a gate valve to 
a deposition chamber. The radio frequency plasma power (100 W) is coupled 
inductively to the source that consists of a multiple-turn copper coil wrapped 
around a quartz tube. A resistively heated substrate holder is present in the 
chamber for depositing at elevated substrate temperatures (100-400 °C). TiCl4 
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vapor from a bottle with liquid TiCl4, kept at room temperature, is injected into the 
wall-heated chamber (20-200 °C) using a timed leak valve. TiN films were deposited 
at 400 °C on ~2 nm native-oxide and 1000 nm SiO2-covered c-Si substrates. One 
plasma-assisted ALD cycle typically consisted of 5 s exposure to TiCl4 (3 mTorr), 
followed by 10 s Ar purge, 15 s plasma exposure (10 mTorr H2 and 1 mTorr N2 
partial pressures), and 10 s pump-down of the reactor to base pressure (10-6 Torr).  

The SE measurements were performed after every ten plasma-assisted ALD 
cycles using a J.A. Woollam, Inc. M2000U visible and near-infrared ellipsometer 
(0.7-5.0 eV) at a 68° angle of incidence [6]. The ellipsometry data were analyzed by 
an optical model (see inset Fig. 1) using the Drude-Lorentz parameterization for the 
imaginary part of the dielectric function of TiN [6-8]: 
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In this equation, the Drude term describes the conduction electrons and is 
characterized by the unscreened plasma energy ħωpu and the damping factor ΓD; the 
Lorentz oscillators take interband transitions into account and are characterized by 
their energy position ħω0j, strength fj, and broadening factors γj. The parameter ε∞ is 
a background constant larger than unity. Patsalas and Logothetides have shown 
that Eq. (1) accurately describes ε2 when taking into account two Lorentz oscillators 
[7,8]. A typical plot of the imaginary part of the dielectric function ε2 for the 
plasma-assisted ALD films described in this letter is given in Fig. 1, which shows 
the Drude term at low energies and two Lorentz oscillators at ~3.1 eV and ~5.3 eV, 
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FIG. 1 Imaginary part of the dielectric function ε2 of a TiN film deposited by the  
plasma-assisted ALD process. The Drude term and two Lorentz terms are indicated (dashed 
lines). The dielectric function ε2 for this stoichiometric film is representative for all films 
reported in the Letter. The inset shows a schematic representation of the optical model used, 
the substrate is formed by the combination Si and SiO2 (thermal or native oxide). 
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respectively. This dielectric function is similar to the ones reported for magnetron 
sputtered TiN [7,8]. 

 
 
III. Results and discussion 

Figure 2 shows the TiN film thickness as a function of the number of cycles 
monitored in situ by SE. The thickness increases linearly with the number of cycles, 
as expected for ALD growth. During deposition the TiCl4 dosing was varied between 
5.3×103 L to 23×104 L (1 L = 10-6 Torr·s) and the growth rate was determined from 
the gradient of the thickness as a function of number of cycles. The experiment was 
carried out on a ~20 nm thick TiN film deposited in a previous run. This procedure 
is followed to rule out any influence of the initial growth phase of the film on the 
substrate material (see below). The growth rate as a function of the TiCl4 dosing 
(inset in Fig. 2) is found to be constant (~0.65 Å/cycle) indicating that the dosing is 
adequate enough to saturate the TiCl4 surface coverage of the substrate.  

To determine the influence of the plasma exposure on film growth, the 
plasma exposure time per cycle was varied between 0-120 s, while keeping the 
TiCl4 dosing constant. The growth rate and TiN film properties were determined by 
in situ SE for the different exposure times in one single deposition run. In Fig. 3 the 
variation in growth rate as a function of plasma exposure time is shown and 
compared to growth rate data obtained from separate deposition runs. Both data 
sets are consistent with each other, which indicates the stability of the deposition 
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FIG. 2 Thickness of the TiN film as a function of 
number of cycles as determined with in situ SE. 
The starting surface was a ~20 nm TiN film on 
native-oxide covered Si. As indicated, during this 
deposition three different TiCl4 doses have been 
used. The larger spread in the data at 140 and 
160 cycles is caused by a significantly larger time 
interval between deposition and in situ SE 
measurement. The inset shows the growth rate as 
function of TiCl4 dosing. 

FIG. 3 Growth rate as a function of plasma 
exposure time on native oxide covered Si. 
During the deposition run the plasma 
exposure time was varied and the growth rate 
was determined from the increase in thickness 
per deposition cycle. These values have been 
confirmed by measurements of the growth rate 
in separate depositions. 
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process and the robustness of thickness monitoring with SE. The growth rate 
saturates at higher plasma exposure times, indicating an almost complete surface 
reaction between the plasma-produced radicals and adsorbed TiCl4 precursor.  

An influence of the plasma exposure time on the film properties is the 
variation in [N]/[Ti] ratio from understoichiometric at 5 s to overstoichiometric at  
60 s (see Table I) as determined with Rutherford backscattering (RBS). The hydrogen 
content, determined by elastic recoil detection (ERD), is somewhat higher for the 
long plasma exposure of 60 s, but the value of 4% for the stoichiometric film is 
similar to other plasma-assisted ALD processes [9]. The Cl-impurity content of  
0.2-0.3 at.% is low (even at an overexposure of TiCl4 >106 L) and is comparable to 
other ALD techniques [10,11]. Oxygen, with a concentration of ~1.0 at.%, is mostly 
found in the top part of the film, suggesting postdeposition oxidation of the layer. 
These results on the film composition show that the films deposited can be 
analyzed properly by the optical model for TiN. The root-mean-square roughness 
of 0.45 nm, determined by atomic force microscopy (AFM) for a ~25 nm thick TiN 
film, shows that the films are also sufficiently smooth to omit a surface roughness 
layer in the optical model.  

The thickness of the TiN films deduced from the SE analysis was confirmed 
ex situ by X-ray reflectometry (XRR) and by transmission electron microscope (TEM) 
and scanning electron microscope (SEM) imaging. TEM and SEM micrographs are 
given in Fig. 4, which show a TiN film deposited on a wafer with 20:1 aspect-ratio 
macropores (1.5 μm wide) used as the top electrode part in high-density MOS 
“trench” capacitors. [12,13]. The macropores, created using a Bosch-etch process, 
had large surface roughness and were covered with a SiO2-Si3N4-SiO2 (ONO) 
dielectric stack for the capacitor. A stoichiometric TiN metallic electrode film was 
deposited on top of the ONO stack using plasma-assisted ALD, and was 
subsequently covered by a poly-silicon capping layer. The film thickness predicted 
on the basis of the SE measurements on silicon flats was 35±3 nm, which is fairly 
close to the results from both the TEM and SEM analysis. With SEM the TiN film was 
also analyzed at the bottom of the macropores, which indicated the film 
conformality is reasonable but should be further optimized. 

 
Table I Comparison of the TiN film properties determined with SE and ex situ FPP 
measurements, RBS, and ERD. 

Plasma exposure

time FPP SE [N]/[Ti] [Cl] [H]
(s) (μΩ•cm) (μΩ•cm) (at.%) (at.%)

5 174 137 0.93 0.27 4

15 141 129 1 0.25 4

60 144 134 1.15 0.2 9

Resistivity Composition
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FIG. 4 Micrographs of a ~41 nm thick plasma-assisted ALD TiN film deposited on a  
SiO2-Si3N4-SiO2 stack on top of a Si wafer with 20:1 aspect-ratio macropores (1.5 μm width). 
The TiN film is capped by a chemical vapor deposited poly-Si layer. (a) Cross-sectional TEM, 
(b) SEM image of the top surface, and (c) SEM image of bottom of a macropore. 

 
From the Drude term in the dielectric function ε deduced from the SE 

measurements, the resistivity ρ of the TiN films was determined by using the 
relation ρ = ΓD/(ε0 ωpu

2) [7,8]. As shown in Table I, the resistivity of the  
plasma-assisted ALD TiN films is low compared to other ALD techniques [5,10,11]. 
Table I also gives a comparison between the resistivity found with SE and the 
resistivity determined ex situ by four-point probe (FPP) measurements. A fairly 
good agreement between the two techniques is found while the small difference can 
possibly be attributed to postdeposition oxidation of the TiN top layer before the  
ex situ FPP analysis (as also observed with RBS) and/or to the relatively large 
uncertainty in the FPP measurements due to the small thickness of the films  
(~20 nm). This proves that SE is a very valuable tool for an accurate and non-
invasive determination of the resistivity of very thin ALD deposited TiN films in situ. 

A key benefit of monitoring thickness with in situ SE is the ability to study 
the nucleation phase during initial film growth. As shown in Fig. 5, a region of low 
growth rate can clearly be observed for TiN deposited on thermal SiO2 while such 
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FIG. 5   Initial growth on 1000 nm thermal SiO2 and on a native-oxide covered Si substrate 
monitored by in situ spectroscopic ellipsometry. 

 
nucleation delay is not observed when depositing on native-oxide covered c-Si. 
Similar observations have also been reported by others, for example by Satta et al., 
for TiN using an extensive set of ex situ RBS measurements [14]. In situ SE allows 
the observation of this nucleation delay (attributed to differences in surface 
hydroxyl group coverage on different substrates [14]) in one single deposition run, 
without air exposure and on the substrate material of interest.  

 
 
IV. Conclusions 

We have used in situ spectroscopic ellipsometry as a tool to study the 
plasma-assisted ALD process of TiN films using TiCl4 dosing and H2-N2 plasma 
exposure. We have corroborated the results using different ex situ diagnostics such 
as elastic recoil detection and Rutherford backscattering, SEM and TEM imaging, 
atomic force microscopy, and four-point probe measurements. The in situ 
monitoring of the thickness has shown to be very valuable when optimizing the half 
reactions of the ALD process and for investigating the nucleation process during 
initial film growth. Moreover, it is shown that reliable values of the resistivity of the 
films can be extracted from the SE data, even for very thin films and without air 
exposure. 
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Chapter 3 
 
 
Low Temperature Deposition of TiN by Plasma-Assisted 
Atomic Layer Deposition 
 
 
TiN films were deposited by a plasma-assisted atomic layer deposition process, based on TiCl4 
precursor dosing and remote H2-N2 plasma exposure, at temperatures ranging from 100 to 400 °C. 
The plasma, the plasma-assisted ALD process and the resulting TiN material properties were 
extensively investigated. The plasma was studied by optical emission spectroscopy and Langmuir 
probe revealing an ion density of 109 cm-3 and an electron temperature of 3.5 eV just above the 
substrate. Under floating conditions there is thus a considerable ion flux towards the substrate per 
ALD cycle with a typical ion energy of ~15 eV. TiN film growth was studied by in situ spectroscopic 
ellipsometry revealing self-limiting surface reactions for the complete temperature range. At 100 °C 
the growth rate of 0.3 Å/cycle was found to be significantly lower than the growth rate of 0.6 Å/cycle 
at 400 °C. The stoichiometry of the films varied with the plasma exposure time while the Cl content 
was mostly affected by the deposition temperature (2.1 at.%. at 100 °C to 0.07 at.% at 400 °C). 
Resistivities as low as 71 μΩ·cm were obtained at a temperature of 400 °C while at 100 °C a fair 
resistivity of 209 μΩ·cm was reached. These results show that plasma-assisted ALD with TiCl4 and  
H2-N2 plasma is well suited for low temperature deposition of high-quality TiN films.1 

                                                 
1 Published as: S. B. S. Heil, E. Langereis, F. Roozeboom, M. C. M. van de Sanden, and W. M. M. Kessels, 

J. Electrochem. Soc. 153, G956 (2005). 
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I. Introduction 
The unique material properties of titanium nitride (TiN) such as high thermal 

stability, chemical inertness and low electrical resistivity make it a widely studied 
material in the semiconductor industry. TiN has been studied for applications such 
as copper diffusion barrier in interconnect technology [1-3], as protective layer 
during tungsten chemical vapor deposition (CVD) in contact holes, and as gate 
metal for dynamic random access memory (DRAM) capacitor devices and 
complementary metal-oxide-semiconductor (CMOS) transistors [4-6]. At present, 
some of these applications pose stricter demands on the deposition temperatures 
while the requirements on the step coverage keep increasing with the continuous 
trend towards higher aspect ratio structures with every technology node.  

Atomic layer deposition (ALD) is a very promising thin-film process 
technology to meet these requirements. ALD is a CVD-like process which is based 
on the alternating exposure of the substrate surface to different deposition 
precursors. To avoid direct reaction between the precursors as in conventional CVD, 
the dosing steps in an ALD cycle are intermitted by purge steps. The precursors 
have a selective reactivity to certain surface groups such that the deposition 
chemistry is limited to the first monolayer of the substrate surface resulting in at 
maximum one atomic layer being deposited per cycle. The chemistry is such that 
the second precursor is reactive to the surface groups created by the first precursor 
and vice versa. The selective chemistry at temperatures below the  
(self-)decomposition temperatures of the precursors, as well as the self-limiting 
surface reactions during separated precursor steps, allow the ALD deposition 
process to take place with excellent step coverage and at substrate temperatures of 
typically 400 ºC or lower.  

Currently, for atomic layer deposition of TiN, the best material properties are 
obtained using TiCl4 and NH3 as precursors. With this process, low resistivity films 
and a perfect step coverage have been obtained in high aspect ratio (10:1) 
structures at a deposition temperature between 350 and 400 °C [7]. For lower 
temperatures, however, the formation of ammonium chloride (NH4Cl) by HCl and 
NH3 during the precursor step, which sticks to the surface, is suggested to be the 
main cause for the inclusion of higher amount of Cl impurities in the film [8]. 
Unfortunately, a high Cl impurity content is known to deteriorate the long-term 
reliability of devices [9].   

To enable deposition at low temperatures, the use of plasma produced 
radical species for halide abstraction in the ALD process provides a good alternative 
[10]. In such so-called plasma-assisted ALD processes, the use of a plasma recently 
been reported to provide films with excellent material properties at deposition 
temperatures around 400 °C [11,12]. For TiN, the investigations have mainly been 
confined to substrate temperatures between 300 and 400 °C [11,12], although 
some studies have also indicated that a plasma-assisted ALD process should also 
be possible for temperatures down to 100 °C [13,14]. Besides the production of 
radicals, a plasma-based process has also the unique property that the substrate is 
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exposed to a considerable ion flux. The influence of these ions on the film 
properties has not yet systematically been addressed although it might be 
significant, depending on the plasma configuration, i.e., remote or direct, used. 
Furthermore, the light emitted by the plasma allows for an additional way of 
studying the ALD process via optical emission spectroscopy. 

Although still a metal-halide based process, the low deposition temperature 
in plasma-assisted ALD allows for a broader range of applications of the TiN films. 
For example, if by depositing below 250 °C the CuCl formation and resulting Cu 
pitting could be sufficiently suppressed [8]. When a low Cl contamination is 
tolerated, plasma-assisted ALD TiN might, therefore, find applications in rapidly 
emerging fields such as sensor and microsystem technology as well in the field of 
3D-integration of integrated circuits [15,16]. In 3D-integration passive and active 
components are integrated in stacked die structures used in so-called “system-in-
package” devices. An example of integrated passive components are high-density 
“trench” capacitors created on chip in an array of holes with high aspect ratios 
covered by a dielectric gate stack and a metal electrode [17]. Recently, we explored 
the applicability of a plasma-assisted ALD TiN process to deposit a TiN electrode 
conformally on this feature to replace the current poly-Si electrode material 
(deposited by LPCVD at 600 °C) with the ultimate goal of increasing the capacitance 
per area and reducing the size of the component [18]. Furthermore, the TiN film can 
also serve as a reasonable Cu diffusion barrier and Cu plating base for fine 
through-wafer vias for creating the 3D interconnects. It is foreseen that for these 
applications, the TiN films can be deposited in a single process on a wafer with both 
blind vias and through-wafer vias. 

For the implementation of plasma-assisted ALD processes, both film quality 
and conformality are important issues. As a first step, we will address in this paper 
the first issue, i.e., a full investigation of the film properties obtained within the 
temperature range of 100 to 400 °C is presented for depositions on flat substrate 
surfaces. Besides that, also the plasma properties and the plasma-assisted ALD 
process conditions (precursor dosing, plasma exposure, and purge times) will be 
addressed in detail. The resulting TiN film properties from the plasma-assisted ALD 
process are compared with those obtained by other ALD processes and the role of 
the plasma will be discussed. The step coverage will be addressed when specific 
applications of the TiN films are investigated and the optimum process conditions 
have been assessed on the basis of the current work. 
 
 
II. Experimental  
 
Plasma-assisted ALD reactor 

A schematic overview of the plasma-assisted ALD reactor is given in Fig. 1. 
The homebuilt deposition system consists of a remote inductively coupled plasma 
source (ICP), a stainless steel deposition chamber, a precursor dosing system, and a  
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FIG. 1 Schematic of (a) the plasma-assisted atomic layer deposition (plasma-assisted ALD) 
reactor and (b) representation of a plasma-assisted ALD cycle for TiN deposition. 

 
pump unit. The plasma source and pump unit are connected to the deposition 
chamber through gate valves. 

The plasma source consists of a multiple-turn copper coil wrapped around a 
6 cm diameter quartz tube. The source is powered by a function generator at  
13.56 MHz and a broadband amplifier providing a plasma power of up to 100 W. 
The impedance is matched to the source by a manual matching unit consisting of 
two parallel placed vacuum capacitors in a Pi-network configuration. A H2-N2 gas 
mixture (>99.999% purity) with typically a 10:1 mixing ratio is fed into the ICP 
source using leak valves. The plasma source operates at a pressure of typically  
7.5 mTorr and the plasma expands through a 100 mm heated gate valve into the 
deposition chamber.  

Substrates are loaded on a stainless steel substrate holder present at a 
distance of 30 cm from the plasma source. The temperature of the 2-inch diameter 
substrate holder is actively controlled by a resistive heater and a thermocouple. A 
clamping ring is positioned on top of the substrate to improve the thermal contact 
with the substrate holder. The substrate holder is electrically insulated to allow low 
voltage substrate biasing. 

TiCl4 precursor (Sigma-Aldrich, ≥99.0% purity) is evaporated at room 
temperature from a bubbler containing liquid TiCl4 and trapped in a fixed volume 
(0.25 cm3) in between two gas valves. The TiCl4 is subsequently injected into the 
chamber by releasing this trapped volume into the chamber resulting in a working 
pressure in the chamber of typically 2.5 mTorr. During the precursor step the gate 
valves between the chamber and the pump and between the chamber and the 
plasma source are closed. The latter prevents TiN deposition in the plasma source.  

The chamber is pumped by a combination of a turbo molecular pump  
(250 l/s) and a rotary pump (5 m3/h). A chamber base pressure of ~10-6 Torr is 
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reached by overnight pumping. The turbo molecular pump is continuously purged 
with N2 to prevent severe corrosion by the precursor and reaction byproducts such 
as HCl. To reduce precursor condensation, the chamber walls, the gate valves, the 
precursor supply line, and the exhaust line from the turbo pump to the backing 
pump are all heated up to a temperature of ~70 °C. 

The plasma-assisted ALD process is fully automated using National 
Instruments compact Fieldpoint programmable automation controllers (PACs) and 
National Instruments Labview software. The plasma-assisted ALD process cycle 
used for TiN deposition is shown in Fig. 1(b). Starting with all gate valves closed the 
substrate is exposed to TiCl4 by releasing the trapped volume into the reactor. The 
excess amount of precursor is diluted with Ar just before opening the valve to the 
pumps. Afterwards, an additional purge with Ar followed by another pump-down is 
implemented to effectively pump out the TiCl4 and the reaction products. The valve 
to the plasma source is opened and the flow of H2 and N2 is started. Once the 
pressure is stabilized the source is switched on and the substrate is exposed to the 
plasma. This is followed by a pump-down of the reactor to base pressure in 
preparation of the next plasma-assisted ALD cycle. An overview of process 
conditions are listed in Table I, including the typical base values and the range of 
the parameters studied. 

The setup is equipped with several view ports for in situ studies such as 
spectroscopic ellipsometry to monitor film growth, and optical emission 
spectroscopy and laser spectroscopy to study the plasma species. During 
deposition the view ports are protected by gate valves (25 mm diameter). 
Furthermore, other plasma characterization tools such as a Langmuir probe for 
electron and ion density and electron temperature measurements and mass 
spectrometry for studying precursor species and reaction products can be fitted to 
the reactor.  
 

 
Table I. Typical operating settings for plasma-assisted ALD of TiN films and the range in 
which the settings were varied during the experiments. 

base value range studied

precursor pressure (mTorr) 2.5 -

H2 pressure (mTorr) 7.5 5-25

ratio N2/H2 0.1 0-1

rf plasma power (W) 100 60-100

deposition temperature (°C) 400 100-400

precursor dosing (s) 5 1-15

plasma exposure (s) 15 2-120

purge (s) 5 0-60
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Plasma diagnostics  
In the present work the plasma was studied by optical emission spectroscopy 

(OES) using an Ocean Optics USB2000 spectrometer with a wavelength detection 
range of 250-870 nm and a resolution of approximately 1 nm.  The light emission 
from the plasma was measured both at the plasma source region as well as 
downstream near the substrate holder. At the plasma source the emission was 
collected by an optical fiber connected to the spectrometer. To image the emission 
coming from just above the substrate holder on the entrance of the optical fiber, a 
one inch diameter, f=16 cm focal length lens was used in 2f-2f configuration. 
Spectra were taken at different plasma powers, pressures, and H2-N2 mixture ratios. 
Typical integration times were 20 ms for the emission from the plasma source and 
200 ms for the downstream region.  

Langmuir probe measurements were carried out simultaneously with the OES 
measurements at a position just above the substrate holder. The homebuilt double 
Langmuir probe consists of two 11 mm long tungsten wires, approximately 5 mm 
from each other apart. The wires were connected to a Keithley 2400 Sourcemeter 
which served both as voltage source and as current meter. Typically the applied 
voltage was varied from -50 V to +50 V. From the Langmuir probe data the electron 
and ion density and the electron temperature were determined using the method 
described by Peterson and Talbot [19]. 
 
TiN deposition and film characterization 

The TiN films were deposited on p-type Si wafer substrates (10-30 Ω·cm) at 
deposition temperatures between 100 and 400 ºC. Unless mentioned otherwise, the 
silicon substrates did not undergo additional cleaning steps and were covered with 
a 1-2 nm native oxide layer. The film growth was monitored in situ using a  
J.A. Woollam, Inc. M2000U visible and near-infrared spectroscopic ellipsometer  
(SE, 0.75-5.0 eV) mounted on the chamber at a 68º angle of incidence with respect 
to the substrate normal. After every ten completed ALD cycles SE data were 
acquired by averaging over 500 complete SE spectra. The measurement time was 
approximately one minute. The SE data were analyzed by an optical two-layer 
model in which the dielectric function of TiN was parameterized by the  
Drude-Lorentz formalism [20]. Besides yielding information on thickness, the SE 
analysis also gave insight into material properties such as the electrical resistivity. 
The method for analysis of the SE data is discussed extensively in separate 
publications [21,22].  

The film composition was determined by Rutherford backscattering 
spectrometry (RBS) for the Ti, N, Cl, and O content. Elastic recoil detection (ERD) was 
used for determining the H content. A 2 MeV 4He+ beam was targeted at the surface 
at two different angles (-80º and -10º) for every sample to get improved sensitivity 
for both the heavy and light elements, while it also allowed for depth profiling of 
the TiN layer. The RBS and ERD data were modeled using the RUMP program [23].  

The microstructure of the films was studied by X-ray diffraction using a 
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Philips X’Pert MPD diffractometer equipped with a Cu Kα source (1.54 Å radiation). 
To reduce the measurement time a Philips X’Celerator detector was used and to 
increase the surface sensitivity the measurements were performed under grazing 
angle of incidence. For thickness and mass density determination X-ray 
reflectometry measurements were performed on a Bruker D8 Advance X-ray 
diffractometer. 

The surface roughness of the TiN film was determined by atomic force 
microscopy (AFM) using a NT-MDT Solver P47 SPM in non-contact mode using 
NSG11 TiN covered cantilevers with curvatures below 10 nm. Two scan sizes were 
used, 1×1 μm2 and 2×2 μm2, with 512 sample points in both x and y directions and 
a scan velocity of 1 Hz. From the scans the RMS roughness was extracted by 
determining the saturation value of the RMS roughness with increasing scanned 
area size. 

Ex situ resistivity measurements were carried out at room temperature using 
a Signatone four point probe in combination with a Keithley 2400 Sourcemeter 
acting both as current source and as a voltage meter. The resistivity was 
determined from the slope of the I-V curve.  

 
 
III. Plasma studies 

In the plasma, H and N radicals, as well as other reactive species such as 
excited N2 and possibly NHx radicals are created that can contribute to the surface 
chemistry. While generally not abundant, also electrons and ions are present and 
the subsequent surface ion bombardment, which is caused by acceleration of the 
ions towards the substrate caused by the self-bias voltage over the plasma sheath, 
can provide additional energy for surface reactions to take place. It can lead to 
substrate modification, but can also contribute in improving the film density. An 
investigation of the plasma characteristics is therefore imperative. Both in the 
source as well as in the downstream deposition region the emission of the plasma is 
studied using optical emission spectroscopy. The electrical properties of the plasma 
in the downstream region have been studied by Langmuir probe measurements.  

Although the information obtained from optical emission spectroscopy is 
limited because it relies on excitation processes and radiative transitions, it can give 
qualitative insight into the (radical) species produced in the plasma and their 
relative densities under different plasma settings. Emission spectra were measured 
of an H2 plasma, a H2-N2 (10:1) mixture plasma, and a H2-N2 (1:1) mixture plasma 
at the position of the plasma source (cf. Fig. 2(a)). In the hydrogen plasma the 
atomic hydrogen emission from the Balmer series, Hα (656.5 nm) and Hβ (485.6 nm) 
indicates the presence of H radicals. Molecular hydrogen emission from the  
d3Πu  a3Σg+ transition, the so-called Fulcher bands (590-640 nm), is observed 
indicating excited H2. In the H2-N2 mixture plasmas, the N2 emission from the first 
positive system B3Π  A3Π (500-1050 nm) and second positive system C3Π  B3Π 
(280-500 nm) is observed. The excitation of N, however, depends mainly on  



 48

 

In
te

ns
ity

 (a
.u

.)
In

te
ns

ity
 (a

.u
.)

