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Abstract 
 
Atomic layer deposition (ALD) is a deposition technique that is considered as primary 
candidate to fulfill the stringent requirements for ultrathin film growth in applications such as 
solar cells, displays, and semiconductors. Developing and optimizing ALD processes and 
improving material properties require a fundamental understanding of the reaction 
mechanisms, which can be obtained through studying ALD processes in situ. Transmission 
infrared spectroscopy can be used to study multiple aspects of atomic layer deposition 
processes. In this thesis, the merits of this technique have been demonstrated by investigating 
the surface reactions of Al2O3 and Er2O3, i.e., detection of surface groups and volatile reaction 
by-products during ALD, and by investigating the film composition. 
 
Thermal ALD of Al2O3, which has application potential for film growth at temperature 
sensitive substrates, is hampered at deposition temperatures below 150 °C due to the reduced 
thermal energy. To investigate the reaction mechanisms for deposition temperatures between 
25 – 150 °C, the formation of the reaction by-product CH4 during both ALD half reactions 
has been measured by means of transmission infrared spectroscopy. It has been demonstrated 
that quantitative information on the formation of reaction by-products during ALD can be 
deduced by calibrating the absorbance from volatile CH4. A decreasing formation of CH4 per 
cycle revealed a lower growth rate with decreasing deposition temperatures. A direct 
comparison with plasma-assisted ALD of Al2O3 showed that more CH4 was produced during 
precursor adsorption of thermal ALD and saturation of the surface reactions progresses 
slower. In this respect, residual water is expected to play an important role, especially during 
thermal ALD at these low deposition temperatures. Furthermore, the amount of CH4 created 
during precursor adsorption relative to the amount in a full cycle indicates the precursor 
molecules adsorb bi-functionally at deposition temperatures below 150 °C.   
 
Plasma-assisted ALD of Er2O3 has been characterized and the reaction mechanism has been 
studied to develop Er-doping of Al2O3 by means of plasma-assisted ALD. To this end, several 
diagnostics have been used in situ: transmission infrared spectroscopy to detect surface 
groups and reaction by-products, optical emission spectroscopy to detect reaction by-products 
during plasma exposure, and spectroscopic ellipsometry to determine the film thickness. 
Differential infrared spectra of the surface groups show precursor adsorption, and removal of 
the precursor ligands upon plasma exposure. No reaction by-products were detected during 
precursor adsorption and it is therefore suggested that the Er(thd)3 adsorbs non-dissociatively. 
Furthermore, it is concluded that the O2 plasma reacts with the surface groups in a 
combustion-like reaction. In addition, Er-doping of Al2O3 has been achieved by alternation of 
Al2O3 and Er2O3 ALD cycles. The doping process has been actively monitored by measuring 
the film thickness in situ using spectroscopic ellipsometry. 
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1 Introduction 

1.1 Applications and principle of atomic layer deposition 
 
The optical, mechanical, electrical and chemical properties of ultrathin films (<100 nm) are 
being used in numerous applications. Especially in integrated circuits (ICs) that are present in 
everyday electronic devices, such as computers and cellular phones, ultrathin films provide a 
broad range of functionalities. The ongoing miniaturization and increasing performance 
requirements in the semiconductor industry can be considered the driving force for the 
development of novel synthesis methods to deposit ultrathin films with an ultimate control on 
thickness and material properties. 
Currently, deposition techniques such as (plasma enhanced) chemical vapor deposition 
((PE)CVD) and physical vapor deposition (PVD) are commonly used for the deposition of 
(ultra)thin films. Nonetheless, the development of novel deposition methods is essential. One 
of the primary candidates to meet the increasing demands on conformality and uniformity of 
films with monolayer thickness control is the atomic layer deposition (ALD) technique. 
 

 
Fig. 1-1: an illustration of the ALD principle with the precursor adsorption (a), purge step (b), 
reactant exposure (c), and a second purge step (d). 

 
On the virtue of two separate self-limiting surface reactions, ALD has the ability to control 
film growth and materials properties on the atomic level. In Fig. 1-1, the principle of ALD is 
illustrated on the basis of a metal oxide film. The first half cycle consists of the self-limiting 
adsorption of the metal precursor molecules on the surface groups available (a) and a purge 
step to remove excessive precursor and reaction by-products created upon the chemisorption 
of the precursor (b). Subsequently in the second half cycle, the sub-monolayer of chemisorbed 
precursor is exposed to the reactant molecules (in this case oxidant species) that react with the 
surface groups (c), followed by another purge step to remove the excessive reactant molecules 
and reaction by-products (d). After this full ALD cycle a (sub)-monolayer of material is 
deposited and the surface groups are again similar to the start of the cycle. The cycle can then 
be repeated and due to the nature of self-limiting surface reactions the thickness of the film is 
controlled uniformly and conformally by the number of cycles employed. 
 
Recently the ALD technology has entered the semiconductor industry; Intel uses ALD to 
deposit Hf-based high-k dielectrics as gate oxide in its Intel 45 nm processor [1] and Samsung 
uses ALD technique in its synchronic DRAM capacitors [2]. Nevertheless, ultrathin films 
grown by ALD find applications in many other fields as well. Solar cells, for example, can 
benefit from thin film Al2O3 as a surface passivation layer to reduce electron-hole 
recombination [3]. Moreover, thin films of Al2O3 are considered promising as moisture 
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permeation barriers on polymers for OLED devices. Thin films of rare earth (RE) oxides have 
been extensively researched because of their optical and electric properties. In particular 
erbium (Er) doped thin films find various applications such as in optical amplifiers in 
integrated optical circuits and as photon up-conversion material for lasers.  
 
The most common method of ALD is the so-called thermal ALD process, where the reactions 
between precursors and surface groups are driven by thermal energy. However, due the 
maximum allowed substrate temperature, e.g. for film growth on certain polymers, or the 
reactivity of a precursor, e.g. Er(thd)3, some ALD processes require additional reactivity 
because the conventional thermal energy driven reaction does not suffice. In the case for 
metal oxide films ozone (O3), O radicals, or remote O2 plasma can provide such additional 
reactivity to an ALD process. Due to the background in plasma physics at the group of 
Plasma & Materials Processing (PMP), where the research for thesis has been carried out, 
plasma-assisted ALD has been developed in this group to add reactivity in ALD processes 
[4,5].  