In
te

ns
ity

 (a
.u

.)

0 5 10 15 20 25 30
0

100

200

300

400

500

600
(c)

 

 

Pressure (mTorr)

 H
α

 H
β

 N2 B A
 N2 C B

300 400 500 600 700 800
0

1000

2000

3000
(b) 1. Downstream (x2)

2. Plasma Source

 

 

Wavelength (nm)

1.

2.

300 400 500 600 700 800
0

2500

5000

7500

10000

1.

2.

1. pure H2

2. H2 : N2  = 10:1
3. H2 : N2  = 1:1

H2 Fulcher

H
β

N2 B → A

 

 

Wavelength (nm)

N2 C → B

H
α

3.

(a)

 
 

 
FIG. 2 Emission spectra recorded in (a) the plasma source region for a plasma generated in 
pure H2, a H2-N2 (10:1) mixture and a H2-N2 (1:1) mixture. (b) Spectra recorded in the plasma 
source and downstream region near the substrate holder for a H2:N2 ratio of 10:1. The 
spectrum in the downstream region is multiplied by a factor of two and the spectra are shifted 
vertically for clarity. c) Trends of selected peaks as a function of the pressure in the 
downstream region for a plasma of a 1:1 H2-N2 mixture. The H2 partial pressure is 11 mTorr. 
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collisions with electrons and due to the high excitation energy involved, N emission 
is therefore normally not observed. But this does not exclude the possibility that a 
large amount of N radicals can still be present. The N2 emission becomes clearly 
dominant when adding more N2. The absolute intensity of the H emission appears 
to become lower with increasing H2:N2 ratio.  

In Fig. 2(b) a comparison is made between the emission coming from the 
plasma source and the emission in the downstream region at the position of the 
substrate holder for a (10:1) H2-N2 mixture. Apparently emission is still observed at  
a distance of 30 cm from the plasma source although the intensity has clearly 
diminished. It can be clearly seen that the N2 emission becomes relatively more 
dominant in the spectrum downstream compared to the Balmer lines. 
Recombination of H at the chamber surfaces can be a possible cause for this. Since 
the relative intensity of the Hα and Hβ lines does not change we can assume that the 
electron temperature remains roughly the same as the excitation of hydrogen takes 
mainly place by electron collisions from the ground state.  

To monitor the diffusion of the plasma from the source, the absolute 
intensity of several peaks was measured downstream in a H2-N2 (10:1) mixture 
plasma for different pressures (cf. Fig. 2(c)). For N2 the v’-v’’ = 5-2 (670.4 nm) peak 
in the first positive system (B-A) and the v’-v’’ = 0-0 (337.1 nm) peak for the 
second positive system (C-B) were monitored. For hydrogen, Hα and Hβ were 
monitored. The intensity decrease with increasing pressure suggests the plasma 
generation is more confined to the source region. An increase in emission in the 
source region is observed at higher pressures. Since all peaks have roughly the 
same rate of decrease, we can assume that the plasma chemistry and composition 
remains similar when going to higher pressures.  

For the H2-N2 (10:1) mixture plasma, which is used in most of the 
depositions reported, an electron and ion density of ~109 cm-3 was measured for 
various pressures and plasma powers just above the substrate holder as shown in 
Fig. 3(a). Despite the remote character of the plasma, this is a considerable electron 
density in the downstream region which is caused by the low operating pressure. 
The decrease in electron density at higher pressures again confirms that the plasma 
is more confined to the source region and diffuses less downstream as also 
indicated by the decrease in optical emission intensity. Using the dimensions of the 
probe we estimated the ion flux towards the substrate, under the typical plasma 
conditions used for deposition, to be ~2.5×1014 cm-2s-1. When integrated over the 
total plasma exposure time the number of ions arriving at the surface is thus of 
similar magnitude to the number of deposited molecules and therefore their 
contribution to the deposition process can be significant.  

The electron temperature ranges from ~3.7 to 2.7 eV and decreases with 
increasing pressure as typically expected from the reduced loss of electrons and 
ions by diffusion (cf. Fig. 3(b)). At the typical operating pressure of 7.5 mTorr the 
electron temperature is 3.5 eV. This high electron temperature has the important 
consequence that the plasma in the downstream region can still be considered as 
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an active plasma and not just as an afterglow. In this active plasma electron induced 
ionization and dissociation reactions still take place as also suggested by the fact 
that the downstream zone still yields plasma emission of highly excited species 
such as Hα. 

From the electron temperature the resulting ion bombardment energy under 
these low pressure conditions (i.e., no collisions in the plasma sheath) can be 
estimated using [24]: 
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with Vp the plasma potential, Vf the wall potential, Te the electron temperature in eV, 
mion the ion mass, and me the electron mass. For H+, N+, and N2+ ions this leads to 
typical ion energies of 12, 16, and 18 eV, respectively. This means that that the 
average energy of the ions bombarding the sample is roughly 15 eV, independent 
of the source power and slightly dependent on the pressure for the pressure range 
studied. 
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FIG. 3 The (a) electron density and (b) electron temperature as a function of pressure for 
various plasma powers in a H2-N2 (10:1) mixture plasma. 
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IV. TiN Film Growth and Properties 
 
TiN films were deposited using different process conditions, such as plasma 

exposure time and deposition temperature. Together with the resulting film 
properties such as film composition, thickness and resistivity, these process 
conditions are summarized in Table II. First we will address the variation of the 
plasma-assisted ALD process parameters and their effect on film growth. Secondly, 
the elemental composition of the films will be presented. Finally, the structural and 
electrical properties at different film thicknesses and deposition conditions will be 
addressed. 
 
Variation of plasma-assisted ALD process parameters: growth rate 

To investigate whether the deposition process exhibits the ALD 
characteristics of self-limiting growth during the dosing steps, we varied three 
process parameters: the precursor dosing step, the plasma exposure step, and the 
intermediate purge step. One parameter was varied while the other two were kept 
constant. The film thickness was monitored in situ by spectroscopic ellipsometry to 
determine the growth rate.  

For the precursor dosing variation the Ar purge time was set to 5 s, the 
plasma exposure time was set to 30 s, the deposition temperature was 400 °C. The 
precursor dosing was varied between 1 and 15 s. Figure 4(a) shows that the growth 
rate becomes constant, ~0.6 Å/cycle, for a precursor dosing time longer than 2 s, 
indicating a complete saturation of the surface by TiCl4.  

A similar experiment was done for the plasma exposure time, the precursor 
dosing was set to 5 s and the plasma exposure time was varied. The results are 
shown in Fig. 4(b). For plasma exposure times larger than 15 s the growth rate. 
 

Table II TiN film composition and properties as obtained at different plasma exposure times and 
at different deposition temperatures.  The film composition is determined by the combination of 
RBS and ERD measurements. The thickness and deposition rate were determined by in situ 
spectroscopic ellipsometry, the resistivity by four point probe measurements, the roughness by 
atomic force microscopy, and the density was determined by X-ray reflectometry. 

Tdep Plasma Dep.rate [N]/[Ti] [Cl] [O] [H] Thickness Resistivity Roughness Density
(°C) (s) (Å/cycle) (at.%) (at.%) (at.%) (nm) (μΩ•cm) (nm) (g cm-3)

Plasma exposure variation
400 5 0.50 0.93 0.27 6.3 4 21.8 174 - -
400 15 0.55 1 0.25 1.6 4 27.1 141 - -
400 60 0.61 1.15 0.2 2.5 9 15.4 144 - -

Temperature variation
400 15 0.62 1 0.26 1.7 - 13.6 141 0.5 -
300 15 0.36 1.09 0.42 2.8 - 10.8 142 0.2 -
200 15 0.27 1.04 0.96 1.4 - 8.4 213 0.1 -
100 15 0.26 1 6.7 4.4 - 7.7 604 0.1 -

>45 nm samples
400 15 0.50 1 0.07 1.8 3 65.5 71 0.4 4.8
100 30 0.26 1.09 2.1 2.6 16 48.2 209 1.8 3.9

Film Composition Film PropertiesDeposition Conditions
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becomes constant indicating a saturated removal of the chlorine by the plasma 
produced radicals.  Both experiments indicate this plasma-assisted ALD process 
exhibits the ALD principle of self-limiting growth under these deposition 
conditions. 

We also varied the influence of the Ar purge time to fully exclude CVD-like 
growth processes that might occur due to the presence of residual TiCl4 during the 
plasma step. Such processes could increase the growth rate, but normally take 
place at the cost of lower quality films at the substrate temperatures used. The 
precursor dosing time was set to 5 s and the plasma exposure time was set to 15 s. 
As shown in Fig. 4c, the Ar purge time has no influence on the growth rate. This 
shows that the dilution of the precursor by Ar at the end of the precursor dosing 
(employed to improve the lifetime of the pumps), is already sufficient to effectively 
remove TiCl4 from the chamber. In the following experiments, an Ar purge of 5 s is 
included in the cycle but, if desired, this step can be omitted to shorten the cycle 
time.  

To investigate whether the deposition process remains true ALD at low 
deposition temperatures, the same experiments were also performed at 100 °C. The 
process exhibited the same properties with a saturated growth rate of ~0.3 Å/cycle. 
This growth rate is significantly lower than the ~0.6 Å/cycle obtained at 400 °C. 
When investigating the temperature dependence of the growth rate as shown in Fig. 
5, it turned out that the growth rate decreased drastically with decreasing 
temperature with the largest drop when going from 400 to 300 °C. The growth rate 
at 400 °C is relatively high, but comparable high growth rates for thermal and 
plasma-assisted ALD of TiN have been reported previously [7,25]. 
 
Film composition 

The stochiometry and composition of the films were studied by Rutherford 
backscattering spectrometry (RBS) of which a typical spectrum is shown in Fig. 6. 
For all RBS measurements, it was found that the N peak in the spectrum was slightly 
broader than expected on the basis of the width of the Ti peak which indicates the 
presence of nitrogen in the underlying substrate. Apparently, during the  
plasma-assisted ALD process of TiN nitrogen is incorporated into the native oxide 
covered Si substrate forming a ~2-3 nm SiOxNy interface layer underneath the TiN 
film. The nitridation of the substrate takes place during the initial growth in the first 
~40 cycles as revealed by spectroscopic ellipsometry and is addressed in a separate 
publication [22]. The double peak of Cl in the RBS spectrum indicates a relatively 
high Cl concentration on the buried interface between the TiN and SiOxNy layer and 
on the top surface. Oxygen was found mostly in the top part of the film. The double 
oxygen peak in Fig. 6 is the result of the native oxide covered silicon substrate and 
the surface oxidation of the TiN. 

With this knowledge, a 3-stack model was used to determine the TiN film 
composition from the RBS measurements. The model is shown in the inset in Fig. 6. 
A SiOxNy layer is modeled at the buried interface between the Si substrate and the  
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FIG. 4 Growth rate per cycle as a function of (a) the TiCl4 precursor dosing, (b) the H2-N2 
plasma exposure time, and (c) the Ar purge time in between the precursor and the plasma 
step. Other deposition conditions were kept constant at their base values (cf. Table I). Data are 
given for a substrate temperature of 100 and 400 °C. The lines serve as guides to the eyes. 
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TiN bulk layer and a TiO2 layer is modeled on the surface of the TiN film. In all three 
layers Cl and O impurities were included. Hydrogen was assumed to be 
homogenously distributed throughout the film. The composition of the films listed 
in Table II and addressed below refers to the middle part of this model, i.e., the TiN 
bulk layer.  

For the plasma exposure time variation, the stoichiometry ([N]/[Ti] ratio) of 
the film was found to change from Ti-rich at low plasma exposures ([N]/[Ti] = 0.93 
at 5 s) to N-rich at long plasma exposures ([N]/[Ti] = 1.15 at 60 s). For a plasma 
exposure time of 15 s, stochiometric films with a [N]/[Ti] ratio of 1.0 were obtained. 
When increasing the plasma exposure time from 5 s to 60 s, the Cl content 
decreased from 0.3 to 0.2 at.% and the H content, measured by elastic recoil 
detection, increased from 4 to 9 at.%.  

The deposition temperature was varied between 100 and 400 °C for a plasma 
exposure time of 15 s.  The films were found to be somewhat N-rich for deposition 
temperatures of 200 and 300 ºC. More important is the amount of impurities in the 
films. At a deposition temperature of 100 °C the Cl impurity content in the film is as 
high as ~7 at.% (cf. Fig. 7). This Cl content drops however drastically when going to 
temperatures above 200 ºC. At 400 °C a Cl impurity content of ~0.3 at.% is 
obtained. The O impurity content of the film is ~2 at.% and does not show a clear 
trend with temperature. The diffusion of oxygen from the ambient into the film is 
suggested to be the main source for O impurities.  

The impurity content of the films was found to depend strongly on the film 
thickness and the best results were found in thicker (>45 nm) films as shown in 
Table II. These films were deposited onto H-terminated Si substrates, prepared by 
dipping the substrate in a diluted HF solution (1 min.) and rinsing it with de-ionized  
water. At a substrate temperature of 100 °C, a Cl content of 2.1 at.% was obtained  
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FIG. 5 Growth rate per cycle as a function of deposition temperature as determined by in situ 
spectroscopic ellipsometry (SE). 
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FIG. 6 Rutherford backscattering (RBS) spectrum 
of a 11 nm TiN film deposited on a Si substrate. 
The inset shows the stacked-layer model which 
was used for fitting the RBS spectrum. 

FIG. 7 Chlorine and oxygen impurity contents in 
the TiN films, expressed in atomic percentages, 
as a function of deposition temperature.  

 
 

for a 45 nm thick film when using a longer plasma exposure time of 30s. At a 
deposition temperature of 400 °C the Cl content in the layer was even found to 
decrease to 0.07 at.%, which is close to the detection limit of RBS. The H content of 
the films increases at lower substrate temperatures and longer plasma exposure 
times and was as high as 16 at.% for the 45 nm thick film deposited at 100 ºC.  
 
Structural properties 

Insight into the structural properties of the plasma-assisted ALD TiN films 
was obtained from XRD and AFM measurements yielding the microstructure and 
morphology of the films, respectively. The density of the films was calculated from 
a fit of XRR data. 

The microstructure of the films was studied for films with a thickness larger 
than 45 nm. The XRD spectra in Fig. 8(a) shows a clear difference in microstructure 
between TiN films deposited at 100 °C and at 400 °C. Although both films are 
polycrystalline, a (200) preferential growth direction is found for 400 °C whereas the 
100 ºC film is merely randomly oriented. For the film deposited at 100 °C the grain 
size was determined in both in lateral and parallel direction to the substrate normal 
by measuring an XRD spectrum at different angles. In Fig. 8(b) the coherence length 
calculated from the width of the peaks using Scherrer’s equation is shown as a 
function of the angle. The grain size could be determined for this sample assuming 
an elliptical shape of the grains. The width (defined lateral to the surface) and the 
length (defined parallel to substrate normal) of the grains in this 45 nm thick film 
were found to be ~6 nm and ~10 nm, respectively. Besides the grain size also the 
orientation of the grains was determined by making a so-called polar plot with the 
XRD. It was found that the film has a textured structure with (200) being the  
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FIG. 8 (a) Microstructure of TiN films deposited at 100 °C and 400 °C as determined with 
grazing incidence X-ray diffraction (XRD). The different diffraction peaks for TiN are assigned 
in the figure. The other peaks originate from the crystalline silicon substrate (b) Coherence 
length calculated from the width of the (111) and (200) diffraction peaks at different tilt angles 
using Scherrer’s equation. The average is fitted by an ellipse model to determine the 
perpendicular and lateral grain dimensions. 

 
preferred crystallographic orientation, i.e., there is a preference for the (200) axis of 
orientation to be parallel with the direction of the substrate normal. These 
structural properties can have influences on both conductivity and the barrier 
properties of the TiN. Diffusion along grain boundaries is suggested to be one of 
main causes for diffusion barrier failure. 

The density of the TiN films is also significantly affected by the deposition 
temperature, for 100 °C and 400 °C the film density was 3.7 g cm-3 and 4.8 g cm-3, 
respectively. This difference in density can be partly attributed to the increase in 
hydrogen content from 3 at.% at 400 °C to 16 at.% at 100 °C. Others have reported 
densities as low as 3.5 g cm-3 for films deposited in the same temperature range by 
metal-organic ALD [26] and most chemical deposition techniques report density 
values significantly lower than the TiN bulk density of 5.43 g cm-3. The density 
obtained by plasma-assisted ALD could possibly be enhanced by using additional  
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FIG. 9 Root-mean-square (RMS) roughness as determined with atomic force microscopy for 
TiN films deposited on native oxide covered substrates. 

 
ion bombardment, for example by external biasing of the substrate holder. 

A plot of the surface roughness as a function of the deposition temperature 
is given in Fig. 9. The measured roughness of 0.1 nm for the low temperature 
samples is close to the detection limit of this AFM and close to the surface 
roughness of the substrate surface prior to deposition. From the figure, the 
roughness seems to increase with the substrate temperature. However, the samples 
were deposited using the same number of cycles and since the growth rate varies 
with temperature the thickness of the films varies from 6 to 12 nm.  When 
comparing the roughness data for thin and thick films as given in Table II, it turns 
out that the roughness of the 100 ºC samples increases considerably with film 
thickness. The roughness of the 400 ºC sample seems to remain constant at the 
same value as for the 12 nm thickness. No significant differences in surface 
roughness for films deposited on native oxide covered silicon and HF last silicon 
substrates were observed. 
 
Electrical properties 

The resistivity of the thin films (6-12 nm) was determined in situ by 
modeling the spectroscopic ellipsometry data with the Drude-Lorentz oscillator 
parameterization [21].  The resistivity values were corrected to their room 
temperature values using the intrinsic temperature dependence of the TiN 
determined in a calibration measurement. The resistivity was also determined  
ex situ from four point probe measurements. The results are shown in Fig. 10. For 
deposition temperatures of 200 °C and higher both methods are in good 
agreement. At 100 °C, a resistivity of 310 μΩ·cm is obtained from the Drude term 
in the ellipsometry model prior to exposure of the sample to the ambient and this 
value is significantly lower than the four point probe value. This difference can  



 58

 

100 200 300 400
0

100

200

300

400

500

600

700

800
 ex situ FPP
 in situ SE

 

 

R
es

is
tiv

ity
 (μ

Ω
·c

m
)

Deposition temperature (°C)
 

 
FIG. 10 Resistivity of the TiN films as a function of deposition temperature as determined in 
situ by spectroscopic ellipsometry (SE) and ex situ by four point probe (FPP) measurements. 
The values obtained in situ have been corrected to represent room temperature values using 
the intrinsic temperature dependence of the resistivity of the TiN films. 

 
partly be attributed to post oxidation of the 6 nm film as seen from the RBS 
analysis. Additionally, other impurities such as Cl and H as well as the 
microstructure will have an influence on the resistivity as well. It is clearly observed 
that the resistivity of the TiN films increases when also the Cl content increases. 
Also the non-stoichiometric films appear to have a somewhat higher resistivity as 
has also been observed for sputtered TiN Films [27]. The best resisitivity values 
were obtained for the thick films (>45 nm, using the 4-point probe): 209 μΩ·cm 
and 71 μΩ·cm at deposition temperatures of 100 °C and 400 °C, respectively. 
 
 
V. Discussion 

In this section, we will discuss the plasma-assisted ALD TiN process and 
compare it to other ALD and plasma-assisted ALD processes for TiN deposition as 
reported in the literature. An overview of these processes is given in Table III in 
which the results on growth rate per cycle, impurity content, resistivity and 
morphology of the films are summarized. 

Although similar values have been reported by others [7], the deposition rate 
at 400 °C is higher than often reported for ALD and plasma-assisted ALD of TiN. We 
attribute this difference to the strong temperature dependence of the growth rate 
per cycle. The growth rate increases sharply between 350 and 400 °C, where most 
experiments are conducted. A slight difference in the setpoint temperature or actual 
temperature of the wafer could explain the differences in literature values. The heat 
load coming from the impinging ions during the plasma step, ~6×10-4 Ω⋅cm-2, can 
be considered negligible compared to heating provided by the substrate heater. The 
reason why the deposition rate increases with deposition temperature is not yet well 
understood. Possible causes are suggested to be the removal process of surface Cl 
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being thermally activated, but this is not supported by data presented by Kim et al. 
[13], and the nature or reactivity of the surface species (NHx) created after the 
plasma step varying with temperature. In this work it is however clearly established 
that both at 100 and 400 °C the growth process is purely ALD.  

It was also established that the investigated plasma-assisted ALD process 
yields good material properties at high temperatures (at 400 °C) in terms of a low 
impurity content (0.07 at.% Cl) and low resistivity (71 μΩ·cm). These results are 
among the best reported for an ALD process of TiN [7,28]. Only a TiCl4 + Zn and 
NH3 process gave slightly better results, but that process is not compatible with 
current Si wafer technology [29]. TiI4 was tried as an alternative metal-halide source 
for Ti in combination with NH3 and although it resulted in a lower inclusion of 
halide impurities, the growth rate was low at 400 °C [30]. In an attempt to lower Cl 
impurities, different sources for nitrogen have also been studied for the thermal 
metal-halide ALD process, such as allylamine and butylamine [31], or 
dimethylhydrazine [32]. Yet they did not yield better material properties and 
generally led to lower growth rates.  

We showed that with the assistance of a plasma step, TiN films can be 
deposited with reasonably good material properties at low temperatures. The best 
values at a deposition temperature of 100 °C were found for a relatively thick TiN 
film of 45 nm. A reasonable low Cl impurity content of 2.1 at.% and a low resistivity  
 

Table III Overview of TiN properties obtained by different ALD processes as reported in the 
literature and as obtained in this work (MH = metal-halide; MO = metal-organic). The films are 
mostly polycrystalline, weakly crystalline refers to the presence of a large amorphous fraction in 
the film. 

Precursors Tdep Growth rate C-content Cl-content Resistivity Morphology Reference

°C Å/cycle at.% at.% μΩ•cm

Thermal MH-ALD TiCl4 + NH3 400 0.6 - 0.4 440 crystalline [7]

TiCl4 + NH3 350 0.4 - 2.5 350 crystalline [28]

TiI4 + NH3 400 0.12 - 0.5 380 crystalline [29]

TiCl4 + Zn + NH3 500 0.2 - 0.01-0.04 50 crystalline [30]

TiCl4 + CH3=CHCH2NH 
(allylamine)

400 0.15 <1 7 360 weakly crystalline [31]

TiCl4 + (CH3)3CNH2 

(butylamine)
400 0.03 9 1.4 310 weakly crystalline [31]

200 0.11 - 23 >3000 amorphous [32]
400 0.26 - 2 650 crystalline [32]

MO-ALD TDMAT + NH3 200 5 25 - 600 amorphous [26]

200 1 20 - 1000 amorphous [26]
200 5 <4 - - - [33]

Plasma MH-ALD TiCl4 + Ar/H2/N2 plasma 350 0.26 - <0.6 80 crystalline [25]

100 0.26 - 2.1 210 crystalline this work
400 0.6 - 0.07 72 crystalline this work

MO-ALD TDMAT + H2 200 4 15 - 600 crystalline [36]

TDMAT + H2/N2 200 4 13 - 580 crystalline [36]

TDMAT + N2 200 4 4 - 250 crystalline [35] and [37]

TDMAT + NH3 200 - 1 - 1500 - [37]

TiCl4 + (CH3)2NNH2 

(dimethylhydrazine)

Deposition type

TEMAT + NH3

TiCl4 + H2/N2 plasma
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of 209 μΩ·cm were obtained. However, it was also found that the material 
properties improve significantly when going to temperatures around 200 °C.  
Halide-free films can be deposited at low temperatures (50-250 °C) using metal-
organic compound precursors such as tetrakis-dimethyl-amino-titanium (TDMAT), 
tetrakis-diethyl-amino-titanium (TDEAT) [26], or tetrakis-ethylmethyl-amino-
titanium (TEMAT) [33] in combination with NH3, referred to as MO-ALD. The 
advantages of ALD with metal-organics are higher growth rates and the fact that 
the films are reported to be amorphous, which is suggested to form a better 
diffusion barrier. The metal-organic compounds have, however, a poor thermal 
stability and decompose readily during deposition [34]. The deposited films were 
found to have a low density and a relatively high resistivity due to a high carbon 
content.  

A plasma-assisted ALD process using a metal-halide precursor such as TiCl4 
is therefore a good alternative for ALD with metal-organics in the case that a low Cl 
contamination can be allowed. The Cl impurity is probably not detrimental when 
working at temperatures below 250 ºC, and the plasma-assisted ALD process 
reported can therefore be of interest for several applications of ALD TiN films. 

The fact that we obtained reasonable to very good quality ALD TiN films both 
at high and low temperatures can be attributed to the reactive species, such as H 
and N radicals, that are formed in the plasma independently of the deposition 
temperature. These radicals facilitate surface chemical reactions to occur at lower 
deposition temperatures. However, also the ion flux towards the substrate during 
the plasma exposure step cannot be neglected. The ion flux of ~2.5×1014 cm-2s-1 is 
quite significant during the plasma exposure of 15 s yielding ~4×1015 ions cm-2 
arriving at the surface during every cycle. This flux is equivalent to a few 
monolayers of ions per cycle, while a growth rate of 0.4 Å/cycle corresponds 
roughly with 1/3 monolayer per cycle. Every ion brings roughly 15 eV of energy to 
the film without actually heating the substrate, and, at impact, this kinetic energy 
can be used for enhancing surface reactions such as Cl removal or for densifiying 
the material. The ions can also induce substrate modification such as the formation 
of the SiNxOy layer as mentioned before. Significant plasma damage is however not 
expected since the ion energy is relatively low and lower than typical threshold 
energies for creating defect sites or for sputtering. 