1.2 In situ diagnostics to study ALD processes 
 
Developing, improving, and manipulating existing ALD processes requires a fundamental 
understanding of the reaction mechanisms governing the surface chemistry. Moreover, the 
development and implementation of new precursors can enable deposition of novel materials 
or improve the properties of existing materials. Fundamental insight into the ALD reaction 
mechanisms also contributes to understanding of the growth rate and material properties 
dependence on the deposition temperature, which is often a critical process parameter.  
 
The ALD reaction mechanisms can be derived from the surface species and reaction by-
products formed during the surface reactions. The ALD process is particularly applicable for 
in situ diagnostic studies due to its step-wise growth character, where the deposition can be 
halted in between two half cycles to collect sensitive and/or time consuming measurement 
data. 
 
Several diagnostics have been used in situ to study different aspects of atomic layer 
deposition processes. For instance, the plasma-assisted ALD reactor in Fig. 1-2 is equipped 
with a range of in situ diagnostics to study ALD reaction mechanisms. Commonly used 
diagnostics to study and detect surface groups are quartz crystal microbalance (QCM) [6,7,8], 
spectroscopic ellipsometry (SE) [9,10], and Fourier transform infrared (FTIR) spectroscopy 
[11,12,13]. Quadrupole mass spectrometry (QMS) has been used to study volatile species 
involved in an ALD reaction, such as precursors and reaction by-products [7,8]. Optical 
emission spectroscopy can be used to investigate the composition of the remote plasma during 
ALD. [8,14,15]. Using multiple in situ diagnostics to study an ALD process provides, 
therefore, a complementary view and leads to an understanding of the reaction mechanism. 
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Fig. 1-2: a schematic view of a plasma-assisted ALD reactor equipped with various in situ 
diagnostics. Fourier transform infrared spectroscopy (FTIR), spectroscopic ellipsometry (SE), 
quartz crystal microbalance (QCM), optical emission spectroscopy (OES), and quadrupole mass 
spectrometry (QMS) have been used to study different aspects of ALD reaction mechanisms. 
 
In this work, the use of Fourier Transform Infrared (FTIR) spectroscopy as an in situ 
diagnostic to study reaction mechanisms of atomic layer deposition processes has been further 
explored. Using FTIR spectroscopy in transmission configuration (Fig. 1-2), volatile species 
in the beam path and surface species present on the KBr optical windows can be detected due 
to the small infrared absorption taking place. Transmission infrared spectroscopy is a versatile 
diagnostic that allows studying multiple aspects of an ALD process in situ. By means of the 
FTIR in transmission configuration the surface groups, reaction by-products, and film 
composition have been investigated in this work for different ALD processes.  
Besides transmission infrared spectroscopy, other diagnostics have also been used to unravel 
reaction mechanisms of ALD, as shown in Table 1-1. Complementary to infrared 
spectroscopy, spectroscopic ellipsometry (SE) has been used in situ as well as ex situ to 
measure film thicknesses, optical properties, and calculate the growth rates of ALD processes. 
The surface reaction during the plasma exposure in the second ALD half cycle has been 
investigated by identifying the volatile reaction by-products that are excited by the plasma 
using optical emission spectroscopy (OES). Furthermore, Rutherford backscattering 
spectroscopy (RBS) has been used to determine the element composition of the films.  
 
Table 1-1: an overview of the aspects of ALD processes that have been investigated in this work 
including the in situ and ex situ diagnostics that were used to investigate each aspect. 
Aspect of ALD in situ ex situ 
Film properties   
   Thickness SE SE 
   Composition  RBS 
   Mass density  RBS 
   Impurities FTIR FTIR, RBS 
   Chemical bonds FTIR  
Reaction mechanism   
   Surface groups FTIR, SE  
   Volatile reaction products FTIR, OES  
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1.3 Goal and outline of the thesis 
 
Recently, the use of transmission infrared spectroscopy to detect surface groups during the 
(plasma-assisted) ALD process of Al2O3 by deposition on infrared transparent KBr windows 
has been developed by Keijmel et al. [13,16]. Moreover, they showed that the volatile 
reaction by-products during the ALD of Al2O3 can be measured by means of transmission 
infrared spectroscopy [16]. The aim of this work is to further explore the use of transmission 
infrared spectroscopy as an in situ diagnostic to study multiple aspects of ALD processes. To 
this end, the thesis is divided in two case studies. 
 
The first case study, in Chapter 3, investigates the low temperature ALD of Al2O3. Deposition 
of Al2O3 at low temperatures has application potential at temperature sensitive substrates such 
as polymers. However, thermal ALD of Al2O3 becomes more difficult at deposition 
temperatures below 150 °C due to reduction of thermal energy. In this research, low 
temperature ALD of Al2O3 has been investigated using transmission infrared spectroscopy to 
detect and quantify the amounts of reaction by-products that are formed in a range of low 
deposition temperatures (25 – 150 °C). For a direct comparison, both thermal ALD using H2O 
as oxidant and plasma-assisted ALD using O2 plasma have been investigated. Using the 
quantitative information of the reaction by-products, more knowledge has been gained on the 
role of the H2O as reactant at these low deposition temperatures.  
 
In the second case study, Chapter 4, plasma-assisted ALD of Er2O3 has been characterized 
and the reaction mechanism has been studied in order to develop Er-doping of Al2O3 by 
means of plasma-assisted ALD. To this end, the surface groups during ALD of Er2O3 have 
been measured by means of transmission infrared spectroscopy. Moreover, the reaction by-
products, formed during erbium precursor adsorption and O2 plasma exposure, have been 
detected using transmission infrared spectroscopy and optical emission spectroscopy. In 
addition, the Er2O3 film deposition on silicon wafer has been characterized in terms of 
thickness (i.e., growth rate) and optical properties by means of spectroscopic ellipsometry. In 
the last section, Er-doping of Al2O3 has been developed by means of alternating plasma-
assisted ALD cycles of Er2O3 and Al2O3, while the doping was actively monitored using 
spectroscopic ellipsometry. 
 
The ALD-I reactor that has been used to carry out the experiments, the diagnostics, and the 
experimental approach are described in Chapter 2. The results and conclusions of both case 
studies are discussed in Chapter 3 and Chapter 4. Furthermore, both case studies are each 
included with a specific introduction, motivation, and research questions. The general 
conclusions of this thesis and an outlook are summarized in Chapter 5. 
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2 Experimental setup 

2.1 ALD-I reactor 
 
All experiments in this work are carried out at the ALD-I reactor [4,5]; a home built setup 
shown schematically in Fig. 2-1 and will be described in this section. A more detailed 
configuration of the gas lines and valves is given in Appendix A. The setup consists of a 
stainless steel vessel, the deposition chamber, with a turbo pump below and a radio frequency 
plasma source on top. The reactor is equipped with the in situ diagnostics Fourier transform 
infrared (FTIR) spectroscopy, spectroscopic ellipsometry (SE), and optical emission 
spectroscopy (OES). 
 

 
Fig. 2-1: a schematic view of the ALD-I reactor showing the chamber, remote plasma source, 
turbo pump, precursors and various in situ diagnostics. 
 
The reactor is pumped to a base pressure of ~10-6 mbar by a turbo pump, which is backed up 
by a rotary vane pump. The inductively coupled plasma source consists of a copper coil 
winded around a quartz tube, generating 100W plasma power. KBr windows in the reactor 
walls are used for in situ probing of the deposition process by transmission infrared 
spectroscopy and optical emission spectroscopy. The reactor walls are heated using heating 
tape. The maximum temperature to which the wall can be heated is 150 °C due to the rubber 
O-rings that seal the reactor. Thermocouples are placed at the reactor table and at the outside 
of the reactor wall, close to the KBr windows, to monitor the substrate and wall temperature. 
 
For the delivery of H2O, Al(CH3)3, and Er(thd)3 into the reactor, fast (~20 ms switching time) 
ALD valves were used to secure accurate dosing. Both Al(CH3)3 and Er(thd)3 precursors are 
contained in stainless steel bubblers that are equipped with a crossover valve, which is 
connected to an argon gas line in order to provide purging gas. In the case of Er(thd)3 the 
argon gas can be used to support the transport of the precursor vapor to the deposition 
chamber. The Er(thd)3 bubbler and the gas lines from the bubbler to the chamber are wrapped 
with heating tape to heat the bubbler and gas lines to a maximum temperature of 150 °C and 
thereby increase the precursor vapor pressure. A more detailed overview on the Er(thd)3 
precursor specifications, precursor handling, and dosing procedure are given in Appendix B.  
 
The O2 inlet flow into the plasma source is regulated by a manually adjustable needle valve 
and a pneumatic valve. A N2 line directly into the chamber is utilized as purge gas during the 
thermal ALD process and to pressurize the chamber. Valves at the top and bottom of the 
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reactor chamber are available to close the chamber off from the plasma tube and from pump 
system respectively. These valves can be used to confine precursors and reaction products in 
the reactor for some time if desired and, moreover, can protect the quartz tube of the plasma 
source from being coated by ALD. 
 
Three pressure gauges are connected to the system. A Pfeiffer combination gauge (5 10-9 to 
103 mbar) monitors the chamber base pressure. An automatic valve closes during deposition 
to protect the gauge against corrosion from precursor gases. A Baratron pressure gauge (10-4 
to 1 mbar) is applied to set purge gas pressures during operation, since it gives a gas type 
independent pressure read out. A Pfeiffer Pirani pressure gauge checks the pressure of the 
first pump stage, which is typically about 10-1 mbar. 

2.2 Diagnostics to study atomic layer deposition processes 

2.2.1 Fourier transform infrared spectroscopy 
 
The focus of this work is the use of transmission (Fourier transform) infrared spectroscopy as 
an in situ diagnostic to study multiple aspects of ALD processes. Infrared spectroscopy is 
based on the absorption of infrared by atoms of molecules that rotate or vibrate at specific 
frequencies [17]. These molecular vibrations or rotations can be accompanied by a change of 
dipole moment that absorbs, by resonance, incident infrared radiation with the frequencies of 
the molecular motions. As a consequence of the dipole moment change criterion, covalent 
bonding between unlike atoms, such as CO, CH, and OH, gives rise to infrared absorption, 
whereas diatomic molecules comprised of identical atoms, e.g. N2, O2 etc., and ionic bonding 
do not absorb infrared. Therefore, NaCl, KBr e.g., are excellent infrared windows and are 
commonly used as prisms, windows or sample holders. 
 
The infrared absorption spectrum of a sample or gas species can be obtained by directing a 
broad spectrum of infrared light via an interferometer through the sample. The obtained 
interferogram can be collected by an infrared detector and via a mathematical Fourier 
transformation the infrared frequency spectrum is obtained. The advantage of Fourier 
transform infrared (FTIR) spectroscopy is that the absorbance of all frequencies can be 
measured simultaneously. The infrared absorbance A is calculated from the original 
transmitted signal tA, measured without sample and the signal of the beam tB when it passes 
through the sample, i.e. a differential spectrum (equation 2-1). 
 

 







−=

A

B

t
tA log          (2-1) 

 
The use of transmission infrared spectroscopy as a diagnostic to study ALD processes in this 
work can be divided in three aspects, detection of surface groups, detection of the reaction by-
products, and film composition. A schematic layout of how the surface groups and reaction 
by-products are detected is shown in Fig. 2-2.  
 
The formation of surface groups during ALD is measured by deposition on the KBr windows 
mounted in the reaction wall, where the IR beam passes through. With sufficient long 
measurement time or by repetitive measuring, the (sub) monolayer changes on a surface 
during ALD can be detected using transmission infrared spectroscopy. Since long 
measurement times may affect the ALD process, the latter method is chosen in this work. The 
advantage of ALD is that the repetitive behavior allows averaging over multiple, equivalent 
half cycles, as will be discussed in Chapter 3 and 4. Before probing the surface groups, first a 
layer of the film of interest is deposited on the KBr windows. The deposition of a thin film 
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assures the growth mechanism of the ALD process is studied, instead of the growth on the 
KBr surface. 
Besides detection of the surface groups during ALD, the composition of the film deposited on 
the KBr windows can also be investigated by means of infrared spectroscopy. The differential 
spectra over several complete ALD cycles gains information on the film growth and 
incorporation of impurities.  
 