In view of the above, plasma-assisted ALD with metal-organics is also very 
interesting as it should have similar benefits provided by the plasma step. The 
investigations reported so far used plasmas generated with different mixtures of 
H2-N2 [35,36] and recently also with NH3 [37]. The best results in terms of 
resistivity, 250 μΩ·cm, and C impurity content, 4 at.% were obtained with TDMAT 
and a pure N2 plasma. The advantage of the higher growth rate for plasma-assisted 
ALD with metal-organics, however, has not yet surpassed the low resistivity 
achieved in this work by plasma-assisted ALD with TiCl4.   
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VI. Conclusions 
A plasma-assisted ALD process for the deposition of TiN using TiCl4 as 

precursor in combination with a H2-N2 plasma in the temperature range of 100 to 
400 °C was presented. The plasma studies were carried out using optical emission 
spectroscopy and Langmuir probe measurements revealing basic insight into the 
plasma species and their dependence on the operating conditions. An important 
result is that the plasma just above the substrate can still be qualified as an active 
plasma with a fairly high electron density and electron temperature. From these 
measurements it was concluded that there is a considerable ion flux towards the 
substrate per ALD cycle with an average ion energy of roughly 15 eV. The growth 
rate per cycle was investigated by in situ spectroscopic ellipsometry to explore the 
conditions under which the surface reactions are self-limiting. These investigations 
were carried out for a deposition temperature of 100 and 400 ºC and revealed pure 
ALD growth for the complete temperature range. Furthermore it was established 
that the TiN growth rate per cycle has a fairly strong temperature dependence. The 
film properties of the plasma-assisted ALD TiN films were extensively characterized 
by techniques such as Rutherford backscattering/elastic recoil detection, X-ray 
diffraction and reflectometry, atomic force microscopy, spectroscopic ellipsometry, 
and four point probe measurements. These measurements revealed that the 
plasma-assisted ALD TiN process yields good quality ALD TiN films at high 
temperatures but that especially the films deposited at 100 °C have a reasonably 
good quality in terms of impurity content (2.1 at.%) and resistivity (209 μΩ·cm) 
compared to other alternative low temperature ALD deposition techniques. 

Plasma-assisted atomic layer deposition of TiN using a combination of TiCl4 
precursor dosing and H2-N2 plasma exposure has therefore great potential for 
applications requiring low deposition temperatures. In future work, therefore, apart 
from the more mainstream applications in CMOS and DRAM, there will be a strong 
focus on applications with stricter demands on thermal budget such as sensor and 
microsystem technology and 3D-integration passive and active components in 
stacked die structures. In these studies also the conformality or step coverage of 
the process will be investigated in detail when the deposition of the TiN in  
high-aspect ratio structures needs to be considered.  
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Chapter 4 
 
 
Deposition of TiN and HfO2 in a Commercial Remote 
Plasma ALD reactor 
 
 
The authors describe a remote plasma ALD reactor (Oxford Instruments FlexALTM) that includes an 
inductively coupled plasma source and a load lock capable of handling substrates up to 200 mm in 
diameter. The deposition of titanium nitride (TiN) and hafnium oxide (HfO2) is described for the 
combination of the metal-halide precursor TiCl4 and H2-N2 plasma and the combination of the metal-
organic precursor Hf[N(CH3)(C2H5)]4 and O2 plasma, respectively. The influence of the plasma exposure 
time and substrate temperature has been studied and compositional, structural, and electrical 
properties are reported. TiN films with a low Cl impurity content were obtained at 350 °C at a growth 
rate of 0.35 Å/cycle with an electrical resistivity as low as 150 μΩ·cm. Carbon-free (detection limit  
<2 at.%) HfO2 films were obtained with a growth rate of 1.0 Å/cycle at 290 °C. The thickness and 
resisitivity nonuniformity was <5% for the TiN and the thickness uniformity was <2% for the HfO2 films 
as determined over 200 mm wafers.1 

                                                 
1 Published as: S. B. S. Heil, J. L. van Hemmen, C. J. Hodson, N. Singh, J. H. Klootwijk, F. Roozeboom, 

M. C. M. van de Sanden, and W. M. M. Kessels, J. Vac. Sci. Technol. A 25, 1357 (2007). 
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I. Introduction 
From industry there is a pressing demand for high-quality thin films with 

decreasing thicknesses, i.e. within the range of 1 nanometer to a few tens of 
nanometers, over increasingly larger substrate areas. Often these films also need to 
be deposited at relatively low substrate temperatures (<400 °C) and on substrates 
with demanding topologies. Atomic layer deposition (ALD) is considered as the 
method of choice for these applications [1], although a wide variety of technological 
challenges still needs to be met before large-scale implementation of this method 
in industry will take place. Nevertheless, ALD processing has already proven itself in 
production schemes for, e.g., electroluminescent displays [2], while ALD is currently 
also being introduced in deep trench capacitors in dynamic random access memory 
at the production level [3-5]. Furthermore, ALD is at the verge of being introduced 
in the production of complementary metal-oxide-semiconductor capacitor stacks 
while the application of ALD films at the interconnect level of state-of-the-art 
integrated circuits is actively being researched [6]. More recently, the scope of 
potential applications of ALD films has been widened with research on ALD films 
rapidly emerging in fields such as flexible electronics [7,8], photovoltaics [9,10], 
photonics [11,12] and microsystems [13,14]. 

So far, most research has been concentrated on so-called thermal ALD 
processes, where the chemistry of the process is thermally activated due to the 
(elevated) deposition temperature. Also the application of ALD in industry has been 
limited to thermal ALD with commercial thermal ALD reactors widely available, both 
for research as for production purposes.  A trend that started half a decade ago and 
that is currently gaining more momentum is the introduction of a plasma step in 
the ALD process. This so-called plasma-enhanced or plasma-assisted ALD has 
several advantages such as deposition at reduced temperatures, increased choice of 
precursors and materials, higher growth rate, more process versatility, and in some 
cases also improved material properties. These advantages of plasma-assisted ALD 
are important for applications of ALD currently being investigated but they might 
turn out to be of key importance for the aforementioned emerging applications of 
ALD. Plasma-assisted ALD of oxides [15-17], nitrides [18-20], and metals [21-24] 
has already been demonstrated. The studies on plasma-assisted ALD have mostly 
been carried out in homebuilt laboratory scale reactors which are often limited to 
small substrate sizes. However, with the interest in plasma-assisted ALD growing, 
tool manufacturers have started to work on commercial plasma-assisted ALD 
reactors with to date only one manufacturer reported to offer a plasma-assisted 
ALD reactor for production applications [25]. Most plasma-assisted ALD reactors, 
including the few commercial tools, are so-called direct plasma ALD reactors. In a 
direct plasma ALD reactor plasma generation takes place in between two electrodes 
positioned in the ALD chamber and with the substrate mounted on one of the 
electrodes [cf. Fig. 1(a)]. This is a relatively simple approach that allows for a small 
reactor volume and flow-type operation although layers are grown here at the cost 
of possible plasma damage due to the relatively high ion energies involved. Other  
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FIG. 1 Schematic representation of the three different types of plasma-assisted atomic layer 
deposition that can be distinguished: (a) direct plasma, (b) remote plasma, and (c) radical 
enhanced. For each type different hardware configurations and plasma sources exist.  

 
types of plasma-assisted ALD reactors are remote plasma ALD [cf. Fig. 1(b)] and 
radical enhanced ALD (cf. Fig. 1(c)), yet until recently reactors based on these 
configurations were not commercially available.  

Remote plasmas are a well-proven concept in plasma-enhanced chemical 
vapor deposition (PECVD) [26]. In a remote plasma reactor the plasma creation 
takes place upstream of the substrate stage independently of the substrate 
conditions. This allows for independent optimization of the plasma properties as 
well as the ability to tune the chemistry of the plasma when it flows or diffuses to 
the substrate. The plasma species including ions and electrons are generally still in 
contact with the substrate; however, the energies of ions impacting the surface are 
well below the threshold value for ion-induced plasma damage. Under particular 
conditions, the mild ion energies might even have a beneficial effect on the surface 
chemistry as they add energy to the substrate without heating it. The contact 
between plasma and substrate as well as the mild ion energies distinguish remote 
plasma ALD from radical enhanced ALD. In the latter configuration, plasma creation 
takes place at a large distance from the substrate such that the electron and ion 
densities in the plasma are low at the substrate region. Amongst the reactive 
species, only longer lived radicals are able to reach the substrate, however, 
generally at reduced fluxes due to wall recombination processes. Although from a 
hardware point of view, remote plasma ALD is still at its infancy, several studies 
using remote-plasma ALD reactors have been reported [20,21,27,28] that all 
indicate that these reactors are well suited for research and development 
applications. Besides their mild ion bombardment, they provide a high flux of 
plasma species enabling relatively short plasma exposure times while their 
geometry in principle also allows for a good uniformity over large substrates. 
Furthermore, remote plasma ALD reactors offer a high degree of versatility due to 
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the remote plasma creation (which, e.g., also can be used for plasma cleaning) while 
the plasma source can also be isolated from the ALD chamber for thermal ALD 
studies.  

In the present work, we describe the recently introduced Oxford Instruments 
FlexALTM reactor which is a remote plasma reactor that is also suited for thermal 
ALD. This reactor, aimed particularly at research and development studies, is 
equipped with a load lock and is capable of handling substrate sizes up to 200 mm 
in diameter. In this article, the reactor is described in detail and results obtained for 
both a nitride and an oxide are presented employing two different types of 
precursors, i.e., a metal-halide and a metal-organic precursor. TiN films were 
deposited from TiCl4 in combination with an H2-N2 plasma. In our previous work on 
a homebuilt lab scale reactor we have also studied this process for small substrate 
sizes [20]; here we report on scaling up the process to substrate sizes up to  
200 mm with simultaneously optimizing the cycle time of the process. Results using 
the same reagents have also been reported for direct plasma ALD by Elers et al. who 
showed that obtaining a good uniformity is challenging [29,30]. Furthermore, in the 
current study also results obtained at low substrate temperatures (temperature 
range is 150-350 °C) are presented while the direct plasma ALD results were limited 
to temperatures above 300 °C. Films of the high-k dielectric HfO2 were deposited by 
the metal-organic precursor Hf[N(CH3)(C2H5)]4 [tetrakis(ethylmethylamido)hafnium 
(TEMAH)] in combination with an O2 plasma. The TEMAH precursor together with 
the other alkylamides Hf[N(CH2)]4 [tetrakis(dimethylamido)hafnium, (TDMAH)] and 
Hf[N(C2H5)2]4  [tetrakis(diethylamido)hafnium (TDEAH)] form the most commonly 
used metal-organic precursors for thermal ALD of HfO2 [31-34]. For  
plasma-assisted ALD mainly the usage of TDEAH (Refs. 15 and 27)  in combination 
with an O2 plasma is reported and only few reports of TEMAH exist [35]. Here, we 
present a parameter study of the growth rate as a function of deposition 
temperature and plasma exposure time while also addressing material properties 
such as morphology, microstructure and dielectric performance. The difference with 
other Hf based metal-organic precursors and with other methods of atomic layer 
deposition is briefly discussed. Furthermore, it is noted that the deposition of Al2O3 
by remote plasma ALD and thermal ALD in the FlexALTM reactor will be addressed in 
a separate publication [36].  

 
 

II. Experiment 
 
A. The FlexAL reactor 

In Fig. 2, a schematic of the Oxford Instruments FlexAL reactor is given [37]. 
The reactor consists of a main deposition chamber to which a pump unit, a plasma 
source, and a load lock are connected through gate valves. 
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FIG. 2 (a) Schematic representation of the Oxford Instruments FlexAL reactor for remote 
plasma and thermal atomic layer deposition. The figure shows the main deposition chamber, 
the inductively coupled plasma (ICP) source, and the in situ spectroscopic ellipsometer. Not 
shown are the precursor modules and the differentially pumped mass spectrometer.  
(b) Photograph of the FlexAL reactor showing the load lock (front), the  plasma source and 
matching network (top), in situ spectroscopic ellipsometer (at both sides), and the precursor 
modules (bottom left). The precursors are injected into the chamber just below the gate valve 
that can be used to isolate the plasma source from the chamber.  

(b) 
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The aluminum deposition chamber is optimized to minimize the volume and 
the presence of dead spaces while maintaining a good film uniformity and pumping 
capacity. A 240 mm diameter ceramic heater is located in the center of the 
deposition chamber and its temperature can be actively controlled between  
25-400 °C. The chamber wall temperature can be controlled separately between 
room temperature and a maximum temperature of 120 °C. 

A base pressure of ~10-6 Torr in the chamber is reached by a  
nitrogen-purged 400 l/s turbo molecular pump which is backed by a Fomblin oil 
greased rotary vane pump. The operating pressure in the chamber during 
processing can be set using an automated pressure controller (APC), which 
comprises a fast (90 ms open-close) butterfly valve located in front of the turbo 
pump and a 100 mTorr capacitance manometer (CM) gauge mounted on the 
chamber. A gate valve is positioned in between the APC and the turbo pump to 
isolate the pump from the chamber (e.g., for the case of venting to atmosphere). 
The valves, the piping in between, and the turbo pump itself are heated to prevent 
precursor condensation. Also the exhaust line between the turbo pump and the 
foreline pump is heated. 

The plasma is generated by a remotely placed inductively coupled plasma 
(ICP) source operating at a pressure of typically 10 mTorr. The source can deliver up 
to 600 W of radio frequency power at 13.56 MHz and is controlled by an automated 
matching network. The source consists of a three turn water-cooled copper coil 
around a 65 mm Al2O3 ceramic plasma tube. A wide range of gases such as Ar, H2, 
N2, O2, NH3, SF6, and N2O is connected to a common plasma source line. The flow of 
the plasma source gases is controlled by dedicated mass flow controllers (maximum 
range is 500 sccm for Ar, 100 sccm for H2, N2, and O2, SF6 and N2O and 50 sccm for 
NH3) (sccm denotes cubic centimeter at STP) located in an extractable gas cabinet. 
There is no special gas mixing besides in the plasma source line when two or more 
source gases are used simultaneously. The source gases are fed axially into of the 
plasma tube and the plasma-generated radicals diffuse through the 100 mm gate 
valve into the deposition chamber. When depositing conductive films the gate valve 
is closed during the precursor dosing to prevent film deposition inside the source. 
When using the reactor for thermal ALD the gate valve can also remain closed and 
the reducing or oxidizing gases can directly be injected into the chamber.  

Liquid and solid precursors can be delivered into the process chamber from 
bubbler source pots sited in independently heated and extracted modules close to 
the deposition chamber. The precursor delivery module and delivery lines from the 
module to the process chamber are heated. Precursors are delivered into the 
chamber by fast ALD valves with a minimum opening time of 10 ms. The precursors 
are injected into the deposition chamber above the center of the substrate stage 
through a cone-shaped flange positioned just below the gate valve to the plasma 
source. Depending on the vapor pressure of the precursor at the set temperature 
the delivery can either be vapor-drawn or via bubbling with ultrapure Ar carrier gas. 
In the case of bubbling the Ar gas is diverted directly into the deposition chamber 
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when no precursor dosing takes place. The use of a divert line ensures fast on and 
off switching of the precursor without the need of very fast acting mass flow 
controllers. Moreover, when diverted, the Ar acts as purge gas. In the precursor 
module a cross-valve is positioned between the gas line where the Ar gas enters the 
bubbler and the exit line to the deposition chamber. This enables extensive purging 
of the precursor lines after bubbler exchange. Furthermore, the precursor delivery 
lines and ALD valves are separately heated and are set to a temperature generally 
10-20 °C higher than the precursor module to prevent condensation of the 
precursors in the lines. 

Substrates are transferred into the deposition chamber using a load lock. The 
load lock is separately pumped with a base pressure of 10-5 Torr and can directly 
transfer wafer sizes ranging from 50 to 200 mm in diameter, while other substrate 
sizes and shapes require the use of a carrier wafer.  

The reactor operation is completely automated and computer controlled. In a 
graphical user interface different menus exist for setting process recipes. Standard 
recipes such as SF6 plasma cleaning for the removal of for example TiN film 
residues on the chamber walls are also available.  

Diagnostic ports located at 70° with the normal on the substrate stage allow 
in situ ellipsometry measurements for online measurements of the thickness and 
film optical properties [38]. The windows are valved off when not in use. An 
additional analytical port positioned above the wafer may be used for residual gas 
analysis using a differentially pumped quadrupole mass spectrometer. As shown 
earlier by our group, these analytical capabilities allow for fast process development 
and process condition monitoring [39,40]. 
 
B. Details on TiN and HfO2 deposition 

For the TiN depositions, titanium tetrachloride (99.995+%, Sigma-Aldrich, 
TiCl4) contained in a glass flask, kept at room temperature, is vapor drawn into the 
setup using a fixed open-close time of the ALD valve of 40 ms. The plasma is 
generated in an H2-N2 (both purity >99.999%) gas mixture in a ratio of 10:1 to 
produce N, H, and NHx radical species, etc. to remove the chlorine from the surface 
and nitridate the film. For the deposition of HfO2, 
tetrakis(ethylmethylamido)hafnium (99.99+%, Sigma-Aldrich, Hf[N(CH3)(C2H5)]4, 
TEMAH) contained in a stainless steel bubbler, heated to 70 °C is bubbled using an 
30 sccm Ar (purity >99.9999%) flow for a variable dosing period. The plasma is 
generated in O2 (purity >99.999%) gas to produce O radicals that are considered to 
be the main oxidizing species. 

The TiN and HfO2 films were deposited on 200 mm p-type monocrystalline Si 
(100) wafers with a resistivity of 10-30 Ω·cm. Unless otherwise mentioned, the 
wafers were not additionally cleaned and therefore a ~2 nm native oxide layer was 
present. For electrical characterization some HfO2 films were grown on boron doped 
p-type monocrystalline Si substrates (~1 Ω·cm), which were dipped in a diluted HF 
solution (1% HF) for 1 minute and rinsed with de-ionized water prior to deposition. 
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FIG. 3 Schematic layout of the cycle for remote plasma ALD of TiN in which TiCl4 is used as 
precursor and H2-N2 as plasma gas. Ar is used for purging of the chamber. The switching of 
the plasma power and the gate valve between plasma source and deposition chamber are also 
shown.  

 
C. Analysis techniques 

For studying the TiN film growth, a visible to near-infrared (245-1700 nm) 
spectroscopic ellipsometer (J.A. Woollam, Inc. M2000U) was used for in situ 
thickness measurements. The data were analyzed using a Drude-Lorentz oscillator 
model as described in ref. [38]. For the HfO2 depositions, an ultraviolet to visible 
(190 – 1000 nm) ellipsometer (J.A. Woollam, Inc. M2000D) was used. In this case 
the data were analyzed by a Tauc-Lorentz oscillator model. Thickness uniformity 
measurements were performed by ex situ spectroscopic ellipsometry using the 
aforementioned ellipsometers or by optical reflectivity using a Nanometrics 
Nanospec 3000 series (~300-800 nm). 

The film composition was determined by Rutherford backscattering 
spectrometry (RBS) using a 2 MeV 4He+ beam under an 80° angle for determining 
the Hf, Ti, N, O, Cl and C areal densities of the films. Using the same beam settings, 
also elastic recoil detection (ERD) measurements were performed for determining 
the H areal density. Atomic densities and concentrations were calculated from the 
areal densities using the thickness data obtained by spectroscopic ellipsometry.  

The structure of the deposited films was studied using a Panalytical/Philips 
X’Pert Pro MPD diffractometer, equipped with a Cu Kα x-ray source and an 
X’Celerator detector. An ordinary 2θ-ω scan has been performed in the analysis of 
the HfO2 samples. A grazing incidence measurement under 0.32° incidence angle 
for high surface sensitivity has been performed on the TiN samples.  

Resistivity measurements were performed ex situ and at room temperature 
using a Signatone four point probe in combination with a Keithley 2400 
Sourcemeter acting both as a current source and as a voltage meter. The resistivity 
of the TiN films was determined from the slope of the I-V curve. Capacitance-
Voltage (C-V) measurements were performed to characterize the HfO2 dielectric 
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properties. Circular Al contacts with sizes ranging from 0.02 mm2 to 1.2 mm2 were 
sputter deposited at room temperature using a shadow mask; the wafer backside 
served as the bottom electrode. The dielectric constant of the HfO2 films after 
forming gas anneal (30 min, 425 °C, 10% H2 – 90% N2) was determined by 10 kHz  
C-V measurements with an HP4275A multifrequency LCR meter and an Agilent 
4155B parameter analyzer.  
 
 
III. Results and discussion 
 
A. TiN 

In Fig. 3 a schematic of the ALD cycle for TiN is shown. At the start of the 
cycle a continuous Ar flow (150 sccm) is run through the chamber and the pressure 
is set to 80 mTorr. TiCl4 kept at room temperature is dosed into the vessel by 
opening the ALD valve for typically tprecursor = 40 ms. After dosing, the Ar flow serves 
as a purge gas (tAr = 3 s). Subsequently, the valve in between the plasma source and 
chamber is opened and Ar flow is switched off. At the same time a H2-N2 flow  
(40 and 4 sccm for H2 and N2, respectively) is set trough the plasma source and 
when the pressure stabilizes at 15 mTorr the plasma is ignited (tplasma). Shortly after 
the plasma power (250 W) is switched off, when the reaction products are pumped 
out, the H2-N2 flow is switched off, the valve is closed again and an Ar flow is 
initiated for the next cycle. 
  

Table I Overview of the TiN deposition conditions and film analysis results from Rutherford 
backscattering spectrometry (RBS), spectroscopic ellipsometry (SE), and four point probe 
measurements (FPP) performed at the center of the substrate. The mass density is calculated 
by combining the RBS and SE results. The first row gives the typical absolute errors in the 
parameters. 

FPP

Sample Tdep tplasma TiNx Cl O Thickness Growth rate Resistivity Mass dens.
(°C) (s) (at.%) (at.%) nm (Å/cycle) (μΩ•cm) (g cm-3)

BT29 350 2 0.93±0.02 2.7±0.1 2.0±0.1 21.1±0.2 0.35±0.02 175±15 4.0±0.1

BT27 350 5 0.93 1.8 2.0 23.2 0.39 162 3.9

BT28 350 10 0.93 1.3 2.0 23.5 0.39 147 4.0

BT30 350 20 … … … 25.2 0.42 145 …

BT28 350 10 0.93 1.6 <2 40.5 1.01 147 4.0

BT35 250 10 0.93 3.4 <2 41.1 1.03 362 3.9

BT36 150 10 0.93 13 <2 42.1 1.05 1624 3.4

Temperature series

Analysis

RBS SE

Plasma series
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In Table I an overview of the TiN deposition conditions, process properties 
and resulting material properties is given. There are two series in which the varied 
parameters are the plasma exposure time and the deposition temperature. For the 
plasma series the temperature was kept constant at 350 °C, the cycle time varied 
from 11-29 s. The selected “standard” deposition condition (sample BT28) is shown 
for both series. The 40 ms dosing with TiCl4 proved sufficient to reach saturating 
conditions both in growth rate and uniformity across the substrate at all given 
temperatures, as will be discussed below. 

Figure 4(a) shows that the growth rate saturates at ~0.4 Å/cycle at 350 °C for 
plasma exposures larger than 5 s. For the temperature series, a plasma exposure of 
10 s was therefore selected, resulting in a cycle time of 19 s. Figure 4(b) shows a 
decrease of the growth rate when operating at a lower deposition temperature. This 
is similar to what we have observed before for depositions carried out in a smaller 
laboratory scale reactor, here referred to as “ALD-I”. These data, which were 
obtained previously, are also shown in Fig. 4(b) for comparison [20]. It can be 
observed that the growth rate at 350 °C is slightly lower, 0.39 Å/cycle, than the 
trend on the basis of the ALD-I results would suggest. This minor discrepancy can 
most probably be explained by a small difference, 10-15 °C, in actual wafer surface 
temperature between the ALD-I and the FlexAL reactor. Slightly different growth 
rates, however, have been reported for various types of reactors and for different 
plasma composition and power settings [29,41]. 

As is shown by the RBS results in Table I, the films are slightly Ti-rich with 
the ratio [N]/[Ti] = 0.93-0.95 for all deposition conditions. Contrary to what was 
observed before [20], in this case the plasma exposure time did not show to have 
an influence on the stoichiometry. Cl and O impurities were found to be present 
throughout the film, as can be clearly observed in Fig. 5. The Cl-content is found to  
 

 

0 5 10 15 20 25
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

 

 

G
ro

w
th

 ra
te

 (Å
/c

yc
le

)

Plasma exposure (s)

(a)

 

 

100 200 300 400
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8
(b)

 ALD-I
 FlexAl

 

 

G
ro

w
th

 ra
te

 (Å
/c

yc
le

)

Deposition temperature (°C)

 
FIG. 4 Growth rate per cycle as a function of (a) the H2-N2 plasma exposure time at 350 °C and 
(b) the substrate temperature using an H2-N2 plasma exposure time of 10 s. For comparison, 
in (b) also the growth rate per cycle as obtained in the homebuilt laboratory scale reactor 
“ALD-I” is given [20]. 



 75

be reduced when longer plasma exposure times are used at 350 °C. A dramatic 
increase in Cl content, however, occurs when using lower deposition temperatures. 
The Cl content rises from 1.3 at.% at 350 °C to 14.6 at.% at 150 °C. Similar results 
have been reported before for both thermal and plasma-assisted ALD at 350 °C. 
However in the ALD-I setup we managed to have lower Cl-impurities as low as  
~7 at.% at a deposition temperature of 100 °C by extending the plasma exposure 
time to 30 s [20].  It appears that in this larger reactor also longer plasma 
exposures are required at low temperatures to sufficiently reduce the impurity 
contents. 