 
Fig. 2-2: a schematic view of the infrared spectroscopy set up. The IR beam probes the ALD 
deposited film on the KBr windows. Furthermore, the precursor / reactant molecules and 
reaction by-products in gas phase can be detected. 
 
Besides the surface chemistry, the formation of volatile reaction by-products and the 
precursors injected during ALD can be investigated in situ by means of transmission infrared 
spectroscopy. In order to obtain sufficient infrared absorbance signal from the reaction by-
products a high density of reaction by-products, and thus a large deposition surface area is 
required. For ALD processes that have a deposition temperature window ranging down to 150 
°C or lower, the complete interior of the deposition chamber can act as a deposition surface. 
This provides a large surface area, which allows sufficient formation of reaction by-products 
to be detected by transmission infrared spectroscopy.  
For a sufficient signal to noise ratio, a typical infrared measurement of the volatile reaction 
by-products requires about 20 seconds of measurement time. To confine the volatile species 
long enough for an infrared measurement, the valve to the turbo pump is closed during 
precursor / reactant injection. As a consequence, the volatile reaction by-products that are 
formed during plasma exposure cannot be measured by means of infrared spectroscopy in this 
configuration since the plasma cannot be operated without active pumping. 
 
For the transmission infrared measurements in this work a Tensor 27 from Bruker Optics 
(mid-IR, >1 cm-1 resolution) is used, which has a mid infrared light (MIR) source that 
produces a broad spectrum of infrared light (~7000 – 350 cm-1 range). The infrared beam path 
leads from the interferometer through the ALD reactor to a liquid N2 cooled Mercury 
Cadmium Telluride (MCT) detector (Model: Bruker D 313, Range: 10,000 – 750 cm-1, 
sensitivity: > 4 x 1010 cm Hz½ W-1). The beam is focused on the detector by an off-axis 
parabolic mirror with a gold coating designated for infrared. The whole beam path (outside 
the reactor) is enclosed in a continuously N2 purged box and tube system to prevent 
fluctuation in H2O and CO2 concentration that can perturb the infrared signal. The signal from 
the detector is digitalized by an AD converter, redirecting the signal to the Tensor 27. The 
transmitted signal is then automatically Fourier transformed into a frequency spectrum by the 
software provided with the Bruker system.  



 8 

2.2.2 Spectroscopic ellipsometry 
 
Spectroscopic ellipsometry measures the change in polarization upon reflection at the sample. 
The polarization change is determined by the sample’s properties such as thickness and 
dielectric function [18]. The technique is applicable to films with thickness less then a 
nanometer, which makes this diagnostic suitable to study ALD processes.  
The polarization state of the light incident upon the sample can be defined into an s and a p 
component (s is oscillating perpendicular to the plane of incidence and parallel to the sample 
surface, and p is oscillating parallel to the plane of incidence). The amplitudes of the s and p 
components, after reflection and normalized to their initial value, are denoted by the complex 
rs and rp, respectively. Ellipsometry measures the ratio of |rs| and |rp|, which is described by 
the fundamental equation of ellipsometry: 
 

 ( ) ∆Ψ== i

s

p e
r
r

tanρ        (2-2) 

 
Hence, tan(Ψ) is the amplitude ratio upon reflection, and Δ is the phase shift (difference). 
 
In general, the measured Ψ and Δ cannot be translated directly into the optical constants of the 
sample. Therefore, an optical layer model must be established, which considers the optical 
constants and thickness parameters of the modeled layers. For transparent materials, the 
refractive index n is often described using the Cauchy relationship.  The Cauchy relationship 
is typically given as: 
 

 ( ) 42 λλ
λ CBAn ++=        (2-3) 

 
Absorbing materials will often have a transparent wavelength region that can be modeled with 
the Cauchy relationship. However, for the absorbing region it must accounted for both real 
and imaginary optical constants. For dielectric materials a Tauc-Lorentz model can be applied 
in these wavelength regions, using Lorentz oscillators.  
 
The ALD film growth on a flat substrate surface, e.g., silicon wafer, can be monitored by 
spectroscopic ellipsometry. The use of spectroscopic ellipsometry to study ALD processes 
has been reviewed in detail by Langereis et al. [10]. As shown in Fig. 2-1, the ALD-I reactor 
is equipped with a spectroscopic ellipsometer [J.A. Woollam, M-2000] mounted at an angle 
of 68° from normal incidence. The SE windows are protected from deposition by pneumatic 
gate valves. 

2.2.3 Optical emission spectroscopy 
 
To investigate the gas composition and chemistry of the plasma and to detect possible volatile 
reaction by-products that are created by the plasma exposure during ALD, optical emission 
spectroscopy (OES) is used. OES utilizes the specific emission of light from excited plasma 
species. Emission lines observed originate from radiative de-excitation of excited gas species 
present in the plasma. These gas species can be both reactant (i.e. oxygen) or reaction 
products and these can therefore be identified by the use of optical emission spectroscopy 
[14,15].  
An emission detector [Ocean Optics] is mounted in front of a KBr window. A full spectrum 
(275 – 900 nm) of the emission lines can be taken to study the composition of the plasma. To 
record full spectra an integration time of 50 ms (20 Hz) is used to obtain a sufficient signal to 
noise ratio. Moreover, the emission related to the presence of reaction by-products and O2 
plasma can be monitored as a function of time. This can be used to study the formation of 
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reaction by-products from the reaction of the plasma with the surface groups and the 
consumption of O atoms that fuel the surface reactions. For the monitoring of specific 
emission lines an integration time of 25 ms (40 Hz) is used; this results in lower signal 
intensity but an increased time resolution. 

2.2.4 Rutherford Backscattering Spectroscopy 
 
To investigate the elemental composition of a film deposited by ALD, the film can be 
examined using Rutherford backscattering spectroscopy (RBS). RBS makes use of scattering 
high energy (3 MeV) Helium ions at the surface. When an impinging ion collides with a 
stationary element in the film it bends off under a certain angle and energy, which is 
determined by conservation of momentum and kinetic energy and therefore depends on the 
mass of the element it collided with. By detecting the scattered ions under a fixed angle and 
measuring its kinetic energy the mass of the element it refracted from can be determined. RBS 
measurements for this thesis were carried out by Philips Research at the synchrotron facility 
at the TU/e. 
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3 Measuring volatile reaction by-products from low temperature 
ALD of Al2O3 using transmission infrared spectroscopy 

3.1 Introduction 
 
The atomic layer deposition of Al2O3 has been widely investigated due to the large number of 
(potential) applications that thin films of Al2O3 have. For instance, in Samsung’s synchronic 
DRAM capacitors, ALD is used to deposit Al2O3/HfO2 dielectric bi-layers and TiN electrodes 
[2]. Thin film deposition of Al2O3 at low temperatures (<150 °C) gains interest for a variety 
of alternative applications. Low temperature Al2O3 ALD films have the potential to coat 
thermal sensitive substrates such as organic, polymeric, or biological materials. For example, 
thin ALD films may serve as moisture diffusion barrier and protective coating for organic 
light emitting diodes (OLED) or other flexible electronic devices [19,20].  
 