Figure 6 shows an x-ray diffraction (XRD) spectrum of the TiN film deposited 
under standard conditions, 350 °C, 10 s plasma exposure. The diffractogram 
contains peaks originating from crystalline TiN, of which the expected peak 
positions are indicated by the reference pattern. All other peaks that are visible 
originate from the Si substrate. The TiN peaks are at slightly higher diffraction 
angle than the positions of the reference pattern. This indicates a slightly smaller 
lattice constant, which might be due to the nitrogen deficiency, which was also 
observed in the RBS measurements, or due to (tensile) stress in the TiN layer. The 
ordinary 2θ-ω measurement yielded only one TiN diffraction peak, the (2 0 0) peak 
between 42° and 43°. This indicates a preferred orientation of the TiN crystallites, 
with their (2 0 0) lattice planes parallel to the sample surface. This has been 
observed before for TiN deposition by various techniques and appeared to be 
mainly deposition temperature dependent, lower temperatures typically resulting in 
films with a polymorphous or amorphous structure [20]. 
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FIG. 5 Typical Rutherford backscattering 
spectrum of a remote plasma ALD TiN film 
(BT28, 23.5 nm thick) deposited on a crystalline 
Si substrate.  
 

FIG. 6 Typical grazing incidence x-ray 
diffractogram of a remote plasma ALD TiN film 
(BT28, 23.5 nm thick). The peak positions and 
relative intensities of the different 
crystallographic planes for a randomly 
oriented TiN powder sample have been 
indicated. The non-labeled peaks originate 
from the crystalline Si substrate. 
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The electrical properties of the film can be improved by extending the 

plasma exposure, as can be observed in Figure 7. For a plasma exposure longer 
than 10 s at 350 °C the resistivity seems to level off at ~145 μΩ·cm for 25 nm thick 
films. The resistivity, however, becomes very high, when going to lower deposition 
temperatures, i.e., 1624 ± 15 μΩ·cm at 150 °C. This is most probably due to the 
scattering of the carrier electrons at Cl impurities (14.6 at.%). This was indicated by 
the electron mean free path being decreased as the Cl-content increases which was 
observed before by spectroscopic ellipsometry [38]. The resistivity could be 
improved by extending the plasma exposure, resulting in a reduction of Cl content 
[20], but this option has not been pursued in the current study. 

In Fig. 8 the thickness and resistivity uniformity of a TiN film (5 s plasma 
exposure, 12-13 nm thickness) is plotted. The nonuniformity, as defined by 
(maximum-minimum)/(2 x average), was 5% using an edge exclusion of 10 mm. No 
correlation between the precursor injection position and the profile was observed 
indicating the symmetric “bowl” shape is solely due to the radical profile. Since most 
remote plasma reactors are small homebuilt systems no literature comparison is 
available for such large wafer diameter. A similar uniformity profile can also be 
observed for the resistivity in Fig. 8(b).  

As stated earlier, details about the (non)uniformity of deposition over the 
substrate area have hardly been reported. However, uniformity is an important 
factor in the scalability of direct, remote plasma, and radical enhanced based ALD 
processes. In a recent review, Elers et al. pointed out that the most typical reasons 
for nonuniformity are considered to be overlapping material pulses, nonuniform gas 
distribution and thermal self-decomposition of the precursor [30]. Reactor design 
and plasma operation were also found to play a key role in the deposition of TiN 
from TiCl4 and a direct H2-N2 plasma using a showerhead gas distributor [29]. In  
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FIG. 7 Resistivity as a function of the plasma exposure time for 20-25 nm thick TiN films 
deposited at a temperature of 350 °C. 
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FIG. 8 Uniformity across the wafer center line of (a) thickness and (b) resistivity as measured 
by spectroscopic ellipsometry and four point probe, respectively. The 12 nm (nominal) thick 
film was deposited at 350 °C using a 5 s plasma exposure time.  

 
this fashion a uniformity of 1-3% was obtained over 300 mm wafers. We would like 
to note here that with considerably less design effort, in terms of reactor 
optimization, we already obtained a fair resistivity uniformity <5% suitable for most 
research environments.  

The material properties for TiN obtained in the FlexAL reactor in terms of 
resistivity, microstructure, and surface morphology were found to be comparable to 
the results reported earlier by our group for using the same TiCl4 and H2-N2 plasma 
chemistry in the homebuilt ALD-I reactor [20] and by Elers et al. for the direct 
plasma showerhead reactor [29] for temperatures above 300 °C. For low deposition 
temperatures the results look moderate, but with room for improvement. This 
indicates a successful transfer and upscaling of the process from the small remote 
plasma ALD reactor to the FlexAL reactor.  
 
 
B. HfO2 

In Fig. 9 the ALD cycle for the HfO2 deposition is given. The valve between 
the plasma source and chamber is closed during the precursor injection and 
purging. The Ar flow (150 sscm) is injected directly into the chamber for purging 
(80 mTorr) or is diverted through the TEMAH containing bubbler which is kept at  
70 °C. Typically, the dosing time is tprecursor = 1 s. After the purge, tAr = 2 s, the top 
valve is opened and an O2 flow is started through the source. The plasma power 
(250 W) is turned on after 2 s, when the O2 flow is stabilized and a pressure of  
10 mTorr is reached. After the plasma exposure (tplasma = 3 s) the valve is closed 
again. The Ar flow is switched on for the next cycle.  

In Table II the deposition conditions, process characteristics and resulting 
material properties of the HfO2 films are presented. Similar to the TiN case, here 
also the plasma exposure time and deposition temperature are the parameters 
 



 78

 

 
 

FIG. 9 Schematic of the remote plasma ALD cycle for deposition of HfO2. Hf[N(CH3)(C2H5)]4 
(TEMAH) is used as precursor and O2 as plasma gas. Ar is used for purging of the chamber and 
bubbling the TEMAH. The switching of the plasma power and the gate valve between plasma 
source and deposition chamber is also shown. 

 
varied and the selected standard condition (PH88) is present in both series. The 
dosing time of 1 s bubbling proved sufficient to deliver a saturated dose of TEMAH 
at all temperatures.  

As can be observed in Figure 10 the growth appears to be constant around 
1.0 Å/cycle for all plasma exposure times. In an attempt to keep the cycle times as 
short as possible, a 3 s plasma exposure was chosen for the temperature series,  
  

 
Table II Overview of the HfO2 deposition conditions and film analysis results from Rutherford 
backscattering spectrometry (RBS) and spectroscopic ellipsometry (SE) performed at the center 
of the substrate. The mass density is calculated by combining the RBS and SE results. The first 
row gives the typical absolute errors in the parameters. 

Sample Tdep tplasma HfOx H C Thickness Growth rate Mass dens.
(°C) (s) (at.%) (at.%) (nm) (Å/cycle) (g cm-3)

PH88 290 3 2.1±0.02 3.4±0.2 <2±0.2 41.1±0.2 1.03±0.02 9.6±0.1

PH65 290 5 2.1 1.9 <2 30.4 1.01 9.3

PH69 290 20 2.1 0.6 <2 30 1 9.7

PH90 350 3 2 1.6 <2 40.5 1.01 10

PH88 290 3 2.1 3.4 <2 41.1 1.03 9.6

PH92 230 3 2.2 13 <2 42.1 1.05 7.3

Temperature series

Analysis

RBS SE

Plasma series
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FIG. 10 Growth rate as a function of (a) the plasma exposure time at 290 °C and (b) the deposition 
temperature using a 3 s plasma exposure. 

  
which resulted in a cycle time of 11 s. The growth rate appears to be fairly constant 
in the temperature range of 230-350 °C, showing a little decrease going to higher 
temperatures. Decreasing growth rates with temperature have been found to be 
common to (plasma-assisted) ALD processes of oxides and have also been 
observed for, e.g., Al2O3, ZrO2 [36,40,42,43]. The decrease in growth rate is 
suggested to be due to a decrease in reactive surface sites such as surface hydroxyl 
groups (-OH) by dehydroxylation.  

RBS analysis shows that the films are close to stoichiometric and for almost 
all depositions the carbon content was below the detection limit of 2 at.%, which for 
RBS is dictated by the cracking of hydrocarbon species at the film surface during 
measurement.  A typical RBS spectrum of a 40 nm HfO2 film (PH88) in which C, O 
and Hf have been indicated is shown in Figure 11. More apparent, however, is the 
trend in hydrogen content in the films with temperature as measured by ERD. There 
is a considerable amount, 13 at.%, of hydrogen present in the film at the lowest 
deposition temperature of 230 °C. We assume that the hydrogen is mainly 
incorporated in the form of OH bonds. The mass density as determined from the 
RBS aerial density and the SE thickness measurements showed an increase in 
density with plasma exposure time and deposition temperature approaching the 
bulk density of HfO2 (9.68 g cm-3) under the best conditions. 

In Fig. 12 a typical XRD diffractrogram for a 40 nm HfO2 film is shown. The 
large peak at 2θ = 69° is due to the Si substrate, all other substrate peaks were 
suppressed by the rotating the substrate. The small structure observed at 2θ = 30° 
is due to an amorphous HfO2 film being present on the crystalline Si substrate. 
Although for thermal ALD processes using the HfCl4 precursor and H2O as oxidant 
the presence of the monoclinic phase of HfO2 is commonly reported [44], the use of 
a metal-organic precursor in both remote plasma-assisted and thermal ALD 
typically resulted in the deposition of amorphous films [27,31,33,34].  
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FIG. 11 Typical Rutherford backscattering 
spectrum for a remote plasma ALD HfO2 film 
(PH88, 41.1 nm thick) deposited on a crystalline 
Si substrate. 

 

FIG. 12 A typical x-ray diffractogram for a 
remote plasma ALD HfO2 film (PH90, 40 nm 
thick). The small structure at θ = ~30° is due to 
amorphous HfO2. The large peak at θ = 69° is 
due to the crystalline Si substrate. 

 
 The thickness nonuniformity is given in Fig. 13 and is <2% for a 200 mm 

wafer and <1% for 100 mm and smaller substrates. Both Nanospec and SE thickness 
measurements show similar results for the uniformity. In contrast to the TiN 
depositions no apparent bowl-shaped profile was observed. We suggest this 
difference to be related to the different chemistries between the O2 and H2-N2 
plasma in which the relatively long lifetime of oxygen radicals compared to the 
radicals generated in the H2-N2 plasma possibly plays a role. 

For the electrical characterization HfO2 films with three different film 
thicknesses were grown, using 100, 200, and 300 cycles, respectively. The results 
of C-V measurements are shown in Fig. 14, where the equivalent oxide thickness 
(EOT) is plotted versus the physical thickness, as measured by spectroscopic 
ellipsometry. The annealed samples showed a clear trend with thickness and a  
k-value of 16.3 could be extracted from a linear fit of the EOT values with physical 
thickness [36]. The offset in the fit through the annealed samples possibly indicates 
the presence of a SiOx interfacial layer between the HfO2 film and the substrate. 
 The k value of the films deposited here (k ~ 16.3) is close to the range of 
what is typically reported (k ~ 17-18) for different types of plasma-assisted ALD 
(Ref. 27), and thermal ALD [45]. The deposition temperature and annealing method, 
however, seem key in tuning the microstructure of the HfO2 film which is the main 
factor determining the resulting k value and leakage current [27,46]. The presence 
of a crystalline part of the HfO2 film gives rise to a higher dielectric constant while 
the amorphous part is considered to be a better barrier for leakage current. The 
optimization of parameters leading to a desirable microstructure has not been 
pursued here, but will be part of future work.  
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FIG. 13 Thickness uniformity of an HfO2 film 
across the wafer centerline as obtained by 
Nanospec measurements. 

FIG. 14 Equivalent oxide thickness (EOT) of HfO2 
films derived from C-V measurements versus 
physical thickness measured by spectroscopic 
ellipsometry. 

 
The growth rate of 1.0 Å/cycle is slightly higher to what has been typically 

reported for thermal based processes using TEMAH and H2O, 0.8-0.9 Å/cycle 
[33,47] and somewhat lower than for O3 based processes, 1.1-1.2 Å/cycle [48]. But 
the growth rate is close to plasma based processes using the other alkylamide 
precursor tetrakis(diethylamido)hafnium (TDEAH, 1.1 Å/cycle) [49]. The  
as-deposited amorphous HfO2 proved to be nearly stoichiometric. Obtaining a 
stoichiometric film with ALD processes, is however found to be not trivial, especially 
in the case of (partly) crystalline HfO2 films, the existence of different crystal 
structures tends to lead to oxygen deficiency [34]. On the other hand, the presence 
of residual OH tends to lead to an oxygen excess, as has also been found earlier for 
amorphous Al2O3 [50]. The uniformity seems excellent even with the relatively short 
plasma exposure time of 3 s compared to 10 s in the case of an H2-N2 plasma 
which indicates that the O2 plasma-produced radicals seem less affected by the 
geometry of the chamber. 
 
IV. Conclusions 

The FlexAL reactor for thermal and remote plasma-assisted atomic layer 
deposition has been described and its main features such as plasma source, 
deposition chamber geometry, and precursor delivery have been discussed. 
Furthermore, we have demonstrated that high-quality TiN and HfO2 films in terms 
of impurity contents and microstructural properties can be deposited uniformly over 
large substrate areas. The electrical properties of TiN based on the metal halide 
process are among the state-of-the-art reported for this deposition technique at 
350 °C and are comparable to results obtained on small homebuilt labscale 
reactors. The thickness and resistivity uniformity of the TiN films were found to be 
<5%. Furthermore, it was shown that with the same tool, an O2 plasma-based HfO2 
process using the metal-organic TEMAH precursor resulted in amorphous HfO2 
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films with low H and C content at a deposition temperature of 290 °C. The results 
on HfO2 depositions also showed that, by using the same plasma source 
configuration to generate an O2 plasma, a thickness uniformity within 2% can be 
obtained on 200 mm substrates. In the future, a more detailed investigation of the 
electrical properties and the conformality on substrates with a large topography will 
be carried out together with the exploration of new materials and deposition issues 
related to device processing for both remote plasma-assisted and thermal ALD. The 
first results on remote plasma and thermal ALD of Al2O3 using Al(CH3)3 dosing and 
O2 plasma or H2O exposure were promising as will be discussed in a separate paper 
[36].  
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Chapter 5 
 
 
In Situ Reaction Mechanism Study of Plasma-Assisted 
Atomic Layer Deposition of Al2O3 
 
 
Reaction mechanisms during plasma-assisted atomic layer deposition (ALD) of Al2O3 from Al(CH3)3 and 
O2 plasma were studied by time resolved quartz crystal microbalance measurements, mass 
spectrometry, and optical emission spectroscopy. Al(CH3)3 chemisorption on the oxide surface after 
the plasma pulse releases CH4 products while from the detection of CO, CO2, and H2O in the O2 
plasma it is established that surface –CH3 groups are predominantly removed by O radical-driven 
combustion-like reactions. Also a second pathway exists for –CH3 removal driven by H2O generated in 
this plasma step. These reaction pathways are expected to be generic for plasma-assisted ALD of 
oxides from metal-organic precursors.1 

                                                 
1 Published as: S. B. S. Heil, P. Kudlacek, E. Langereis, R. Engeln, M. C. M. van de Sanden, and W. M. M. 

Kessels, Appl. Phys. Lett.  89, 131505 (2006). 
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I. Introduction 
The search for appropriate high-k dielectrics for semiconductor applications 

has made atomic layer deposition (ALD) of oxides a very active research field. 
Recently, the investigations have been extended to ALD processes in which the 
commonly used H2O dosing step is replaced by O3 dosing or O2 plasma exposure, 
because of potential advantages such as improved film quality, increased flexibility 
in process conditions, and feasibility of lower deposition temperatures. For the pure 
thermal process, the reaction mechanisms underlying film growth have been 
investigated for several materials, but for the O3-based or plasma-assisted ALD 
process virtually no dedicated studies have appeared yet. Especially the thermal 
process for Al2O3 ALD from trimethylaluminum [Al(CH3)3] and H2O, which can be 
considered as a model system for ALD [1], has been examined quite thoroughly 
both experimentally and theoretically [2-9]. Details about the reaction mechanism 
have been established for this process, which is ruled by (i) chemisorption of 
Al(CH3)3 on –OH surface groups forming adsorbed (–O–)nAl(CH3)3-n by splitting off 
one of more ligands in the form of CH4 and (ii) the oxidation of the metal by H2O 
regenerating –OH surface groups while forming CH4. 

In this letter, we report on the reaction mechanism of plasma-assisted ALD 
of Al2O3 by Al(CH3)3 and O2 plasma. In situ diagnostics such as quartz crystal 
microbalance and quadrupole mass spectrometry were employed and also optical 
emission spectroscopy was shown to provide unique time resolved information. 
Details of the chemisorption step of Al(CH3)3 are presented and key insight about 
the removal of –CH3 ligands by the plasma is provided by revealing combustion-like 
reactions by O radicals. Such reactions have been hypothesized for metal-organic 
precursors earlier, but without experimental support. It is also shown that reaction 
products created by the plasma (particularly H2O) can lead to concurrent reaction 
pathways at the surface and that reaction products can significantly affect the 
plasma properties. 
 
 
II. Experimental 

The experiments were carried out in a remote-plasma ALD system with an 
inductively coupled plasma source. A continuous flow of O2 serves both as plasma 
gas and as purge gas. Al(CH3)3 dosing and plasma exposure are alternated by 
releasing a trapped volume of Al(CH3)3 at room temperature and by pulsing 100 W 
plasma power for 2 s, respectively. During the cycle the background pressure was 
kept constant at ~10 mTorr and the deposition temperature was set at 70 °C by the 
wall heating of the reactor. Film growth was monitored by a quartz crystal 
microbalance (QCM) with a bakeable crystal holder positioned close to the substrate 
holder. The gold covered quartz crystals were first coated with Al2O3 before taking 
any data. The reaction products were sampled by a differentially pumped 
quadrupole mass spectrometer fitted at the side of the reactor, while plasma 
emission just above the substrate holder was detected by optical emission  
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FIG. 1 Apparent mass change as determined from the QCM signal for (a) an ALD cycle 
including Al(CH3)3 dosing and O2 plasma exposure and (b) only O2 plasma exposure.  

 
spectroscopy (OES). All diagnostics were operated simultaneously and their data 
acquisition rate was set to 10 Hz. In these experiments the intermitted purge times 
were set such to allow for a detailed study by the diagnostics. The Al2O3 material 
properties obtained with this experimental setup have been reported [10,11]. 

 
 
III. Results 

A typical example of the mass change during the plasma-assisted ALD cycles 
as measured by the QCM is shown in Fig. 1(a). When pulsing the Al(CH3)3 in the 
reactor, the chemisorption of Al(CH3)3 on the surface can be observed as a sharp 
increase in mass (m1) which takes place within the time resolution of the QCM  
(100 ms).  When the plasma is turned on, first a large negative spike is observed in 
the QCM signal followed by a recovery of the signal to a slightly higher level in mass 
(m2) than after Al(CH3)3 chemisorption. The spike during plasma exposure can be 
attributed to an artifact caused by the plasma, most probably due to charging of the 
crystal. The spike is also observed when exposing the QCM just to a plasma pulse 
as shown in Fig. 1(b); however, in this case the signal returns exactly to its starting 
level before the plasma pulse. The mass increase after the plasma step, m2-m1, can 
therefore be attributed to the replacement of –CH3 ligands by oxide surface groups.  
From the ratio of the mass increase in the two half-reactions, the fraction of ligands 
released during the Al(CH3)3 pulse can be estimated following the approach 
proposed by Rahtu and Ritala [12]. In the present case, at 70 °C, ~1.8 methyl (–CH3) 
groups per chemisorbed Al(CH3)3 molecule are released indicating that the Al(CH3)3 

mainly binds bifunctionally on the surface creating predominantly (–O–)2Al(CH3) 
surface groups. This is similar to what has been reported for thermal ALD  
(150 – 350 °C) by QCM [6]. Remarkably different is, however, that the growth rate as 
determined from the QCM measurements (54 ng⋅cm-2/cycle) as well as from in situ 
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FIG. 2 Time resolved mass spectrometry signals for several ALD cycles. The most likely parent 
molecules contributing to the signals at the selected mass-to-charge ratios m/z are indicated. 

 
spectroscopic ellipsometry (1.7 Å/cycle) is much higher than for H2O  
(32 ng⋅cm-2/cycle or 1.1 Å/cycle) (Ref. 4) or O3 (1.1 Å/cycle) (Ref. 13) based 
processes at ~70 °C. A higher growth rate per cycle has been reported earlier for 
both remote and direct plasmas [14,15] and we attribute this higher growth rate to 
the availability of a higher number of reactive oxide surface groups for Al(CH3)3 

chemisorption after the O2 plasma. 
Figure 2 shows the QMS signal recorded for selected mass-to-charge (m/z) 

ratios during several ALD cycles. The most likely parent molecules leading to the 
different signals, which can either be due to direct or dissociative ionization of the 
corresponding molecule, are indicated. During Al(CH3)3 pulsing, the signal at  
m/z = 15 and 16 increases which can be attributed to the detection of CH4 released 
during Al(CH3)3 chemisorption at the oxide surface. In principle, also the dissociative 
ionization of Al(CH3)3 contributes to the signal at m/z = 15 but it was established 
that this contribution was negligible under the current conditions in which the 
amount of Al(CH3)3 dosed is just sufficient to saturate the surface reactions at the 
substrate and reactor’s wall. For high over-exposures of Al(CH3)3, i.e., with a 
significant amount of gaseous Al(CH3)3 in the reactor, a signal appeared at  
m/z = 27 (Al+), with a minor contribution at m/z = 15. Furthermore, the relative 
increase at m/z = 15 and 16 in Fig. 2 is in good agreement with the cracking 
pattern of CH4 in the QMS. It can therefore be concluded that Al(CH3)3 
chemisorption at the surface releases –CH3 groups by a reaction between the –CH3 
and hydrogen at the surface, e.g., by chemisorption of Al(CH3)3 on –OH surface 
groups.  

During the plasma step, the signals at m/z = 18, 28 and 44 increase 
indicating the detection of H2O, CO, and CO2 reaction products. The signal at  
m/z = 28 can partly be attributed to dissociative ionization of CO2 in the QMS, but 
from the cracking pattern and calibration measurements it has been established 
that CO is also present in the plasma. From these observations it can be concluded 
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FIG. 3 (a) Emission from a pure O2 plasma and an O2 plasma ignited after a preceding Al(CH3)3 

dose as recorded in the first 200 ms after the plasma strike. (b) Time resolved signal of selected 
emission lines during the O2 plasma step after a preceding Al(CH3)3 dose. 

 
that the –CH3 groups existing at the surface after Al(CH3)3 chemisorption are 
removed from the surface by combustion-like reactions. These reactions, as well as 
the oxidation of the Al are predominantly driven by the abundant O radicals in the 
plasma [16]. This consumption of O radicals affects the O2 mass balance in the 
plasma and leads to a reduction of the O2 signal in the initial phase of the plasma 
step as can be observed at m/z = 16 and 32. 

During the O2 plasma pulse also an increase in the signal at m/z = 15 is 
observed. Closer observation of the data reveals that this signal is observed for a 
significantly shorter duration than the signals at m/z = 18, 28 and 44 (about twice 
as short). We attribute the signal to CH4 released from the surface by the interaction 
of H2O produced by the combustion-like reactions with –CH3 surface groups. This 
forms a concurrent reaction path to the combustion-like process once H2O is 
produced but only when still a considerable amount of –CH3 groups is present at the 
surface. This indirect “thermal ALD” reaction becomes insignificant when the 
combustion-like reactions have removed most of the –CH3 groups. It should be 
noted that the detection of CH4 at m/z = 16 is obscured by the consumption of O2 
during the plasma pulse. Furthermore, we were not able to observe the formation of 
larger hydrocarbons, CxHy, in the plasma as for example suggested by Elliot et al., 
for the interaction between O atoms and –CH3 groups [17].   

Due to the relatively low pressure in the plasma, it can be assumed that the 
CO2 and H2O observed are predominantly formed by the reaction between O 
radicals and –CH3 ligands. The CO in the plasma can, however, be a product from 
incomplete combustion reactions or be produced in the plasma by electron-impact 
dissociation of CO2. Calibration experiments using plasmas in CO/O2 and CO2/O2 
mixtures showed that a significant level of CO is also created in a CO2–based 
plasma. Furthermore, it was determined that the amounts of CO and CO2 in the 
initial phase of the O2 plasma after Al(CH3)3 dosing reach levels of ~7% of the total 
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gas density.  
The excitation of the plasma species gives also insight into the  

plasma-assisted ALD process. In Fig. 3(a) the emission spectrum of a pure O2 
plasma is shown. Mainly emission by O2+ from the first (b4Σg- → a4Πu) and second  
(A2Πu → X2Πg) negative systems and by O radicals (5P → 5S, 777 nm; 3P → 3S,  
845 nm) can be observed. When an Al(CH3)3 dose has preceded the plasma 
exposure, the emission in the first hundreds of ms of the plasma pulse is 
remarkably different from the pure O2 plasma. As also shown in Fig. 3(a), there is an 
intense broadband emission in the first 200 ms of the plasma pulse which can 
clearly be observed by the naked eye as a “blue flash” [18]. At the end of the plasma 
pulse the emission is identical to the emission of a pure O2 plasma. The difference 
in emission at the start of the plasma pulse can be attributed to the plasma 
excitation of reaction products released from the surface, which evidently 
disappears when the surface reactions are saturated. From the identification of the 
spectral lines, we found that the broadband emission is coming predominantly from 
CO (with the Angström and Herzberg systems most prominent). Furthermore, also 
emission by atomic hydrogen (Hα) can clearly be observed, which is due to electron-
impact dissociation of the H2O and CH4 reaction products.  

 Figure 3(b) shows time resolved emission signals of the reaction products 
(CO Angström system v-v’ = 0-2 and Hα) and of the O radicals (3p5P → 3s5S) in the 
plasma. From the time resolved signal of H and CO, for which a 1/e-decay time of 
~300 ms and ~500 ms can be determined, respectively, it can be concluded that the 
surface reactions during the plasma step are saturated well within 1 s. This is in 
agreement with results obtained by in situ spectroscopic ellipsometry showing 
saturation of the growth rate for plasma pulses of >0.5 s. The time resolved 
emission from O radicals shows that oxygen is consumed by the surface reactions 
generating the CO, CO2 and H2O reaction products, as well as by oxidizing the Al on 
the surface.  

 
 
IV. Conclusions 

In summary, for the plasma-assisted ALD process of Al2O3 it has been 
established that the O2 plasma removes –CH3 ligands from the surface mainly by 
combustion-like reactions driven by O radicals although a concurrent “thermal 
ALD”-like reaction path by H2O generated by the plasma is also present. The 
subsequent chemisorption step of Al(CH3)3 on the surface appears to be similar as 
for thermal ALD albeit at a higher saturation level. Apparently, after the O2 plasma 
exposure a higher number of reactive oxide surface groups are available for 
Al(CH3)3 chemisorption. Whether these oxide surface groups after O2 plasma 
exposure are predominantly –OH groups, such as in the thermal ALD process, 
cannot be concluded from the present data. However, the release of CH4 during 
Al(CH3)3 chemisorption indicates the availability of hydrogen at the surface and 
surface –OH groups are likely to be formed in the reaction by the H2O created in the 
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combustion-like reactions. The reaction mechanism discussed is expected to have 
generic relevance for plasma-assisted ALD processes of other oxides from  
metal-organic precursors and the insight presented has important implications for 
processing, e.g., in terms of growth rate per cycle for plasma-assisted ALD. 
Furthermore, it is shown that reaction products from the plasma can significantly 
affect the plasma properties and hardware settings (e.g., power coupling), while a 
technique such as optical emission spectroscopy yields unique opportunities to 
study and optimize the properties for plasma-assisted ALD processes.  
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Chapter 6 
 
 
Reaction Mechanisms during Plasma-Assisted Atomic 
Layer Deposition of Metal Oxides: A Case Study for Al2O3 
 
 
Plasma-assisted atomic layer deposition (ALD) of metal oxide films is increasingly gaining interest, 
however the underlying reaction mechanisms have rarely been addressed. In this work, a case study is 
presented for the plasma-assisted ALD process of Al2O3 based on Al(CH3)3 dosing and O2 plasma 
exposure. A complementary set of time resolved in situ diagnostics was employed, including 
spectroscopic ellipsometry, quartz crystal microbalance, mass spectrometry, and optical emission 
spectroscopy. The saturation of the Al(CH3)3 adsorption reactions was investigated, as well as the 
reaction products created during both the precursor dosing and the plasma exposure step. The 
generality of the observations were cross-checked on a second, commercial ALD reactor. The main 
observations are: (i) during the precursor dosing, the Al(CH3)3 predominantly binds bifunctionally to 
the surface at 70 °C through a reaction in which H is abstracted from the surface and CH4 is released 
into the gas phase; (ii) during the plasma exposure, O radicals in the plasma are consumed at the 
surface by combustion-like reactions with the surface –CH3 ligands, producing mainly H2O, CO2, and 
CO; (iii) small gas phase densities of CH4 and higher hydrocarbons (C2Hx) are also present during the 
O2 plasma exposure step indicating complementary surface reactions including a secondary thermal 
ALD-like reaction by the H2O produced at the surface; (iv) the plasma and its optical emission are 
strongly affected by the surface reaction products released in the plasma. In the latter respect, optical 
emission spectroscopy proved to be a valuable tool to study the surface reaction products during the 
plasma exposure as well as the saturation of the surface reactions. The implications of the 
experimental observations are addressed and it is discussed that the reaction mechanisms are generic 
for plasma-assisted ALD processes based on metal-organic precursors and O2 plasma as oxidant 
source.1 

                                                 
1 S.B.S. Heil, J. L. van Hemmen, M. C. M. van de Sanden, and W. M. M. Kessels, submitted for 
publication. 
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I. INTRODUCTION 
The synthesis of very thin metal oxide films by atomic layer deposition (ALD) 

is currently a very active research field. Investigations into various metal oxide 
materials for applications in semiconductor devices such as gate oxide in 
complementary-metal-oxide-semiconductor (CMOS) gate stacks and as dielectric 
layer in dynamic-random-access-memory (DRAM) devices has led to a rapid 
increase in the number of ALD processes developed. In many of the metal oxide 
ALD processes metal-organic precursors are employed and H2O is used as oxidant 
[1]. However, since recently, ALD processes in which O3 or an O2 plasma are used as 
an alternative oxidant source are gaining increasingly more attention. In these latter 
processes the oxidant is more reactive than H2O and, therefore, the surface 
reactions rely less on thermal activation by the substrate temperature. For example, 
when an O2 plasma is used, chemical activation of the oxidant has already occurred 
in the gas phase and, therefore, the use of a lower deposition temperature is in 
many cases facilitated. Furthermore, for some materials it has been reported that 
improved film properties are obtained when using O3 or O2 plasma instead of H2O 
[2-8]. The potentially more favorable process settings (e.g., in terms of substrate 
temperature and purge times) as well as the potentially improved material 
properties obtained for the O3 and O2 plasma based ALD processes have also 
contributed to an increased interest into ALD by other fields of technology than 
semiconductor industry. Potential application of ALD films in areas such as 
microsystems, solar cells, flexible electronics, energy storage, and photonics have 
recently been reported [9-19].  

While the material properties and functionality of the films have already been 
investigated in relative detail, the reaction mechanisms leading to film growth in the 
O3 and O2 plasma based ALD processes have hardly been addressed. Very recently, 
however, theoretical and experimental investigations of the reaction mechanism of 
Al2O3 ALD from Al(CH3)3 (trimethylaluminum;TMA) precursor and O3 were reported 
by Elliott and co-workers [20] and George and co-workers [21]. Our research group 
recently published a first study into the reaction mechanism of plasma-assisted 
ALD of Al2O3 using Al(CH3)3 and O2 plasma [22]. The current article is a follow-up on 
this earlier work and a more extended study of the plasma-assisted ALD process of 
Al2O3 will be presented. 

Due to its excellent dielectric properties, its good adhesion to many surfaces, 
and its high thermal and chemical stability, Al2O3 is a very relevant material for a 
wide range of applications. Furthermore, the thermal ALD process of Al2O3 using 
Al(CH3)3 and H2O is considered to be a model system for ALD film growth of metal 
oxides [1]. The ALD reaction mechanisms during the Al(CH3)3 and the H2O step have 
been thoroughly investigated both experimentally and theoretically [23-31]. From 
these investigations, it has been established that Al2O3 growth by thermal ALD 
occurs via the following successive “half reactions” [32]: 
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AlOH (s) + Al(CH3)3 (g)   AlOAl(CH3)2 (s) + CH4 (g)   (1) 
 
Al–CH3 (s)  + H2O (g)    AlOH (s)+ CH4 (g)    (2) 

 
where (s) and (g) represent surface groups and gas species, respectively. The 
chemisorption of Al(CH3)3 and H2O on the surface are Lewis acid-base reactions in 
which methyl ligands (CH3-) and hydroxyl protons (H+) combine in a Brønsted  
acid-base reaction and are eliminated as CH4 [20,28,29,33]. For Al2O3, as well as for 
some other metal oxides, the amount of material deposited per cycle was found to 
relate directly to the substrate temperature dependent –OH density on the surface 
[34,35].  

For the plasma-assisted ALD process of Al2O3 based on Al(CH3)3 dosing and 
O2 plasma exposure, we recently presented some proof that the Al(CH3)3 

chemisorption step appears very similar as in the thermal ALD process with H2O 
[22]. Nonetheless, the oxidation step by the O2 plasma appeared to be very 
different from the H2O based process. It was demonstrated that combustion-like 
reactions by the plasma generated O radicals removed the –CH3 ligands from the 
surface because combustion products such as CO2 and H2O were detected by mass 
spectrometry [22]. Furthermore, a small signal due to the presence of CH4 during 
the plasma exposure step indicated that the formed H2O byproduct induces a 
secondary thermal ALD-like reaction pathway. Such secondary reaction pathway in 
which the reaction products of the oxidation step play a role in the surface 
chemistry was speculated upon previously [2,36].  In this article we present 
additional proof and detail for the earlier proposed reaction mechanism. A more 
extensive and complementary data set is reported as obtained by a combination of 
several in situ diagnostics such as spectroscopic ellipsometry (SE), quartz crystal 
microbalance (QCM) measurements, quadrupole mass spectrometry (QMS), and 
optical emission spectroscopy (OES). More specifically, extensive data on the 
saturation of the Al(CH3)3 chemisorption reaction are presented. The previous 
observations are also corroborated by an additional data set obtained on a 
commercial 200 mm ALD reactor (Oxford Instruments FlexAL). More insight into 
several aspects of the reaction mechanism of plasma-assisted ALD of Al2O3 has 
been obtained: QMS signals for mass-to-charge ratios of m/z = 24-30 suggest the 
presence of small amounts of C2Hx during the plasma exposure, in addition to the 
earlier detected presence of H2O, CO2, CO and CH4 [22]. By optical emission 
spectroscopy (OES) with an extended wavelength range in the UV the presence of 
OH* emission was also identified during the plasma step. Furthermore, it has been 
demonstrated that the saturation conditions for the Al2O3 film growth can be 
determined not only directly via the use of film growth monitoring techniques, such 
as spectroscopic ellipsometry and quartz crystal microbalance, but also indirectly by 
gas phase diagnostics, such as OES and QMS. On the basis of the results reported a 
more complete picture of the reaction mechanisms during plasma-assisted ALD of 
Al2O3 will be presented. Finally, from this case study of Al2O3, the implications for 
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plasma-assisted ALD of other metal oxide film grown from metal-organic 
precursors and O2 plasma will be briefly discussed.  
 
 
II. EXPERIMENTAL 
 
A. ALD-I reactor. 
1. Reactor setup.  

Most of the experiments were carried out on a homebuilt remote plasma ALD 
reactor, in the text referred to as “ALD-I”, which is schematically represented in  
Fig. 1(a). The reactor has been described in detail in our previous work with respect 
to the deposition of TiN and TaN films using a H2-N2 plasma [37,38]. Briefly, it 
consists of a remotely placed inductively coupled plasma source which is powered 
at a radiofrequency of 13.56 MHz and at a power of 100 W. For Al2O3 deposition the 
source is operated on O2 gas (purity >99.999%). The plasma source is connected to 
a wall heated deposition chamber where substrates can be placed on a individually 
heated stainless steel substrate holder. Al(CH3)3 (Akzo Nobel,  semiconductor grade, 
purity >99.9999 %) contained in a stainless steel bubbler kept at room temperature 
was mounted to the precursor delivery line in which a small trapped volume  
(~0.25 cm3) was present in between two pneumatic valves. It should be noted that 
Al(CH3)3 forms a dimeric molecule in the liquid phase and in the gas phase at low 
temperatures through a bridged structure via the methyl groups [39,40]. At 
temperatures ≥70 ºC and at low pressures the Al(CH3)3 is predominantly in the 
monomer phase [41].  
2. Pulsing of the reactants.  

A schematic of the ALD cycle used in these experiments is shown in Fig. 1(b). 
A continuous flow of O2 through the plasma source served both as plasma gas and 
as a purge gas. Since Al(CH3)3 and O2 do not react in the gas phase [22,42,43] it can 
be introduced into the O2 background. The amount of precursor dosed per cycle 
was set by the number of successive, small Al(CH3)3 exposures introduced into the 
reactor through alternatively evacuating (1 s) and refilling (1 s) the small trapped 
volume in the precursor delivery line. After a purging period, an O2 plasma 
exposure was applied for a number of seconds by turning on the rf power. In the 
current investigation the implemented purge times were set such to allow for a 
complementary study by all diagnostics. During the cycle the pressure in the reactor 
was approximately constant at 7.5 mTorr. The deposition temperature was set to  
70 °C by wall heating of the reactor.  
3. In situ diagnostics.  

For in situ film measurements, a J.A. Woollam, Inc. M2000U rotating 
compensator spectroscopic ellipsometer (SE) with a wavelength range of  
245-1000 nm was mounted on the reactor. The angle of incidence on the 
substrates was 68° with the substrate normal. SE data were typically measured after 
every 10 completed Al2O3 ALD cycles. Crystalline silicon (c-Si) was used as a 
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substrate material which was either plasma oxidized for 5 min prior to deposition 
or contained a 400 nm thick thermal SiO2 layer on top. The thickness of the Al2O3 
was determined by fitting the SE data with a Cauchy model using the Woollam 
WVASE software. The value of the refractive index at a photon energy of 2 eV 
ranged typically between 1.60 and 1.65 for the Al2O3 films investigated by SE. 

Film growth was also monitored by a quartz crystal microbalance (QCM). 
Gold covered AT-cut quartz crystals with an oscillation frequency of 6 MHz were 
mounted in a Maxtek 150BSH bakeable crystal holder positioned in close proximity 
to the substrate holder and with the crystal surface facing down (i.e., not facing the 
plasma source). The crystals were first coated with a “fresh” plasma-assisted ALD 
Al2O3 film before taking any film growth data. The QCM signal was monitored using 
a Maxtek TM400 thickness monitor which was interfaced with a computer at a data  
 

 
  

 

 

 
 

FIG. 1 (a) Schematic of the homebuilt remote plasma ALD reactor “ALD-I” with the in situ 
diagnostics indicated. (b) Schematic layout of the plasma-assisted ALD cycle for Al2O3 

deposition. The precursor dosing by several successive, small Al(CH3)3 exposures per cycle is 
indicated. 

(a) 

(b) 
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acquisition rate of 10 Hz. The extremely high sensitivity of the QCM to surface 
temperature fluctuations on the crystal progresses with temperature and, 
consequently, a careful interpretation of the measured signal is required [44,45]. 
This high sensitivity of the QCM is the reason for controlling the temperature at  
70 °C by uniform wall heating in this particular experiment as described above. In 
addition, pressure variations in the reactor were adequately minimized by 
continuously flowing the O2 gas. The QCM results are expressed in terms of mass 
gain with the unit Hz [46]. 

The gas composition was measured by a differentially pumped quadrupole 
mass spectrometer (QMS, Pfeifer QME 200, mass-to-charge ratio m/z = 0-100) 
fitted at the side of the reactor. The gas sampling took place through a 150 μm 
diameter pinhole keeping the pressure in the mass spectrometer within the working 
range (<10-5 Torr) for the secondary electron multiplier (SEM) to operate. The 
electron impact ionization by ~70 eV electrons in the mass spectrometer leads to 
fragmentation or “cracking” of incoming gas species. The identification of the 
parent molecules was therefore performed on the basis of its so-called cracking 
pattern. The cracking pattern of some molecules (CO, CO2, Al(CH3)3) was measured 
specifically for our QMS by introducing calibration gases yielding good agreement 
with data reported in the literature. To achieve sufficient time resolution, time 
resolved measurements were carried out by monitoring only two mass-to-charge 
ratios (m/z) at a time with an integration time of 10 ms. One of the two masses 
selected served as a reference signal while the other mass (in the range of  
m/z = 10-75) was varied over several runs. In the current measurements m/z = 32 
(O2+) was taken as reference as there is a constant flow of O2 into the reactor. Data 
was typically taken over 10 ALD cycles and on the basis of the m/z = 32 (O2+) 
signal the measurements were synchronized afterwards. This procedure allowed for 
constructing a time resolved mass scan of several masses with an adequate time 
resolution.  

Optical emission spectroscopy (OES) measurements were carried out by 
measuring the plasma emission just above the substrate holder using an Ocean 
Optics USB2000 spectrometer having a wavelength detection range of 250-870 nm 
and a spectral resolution of approximately 1 nm. The emission by the plasma was 
coupled into the spectrometer by placing an optical fiber with a small aperture 
(~100 μm diameter) close to one of the quartz windows on the main chamber. Time 
dependent measurements were carried out by repetitively acquiring full spectra 
(250-870 nm) with an integration time of 100 ms. The option in the software for 
selecting emission peaks in the spectrum and measuring the signal height as a 
function of time was also used to monitor excited plasma species during the plasma 
exposure step.  

 
B. FlexAL reactor.  

A similar, but less extensive in situ study of the Al2O3 process was carried 
out in the commercial 200 mm FlexAL reactor from Oxford Instruments. Both the 
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FlexAL reactor itself and the characteristics of the deposition process of Al2O3 by 
remote plasma ALD using this reactor have been described in our previous work 
[3,47]. One main difference with the experiments carried out on the homebuilt 
ALD-I reactor described above is the method of precursor dosing. In the FlexAL a 
single dose is injected into the deposition chamber using a fast open-close (20 ms) 
Swagelok ALD valve positioned in the precursor delivery line. In all experiments an 
open-close time of 20 ms was used for Al(CH3)3 dosing leading to saturated ALD 
reactions for Al2O3. Furthermore, a continuous O2 flow of 60 sccm was applied 
through the plasma source and the pressure in the reactor was kept constant at  
15 mTorr. The intermitting purge time between precursor and plasma was 3 s, the 
plasma exposure was set to 4 s, and the purge between plasma and precursor was 
0.5 s. Both the reactor walls and the substrate holder were not heated and remained 
at a temperature of approximately 25 °C.  

Similar to the ALD-I setup, the FlexAL was equipped with a spectroscopic 
ellipsometer, a mass spectrometer, and optical emission spectroscopy. The SE 
configuration was similar to the ALD-I [3]. The mass spectrometer (QMS, Pfeifer 
QME 200, m/z = 0-200) was differentially pumped and the only difference with the 
ALD-I setup is that this mass spectrometer has an extended mass-over-charge 
(m/z) range and, consequently, a higher signal-to-noise ratio, especially for m/z 
ratios exceeding 40. Optical emission spectroscopy was performed using the same 
equipment as for the ALD-I. The plasma emission was collected through a quartz 
window at the top of the plasma source probing the emission from both the plasma 
source region and the downstream reactor region by line-of-sight measurement. 
This configuration was chosen because probing the emission downstream from the 
side of the reactor lead to a poor signal-to-noise-ratio at the high time resolution 
(≤100 ms) desired. The data analysis of the in situ diagnostics on the FlexAL reactor 
was identical to the data analysis on the ALD-I reactor. 
 
 
III. RESULTS 
 
A. In situ thickness monitoring by SE 

In our previous work, it was established that in situ spectroscopic 
ellipsometry is a valuable tool to monitor ALD film growth [3,38,48]. In the current 
work the plasma-assisted ALD process of Al2O3 was characterized at a substrate 
temperature of 70 °C and 200 °C. Figure 2 shows the results obtained for a plasma 
exposure time of 2 s. The substrates were plasma oxidized Si samples prepared  
in situ. A clear linear increase in thickness with the number of cycles can be 
observed at both deposition temperatures. A thickness increase per cycle of 
1.66±0.02 Å at 70 °C and 1.27±0.02 Å at 200 °C was calculated from the slope of 
the data shown in Fig. 2. No significant initial growth delay was observed in the first 
few cycles of Al2O3 deposition both on the plasma oxidized Si samples and on the 
thermal oxide covered c-Si. 
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In situ SE was used to determine the saturated precursor dosing regime 
associated with ALD film growth. The amount of Al(CH3)3 introduced per precursor 
exposure was varied using the trapped volume in the precursor line as described 
earlier. The amount of precursor is fixed by the size of the trapped volume 
(~0.25 cm3) and the total precursor dose can therefore by varied by varying the 
number of successive precursor exposures used per cycle. The thickness increase 
per cycle (i.e., growth rate, sometimes also referred to as growth per cycle) is shown 
in Fig. 3 as a function of the number of successive Al(CH3)3 exposures per cycle at 
70 °C and 200 °C. The figure reveals that saturated growth is obtained for a total 
precursor dose consisting of more than 6 Al(CH3)3 exposures per cycle for both 
temperatures. 

Under saturated Al(CH3)3 dosing conditions (i.e., more than 6 exposures) and 
4 s plasma exposure the growth rate is 1.80±0.02 Å/cycle at 70 °C and  
1.27±0.02 Å/cycle at 200 °C. These value are higher than typically reported for 
thermal ALD process using H2O, i.e., 1.1 Å/cycle at 70 °C and 1.0 Å/cycle at 200 °C 
[24,25]. Also for the thermal ALD process with O3 lower growth rates were observed 
(1.1 Å/cycle at 70 °C and 0.8 Å/cycle at 200 °C) [5,49]. A higher growth rate has 
been reported earlier for both remote and direct plasmas compared to thermal ALD 
for identical deposition temperature settings [3,50,51]. We would like to note that 
the H2O based process suffers from so-called “soft saturation” behavior, especially 
at low temperatures. High doses of H2O have been found necessary to reach 
saturated film growth [3,25,52]. Not fully saturated growth might therefore be a  
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FIG. 2 Thickness of Al2O3 as a function of the 
number of cycles as measured by spectroscopic 
ellipsometry (SE) for  deposition temperatures of 
70 and 200 °C. The data shown is for films 
deposited on plasma oxidized c-Si substrates. 
 

FIG. 3 Growth rate as measured by spectroscopic 
ellipsometry (SE) at a deposition temperature of 
70 and 200 °C as a function of the number of 
successive Al(CH3)3 exposures used per ALD 
cycle. Also the mass gain determined by quartz 
crystal microbalance (QCM) measurements at 
70 °C is given. 
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FIG. 4 Quartz crystal microbalance (QCM) measurements during plasma-assisted ALD of Al2O3 
at a deposition temperature of 70 °C. The mass gain is shown for 10 reaction cycles with the 
length of one ALD cycle being indicated. The precursor dose is smaller than necessary for 
saturation of the surface reactions. 

 
reason for the lower growth rate reported for the thermal process based on H2O at 
70 °C. A related aspect is that also very long purge times are required for removal of 
H2O from the reactor. These long purge times provide more time for 
dehydroxilation reactions [1,29], lowering the surface –OH density. One of the 
benefits of ALD using O3 or O2 plasma as oxidant sources is that the purge times do 
not have to be severely extended to maintain proper ALD film growth at low 
deposition temperatures (<100 °C) [3,5]. 
 
B. Mass uptake measurements by QCM  

Quartz crystal microbalance measurements were used to monitor the mass 
uptake during a cycle at a substrate temperature of 70 °C. Figure 4 shows the mass 
gain recorded by QCM for 10 ALD cycles using only one single Al(CH3)3 exposure 
(i.e., a non-saturated dose) and a plasma exposure time of 2 s. The QCM reveals a 
stepwise increase in mass each ALD cycle. Also a negative spike is observed during 
every O2 plasma step but this behavior can be attributed to a plasma artifact as will 
be discussed below. The mass gain was also measured in an experiment in which 
the total precursor dose was varied in a similar experiment as for the SE 
measurements. These results, obtained at 70 °C are also included in Fig. 3. From 
Fig. 3, it is evident that also the QCM measurements reveal saturated growth for a 
dose consisting of more than 6 precursor exposures per cycle, in perfect agreement 
with the SE measurements. 

A detailed view of the QCM signal for one ALD cycle is presented in Figure 5. 
The time at which precursor valve was opened and the period during which the 
plasma exposure was active are indicated. When Al(CH3)3 is introduced into the 
reactor the chemisorption of the precursor to the surface can be observed in the 
form of a large stepwise increase in mass ( 1m ) (Fig. 5(a)). At the moment when the 
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plasma is switched on, a sharp downward spike in the signal can be observed. 
Different from thermal ALD, the occurrence of electrical charging by the presence of 
ions and electrons or possibly plasma induced heat transfer apparently interferes 
with a proper measurement during the plasma exposure. The spike is a true plasma 
artifact, corroborated by the fact that a similar spike is also observed when only the 
plasma is pulsed (i.e., no Al(CH3)3 dose has preceded the plasma exposure), as is 
presented in Fig. 5(b). In both cases the signal slowly recovers to its genuine level 
after the plasma is switched off (~20 s). The main difference, however, is that in  
Fig. 5(a) a small increase in mass ( 2 1m m− ) can be observed after the plasma 
exposure. This increase in mass is not observed when the precursor is not 
introduced (cf. 5(b)). The mass increase can be related to the oxidation of bonded 
precursor and the replacement of the surface functional groups.  

The behavior in Fig. 5(a) shows resemblance to what has previously been 
observed during QCM studies of thermal ALD of Al2O3 at 70 °C. In these 
experiments during both Al(CH3)3 and H2O dosing an increase in mass was observed 
[25]. Although for plasma-assisted ALD of Al2O3 the exact reaction mechanism has 
still not been clearly established, when following the procedure introduced by Rahtu 
et al. (Ref. 53), the origins for the mass gain after the Al(CH3)3 dose ( 1m ) and the 
plasma exposure ( 2m ) can be defined as: 

 
)())(( 4331 CHMnCHAlMm ⋅−=        (3) 

  
)( 232 AlOMm =          (4) 

 
where 3 3( ( ) )M Al CH , 3 2( )M AlO , and 4( )M CH  represent the masses of the species 
involved, 72 amu, 51 amu, and 16 amu, respectively. On the basis of the previous 
measurements we can assume that reaction (3) occurs during the Al(CH3)3 dosing in 
which n –CH3 ligands leave to the gas phase as CH4 molecules [22]. Furthermore, for 
simplicity after the plasma step a complete Al2O3 layer is considered to have been 
formed. The possible presence of H on the surface after the plasma step is 
discarded since its mass is small compared to the other masses involved. On the 
basis of these assumptions the number of –CH3 ligands released from the surface 
into the gas phase can be calculated by rewriting the ratio of the mass uptake after 
the two half-reactions, 1 2m m , to:  
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For a saturated dose at 70 °C it was calculated using Eq. (5) that on average  
n ~ 1.8 –CH3 ligands per chemisorbed Al(CH3)3 molecule are released from the 
surface as CH4. This indicates that Al(CH3)3 predominantly binds bifunctionally to 
the surface, i.e., on two surface groups, expectedly creating predominantly  
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FIG. 5 Detailed view of the quartz crystal microbalance (QCM) measurement at 70 °C of (a) a 
complete ALD cycle with Al(CH3)3 dosing and O2 plasma exposure and (b) O2 plasma exposure 
without preceding Al(CH3)3 dosing. The introduction of Al(CH3)3 and the start and end of the 
O2 plasma exposure are indicated. 

 
(–O–)2Al(CH3) surface groups. For thermal ALD with H2O as oxidant source values 
between n = 1 and n = 2 have been reported by QMS and QCM for the 150 – 350 °C 
range. The values are somewhat closer to n = 2 at the lower temperature side 
whereas QCM yielded also somewhat higher values than QMS over the full 
temperature range [24]. 
 