There are two types of ALD processes for Al2O3 that can be distinguished; thermal and 
plasma-assisted ALD. In both cases the most commonly used aluminum precursor is 
Al(CH3)3 (trimethylaluminum, TMA) because of its high volatility, high reactivity and 
thermal stability up to 400 °C [ref.]. The ALD processes differentiate in the oxidizing half 
cycle as H2O, the traditional oxidant source, or O3 is used in thermal ALD, while O2 plasma is 
used in plasma-assisted ALD. A selection of data on the growth of Al2O3 obtained from work 
that has been done previously is shown in Fig. 3-1.  
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Fig. 3-1: An overview of the growth rate of Al2O3 using different oxidant sources: remote O2 
plasma  [21], H2O:  [21],  [22],  [23],  [24], and O3:  [22],  [25]. The data have been 
corrected for differences in mass density [13]. 
  
As Fig. 3-1 shows, the growth rate of Al2O3 behaves similar for temperatures above 200 °C 
regardless the oxidant source that is used in the ALD process. At lower deposition 
temperatures, however, differences in growth rate for the ALD processes occur. For plasma-
assisted ALD of Al2O3 the growth rate continues to increase when going to lower deposition 
temperatures, while for thermal ALD using H2O as oxidant the growth rate starts to fall off. 
The decrease in growth per cycle with increasing deposition temperatures can be explained on 
the basis of the ALD reaction mechanisms of Al2O3 using H2O [23] and O2 plasma [13], given 
by the reaction equations 3-1 and 3-2, respectively: 
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 Al–OH* + Al(CH3)3 (g) → Al–O–Al(CH3)2
* + CH4 (g) 

          (3-1) 
 Al–(CH3)* + H2O (g) → Al–OH* + CH4 (g) 
 
  

Al–OH* + Al(CH3)3 (g) → Al–O–Al(CH3)2
* + CH4 (g) 

(3-2) 
 Al–(CH3)* + 4 O (g) → Al–OH* + CO2 (g) + H2O (g) 
  
The asterisks represent surface groups and (g) denotes species in gas phase. The surface 
chemistry of the ALD processes of Al2O3 is ruled by the amount of OH surface groups. Due 
to their thermal instability less OH groups remain at the surface at higher temperatures. This 
de-hydroxylation mechanism allows fewer Al(CH3)3 molecules to adsorb in the subsequent 
exposure, which leads to a decreasing growth rate with increasing deposition temperatures 
above 150 °C [11]. Thermal ALD at lower deposition temperatures (< 150 °C) becomes more 
difficult due to longer pumping and purging times to remove the H2O, and a reduced 
reactivity due to a decrease in thermal energy [23].  
Using an O2 plasma provides additional oxidative power, allowing to profit from the 
increased amount of OH surface groups that can remain at the surface for lower temperatures. 
High quality films have been deposited with plasma-assisted ALD using Al(CH3)3 and O2 
plasma in a temperature range from 25 to 400 °C [13,21]. Recently, the reaction mechanism 
of plasma-assisted ALD of Al2O3 has been unraveled (Equation 3-2) and it was confirmed 
that the surface chemistry at deposition temperatures as low as 25 °C is dominated by the –
OH and –CH3 surface groups. The exposure of the –CH3 terminated surface to O2 plasma 
species leads to a combustion-like reaction, creating –OH surface groups and CO2 and H2O as 
volatile reaction by-products [26,13,16,27]. A direct comparison with thermal ALD of Al2O3 
at a deposition temperature of 150 °C showed similar surface species were created in both 
ALD processes.  
 
Several studies have reported on low temperature thermal ALD of Al2O3. Matero et al. [24] 
showed that an increased water dosing pressure induces a larger amount of OH surface groups 
due to hydroxylation of the surface, resulting in more adsorption of Al(CH3)3 and a higher 
growth rate at temperatures as low as 150 °C. Groner et al. [23] reported atomic layer 
deposition of Al2O3 on various substrates at temperatures as low as 33 °C. However, the 
nitrogen purge time after water exposure was increased to 180 seconds in order to remove all 
excessive water vapor and prevent CVD reactions to occur. Wilson et al. [28] studied the 
nucleation and growth of Al2O3 on several types of polymer substrates at 85 °C. Here, purge 
times of 29 seconds were used. Yet, little is reported on the growth mechanism of thermal 
ALD of Al2O3 at deposition temperatures below 150 °C.  
 
In this study, several issues of low temperature thermal ALD will be addressed. Transmission 
infrared spectroscopy is used to investigate the saturation of the half reactions and the 
influence of temperature on the growth rate and the film quality. The volatile reaction by-
products released during the ALD chemistry can be detected using transmission IR 
spectroscopy [16]. This technique is further explored in this work; the volatile reaction by-
products will be indentified and even quantified for thermal ALD and plasma-assisted ALD 
of Al2O3 in the temperature range of 25 to 150 °C. The quantification of volatile reaction by-
products provides relevant and detailed information on the saturation behavior of the half 
cycle reactions and precursor adsorption at low deposition temperatures. In addition, since 
Al2O3 is deposited on the KBr windows as well, the Al2O3 film bulk can be measured by 
means of transmission infrared spectroscopy in order to determine the film composition and 
incorporation of film impurities. To investigate the relation between the amount of reaction 
products formed and the growth rate, the growth of Al2O3 is measured on a silicon wafer 
using spectroscopic ellipsometry.  
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3.2 Experimental and calibration procedures 
 
In this section, the measurement procedure to detect the volatile reaction by-products released 
during ALD of Al2O3 using transmission infrared spectroscopy will be described. 
Furthermore, a brief study of the infrared absorbance of the Al(CH3)3 precursor molecules is 
carried out to gain more information on the behavior of the precursor at temperatures below 
150 °C. Finally, the reaction by-product, CH4, is investigated by transmission infrared 
spectroscopy and a calibration experiment is performed in order to quantify measured 
amounts of infrared absorbance from CH4.  