C. Investigation of reaction products by QMS 

The gas species injected in the reactor as well as the stable gas species 
created by the surface reactions were measured using quadrupole mass 
spectrometry (QMS). To achieve sufficient time-resolution, the measurement 
procedure as outlined in the experimental section (II B) was employed. The QMS 
signals of the m/z ratios which showed the largest response to the ALD process are 
shown in Fig. 6 for two ALD cycles. The most likely parent molecules leading to the 
signals shown have been indicated in the figure. As mentioned earlier, the signals 
can either be due to direct ionization or dissociative ionization (cracking) of the 
corresponding molecule. Since a continuous O2 flow was used a relatively high 
signal was measured at m/z = 32 (O2+) and m/z = 16 (O+) due to the (dissociative) 
ionization of O2 in the mass spectrometer. Furthermore, a relatively high signal at 
m/z = 18 was measured (ion current of 4.5 × 10-12 A) which can be attributed to 
H2O. It is generally difficult to remove H2O from the vacuum system, including both 
the ALD reactor and the differentially pumped QMS housing. The other masses 
which are shown in Fig. 6 are m/z = 15 (CH3+), 28 (CO+) and 44 (CO2+). These 
signals have their baseline close to the noise level of the mass spectrometer (ion 
current of 10-13 A). For clarity purposes, the m/z = 28 and m/z = 44 signals are 
omitted during the second cycle in Fig. 6. 
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During Al(CH3)3 dosing peaks can be observed at m/z = 15 (CH3+) and, albeit 
less clear due to the O2 background, also at m/z = 16 (CH4+). On the basis of 
cracking pattern information, it can be concluded that CH4 is released from the 
surface during precursor dosing. Similar to thermal ALD, the detection of CH4 
indicates that the Al(CH3)3 precursor chemisorbs to the surface through a reaction 
in which H is removed from the surface by forming gaseous CH4 with a –CH3 ligand 
of the Al(CH3)3. During the plasma exposure peaks appear at m/z = 18 (H2O+),  
44 (CO2+), and 28 (CO+), signaling the production of H2O, CO2, and possibly CO as 
discussed in our previous work [22]. Furthermore the consumption of oxygen 
during the plasma exposure can be clearly observed by the decrease of signal at 
m/z = 16 and 32.  

The CO+ signal has a comparable intensity during the plasma exposure as 
the CO2+ signal. On the basis of the CO2 cracking pattern reported in literature  
(m/z = 44: 100% normalized peak height, m/z = 28: 10%) it is therefore 
conceivable that CO is present in the deposition chamber [54]. The deviation from 
the literature values for CO2 can, however, also be attributed to a lower 
transmission of high masses in the mass spectrometer. A dedicated experiment 
has, therefore, been performed to investigate the ratio of CO and CO2 in the plasma 
by calibrating our mass spectrometer signals. CO2 and CO gas from lecture bottles 
was introduced separately into the deposition reactor and a cracking spectrum of 
both species was determined at a pressure of 7.5 mTorr. The cracking of CO2 was 
found to lead to the detection of mainly CO2+ (m/z = 44: 100%), CO+ (m/z = 28: 
18%), O+ (m/z = 16: 25%), and C+ (m/z = 12: 20%). The cracking of CO led to the 
detection of mainly CO+ (100%) and some O+ (4%) and C+ (7%). To determine the gas 
composition at the start of the plasma exposure during processing, an experiment 
was carried out in which O2 gas was mixed with CO and CO2 in the reactor keeping 
the total pressure constant at 7.5 mTorr. From tuning the ratio of O2, CO, and CO2 
to the peak height of the signals measured during processing, an estimate of the 
gas composition could be determined. On the basis of these measurements it was 
found that the concentrations of CO and CO2 in the plasma are comparable in 
magnitude and that they form a substantial part of the total gas composition at the 
start of the plasma exposure ( ~7 vol. % and ~5 vol. % for CO and CO2, respectively).  

These results indicate that during the O2 plasma exposure the surface 
bonded –CH3 ligands are removed by combustion-like reactions while the Al atoms 
at the surface are oxidized to form an Al2O3 film [22].  In the combustion-like 
reactions H2O and CO2 are produced whereas the origin of CO could either be 
through incomplete combustion of the surface ligands or through dissociation of 
CO2 in the plasma. On the basis of the current mass spectrometry measurements 
these production mechanisms of CO can not be uniquely distinguished from each 
other. 

During the plasma exposure also a signal rise can be observed at m/z = 15 
(this is most clear during the 2nd cycle shown in Fig. 6 where the m/z = 28 and 
m/z = 44 signals have been omitted for clarity). The m/z = 15 peak is smaller in  
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FIG. 6 Time resolved mass spectrometry (QMS) for two plasma-assisted ALD cycles of Al2O3. 
The most likely parent molecules contributing to the signals at the selected mass-to-charge 
ratios (m/z) are indicated. For clarity purposes, the m/z = 28 and m/z = 44 signals are 
omitted during the second cycle. 

 
height and appears to be about twice as short in time when compared to the CO, 
CO2 and H2O peaks. The observation of a signal at m/z = 15 indicates the 
formation of CH4 during the plasma step. A direct observation of CH4 through the 
detection of CH4+ at m/z = 16 is obscured by a decrease in O+ signal (also at  
m/z = 16) due to the consumption of O2. It is conceivable that CH4 is produced in a 
concurrent thermal ALD-like reaction pathway in which the H2O, available from the 
combustion-like reactions, is consumed in reactions with neighboring –CH3  groups 
to form –OH groups at the surface [24,36]. The fact that this peak is observed for 
shorter time than the other peaks could be related to the limited availability of –CH3 

at the surface due to the competition with the combustion-like reactions. 
The gas phase species were also monitored by QMS for ALD cycles which 

included the use of 15 successive Al(CH3)3 exposures. In Figure 7 the QMS signals 
for the mass-to-charge ratios of m/z = 15 (CH3+) and m/z = 27 (Al+) are shown. 
The ratio m/z = 27 can be attributed to the cracking of Al(CH3)3 in the mass 
spectrometer, whereas m/z = 15 can be attributed to cracking of both Al(CH3)3 and 
CH4 [55]. Simultaneously, QCM measurements were carried out to monitor film 
growth, as shown in Figure 7(c). In this figure also the precursor dosing and plasma 
exposure have been indicated. Unfortunately, already during the recovery of the 
QCM signal from the plasma-induced artifact, the Al(CH3)3 dosing was started, 
which partly obscured the mass uptake. Still the Al(CH3)3 exposure can be observed 
as a sharp increase in mass uptake in Fig. 7(c). The recovery of the signal from the 
plasma interference continues during the subsequent exposures of the precursor. It 
is evident that the mass uptake by QCM is accompanied by a sharp peak in the CH3+ 
signal which is considerably higher for the first few Al(CH3)3 exposures (cf. Fig. 
7(a)). Since no signal for Al+ is observed during these first few exposures, we can 
attribute the first few peaks in CH3+ signal to the cracking of CH4 generated by the  
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FIG. 7 (a) Quadrupole mass spectrometry (QMS) signal at m/z = 15 and (b) at m/z = 27 during 
an experiment in which 15 successive Al(CH3)3 exposures per cycle were applied. During the 
Al(CH3)3 exposures, the signal at m/z = 27 can be attributed to Al(CH3)3 and the signal at m/z 
= 15 to both CH4 and Al(CH3)3. During plasma exposure the signal at m/z = 27 can most 
probably be attributed to C2H3+ created by dissociative ionization from higher hydrocarbon 
species. (c) Corresponding mass gain as measured by quartz crystal microbalance (QCM). The 
Al(CH3)3 exposures are indicated by vertical tic marks in (c). 

 
chemisorption of Al(CH3)3 on the surface as reported above. The peak intensities of 
the CH3+ signal gradually decreases with the number of Al(CH3)3 exposures since 
less and less precursor chemisorps with each succeeding Al(CH3)3 exposure. After 
5-6 Al(CH3)3 exposures the CH3+ peaks reach approximately a constant intensity at 
each additional exposure whereas also a signal for Al+ is now observed in the QMS 
data (cf. Fig. 7(b)). For the remainder of Al(CH3)3 exposures, the Al+ and CH3+ signal 
intensities have roughly the same peak height and both signals correlate to the 
dissociation of unreacted Al(CH3)3 in the QMS. Also after 5-6 Al(CH3)3 exposures no 
more mass uptake is observed with the QCM (cf. Fig. 7(c)), indicating that the 
surface reactions have reached saturation. These observations agree well with the 
growth rate saturation curves obtained by SE and QCM shown in Fig. 3. Since QMS is 
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a volume-based technique the aforementioned observations indicate that all 
surfaces, i.e., not only the surface of the QCM crystal or the substrate, but also the 
reactor walls, are saturatively covered with Al(CH3)3 precursor after 5-6 successive 
Al(CH3)3 exposures. The measurements in Fig. 7 also indicate that the Al(CH3)3 

introduced into the reactor is fully consumed by the surface reactions for the first 
5-6 Al(CH3)3 exposures. Only when the surface reactions have saturated a 
significant density of Al(CH3)3 can build up in the gas phase leading to a QMS signal.   

Another detail about the reaction mechanism is revealed by the QMS signal at 
m/z = 27 during the plasma exposure in Fig. 7(a). During the plasma step, a 
relatively high peak can be observed at m/z = 27 which cannot be attributed to 
Al(CH3)3. From a careful investigation of the other signals in the m/z = 24-28 range 
we came to the conclusion that also larger hydrocarbons (C2Hx) are present in the 
gas phase during the plasma exposure. This was not evident from our previous 
experiments [22], as the signal at m/z = 28 consists of contributions of CO+ as well 
as C2H4+. The absolute signals (ion current ~3 × 10-11 A) at m/z = 26 and 27 are, 
however, a factor of 10 smaller compared to the CO+ and CH4+ signals. On the basis 
of cracking pattern and cross-section data [56,57] it can be inferred that the 
production of these higher hydrocarbons is only a minor effect. It indicates, 
however, an alternative, third pathway next to the already discussed combustion-
like and thermal ALD-like reactions. 
 
D. Monitoring excited plasma species and reaction products by OES 

Specific to plasma-assisted ALD is the emission of light by plasma species 
during the plasma exposure step. This light emission provides an additional tool in 
the study of the gas composition and chemistry as the emission lines observed 
originate from radiative de-excitation of the gas species present in the plasma. 
These gas species can be both reactant or reaction products, and, consequently, 
these species can be identified by the use of optical emission spectroscopy [22,37]. 
In Fig. 8(a) the emission spectrum of a pure O2 plasma is shown as collected in the 
proximity of the position of the substrate holder. The use of a quartz window 
provided better sensitivity in the UV region <350 nm compared to our earlier 
results in which a glass window was applied [22]. The identification of the various 
emission lines is given in Fig 8(a). In the spectra mainly emission lines of excited O 
radicals (denoted as O*) and of O2+* ions from the first (b4Σg- → a4Πu) and second 
(A2Πu → X2Πg) negative systems are visible. This emission gives rise to the greenish 
color of the plasma which can also be observed around the substrate holder as 
shown in the photograph in Fig. 8(c). The photograph is taken from a window fitted 
at the side of the deposition chamber. 

When an Al(CH3)3 dose has preceded the plasma exposure, the emission in 
the first hundreds of milliseconds of the plasma exposure is remarkably different 
from that of the pure O2 plasma [22]. In the spectrum, taken at 200 ms after the 
start of the plasma exposure, an intense broadband emission in the blue region can 
be observed (Fig. 8(b)). The plasma appears bluish to the naked eye, as is also 
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apparent from the photograph in Fig. 8(d). From the identification of the spectral 
lines, the broadband emission was found to be predominantly originating from 
excited CO* molecules. The bands from the Angström (B1Σ+ - A1Πi), Herzberg  
(C1Σ+ - A1Πi), and 3rd positive (b3Σ+ - a3Πr) systems of CO* as well as the Comet tail 
(A2Πi – X2Σ+) and Baldet-Johnson (B2Σ+ - A2Πi) systems of the CO+* ion were 
identified as indicated in Fig. 8(b). Also OH* emission (A 2Σ+  X2Π) can be observed 
in the UV region around 309 nm. Furthermore, the emission by atomic hydrogen  
(Hα and Hβ) and atomic oxygen (777 and 845 nm) can clearly be observed. When 
compared to the emission during the continuous plasma operation (Fig. 8(a)), the 
O2+* ion emission and O* radical emission is reduced in intensity at this early time 
after the start of the plasma exposure in the ALD cycle.  

The CO*, OH*, and H* emission most probably originates from excitation 
reactions of the molecules by electron-impact. The excitation can either result from 
dissociative excitation or ionization of H2O and CO2 reaction products or from direct 
excitation and ionization of CO and H [58]:   

 
H2O + e-    OH* + H + e-       (6) 
    OH + H* + e- 

 
H + e-   H* + e- 
 
CO2  + e-   CO* + O + e-       (7) 

 CO+* + O + 2 e- 
 
CO + e-   CO* + e        (8) 
   CO+* + 2 e- 

 
The threshold for these reactions is in the range of 10-25 eV, which are energies 
common in the ICP plasma for electrons within the high energy tail of the electron 
energy distribution [37,58]. When the surface reactions are completed and the 
reaction products are being pumped away the reaction product-related emission 
decreases. When approaching the end of the plasma exposure the emission is again 
identical to that of a pure O2 plasma.  

Observed by the naked eye, it appears that a kind of blue “flash”, i.e., blue to 
green transition, occurs during the plasma exposure of each ALD cycle [59]. In  
Fig. 9 the time resolved emission at 519 nm (CO*, Angström system v-v’ = 0-2), at 
656 nm (H*, Hα), and at 777 nm (O*, 3p5P→3s5S) is shown for both a pure O2 plasma 
strike and one which was preceded by an Al(CH3)3 dose (i.e., during an ALD cycle). 
During a pure O2 plasma exposure (Fig. 9(a)) it can observed that a stable O* 
emission is present at 777 nm instantly when the plasma was ignited. No significant 
emission signal is observed at 519 nm and 656 nm. When the plasma was ignited 
during the ALD cycle a clear increase in emission at 519 nm and 656 nm can be 
observed at the beginning of the plasma exposure due to the build up of reaction  



 111

 

300 400 500 600 700 800
0

500

1000

1500

2000
(b)

OH (A²Σ -X²Π) 

H
α

CO+ (B2Σ+-A2Πi) / (A
2Πi-X

2Σ+)
 

O
E

S
: I

nt
en

si
ty

 (a
.u

.)

Wavelength (nm)

CO (b3Σ+-a3Πr) / (C
1Σ+-A1Πi) / (B

1Σ+-A1Π)

H
β

0

500

1000

1500

2000

O+
2 (b

4Σ-
g → a4Πu)

O

 

O+
2 (A

2Πu → X2Πg)

(a)

O
E

S:
 In

te
ns

ity
 (a

.u
.)

 
 

 
 
 

 

FIG. 8 (a) Optical emission spectrum (OES) from a pure O2 plasma and (b) from the plasma 
after a preceding Al(CH3)3 dose recorded in the first 200 ms after the plasma strike. The 
different emission lines have been identified in the figure. (c) and (d) show photographs of the 
plasma corresponding to (a) and (b), respectively. The photographs are taken through the 
viewport at the side of the reactor and show the downstream region where the substrate 
holder is located. 
 

 
products, CO, CO2, H2O in the gas phase (cf. Fig. 9(b)). This increase is followed by 
a decrease in emission of the reactants due to the removal of the species by 
pumping when the surface reactions reach saturation. In the beginning of the 
plasma pulse the consumption of O radicals is also apparent from the initially lower 
emission intensity at 777 nm. This O* emission is lower as oxygen is used to 
generate CO, CO2 and H2O reaction products as well as to oxidize the Al on the 
surface. Subsequently, the O* intensity increases and at the end of the plasma 
exposure it levels off at the same height as in a pure O2 plasma.  

Besides giving insight into the reaction mechanisms, the time dependent OES 
signals in Fig. 9 also yield insight into the plasma exposure time necessary for 
reaching saturation. From the time resolved signal of the CO* and H* emission, for 
which an 1/e decay time of ~300 ms can be determined, it can be concluded that 
the surface reactions and removal of reactants during the plasma step occur in a 
time span well within 1 s. This was corroborated by in situ spectroscopic  

(d) 

(c) 
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FIG. 9 Time resolved optical emission (OES) 
measurements at the wavelengths 519 nm, 
656 nm, and 777 nm corresponding to CO*, H*, 
and O*, respectively. (a) Emission for an O2 
plasma without preceding Al(CH3)3 dosing and 
(b) the emission for a plasma exposure step 
during an ALD cycle. 

FIG. 10 Integrated intensity of the time 
resolved optical emission spectroscopy (OES) 
measurements of CO*, H*, and O* during the 
plasma step of the ALD cycle as a function of 
the number of successive Al(CH3)3 exposures 
used in the cycle. 

 
ellipsometry measurements of films deposited under different plasma conditions. 
These measurements revealed a saturation of the growth rate for plasma exposure 
times >0.5 s. 

Optical emission spectroscopy, which is a volume based technique similar to 
QMS, probes the saturation of the surface reactions on all the different surfaces of 
the reactor. To learn about the saturation behavior of the Al(CH3)3 precursor 
reactions, time dependent measurements of the reaction products were performed 
for different Al(CH3)3 doses. The time resolved signals of O*, H*, and CO* were 
integrated and plotted as a function of the preceding precursor dose expressed in 
the total number of successive Al(CH3)3 exposures per cycle in Fig. 10. Clearly the 
saturation of surface reactions can be observed on the basis of the amount of H* 
and CO* emission during the plasma exposure. The integrated signals saturate at a 
dose of ~6 successive Al(CH3)3 exposures per cycle, as also found with SE, QCM, 
and QMS discussed earlier. Furthermore, also the amount of oxygen consumed can 
be observed to increase in the non-saturated region by a decrease in the integrated 
O* emission with increasing Al(CH3)3 dose.  
 
E. QMS and OES results on the FlexAL reactor 

To test the general validity of the results obtained on the ALD-I reactor, 
quadrupole mass spectrometry (QMS) and optical emission spectroscopy studies 
(OES) were also performed during the deposition of Al2O3 in the FlexAL reactor. The 
experiments were carried out without heating the reactor walls and substrate 
holder, i.e., at 25 °C. At this temperature a considerable fraction of the Al(CH3)3 
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might be in the dimer phase [39,41]. However, to the best of our knowledge, there 
have been no reports that this dimer phase has a substantial influence on the 
surface chemistry during ALD at low temperatures. 

Measurements by QMS, which had a better signal-to-noise ratio at higher 
m/z ratios for the FlexAL than for the ALD-I reactor, revealed signals at m/z = 57 
(Al(CH3)2+), m/z = 42 (Al(CH3)+), m/z = 27 (Al+) and m/z = 15 (CH3+) for the 
unreacted precursor. The peak heights were found to correspond well to the 
Al(CH3)3 cracking pattern reported under room temperature conditions [55].  

In Fig. 11 the time dependent signals of selected masses are given for a 
number of ALD cycles covering the same span as in Fig. 6. The moment of 
precursor dosing (20 ms duration) and period of plasma exposure (4 s duration) 
have been indicated. The chemisorption of Al(CH3)3 can observed through the 
detection of CH4, both on m/z = 15 (CH3+) and m/z = 16 (CH4+) as shown in Fig. 
11. During precursor injection the signal rises also slightly for m/z = 32. This 
increase is smaller than for m/z = 16 and we attribute the increase at m/z = 32 to 
the pressure increase in the QMS induced by the precursor injection. Albeit less 
clear, during the plasma exposure also a decrease in the signals at m/z = 16 and 
32 can be observed similar to the case in the ALD-I reactor as discussed above. 
This decrease can be explained by the consumption of oxygen by the oxidation of 
the surface and the production of combustion-like reaction products. These 
reaction products created during the plasma step are observed at m/z = 28 (CO+) 
and m/z = 44 (CO2+). From the relative intensity of the CO+ and CO2+ signals it can 
be concluded that both CO2 and CO are present in the plasma similar to the case in 
the ALD-I reactor. The production of H2O during the plasma exposure is remarkably 
not observed at m/z = 18. This can be attributed to the relatively high pressure and 
therefore high background signal in the QMS on the FlexAL reactor in comparison 
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FIG. 11 Time resolved quadrupole mass spectrometry (QMS) during several plasma-assisted 
ALD cycles of Al2O3 carried out in the Oxford Instruments FlexAL reactor. The most likely 
parent molecules contributing to the signals at the selected mass-to-charge ratios (m/z) are 
given. The Al(CH3)3 dosing and plasma exposures are indicated in the figure. 
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with the QMS on the ALD-I reactor. The background signal at m/z = 18 is 
approximately a factor 10 higher in Fig. 11 than in Fig. 6 while the signal at  
m/z = 32 due to the O2 injected is quite comparable for the FlexAL and ALD-I. The 
signal at m/z = 32 is only slightly higher in the FlexAL due to the higher operating 
pressure in the reactor (15 mTorr instead of 7.5 mTorr). The higher background 
pressure due to residual gases in the QMS and the corresponding higher baseline 
signal for m/z = 18 (H2O+ due to residual H2O) prevents therefore the detection the 
relatively small H2O levels generated during the plasma exposure step. 
Nevertheless, during the plasma exposure an increase at m/z = 15 is clearly 
observed providing evidence that the concurrent thermal ALD-like reactions are 
taking place in addition to the combustion-like reactions. This is an indirect 
indication of H2O production during the plasma exposure step. Furthermore, similar 
to the experiments on the ALD-I reactor, a mass scan of m/z = 20-30 in the FlexAL 
revealed the presence of small amounts of larger hydrocarbons (C2Hx) during the 
plasma exposure as shown in Fig. 12. Compared to the CH4+ and CO+ signals 
during the plasma exposure step the signals due to the higher hydrocarbons were 
~10 times lower in magnitude (ion current: ~3 × 10-12 A). Similar to the case of the 
ALD-I setup (cf. Sec. III C), it can be inferred from this data that the production of 
these higher hydrocarbons is a minor effect.  

In comparison to the QMS results obtained on the ALD-I setup the signals at 
the various m/z ratios decay with longer time constants for the FlexAL reactor. For 
a part, these longer time constants can be attributed to a longer residence time in 
the FlexAL reactor: when the decay of the m/z = 16 signal during Al(CH3)3 exposure 
is fitted with a single exponential values of τ  ~ 0.17 s and τ  ~ 0.45 s are found 
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FIG. 12 Bar graph mass spectrum during the O2 plasma step as composed from the time 
resolved quadrupole mass spectrometry (QMS) measurements carried out in the Oxford 
Instruments FlexAL reactor. The spectrum has been corrected for (background) signals during 
regular O2 plasma operation and shows therefore only species that are related to the ALD 
surface reactions taking place during the O2 plasma step. The most likely ions contributing to 
the signals at the selected mass-to-charge ratios (m/z) are indicated. 
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FIG. 13 Optical emission spectrum from (a) a pure O2 plasma and (b) from the O2 plasma after 
a preceding Al(CH3)3 dose recorded in the first 200 ms after the plasma strike. The spectra 
were taken through the top viewport on the plasma source of the Oxford Instruments FlexAL 
reactor. The different peaks have been identified in the spectra and the saturation level of the 
spectrometer is indicated. 

  
for the ALD-I and FlexAL reactor, respectively. Both values are close to the mean 
residence time Rt  in the ALD-I ( Rt  ~ 0.2 s) and FlexAL ( Rt  ~ 0.4 s). However, during 
the plasma exposure there appears to be another effect. The characteristic decay 
times of CO and CO2 appear to be much longer (τ  ~ 6 s) in the FlexAL reactor than 
what would generally be expected on the basis of the residence time of  

Rt  ~ 0.4 s. For the ALD-I reactor this is not observed and the characteristic decay 
times of CO and CO2 are similar to the residence time ( Rt  ~ 0.2 s). This discrepancy 
is not yet understood.   

As described in Sec. II.B, the OES measurements on the FlexAL were 
performed through a quartz window at the top of the plasma source. In Fig. 13(a) a 
spectrum of a pure O2 plasma is shown with the various O* and O2+* lines identified. 
Recall that both the emission from the plasma source region as from the 
downstream reactor region are probed line-of-sight in the OES configuration on the 
FlexAL. The 400 W plasma generates a large amount of O* radical emission at  
777 nm which saturated the detector as indicated. Figure 13(b) shows the emission 
observed during the plasma exposure step of an ALD cycle. The emission is 
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collected at the beginning of the plasma exposure (t ~ 200 ms after plasma 
ignition). It is evident that a large amount of O2 plasma-related emission is still 
present, probably most prominently generated in the plasma source itself. The 
presence of H2O in the plasma can be deduced from the strong OH* and H* emission 
around 309 and 656 nm, respectively. This provides additional evidence that H2O is 
produced in the FlexAL reactor despite the fact that the H2O signal was obscured in 
the QMS data. Furthermore, compared to the pure O2 plasma (Fig. 13(a)), the 
spectrum during the ALD processing (Fig. 13(b)) shows also a clear broadband 
emission. Although no clearly resolved CO* related peaks can be distinguished the 
subtraction of both spectra in Fig. 13 confirms the presence of CO* emission. 
 
 
IV. DISCUSSION 
 
A. Reaction mechanism for plasma-assisted ALD of Al2O3  

In the previous sections, the plasma-assisted ALD process of Al2O3 from 
Al(CH3)3 and O2 plasma has been investigated in two remote plasma ALD reactors by 
four different in situ diagnostics. With respect to the reaction mechanism of Al2O3, 
the results can be summarized in the following major observations: 

(i) In the precursor dosing step, the chemisorption of Al(CH3)3 takes place by 
the release of CH4 in the gas phase.  

(ii) At a substrate temperature of 70 ºC, Al(CH3)3 predominantly chemisorbs 
bifunctionally to the surface, i.e., it reacts predominantly with two surface 
groups. 