3.2.1 Infrared measurement procedure 
 
In order to obtain a large infrared absorbance signal from the volatile reaction by-products, a 
large deposition surface area is desired. Due to the wide ALD temperature window of Al2O3 
(25 – 400 °C), films are grown on the complete interior of reactor that is temperature 
controlled using wall heating (25 – 145 °C). This provides of a large surface area which 
allows sufficient formation of volatile reaction by-products to be detected using transmission 
infrared spectroscopy. The measurement scheme to detect the volatile reaction by-products is 
shown in Fig. 3-2.  

 
Fig. 3-2: a schematic view of the measurement procedure for thermal ALD. The diagrams show 
multiple pulses of precursor and oxidant (TMA and H2O respectively) and infrared 
measurements (FTIR). The differential absorbance spectra and the species that are detected are 
indicated by the arrows. 

 
A background IR spectrum, 256 scans at 4 cm-1 resolution, is taken when the chamber is at 
base pressure. Then the valve to the turbo pump is closed to seal the deposition chamber and 
Al(CH3)3 is pulsed into the reactor. The IR spectrum that is taken subsequently will contain 
information on the reaction by-products, excessively dosed precursor, and the surface groups 
created on the KBr windows. An example of such an infrared absorbance spectrum acquired 
after the first dosing is shown by the upper graph in Fig. 3-3, where Al(CH3)3 is pulsed into 
the reactor during the ALD of Al2O3. The graph shows the typical CH stretching and bending 
modes of the reaction by-product CH4 at 3016 cm-1 and 1303 cm-1 respectively and two CH 
stretching modes from excessive precursor at 2981 and 2941 cm-1. In order to separate the 
signal of the reaction by-products, the vibrational spectra of pure precursor and surface groups 
are required. These spectra can in turn be subtracted from the spectrum of the first precursor 
dose. To obtain the vibrational spectrum of Al(CH3)3, more precursor is pulsed into the 
reactor. When the surface reactions have reached saturation the differential vibrational 
spectrum of this additional injected precursor will only consist of the precursor that has been 
added, shown by the middle graph of Fig. 3-3. The vibrational spectrum of the created surface 
groups is obtained by evacuating the chamber, as illustrated in Fig. 3-2, and taking an IR 
measurement. It is noted however, that the differential infrared absorbance spectrum of the 
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surface groups is in the order of magnitude 10-5 [16]. This absorbance is much smaller than 
the infrared absorbance from volatile reaction by-products and precursor (~10-3) and, 
basically, this contribution can be neglected. 

3250 3000 2750 1500 1250 1000 750

Ab
so

rb
an

ce

 

 

Wave number (cm-1)

2.5 10-3

First precursor dose:
reaction by-products +
precursor

precursor

reaction by-products

1303 1202

2981 2942

3016

 
Fig. 3-3: the measurement procedure illustrated by the IR absorbance spectra of a Al(CH3)3 half 
cycle during ALD of Al2O3 at 145 °C. Subtraction of the vibrational spectrum of the precursor 
from the first spectrum results in the spectrum of the CH4 reaction by-product. 
 
This procedure is applied for both half cycles of the thermal ALD of Al2O3 and for the half 
cycle of Al(CH3)3 dosing in the plasma-assisted ALD. The reaction by-products formed 
during the plasma exposure step cannot be detected using this experimental approach since 
the chamber cannot be closed off from the pump while igniting a plasma. With the valve to 
the pump open there is not sufficient time to measure the reaction by-products before these 
volatile species are pumped away. 
 
Typically, 3 precursor or oxidant pulses are used in a half cycle to investigate the formation of 
reaction by-products. One pulse of 20 ms for Al(CH3)3 or 250 ms for H2O has been reported 
to be sufficient to achieve saturation of the surface reactions, as determined in earlier work 
[21]. However, to increase the sensitivity of the measurement the precursor and oxidant 
pulses are dosed statically, i.e. with the valve to the pump closed, which can change the cycle 
conditions and the required dosing times. Moreover, the sensitivity of this measurement 
procedure allows closer investigation of the precursor and oxidant saturation behavior by 
means of detecting the reaction by-products.    

3.2.2 Identification of the Al(CH3)3 precursor 
 
Trimethylaluminum, Al(CH3)3 is known to form dimeric structures at temperatures below 
temperatures of 70 °C [29], as shown in Fig. 3-4. When studying the ALD process at different 
temperatures by means of transmission infrared spectroscopy and to subtract the precursor 
spectrum from the volatile species in the chamber (Fig. 3-3), it is important to obtain a 
vibrational spectrum of the precursor at the current deposition temperature, as the vibrational 
absorbance spectrum can change with temperature. 
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Fig. 3-4: the molecular structures of Al(CH3)3 and the dimerization at low temperatures (< 70 
°C). 
 
The infrared absorbance spectra of Al(CH3)3 at temperatures from 25 °C to 145 °C are plotted 
in Fig. 3-5. It shows the transition from monomeric Al(CH3)3 at 145 °C to dimeric Al2(CH3)6 
at 25 °C. Monomeric Al(CH3)3 is characterized by three CH stretching peaks at 2981 cm-1 (a-
symmetric), 2902 cm-1, and 2834 cm-1 (symmetric). For dimeric Al(CH3)3 at 25 °C the CH 
stretching peak at 2981 is replaced by a CH stretching mode at 2941 cm-1. Furthermore a CH 
vibrational mode appears at 1254 cm-1, which is assigned to bridged CH3 symmetrical 
bending [30,31]. At 68 °C the infrared absorbance spectrum shows all four CH stretching 
modes are present. Consequently, a transitional phase with a mixture of monomers and dimers 
is observed at this temperature.   
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Fig. 3-5: infrared absorbance spectra of Al(CH3)3 in gas phase at different gas temperatures 
ranging from 25 °C to 145 °C. 
 