(iii) Because the process window of plasma-assisted ALD extends down to 
room temperature, all internal surfaces of the reactor (i.e., also the 
reactor walls) contribute to Al(CH3)3 consumption during the precursor 
dosing step. A significant gas phase density of Al(CH3)3 builds only up in 
the reactor when the reactions at all the internal surfaces reach 
saturation. 

(iv) During the O2 plasma exposure, the oxygen in the plasma is significantly 
consumed by the oxidation of the Al2O3 surface and the combustion of  
–CH3 surface groups. 

(v) The combustion of the –CH3 surface groups leads to the production of 
CO, CO2 and H2O reaction products. The presence of CO in the plasma 
can indicate incomplete combustion reactions but can also be caused by 
the dissociation of CO2 in the plasma. 

(vi) CH4 is also a reaction product during the O2 plasma exposure step. From 
the height of the CH4 signal and its time response, it is concluded that the 
CH4 is created in a concurrent thermal ALD-like reaction pathway initiated 
by the H2O produced in the combustion-like reactions of the –CH3 
groups. This secondary reaction competes with the combustion-like 
reactions. It is, however, a minor effect as it requires first the production 
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of H2O, while it can only be significant during the time when there are still  
–CH3 groups present at the surface.  

(vii) The presence of higher hydrocarbons (C2Hx) is also observed during the 
O2 plasma exposure step indicating a possible third reaction pathway. 

(viii) At the beginning of the plasma exposure step, large quantities of reaction 
products are released into the plasma because Al(CH3)3 has been 
chemisorbed at all internal surfaces of the reactor. This leads to 
significant disturbance of the O2 plasma properties as the reaction 
products undergo ionization and dissociation reactions in the plasma.  

On the basis of these observations the following qualitative picture of the reaction 
mechanism during plasma-assisted ALD of Al2O3 can be deduced:  

The surface reactions during Al(CH3)3 dosing in plasma-assisted ALD appear 
to be very similar to those in thermal ALD. In both cases CH4 is released as a 
reaction product during the chemisorption of Al(CH3)3 on the surface. For both 
plasma-assisted ALD and thermal ALD it appears that Al(CH3)3 chemisorbs mostly 
bifunctionally on the surface, at least at the low substrate temperatures investigated 
[24]. Information on the surface groups involved during Al(CH3)3 chemisorption 
cannot directly be deduced from the data. However, from the fact that CH4 is 
released from the surface, it can be concluded that H atoms are available on the 
surface for the reaction with the –CH3 ligands of the chemisorbing Al(CH3)3.  

The oxidation step during plasma-assisted ALD is very different from the 
oxidation step during thermal ALD with H2O. Oxygen radicals are the dominant 
species in an (inductively coupled) O2 plasma [60] and rule therefore the surface 
reactions during the oxidation step. These O radicals are consumed in the oxidation 
of the Al atoms on the surface and the combustion of the –CH3 surface groups. This 
consumption of O radicals leads to a change in the mass balance in the plasma 
decreasing the O and O2 density levels during the time interval that the surface 
reactions take place. The reaction of the O radicals with the –CH3 surface groups 
leads to several reaction products. Most important is the combustion of the –CH3 
surface groups leading to CO, CO2 and H2O reaction products in the gas phase. The 
fact that CO is observed in the plasma can indicate incomplete combustion reaction, 
however, from the data reported CO production from incomplete combustion 
cannot be distinguished unambiguously from the production of CO in the gas phase 
by dissociation of CO2 molecules in the plasma. This latter reaction will certainly 
also take place. A second reaction pathway during the O2 plasma step is initiated by 
the H2O produced by the combustion-like reactions. Once H2O is produced from a  
–CH3 surface group it can react with a neighboring –CH3 surface group by a thermal 
ALD-like reaction. This secondary reaction competes therefore with the 
combustion-like reactions but it can only take place during the time when there are 
still –CH3 groups present at the surface. This reaction pathway becomes 
insignificant at the moment when almost all –CH3 surface groups are reacted away 
by the combustion-like reactions. A third reaction pathway is indicated by the 
observation of higher hydrocarbon species (C2Hx) in the plasma. The observation of 
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such higher hydrocarbons suggests that the oxygen radicals are not effective in 
combusting all –CH3 surface groups. Consequently it makes it more plausible that 
the combustion-like surface reactions are incomplete and that CO is also directly 
produced at the surface. The production of higher hydrocarbon species appears to 
be a minor effect, however some of the higher hydrocarbon species can also be 
oxidized by combustion-like reactions with oxygen species in the gas phase [61]. 
The higher hydrocarbon species can be generated at the surface by reaction 
mechanisms such as proposed by Elliott et al. [20]. They suggest that, when O 
radicals attack the bonds within the –Al–CH3 surface groups, intermediate surface 
groups can be formed such as –Al–O–CH3 (methoxy-groups) or –Al–CH2OH. 
Subsequently, volatile higher hydrocarbon species (C2Hx) can be formed. For 
example, by association reactions between neighboring –CH2 surface groups, 
ethene (C2H4) is suggested to be formed. On the basis of first principle density 
functional theory calculations it has been found that such reaction pathways might 
be energetically favored over combustion-like reactions [20]. It should, however, be 
noted that the preference for certain surface reaction pathways is also determined 
by the flux of the incoming O radicals. During the O2 plasma exposure there is a 
relatively high flux of O radicals to the surface [60] which can cause the 
combustion-like reactions to be favored.  

The large quantities of reaction products that are released into the plasma at 
the beginning of the plasma step have a substantial effect on the plasma properties. 
The reaction products become dissociated and ionized in the plasma changing the 
composition of the plasma significantly. As a consequence also the impedance of 
the plasma can be altered, which might affect plasma power coupling and drift in 
the optimum power matching conditions. In addition the change in plasma 
composition can also lead to secondary effects at the surface, for example, 
redeposition reactions can occur. These effects caused by the surface reaction 
products increase in importance with increasing inner surface area of the reactor 
because under saturated conditions Al(CH3)3 has been chemisorbed at all internal 
surfaces of the reactor.  

As mentioned earlier, information on the surface groups created after O2 
plasma exposure of the –CH3 terminated surface cannot directly be deduced from 
the reaction product data. The fact that CH4 is released from the surface during 
Al(CH3)3 dosing indicates, however, that H atoms are present at the surface after O2 
plasma exposure. This aspect, as well as the observation that the temperature 
dependence of the growth rate of plasma-assisted and thermal ALD show 
remarkable similarities (most notably at higher substrate temperatures) [3] might 
suggest the presence of hydroxyl (–OH) surface groups after the O2 plasma step. 
Such –OH surface groups can possibly be created directly in the combustion-like 
reactions, but they can also be created indirectly by the H2O molecules generated at 
the surface in the combustion-like reactions. The presence of –OH surface groups 
after the oxidation step has also been predicted for ALD of Al2O3 using O3 as 
oxidant source [20] although experimental investigations showed some variance 
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[21]. Possible differences between results obtained with O3 as oxidant source and 
between the O3 and O2 plasma case can possibly be attributed to differences in the 
flux of reactive species to the surface during the oxidation step. A difference in flux 
and related surface chemistry can also possibly explain differences in growth rate 
observed for the different oxidant sources [3]. More insight into the surface 
reactions and the surface groups present after the O2 plasma step will be provided 
by in situ infrared spectroscopy measurements of the surface groups. These 
infrared spectroscopy measurements are currently carried out and will be reported 
in a future publication [62]. 

 
B. Consequences for other plasma-assisted ALD processes  

The qualitative picture of the reaction mechanism for plasma-assisted ALD of 
Al2O3 described above can most probably be generalized to other plasma-assisted 
ALD processes of metal oxide films employing O2 plasma as oxidant source. It is 
expected that the reaction mechanism is similar when using other metal-alkyl 
compounds as precursor whereas it is also anticipated that roughly the same 
reaction mechanism holds for oxide films deposited by ALD from metal-organic 
precursors and O2 plasmas in general. During the precursor dosing, the 
chemisorption reactions are expected to specifically depend on the precursor, most 
notably on the nature of its organic ligands. The O2 plasma step is, however, 
expected to be ruled by combustion-like reactions due to the large O flux in an O2 
plasma. Also secondary reactions such as initiated by H2O by-products are 
expected to play a role for other plasma-assisted ALD processes employing  
metal-organic precursors. In addition, for other metal-organic compounds  
(metal-alkoxide, alkylamide, beta-diketonate, etc.) also other types of reaction 
products than CO2, CO, H2O and hydrocarbon species might be formed during the 
O2 plasma step depending on the atomic composition of the organic ligands. For 
example, for metal-alkylamide precursors and O2 plasma, the formation of CN and 
NO-related species can be anticipated. The level of influence of these and other 
reaction products on the plasma properties depends on the ALD process 
characteristics. For example, when the precursor does not chemisorb on the reactor 
walls for a cold-wall reactor, the influence of the reaction products released from 
the heated substrate holder during the O2 plasma step will be relatively minor. 
Insight in these and other aspects of plasma-assisted ALD of metal oxides from 
metal-organic precursors and O2 plasma can relatively easily be obtained by mass 
spectrometry and optical emission spectroscopy studies as shown in this work.  
 
 
V. CONCLUSIONS 

The reaction mechanism of the plasma-assisted ALD process of Al2O3 from 
Al(CH3)3 dosing and O2 plasma exposure was investigated. Results were combined 
from four complementary in situ diagnostics. With spectroscopic ellipsometry and 
quartz crystal microbalance measurements the thickness increase and mass gain 
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per cycle was monitored whereas with quadrupole mass spectrometry and optical 
emission spectroscopy the reaction products created during the ALD surface 
reactions were investigated. Aspects such as Al(CH3)3 chemisorption and its 
saturation behavior, combustion-like reactions and additional reaction pathways 
during O2 plasma exposure leading to hydrocarbon species, and the influence of the 
reaction products on the O2 plasma properties were discussed. From a comparison 
with thermal ALD of Al2O3 and the main observations made, a qualitative picture of 
the reaction mechanism of plasma-assisted ALD of Al2O3 was presented. To achieve 
a higher level of understanding of the reaction mechanism experimental data on the 
surface functional groups created by the ALD half-reactions will be required. Such 
information can be obtained by infrared spectroscopy measurements that are 
currently carried out for plasma-assisted ALD of Al2O3.   

It has also been discussed that the results on the reaction mechanism 
obtained for Al2O3 can most probably be generalized for plasma-assisted processes 
of metal oxides employing metal-alkyl compounds and even for metal-organic 
precursors in general. From the results presented in this work, it has become clear 
that considerable insight into the reaction mechanisms of plasma-assisted ALD 
processes of other metal oxides can be obtained by common diagnostics such as 
quadrupole mass spectrometry and optical emission spectroscopy. Especially 
optical emission spectroscopy has turned out to be a relatively simple and 
inexpensive diagnostic which can easily be applied to (commercial) plasma-assisted 
ALD reactors while providing much more information than only the oxygen species 
present in the steady-state O2 plasma employed. The in situ diagnostics will 
therefore also be employed in future studies of the plasma-assisted ALD processes 
of other metal oxide films deposited from different kinds of metal-organic 
precursors. 
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Chapter 7 
 
 
Plasma-Assisted ALD of Ta2O5 from Alkylamide Precursor 
and Remote O2 plasma 
 
 
Tantalum oxide (Ta2O5) films were synthesized by plasma-assisted atomic layer deposition (ALD) from 
pentakis(dimethylamino)tantalum [Ta(N(CH3)2)5, PDMAT] precursor and using a remote O2 plasma as 
oxidation source. Film growth was monitored in situ by spectroscopic ellipsometry and film properties 
were investigated for deposition temperatures between 100 and 225 °C. Saturated precursor dosing 
conditions and plasma exposure times were identified and growth rates ranging from 0.8 Å/cycle at 
225 °C to 0.87 Å/cycle at 100 °C were obtained. The deposited films were found to be stoichiometric 
(Ta:O = 2:5). Moreover, no N incorporation was detected and the C content was below the detection 
limit of the Rutherford backscattering measurement (<2 at.%) for all films studied. The mass density of 
the films, ranging from 7.8 g cm-3 at 100 °C to 8.1 cm-3 at 225 °C, was found to be close to the bulk 
Ta2O5 density. The deviation could be partly accounted for by the amount of H detected with elastic 
recoil detection analysis, varying from 2 at.% at 225 °C to 4.6 at.% at 100 °C. X-ray diffraction revealed 
that all films were amorphous, independent of deposition temperature. The reaction mechanisms, in 
particular during the plasma step, were investigated using quadrupole mass spectrometry and optical 
emission spectroscopy. During the plasma step, combustion products such as CO, CO2, and H2O were 
detected. This indicates that combustion-like processes occur, in which the alkylamide N(CH3)2 ligands 
are oxidized by the O radicals generated in the plasma. Additionally, the presence of excited C≡N* 
molecules in the plasma was observed in the plasma emission.1 

                                                 
1 S.B.S. Heil, F. Roozeboom, M. C. M. van de Sanden, and W. M. M. Kessels, submitted for publication. 
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I. Introduction 
Tantalum oxide (Ta2O5) is an extensively studied material because of its 

interesting optical and electrical properties. With a relatively high refractive index  
(n ~ 2.2) and a wide optical bandgap (~4.35 eV), Ta2O5 is of interest for optical 
applications such as reflective coatings on mirrors and optical waveguides. Due to 
its high dielectric constant (k ~ 25, for amorphous films), low leakage current  
(<10-6 A/cm2 at ≤3 MV/cm), and voltage linearity, Ta2O5 has been investigated for 
electrical applications such as gate dielectric in metal-oxide-semiconductor field 
effect transistors (MOSFETs) [1,2], storage dielectric in dynamic random access 
memories (DRAMs), and insulating layer in thin film electroluminescent (TFEL) 
devices [3]. Ta2O5 has proven to be especially suited as a dielectric in stacked 
metal-insulator-metal (MIM) capacitor structures that can be found in applications 
integrated in the back-end-of-line (BEOL), such as embedded dynamic random 
access memory (eDRAM) and rf decoupling capacitors in radio frequency integrated 
circuits [3-5].  

A common method for the deposition of Ta2O5 is metal-organic chemical 
vapor deposition (MOCVD) using Ta(OC2H5)5 ((pentaethoxide)tantalum; PET) 
precursor and O2 gas at temperatures around 400 °C [3,6]. The deposited films, 
however, contain relatively large amounts of C and H impurities and need to be 
annealed at temperatures >600 °C to obtain the appropriate film properties [6]. For 
temperature sensitive applications, such as MIM capacitors embedded in the  
back-end-of-line (BEOL), there is a desire to minimize the heat load during Ta2O5 

processing, making the current annealing step less compatible. Furthermore, due to 
the miniaturization of devices, there is a demand for higher capacitance density and 
a shift has been made towards the deposition of MIM capacitor stacks on 3D 
structures such as trenches and pores [7]. With MOCVD it will become increasingly 
more challenging to grow thin, conformal Ta2O5 films at a low temperature on these 
structures once the aspect ratios employed increase. Therefore, alternative process 
techniques for the deposition of Ta2O5 are actively pursued. 

Atomic layer deposition (ALD) has gained increasing interest for the growth 
of dielectric materials and is considered to be an attractive alternative technique to 
MOCVD for the growth of thin Ta2O5 films [3]. In ALD, film growth is established 
through self-limiting surface reactions between alternately supplied gaseous 
precursors [8]. The cyclic nature of ALD allows for excellent thickness control by the 
deposition of a single (sub-)monolayer of film per cycle. Furthermore, the  
self-limiting surface reactions facilitate the growth of conformal and uniform films 
over large substrate areas with a challenging 3D topography. The possibility to 
deposit at relatively low temperatures is another major advantage of ALD.  

Using H2O as oxidant source, Ta2O5 has been deposited by the thermal ALD 
process from various Ta sources such as PET [9,10], and the metal-halides TaCl5 
(tantalumpentachloride) [11-13], TaF5 (tantalumpentafluoride) [14], and TaI5 
(tantalumpentaiodine) [15]. Deposition temperatures typically ranged from 200 °C 
to 400 °C. Alternatively, the growth of Ta2O5 from alternating exposures of PET and 
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TaCl5, i.e., without the use of an additional oxidant, has been demonstrated [16,17]. 
Using a relatively high deposition temperature (>600 °C) it was also shown that 
films can be grown using alternate exposures of TaI5 and O2 gas [18]. Furthermore, 
the use of an O2 plasma for oxidation (so-called plasma-enhanced or plasma-
assisted ALD) in combination with the PET precursor has been reported for both 
direct plasma [19,20] and radical enhanced reactor configurations [21].  

Recently, the use of the alkylamide-based precursor Ta(N(CH3)2)5 
(pentakis(dimethylamino)tantalum; PDMAT) has attracted interest because of its 
high reactivity with hydroxylated surfaces, especially at low temperatures  
(<250 °C) [22]. Moreover, it has a relatively high vapor pressure and the absence of 
Cl- and O-containing ligands results in non-corrosive reaction products which are 
more compatible with BEOL processing of Cu metallization and are considered more 
hardware friendly. Film growth of Ta2O5 by plasma-assisted ALD using PDMAT and 
a remote O2 plasma has recently been demonstrated by Maeng et al. [23,24]. A 
constant, relatively high growth rate of 1.2 Å/cycle was reported for deposition 
temperatures ranging from 150 to 250 °C. The material properties obtained with 
plasma-assisted ALD were found to be better compared to thermal ALD grown 
Ta2O5 from PDMAT using H2O as oxidant.  

In this paper we report on the deposition of Ta2O5 by plasma-assisted ALD 
using PDMAT as Ta precursor and O2 plasma as oxidant source. We have extended 
the analysis of the compositional, structural, and optical properties of Ta2O5 films 
to lower deposition temperatures, i.e., the 100-225 °C range. A major practical 
advantage of using a plasma as oxidant source is the possibility of keeping the 
cycle times short at low temperatures, since the reactivity is quickly removed when 
the plasma is switched off. In thermal ALD the use of H2O generally creates the 
necessity of applying a long purge period after the H2O dose in order to maintain 
pure ALD film growth, i.e., without any chemical vapor deposition effect [25]. In 
addition, experimental insight is presented into the reaction mechanism of plasma-
assisted ALD of Ta2O5. While Ta2O5 material properties are extensively discussed in 
the literature, such experimental insight into the reaction mechanisms, in particular 
during the O2 plasma exposure, is lacking. Earlier, we have demonstrated that 
combustion-like reactions occur during the plasma-assisted ALD of Al2O3 from the 
alkyl metal-organic precursor Al(CH3)3 (trimethylaluminum; TMA) and O2 plasma 
[26,27]. The production of CO2 and H2O was detected by mass spectrometry and 
optical emission spectroscopy. Here we present a similar experimental investigation 
during the O2 plasma exposure of Ta2O5 deposition. Unlike the situation in Al2O3 

deposition, where prior to the plasma exposure the surface is covered with –CH3 
groups resulting from the chemisorption of Al(CH3)3, in this case –N(CH3)2 surface 
groups are expected to cover the surface due to the binding of the Ta(N(CH3)2)5 
precursor to the surface. It has been speculated that the formation of reaction 
products such as CO2 and H2O occurs during the O2 plasma exposure, and,  
specifically for the alkylamide metal-organic precursors, also the formation of NO 
[23]. These products have been experimentally investigated in this work.  
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 II. Experimental 
The experiments were carried out in a homebuilt remote plasma ALD reactor 

described in detail elsewhere [27,28]. Briefly, it consists of a deposition chamber to 
which a precursor delivery system and remote inductively coupled plasma (ICP) 
source are attached. The chamber is pumped by a turbomolecular pump and has a 
base pressure of ~10-6 Torr. The typical processing conditions and experimental 
settings are summarized in Table I. The wall temperature was controlled at 85 °C. 
The solid metal-organic precursor Ta[N(CH3)2]5 (pentakis(dimethylamino)tantalum, 
PDMAT, Sigma-Aldrich, purity >99.99%), stored in a stainless steel bubbler, was 
heated up to a temperature of 65 °C to reach an adequate vapor pressure. To 
prevent condensation, the PDMAT vapor was delivered to the chamber through 
heated supply lines (>70 °C), using a small Ar carrier gas flow controlled by a leak 
valve upstream. The Ar flow results in an operating pressure of ~30 mTorr in the 
reactor and is also used to purge the chamber after the precursor dosing, using a 
divert line. In addition, the chamber was briefly pumped down (<10-4 Torr) after 
purging with Ar to remove any remaining gaseous precursor and reaction  
by-products before switching on the O2 flow through the plasma source. The ALD 
reaction was completed by exposure to an O2 plasma generated in the ICP source 
(100 W), operated at a pressure of 7.5 mTorr.  

The films were deposited on 4x4 cm2 native oxide covered monocrystalline  
Si (100) substrates (p-type, 10-30 Ω cm) placed on a heated substrate holder  
(100-225 °C). The substrates were exposed to an O2 plasma for 5 minutes prior to 
the deposition. During this plasma oxidation step of the substrate the SiOx film 
growth was monitored in situ by spectroscopic ellipsometry using a J.A. Woollam, 
Inc. M2000U visible and infrared extended ellipsometer (0.75-5.0 eV), mounted 
under a 68° angle relative to the substrate normal. During Ta2O5 processing, SE 
thickness measurements of the grown Ta2O5 film were taken after completion of a 
certain number of ALD cycles. To investigate the optical properties of the deposited  
 

Table I. Typical operating settings during plasma-assisted ALD of Ta2O5. The range in which 
the settings were varied during the experiments is given between brackets. 

Parameter Range varied

Ta[N(CH3)2]5 dose time 3.0 s (0.5-8 s)

Ar partial pressure 30 mTorr

Plasma exposure time 2.0 s (0.5-5 s)

O2 partial pressure 7.5 mTorr

Deposition temperature 225 °C (100-225 °C)

Wall temperature 85 °C

Bubbler temperature 65 °C

Plasma power 100 W

Standard setting
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Ta2O5 films near its bandgap, also an ex situ characterization was performed using 
a J.A. Woollam, Inc. M2000D visible and UV extended ellipsometer (1.2-6.5 eV), 
under an angle of 75°. A Tauc-Lorentz model was applied to fit the data using the 
Woollam WVASE software [29,30].  

The film composition was determined by Rutherford backscattering 
spectrometry (RBS), using a 2 MeV 4He+ beam under an 80° angle of incidence for 
determining the Ta, O, N, and C areal densities of the films. Using the same beam 
settings, also elastic recoil detection (ERD) measurements were performed to 
determine the H areal density. The mass density was calculated from the areal 
density by RBS using the thickness data obtained by spectroscopic ellipsometry. The 
microstructure of the deposited films was studied using a Panalytical/Philips X’Pert 
Pro MPD diffractometer, equipped with a Cu-Kα x-ray source and an X’Celerator 
detector.  

A differentially-pumped quadrupole mass spectrometer (QMS, Pfeiffer QME 
200, mass-to-charge ratio m/z = 0-200) was fitted to the side of the reactor. The 
gas sampling took place through a 150 μm orifice, keeping the pressure in the 
mass spectrometer within the working range (<10-5 Torr) for the secondary electron 
multiplier (SEM) to operate. The incoming molecules are ionized in the QMS through 
electron impact ionization by ~70 eV electrons. For most species this leads to 
dissociative ionization of the incoming molecules. Therefore, the identification of 
the original incoming molecules was performed on the basis of their so-called 
cracking patterns. To achieve sufficient time resolution, the time resolved 
measurements were carried out by monitoring only four mass-to-charge ratios 
(m/z) per deposition of typically 10 ALD cycles. This experiment was repeated until 
data were obtained for all m/z ratios in the range of m/z = 15-45. In each 
deposition the signal at m/z = 40 (Ar+) was included to serve as a reference while 
the other three m/z varied. On the basis of the Ar+ signal the different 
measurements were synchronized afterwards. This procedure allowed for 
constructing a time resolved mass scan of all masses (m/z = 15-45), with an 
adequate time resolution. 

Optical emission spectroscopy (OES) was carried out by measuring the 
plasma emission just above the substrate holder using an Ocean Optics USB2000 
spectrometer having a wavelength detection range of 250-870 nm and a resolution 
of approximately 1 nm. The emission by the plasma was coupled into the 
spectrometer by placing an optical fiber with a small aperture (~100 μm diameter) 
close to one of the glass windows (cutt-off wavelength ~350 nm) on the deposition 
chamber. Time dependent measurements were carried out by repetitively acquiring 
full spectra (350-870 nm) with an integration time of 100 ms. The spectral data of 
each spectrum were stored in separate files. For data reduction, the option in the 
software for selecting a single wavelength in the spectrum and acquiring the signal 
height as a function of time was used to monitor excited plasma species as a 
function of time during the plasma exposure step.  
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III. Film growth and material properties 
For optimizing the process the precursor dose time and plasma exposure 

time were varied at a deposition temperature of 225 °C. Ta2O5 film growth was 
monitored by in situ spectroscopic ellipsometry (SE), yielding directly the growth 
rate from the film thickness plotted versus the number of cycles during a single 
deposition run [31]. Under all deposition conditions film growth was observed to 
proceed linearly with the number of cycles. In Fig. 1(a) the growth rate can be seen 
to vary with the PDMAT dose time, reaching a maximum of 0.81±0.02 Å/cycle for 
dose times of 3 s or more. A similar trend can be observed when the plasma 
exposure time is varied while keeping the PDMAT dose at 3 s. Saturated film growth 
was found to occur when the plasma is applied longer than 1 s (Fig. 1(b)). The 
presence of a saturated growth regime also proved that the combination of Ar 
purge, the intermitting pump-down of the reactor, and the switching of the gases 
(Ar to O2) is adequate to avoid the occurrence of residual CVD processes.  

The saturated growth rate of ~0.8 Å/cycle obtained in our investigation 
differs considerably from the ~1.2 Å/cycle reported earlier by Maeng et al. for the 
use of PDMAT and a remote O2 plasma in the temperature range of 150-250 °C 
[23]. The exact reason for this deviation remains unclear; the main difference is that 
they used a higher plasma power (300-500 W) compared to the 100 W plasma 
power used in the current experiments. Variations in growth rates are, however, not 
uncommon in the ALD processing of metal oxides, and, tend to depend also on the 
oxidant source, the Ta source, and the reactor configuration used in the 
experiments. For instance, a more moderate growth rate of ~1.0 Å/cycle has been 
reported for plasma-assisted ALD of Ta2O5 involving the use of the PET precursor 
and a direct O2 plasma [32]. At the same time a considerable higher growth rate, 
even up to 2.0 Å/cycle, has been reported for radical enhanced ALD using PET and 
an O radical source by Niskanen et al. [21].  
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FIG. 1 Ta2O5 growth rate as a function of (a) the precursor dosing time for a 5 s plasma 
exposure, and (b) the plasma exposure time for a 3 s precursor dose. 
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The Ta2O5 film properties are presented in Table II for depositions at 
different temperatures under saturated growth conditions, i.e., 3 s precursor dosing 
and 2 s plasma exposure. Stoichiometric films (Ta:O=2:5) were obtained at all 
deposition temperatures, as revealed by RBS. Possible C and N impurities are below 
the RBS detection limit of 2 and 0.5 at.%, respectively. ERD revealed an H content 
ranging from 4.6 at.% at 100 °C to 2 at.% at 225 °C. Although not directly measured 
here, it is conceivable that the H is incorporated in the form of –OH, which is 
typically reported for oxide films grown by ALD and CVD processes at low 
temperatures. The mass density of the films is calculated from the RBS elemental 
composition and the SE thickness and is found to increase with the deposition 
temperature from 7.8 g cm-3 at 100 °C to 8.1 g cm-3 at 225 °C. The latter value is 
close to the reported Ta2O5 bulk value of 8.24 g cm-3 [33]. The growth rate shows a 
decrease from 0.87±0.02 Å/cycle at 100 °C to 0.81±0.02 Å/cycle at 225 °C. While 
the growth rate decreases with temperature, the number of Ta atoms deposited per 
cycle remains roughly the same (~0.18 1015 at. cm-2/cycle) at all temperatures  
(cf. Table II). The variation of growth rate with temperature can therefore be largely 
explained by the difference in mass density of the deposited films. This is 
remarkably different to other plasma-assisted ALD processes, such as Al2O3, where 
the number of deposited Al atoms per cycle decreases with increasing deposition 
temperature [34]. 

 
Table II. Film properties as determined by Rutherford backscattering spectrometry and 
spectroscopic ellipsometry for Ta2O5 films grown using 700 ALD cycles at different deposition 
temperatures. The optical bandgap Eg has been determined from the SE data using the Tauc 
formalism. 

Thickness (Å) 607 ± 2 559 ± 2 568 ± 2

Growth rate (Å/cycle) 0.87 ± 0.02 0.80 ± 0.02 0.81 ± 0.02

Ta (1015 at cm-2)/cycle 0.185 ± 0.007 0.173 ± 0.007 0.180 ± 0.007

O (1015 at cm-2)/cycle 0.462 ± 0.007 0.434 ± 0.007 0.449 ± 0.007

H (1015 at cm-2)/cycle 0.031 ± 0.007 0.014 ± 0.007

Ta : O 2:5 ± 0.1 2:5 ± 0.1 2:5 ± 0.1

H (at.%) 4.6 ± 1 2.0 ± 1

Mass density (g cm-3) 7.8 ± 0.05 8.0 ± 0.05 8.1 ± 0.05

E g  (eV) 4.31 ± 0.05 4.29 ± 0.05 4.26 ± 0.05

n  ( at 2.0 eV) 2.20 ± 0.03 2.20 ± 0.03 2.23 ± 0.03

Deposition temperature

Properties

not measured

100 °C 150 °C 225 °C

not measured

 
 



 132

 
 

10 20 30 40 50 60 70 80 90

100 °C

150 °C

 

 

In
te

ns
ity

 (a
.u

.)

2θ (degrees)

225 °C

Si substrate

Ta2O5

 
 

FIG. 2 XRD spectra of plasma-assisted ALD Ta2O5 at different deposition temperatures. The data 
have been normalized and offset vertically for clarity. 

 
In Fig. 2 XRD spectra are shown for the Ta2O5 films reported in Table II. 

Besides the large c-Si substrate peak at 2θ = 69 degrees for Si (400), a broad 
feature between 20 and 40 degrees can be observed for all samples. The absence of 
sharp peaks in the XRD spectrum indicates that the Ta2O5 films are primarily 
amorphous when deposited in the temperature range of 100-225 °C. However, the 
broad structure between 20 to 40 degrees possibly suggests the presence of 
nanocrystallites in the film. This kind of microstructure is typically found in XRD 
spectra of ALD Ta2O5 films in this temperature range for both metal-organic and 
metal-halide based Ta precursors used in combination with H2O [13,35]. For 
deposition temperatures above 300 °C, where the metal-halide Ta precursors  
(i.e., TaCl5, TaF5, TaI5) can be used in combination with H2O, the hexagonal 
δ−Ta2O5 phase is found in the as-deposited films [13-15]. At increased deposition 
temperatures or upon annealing the Ta2O5 films tend to become more crystalline, 
changing to the orthorhombic β-Ta2O5 phase with the undesirable effect of causing 
a higher leakage current [35]. At all deposition temperatures and even after 
annealing the films are reported to contain a large fraction of amorphous material 
[15]. The degree of crystallinity of the as-deposited Ta2O5 films in the current work 
could not be determined on the basis of the XRD measurements in Fig. 2. 

The refractive index (n) and extinction coefficient (k) of the deposited Ta2O5 
were determined from the fit of the ellipsometric data of the films described in 
Table II. In Fig. 3 the n and k of the Ta2O5 film deposited by plasma-assisted ALD at 
225 °C are shown over a range from 0.75-6.5 eV (1700-193 nm). The data have 
been generated using the Tauc-Lorentz parameterization of the combined data as 
obtained by the IR (down to 0.75 eV) and UV (up to 6.5 eV) extended ellipsometers. 
The Tauc-Lorentz fit parameters at 225 °C were found to be A = 330.2;  
En = 4.950 eV, C = 1.769 eV, Eg = 4.216 eV, and Einf = 2.312 eV and these values 
were found to be similar for all films. At a photon energy of 2 eV (~633 nm) the  
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FIG. 3 Refractive index and extinction coefficient for Ta2O5 deposited at 225 °C. 
 
refractive index is found to range from n = 2.20 at 100 °C and 150 °C to n = 2.23 at 
225 °C. The refractive index is close to the highest reported values (n ~ 1.9-2.2) for 
Ta2O5 ALD using various Ta precursors and H2O as oxidant in the same temperature 
range [9,13,15,16,35]. The high refractive index can be correlated to the relatively 
high density of the Ta2O5 material obtained in this work. From the SE data the Tauc 
bandgap was determined [36]. Tauc bandgap values ranged from Eg = ~4.31 eV at 
100 °C to Eg = ~4.24 eV at 225 °C. These values are close to typical values reported 
for thermal ALD Ta2O5 films [13,30].  
 
IV. Reaction mechanism studies 

To investigate the reaction mechanisms governing Ta2O5 film growth by 
plasma-assisted ALD, quadrupole mass spectrometry and optical emission 
spectroscopy were employed. In particular the reactions occurring during the O2 
plasma exposure are of interest since a clear difference with the thermal ALD 
process exists in the form of the chemical reactivity of the oxidant source. The 
deposition temperature during the QMS and OES experiments is set by the wall 
temperature (85 °C) of the deposition chamber. Saturated dosing conditions were 
used (3 s PDMAT dose and 5 s plasma exposure), unless otherwise stated. 

QMS data of the mass-to-charge (m/z) ratios in the range of m/z = 15-45 
were obtained using the experimental procedure described in Section II. In Fig. 4(a) 
time dependent scan over two ALD cycles is shown. The periods during which the 
Ar flow or the O2 flow were active, have been indicated, as well as the introduction 
of PDMAT and the plasma exposure. The mass-to-charge ratios shown in Fig. 4 
were selected on the basis of the cracking patterns of the reactants (O2 and PDMAT) 
and expected reaction products: m/z = 18 (H2O+), m/z = 28 (CO+ / NCH2+),  
m/z = 32 (O2+), m/z = 44 (CO2+ / N(CH3)2+), and m/z = 45 (HN(CH3)2+). It should 
be noted that the switching of gases during the ALD cycle from Ar during PDMAT 
dose (30 mTorr) to O2 during plasma exposure (7.5 mTorr) introduces changes in  
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FIG. 4 QMS signals of key fragments (m/z = 18, 28, 32, 44, 45) during two cycles of the Ta2O5 
plasma-assisted ALD process. The periods during which the Ar flow and O2 flow are active, 
have been indicated, as well as the precursor dosing time and the plasma exposure. 

 
(background) pressure inside the mass spectrometer. The baselines of the m/z 
signals therefore shift in height, whereas spikes associated to the sudden pressure 
increase induced by the start of Ar and O2 flow can be observed. In Fig. 4 these 
effects are most pronounced for m/z = 32 (O2+).  

During the precursor dose no response was observed at any of the m/z 
signals shown in Fig. 4. As a matter of fact no response to the PDMAT precursor 
introduction was seen at any of the m/z signals in the range of m/z = 15–45. This 
is remarkable since this would imply that there is no production of HN(CH3)2 which 
would suggest another chemisorption mechanism than the commonly presumed 
ligand exchange reaction would be occurring. A lack of detection sensitivity of the 
QMS for the measurements carried out could be another explanation for the 
absence of a signal due to HN(CH3)2. However, in a similar investigation of  
plasma-assisted deposition of TaN from PDMAT and H2 plasma [37], where the 
same mass spectrometer was used and under similar experimental conditions, a 
clear response was observed during the precursor dosing at m/z = 28, 44, and 45. 
Under these conditions the response closely matched the cracking pattern of 
HN(CH3)2 (m/z = 44 (100%), 45 (64%), 28 (18%)) [38]. In the case of  
plasma-assisted ALD of TaN the chemisorption of PDMAT most likely involves 
binding to NHx surface groups by splitting off volatile HN(CH3)2 reaction products 
[37]. A lack of sensitivity of the mass spectrometer does therefore not seem obvious 
in the Ta2O5 experiments. In addition, we would like to note that the chemisorption 
of metal-alkylamides has not been as extensively studied as for metal-alkyl or 
metal-halide precursors, in particular not for plasma-assisted ALD processes of 
metal oxides. Furthermore, there are only little literature data available about the 
surface compositio of amorphous Ta2O5 after the oxidation step in ALD. This is 
contrary to the Al2O3 case, for which evidence has been presented that –OH groups 
are the main reactive surface sites both in thermal ALD with H2O as oxidant and 



 135

plasma-assisted ALD using an O2 plasma [26,27,39]. Thus the exact precursor 
chemisorption mechanism occurring during the deposition of Ta2O5 remains an 
open question. 

During the O2 plasma step of the plasma-assisted ALD process of Ta2O5, 
clear peaks can be observed at m/z = 18 and 44. These signals indicate the 
formation of H2O and CO2, respectively. Furthermore, from the dip in the m/z = 32 
(O2+) signal the consumption of oxygen due to the oxidation of the Ta surface layer 
and simultaneous formation of H2O and CO2 can be deduced. These observations 
indicate that combustion-like reactions are occurring during the plasma exposure 
in which the surface groups of the bonded precursor are converted into H2O and 
CO2 through reactions with O radicals. Also a clear peak can be distinguished at 
m/z = 28 which is associated with the presence of CO in the plasma.  

From the peak intensities of the signals shown in Fig. 4 and the other m/z 
ratios measured in the range of m/z = 15–45 the gas composition during the 
plasma exposure (at t ~ 200 ms after ignition of the plasma) was determined. The 
result is shown in Fig. 5 as a bar-graph of the signals that increased during the 
plasma exposure compared to the QMS background. For some of the signals the 
most likely contributing gas species have been indicated. Besides the increase at 
m/z = 28 due to ionization and dissociative ionization of CO and CO2, respectively, 
also a clear increase can be observed at m/z = 27, 29, and 30. On the basis of the 
cracking patterns we suggest that the main candidates contributing to the signals 
are HCN+ (m/z = 27), N(CH3)+  (m/z = 29), and NO+ (m/z = 30), respectively [37]. 
From the gas composition we can speculate that the –N(CH3)2 surface groups after 
PDMAT chemisorption appear to be not completely combusted by the O radicals. 
Possibly a combination of different surface processes occur simultaneously. The 
latter was also observed in the plasma-assisted ALD process of Al2O3 from Al(CH3)3. 
In this process both combustion-like reaction products (CO, CO2, H2O) as well as 
hydrocarbon species (CH4, C2Hx, …) were observed during the O2 plasma exposure. 
One reaction mechanism for hydrocarbon generation was a secondary 
 

10 15 20 25 30 35 40 45 50
0.1

1

10

100

NO+

CO+

CO+
2

 

 

Io
n 

cu
rr

en
t (

10
-1

2  A
)

m / z

H2O
+

 
 

FIG. 5 QMS peak intensities for mass-to-charge ratios (m/z) between 10 and 50 as observed 
during the O2 plasma exposure. 
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 reaction pathway in which the produced H2O reacted with the –CH3 surface groups 
through ligand exchange to form CH4 and –OH groups [26,27]. 

Optical emission spectroscopy was used to investigate the excited species in 
the gas phase during the plasma exposure. The light emission which is observed 
during the first 200 ms of the plasma exposure in the plasma-assisted ALD 
processing of Ta2O5 and during a regular O2 plasma in continuous operation are 
shown in Fig. 6(a) and 6(b), respectively. A clear difference can be observed 
between both spectra. The difference is related to the presence of reaction products 
in the plasma during the oxidation step of plasma-assisted ALD of Ta2O5. From an 
identification of the spectral lines, the broadband emission in Fig. 6(a) was found to 
be predominantly originating from excited CO* molecules. The bands from the 
Angström (B1Σ+ - A1Πi), Herzberg (C1Σ+ - A1Πi), and 3rd positive (b3Σ+ - a3Πr) 
systems of CO* as well as the Comet tail (A2Πi – X2Σ+) and Baldet-Johnson  
(B2Σ+ - A2Πi) systems of the CO+* ion were identified as indicated in Fig. 6(a). Several  
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FIG. 6 Optical emission spectrum taken during (a) the first 200 ms of the plasma exposure in 
the Ta2O5 plasma-assisted ALD process, (b) a regular O2 plasma in continuous operation, and 
(c) the emission spectrum during the first 200 ms of the plasma exposure in the Al2O3 

plasma-assisted ALD process [26]. The identification of the different emission lines has been 
indicated in the spectrum recorded during plasma-assisted ALD of Ta2O5. 
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atomic oxygen lines (777 nm and 845 nm) could also still be clearly identified in the 
spectrum during the Ta2O5 ALD process.  

For comparison, the spectrum recorded during the plasma-assisted ALD of 
Al2O3 is shown in Fig. 6(c) [26]. The spectra for Ta2O5 and Al2O3 show similarities, 
but a clear difference is, besides the higher broadband background, the presence of 
peaks around 388 nm and 358 nm. These peaks have been identified to originate 
from the Violet system (B2Σ  X2Σ) of C≡N* and they are clearly related to the 
presence of alkylamine ligands in PDMAT [40]. The emission of excited nitric oxide 
(NO*) could not be observed in the spectra, although the formation of NO was 
indicated by the QMS measurements. The reason for this is that NO* mostly radiates 
in the UV region (γ-system: 195.61-345.85 nm), where the sensitivity of the OES 
was insufficient.  

Since the reaction products are pumped away continuously, their 
characteristic emission can also be used to gain information on the progress of the 
surface reactions, thus serving as an indicator for the completion of the plasma 
step. Furthermore, since the number of reaction products is limited to the number 
of surface sites that underwent reactions, the OES measurements can also be used 
to investigate the actual film growth by varying one of the growth parameters such 
as precursor dose. From the emission spectra shown in Fig. 6 the wavelength of 
several peaks related to the reaction products were selected and monitored as a 
function of time during the plasma exposure. In Fig. 7 the time dependent signals 
at 777 nm (O*), 656 nm (H*), 519 nm (CO*), and 388 nm (CN*) are given for different 
precursor dose times. Figure 7(a) shows that when no PDMAT dose (t = 0 s) 
preceded the plasma exposure the signal at 777 nm shows a stable O* emission 
immediately after plasma ignition. When precursor has been introduced for a 
relatively brief period of time (t = 0.5 s) prior to plasma exposure step and, 
consequently, surface reactions have taken place, the O* emission is observed to be 
slightly lower at the start of the plasma exposure. Subsequently, it reaches its 
steady state level again after a certain period. With the introduction of more 
precursor (t = 2 and 4 s) this effect is becoming increasingly pronounced. The 
decrease in intensity of the O* radical emission at the start of the plasma exposure 
correlates with the sharp increase seen in the CO*, CN* and H* emission shown in 
Figs. 7(b)-(d). The increase in emission is followed by a decrease to its steady state 
level after some time. The shape of this transient signal depends on the production 
and removal rate of the excited reaction products. For all species the transient 
signal becomes more pronounced with increasing precursor dose which indicates 
that more reaction products have been generated at larger precursor doses.  

The completion of the plasma step can be determined from the decay of the 
transient emission of H*, CO*, and CN*. Typical 1/e decay times of ~0.5 s are found 
for the transient signal of all species. Furthermore, it can also be estimated from 
the O* emission which reaches its steady state value after ~2 s. This correlates with 
the SE film growth data as presented in Fig. 1. The total light emission by the 
reaction product species can be determined by integrating the time dependent 
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signals displayed in Fig. 7. The result is shown in Fig. 8, where the integrated 
emission signals of CO* and CN* are shown as a function of precursor dose. Some 
initial differences at low precursor doses can be observed between the integrated 
CO* and CN* emission signals, but a clear saturation of the amount of emission can 
be observed for both CO* and CN* for precursor doses larger than 3-4 s. The 
saturation of both CN* and CO* emission at higher precursor dose is induced by the 
fact that during the plasma exposure only a limited amount of surface groups enter 
the gas phase due to the self-limiting adsorption reactions of the precursor. When 
compared to the growth rate measured by SE shown in Fig. 1, the OES results on 
CO* and CN* show a very similar trend, reaching a saturated value when a precursor 
dose of 3-4 s and longer is applied. The comparison between the SE film thickness 
and the QMS and OES gas phase measurements forms a check. It correlates the gas 
phase measurements, to which all surfaces on which film growth occurs, contribute, 
to the local measurement of film growth on the substrate by SE. This check 
indicates that, due to the uniform temperature throughout the reactor and the 
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FIG. 7 Time resolved OES measurements of (a) O* (777 nm), (b) H* (656 nm), (c) CO* (519 nm), 
and (d) CN* (388 nm). The signals are given for precursor dosing times of 0 s ( ), 0.5 s 
(  ), 2.0 s (  ), and 4.0 s ( ). The plasma exposure time was 5 s. 
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FIG. 8 Integrated intensity of the time resolved OES measurements of CN*, CO*, H*, and O* 
during the plasma step of the ALD cycle (cf. Fig. 7) as a function of the precursor dosing time 
used in the cycle. 

  
deposition of a fresh Ta2O5 layer prior to this experiment, film growth occurs at the 
same rate and most likely in the same fashion on all reactor surfaces. The 
difference in emission between CN* and CO* at a low precursor dose (t < 3-4s) 
could be associated to the amount of O radicals available for the surface reactions. 
In oxygen rich conditions (t < 3-4s ), i.e., number of O radicals is high relative to 
the number of surface groups created by the precursor chemisorption, it appears 
there is a preference for CO production, while in oxygen-“poorer” conditions also 
CN starts being formed.  
 
 
V. Conclusions 

Ta2O5 film growth by plasma-assisted ALD using PDMAT precursor and an O2 
plasma has been investigated. The process was proven to exhibit true ALD-like 
properties showing saturated film growth at a rate of 0.81 Å/cycle at 225 °C. The 
films were stoichiometric (Ta:O = 2:5) and possible N and C impurities were below 
the detection limit of the RBS analysis. The mass density was high and close to the 
bulk value of crystalline Ta2O5 (>98%), whereas the as-deposited films were found 
to be predominantly amorphous. While the growth rate in terms of thickness 
increase per cycle was found to vary slightly with deposition temperature, 
increasing to 0.87 Å/cycle at 100 °C, the number of Ta atoms deposited per cycle 
was found to remain independent of temperature. The difference in growth rate 
could be explained by the decrease in mass density. The H content in the film was 
found to vary from 4.6 at.% at 100 °C to 2.0 at.% at 225 °C. The optical properties in 
terms of refractive index and extinction coefficient were determined in the range of 
0.75–6.5 eV using spectroscopic ellipsometry. From these data the Tauc bandgap 
values were determined to range from Eg = ~4.31 eV at 100 °C to Eg = ~4.24 eV at 
225 °C. 
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The associated reaction mechanisms of the ALD process have been studied 
using quadrupole mass spectrometry and optical emission spectroscopy. During the 
precursor dose remarkably no HN(CH3)2 and associated cracking products in the 
range of m/z = 15-45 were found. This might suggest that a different 
chemisorption mechanism than simple ligand exchange could be occurring during 
the PDMAT step. However, further investigations are necessary to settle this issue. 
During the plasma exposure the occurrence of combustion-like reactions was 
established through the detection of CO, CO2 and H2O. The Ta2O5 plasma-assisted 
ALD process from the alkylamide-based Ta(N(CH3)2)5 precursor therefore showed 
great similarities with the deposition of Al2O3 from the alkyl-based Al(CH3)3 
precursor reported previously [26,27]. Specifically for the Ta2O5 process, however, 
the production of NO was found by mass spectrometry, indicating the presence of 
alkylamide surface groups (-N(CH3)2) after chemisorption of PDMAT. Furthermore, 
the detection of signals due to HCN+, NCH2+, and C≡N* by mass spectrometry and 
optical emission spectroscopy suggests that during the plasma exposure also other 
processes occur at the surface, in addition to combustion reactions. On the basis of 
the investigation on Ta2O5 presented here and the earlier work on Al2O3 it can be 
concluded that the occurrence of combustion-like reactions during the plasma 
exposure appears to be generic for plasma-assisted ALD processes of metal oxides 
from metal-organic precursors when using an O2 plasma for oxidation.  
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Plasma-assisted atomic layer deposition of metal oxides and nitrides 
 

The atomic layer deposition (ALD) technique has recently gained considerable 
interest as a suitable method for the fabrication of nanoscale thin films. The virtue 
of this technique is that the deposition is controlled at the atomic level by  
self-limiting surface reactions through the alternate exposure of the substrate 
surface to different gaseous precursors. ALD provides ultimate control of film 
thickness and has the potential to achieve uniform film properties over the entire 
substrate surface, even in high aspect ratio structures. Over the past years it has 
been proven that with ALD high quality, atomically smooth, and conformal thin 
films of a wide variety of materials can obtained. Currently, several ALD processes 
are on the verge of being incorporated into the production of devices, such as 
CMOS transistors and DRAM memory.  

A recent development to broaden the applicability of ALD is the use of a 
plasma as an alternative reactant source. Because the activation of the reactive 
species already takes place in the gas phase, this so-called plasma-assisted ALD, 
can provide certain benefits. In this thesis work, the plasma-assisted ALD of the 
metal oxides (Al2O3, Ta2O5 and HfO2) and metal nitrides (TiN) were investigated.  

For this purpose, a versatile plasma-assisted ALD reactor based on a remote 
plasma configuration was constructed. To study the plasma-assisted ALD 
processes, in situ diagnostics were employed. New in this respect was the use of 
spectroscopic ellipsometry (SE) to measure film thickness in situ and optical 
emission spectroscopy (OES) to study the electronically excited reaction products in 
the plasma. Furthermore, also a quartz crystal microbalance and quadrupole mass 
spectrometer were employed to monitor the mass uptake per half-cycle and the 
reaction products created, respectively. The composition, microstructure, and 
electrical properties of the films were determined by ex situ techniques. During the 
project, the collaboration with Oxford Instruments contributed to the design of one 
of the first commercially available R&D tools for plasma-assisted ALD, the FlexAL. 
Currently, a beta version of the FlexAL tool is installed at our university and the first 
results on the deposition of TiN and HfO2 on 200 mm wafers were reported in this 
thesis work. 

The merits of plasma-assisted ALD have been studied and made apparent for 
the materials investigated. The improvement of material properties by the  
plasma-based process was demonstrated for the case of TiN. Good material 
properties in terms of impurity content and electrical resistivity were obtained for 
TiN, also at a deposition temperature as low as 100 °C. The feasibility of depositing 
good quality Al2O3, Ta2O5, and HfO2 films by plasma-assisted ALD at low substrate 
temperatures was also demonstrated, even down to room temperature for the case 
of Al2O3.  

The reaction mechanisms of plasma-assisted ALD have been studied for the 
deposition of Al2O3 and Ta2O5 from metal-organic precursors in which an O2 plasma 
is used as oxidant source. Two different types of metal-organic precursors, a 
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metal-alkyl (Al(CH3)3) and metal-alkylamide (Ta[N(CH3)2]5), were used. During the O2 
plasma exposure, the presence of CO, CO2 and H2O was detected in both processes. 
Furthermore, the depletion of the O2 source gas indicated the consumption of O 
radicals. These observations demonstrated that combustion-like reactions in which 
the surface groups are converted by O radicals into combustion products occur at 
the surface. Secondly, in the Al2O3 process the detection of CH4 during the O2 
plasma exposure indicated that the production of H2O has an effect on the surface 
chemistry during the Al2O3 deposition process. The produced H2O apparently forms 
an alternative thermal ALD-like reaction pathway in concurrence with the 
combustion-like reactions. The possible existence of more reaction pathways is 
suggested by the presence of C2Hx and CN species during the O2 plasma exposure 
in the Al2O3 and Ta2O5 deposition, respectively. Additionally, the dissociation and 
excitation of molecules are other reactions that can take place in the plasma. This 
was demonstrated by the light emission coming from the plasma during Al2O3 and 
Ta2O5 processing, which changes in the presence of reaction products released from 
the surface.  
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