3.2.3 Identification and quantification of the volatile reaction by-products 
 
The reaction by-product during both cycles of thermal ALD and during the precursor half 
cycle of plasma-assisted ALD of Al2O3 is CH4 (Equation 3-1 and 3-2). In order to investigate 
the vibrational spectrum of methane, the infrared absorbance spectrum is measured by 
injecting CH4 gas into the reactor. The infrared absorbance spectrum is plotted in Fig. 3-6 and 
it shows the characteristic P, Q, and R branches of the CH stretching modes (3000 – 2800 cm-

1) and the CH bending modes at 1400 – 1200 cm-1. 
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Fig. 3-6: the infrared absorbance spectrum of gaseous CH4 with the wall heating at 145 °C. It 
shows the P, Q, and R branches of the CH stretching modes as well as the bending modes around 
1300 cm-1. 
  
Besides qualitative identification of the reaction by-products, also quantitative information on 
the amount of volatile by-products formed can be obtained from the IR spectroscopy by 
calibrating the infrared absorbance from a know amount reaction by-products, i.e. CH4. 
Different amounts of CH4 gas from a lecture bottle attached to the setup were injected into the 
reactor chamber and FTIR spectra were recorded. The relation between the absorbance from 
the CH stretching mode of the Q branch at 3016 cm-1 (Fig. 3-6) and pressure will be used to 
calibrate the amounts of CH4 that are created during ALD. For each deposition temperature 
that will be investigated, the IR absorbance of pure CH4 is measured and the heights of these 
peaks are plotted versus the pressure in Fig. 3-7.  
 
The absorbance of the Q branch in Fig. 3-7 shows a non-linear behavior with pressure. 
Understanding the non-linear behavior requires a closer view on the mechanism of the FTIR 
spectrometer, which is provided in Appendix C. In brief, for molecular gasses such as CH4 the 
infrared absorption consists of many absorption lines close together within the infrared 
spectrometer’s profile width (4 cm-1). Due to the fact that the distance between the individual 
lines is much smaller than the spectrometer profile width, the measured absorption from the Q 
branch has a non linear behavior [32,33,34,35]. The measured non-linear behavior can be 
derived mathematically as is shown by Hest et al. [35]. Furthermore, the differences in 
relation between absorbance and pressure due to temperature changes are consistent with the 
ideal gas law; the data merges into one curve when corrected for the differences in 
temperature.  
 
The amounts of absorbance from CH4 measured during ALD can be converted to pressures 
using this calibration graph (Fig. 3-7). For pressures below 0.1 mbar the relation between 
pressure and absorbance is close to linear. Since the detected quantities of CH4 will be in the 
order of < 0.05 mbar, the data are empirically fitted by a second order polynomial function 
with reduced χ2 method.  
 
 2

210 pApAAAbs ++=       (3-3) 
 
In this equation the Abs [a.u.] is the maximal infrared absorbance of the Q branch at  
3016 cm-1 and p [mbar] the measured pressure of CH4 gas. When the volume (and surface 
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area) of the deposition chamber are known the amount of absorbance from reaction by-
products can even be converted to absolute numbers of molecules (per surface area). 
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Fig. 3-7: the influence of the CH4 pressure and wall temperature on the amount of absorbance 
intensity from the Q-branch of CH4 molecules at 3016 cm-1 as detected by transmission infrared 
spectroscopy. 
 

3.3 Results 
 
In this chapter the saturation behavior of the half cycles of thermal ALD of Al2O3 and the 
precursor step of plasma-assisted ALD will be investigated using the measurement procedure 
described in paragraph 3.2.1. Multiple precursor/oxidant pulses are introduced to the 
deposition chamber and the formation of reaction by-products as well as precursor 
consumption is monitored by means of transmission infrared spectroscopy at deposition 
temperatures 25 °C and 145 °C.   

3.3.1 Saturation behavior of the reaction half cycles 
 
As the growth rate curves of thermal ALD processes in Fig. 3-1 show, the temperature at 
which the growth reaches a maximum is not a fixed position. This suggests that the growth 
rate is system dependent and the maximum growth rate obtained is possibly caused by un-
optimized dosing conditions. Therefore, the saturation behavior of the precursor and oxidant 
exposures at low deposition temperatures of 25 °C and 145 °C is investigated for both thermal 
and plasma-assisted ALD for comparison. First, the Al(CH3)3 dosing has been investigated at 
145 °C; a deposition temperature where thermal and plasma-assisted ALD behave similar in 
terms of growth rate, according to Fig. 3-1, and surface species [13]. Multiple precursor 
pulses are introduced to a closed deposition chamber and the differential infrared absorbance 
spectra are plotted in Fig. 3-8. To reduce the noise level of these spectra, the data is averaged 
over 5 equivalent cycles.  
For both ALD processes, the differential spectrum after the first precursor dose shows the 
reaction by-product CH4 as well as monomeric Al(CH3)3 precursor. This suggests that the 
surface reactions are saturated and the precursor was excessively dosed. In the case of 
plasma-assisted ALD, Fig. 3-8(a), this is confirmed, as the differential vibrational spectrum of 
the second and third precursor dose only show the injection of more Al(CH3)3. However, in 
the case of the additional dosing of Al(CH3)3 during thermal ALD, Fig. 3-8(b), formation of 
CH4 is also observed in the successive doses, as indicated by the sharp peak at 3016 cm-1 from 
the Q-band in the 2nd and 3rd Al(CH3)3 dose. Considering the surfaces during both thermal and 
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plasma-assisted ALD are the same and the chemistry of precursor adsorption is ruled by –OH 
surface groups [11,13], differences in surface reactions upon Al(CH3)3 exposures are, in 
principle, not expected. A plausible explanation is that there may be traces of water left in the 
reactor after the preceding exposure to water in the previous ALD cycle that reacts with 
Al(CH3)3 and leads to additional CH4 formation. A by-reaction of Al(CH3)3 with residual 
water in the reactor would also explain the larger absorbance signal of CH4 during thermal 
ALD compared to plasma-assisted ALD. 
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Fig. 3-8: the effect of multiple Al(CH3)3 doses during plasma-assisted (a) and thermal (b) ALD on 
the formation of CH4 at 145 °C represented by the differential infrared absorbance spectra. 
 
The effect of multiple doses Al(CH3)3 at a deposition temperature of 25 °C, also averaged 
over 5 equivalent cycles, is shown in Fig. 3-9. The first precursor exposure leads to formation 
of CH4 and excessive dosed precursor, in dimeric state, as evidenced by the absorption peak 
at 2914 cm-1. Again, formation of CH4 is observed as a result of the second and third 
precursor exposure for the thermal ALD cycles (Fig. 3-9b). However, also small amounts of 
CH4 are also formed in the successive Al(CH3)3 exposures during plasma-assisted ALD, as 
shown in Fig. 3-9(a). Since not all precursor from the first exposure has been consumed, it is 
possible that the precursor reaction with the surface progresses slower with decreasing 
deposition temperatures. However, the additional CH4 formation may also be a result of a 
reaction between Al(CH3)3 and H2O that is formed as a reaction by-product during the plasma 
exposure (Equation 3-2). The H2O that is formed during plasma exposure is effectively 
pumped at 145 °C, where no additional formation of CH4 is observed, Fig. 3-8(a), but at 25 
°C traces of water may reside in the reactor and lead to additional formation of CH4.  
The amount of excessive precursor present during the thermal ALD half cycle after the first 
dose is smaller in comparison to the amount of residual Al(CH3)3 observed during plasma-
assisted ALD. This is likely due to the higher consumption of precursor caused by the 
additional reaction with residual water, as indicated by the higher infrared absorbance signal 
from CH4, during the precursor half cycle of thermal ALD.  
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Fig. 3-9: the effect of multiple doses Al(CH3)3 during plasma-assisted (a) and thermal (b) ALD on 
the CH4 production at 25 °C represented by the differential infrared absorbance spectra. 
  
The formation of reaction by-products upon water dosing is plotted in Fig. 3-10 for deposition 
temperatures of 145 °C (a) and 25 °C (b). The differential spectrum of the first water exposure 
shows the formation of CH4, at 3016 cm-1, and excessive dosed water, as represented by the 
infrared absorbance in the wavelength region 2000 – 1250 cm-1. Also, for the dosing of water 
during the thermal ALD of Al2O3, formation of CH4 can be detected upon additional 
exposures of water. The amount of additional CH4 created in the 2nd and 3rd precursor dose 
becomes larger with decreasing deposition temperatures, indicating the surface reaction with 
water proceeds slower at lower temperatures.  
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Fig. 3-10: the infrared absorbance spectra showing the formation of CH4 and excessive water 
vapor upon multiple water doses  at deposition temperatures of 145 °C (a) and 25 °C (b). 
 
In order to investigate the saturation behavior of the precursor and oxidant exposures further, 
the amounts of CH4 produced per precursor and oxidant exposure are plotted in Fig. 3-11. The 
amount of infrared absorbance from CH4 at 3016 cm-1 is converted to the number CH4 
molecules [cm-3] present in the chamber using the calibration graphs in Fig. 3-7 and the ideal 
gas law.  



 20 

1 2 3
0

2

4

6

8

10
CH

4 m
ol

ec
ul

es
 (1

014
 c

m
-3
)

 

 

Number of exposures

Thermal ALD
     Al(CH3)3

     H2O
Plasma -assisted ALD
     Al(CH3)3

T = 145 °C(a)

1 2 3

 

 

Number of exposures

Thermal ALD
     Al(CH3)3

     H2O
Plasma-assisted ALD
     Al(CH3)3

T = 25 °C(b)

 
Fig. 3-11: the total amount of CH4 produced during ALD of Al2O3 with the number of precursor 
and oxidant exposures for deposition at 145 °C (a) and 25 °C (b). 
 
At a deposition temperature of 145 °C, the CH4 formation is virtually independent from the 
number of Al(CH3)3 exposures during plasma-assisted ALD and it is concluded that the first 
precursor exposure saturates the surface reaction. For both half cycles of thermal ALD 
additional formation of CH4 is observed after the second and third precursor/oxidant 
exposure. Based on the identical surface chemistry of precursor adsorption during both 
thermal and plasma-assisted ALD the additional CH4 formation is related to a by-reaction of 
Al(CH3)3 with residual water, which is more pronounced during thermal ALD due to the H2O 
dosing in the process.  
The relative CH4 formation in the successive exposures is even larger at 25 °C for both half 
cycles of thermal ALD, as shown in Fig. 3-11(b). For the Al(CH3)3 dosing during plasma-
assisted ALD the CH4 formation in the second and third exposure is only small compared to 
the CH4 formation during thermal precursor/oxidant exposures at 25 °C. Moreover, at both 
deposition temperatures, the absolute amount of CH4 produced by Al(CH3)3 adsorption is 
larger during thermal ALD compared to plasma-assisted ALD.  
The differences in saturation behavior and absolute amount of CH4 created between Al(CH3)3 
adsorption during plasma-assisted and thermal ALD may be related to residual water present 
in the deposition chamber during the thermal ALD cycles. The additional formation of CH4 
during the H2O half cycle of thermal ALD cannot be explained by the presence of residual 
water but indicate a longer surface reaction time compared to the Al(CH3)3 adsorption. The 
surface reaction with H2O, which is thermally activated, proceeds slower with decreasing 
temperatures, as indicated by the increased amount of additional CH4 formation in successive 
H2O exposures at lower deposition temperatures. 

3.3.2 Quantification of film growth and film composition 
 
The amount of CH4 molecules that are formed per ALD half cycle are measured at four 
deposition temperatures, 25, 68, 95, and 145 °C, using the measurement procedure as 
described in paragraph 3.2.1. For both thermal and plasma-assisted ALD, 3 precursor and 
oxidant exposures are taken into account to assure saturation of the surface reactions. The 
formation of CH4 in the thermal ALD half cycles and precursor adsorption half cycle during 
plasma-assisted ALD is plotted as a function of deposition temperature in Fig. 3-12. 
Moreover, the total amount of CH4 formed in a complete thermal ALD cycle as a function of 
the deposition temperature has been added in Fig. 3-12 as well.  
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Fig. 3-12: the CH4 formation in both thermal ALD half cycles and the precursor half cycle of 
plasma-assisted ALD of Al2O3 as a function of the deposition temperature. Moreover, the total 
amount of CH4 formed per complete thermal ALD cycle has been calculated and added. 
 
Interpreting the data quantitatively, twice to triple the amount of CH4 is produced during the 
precursor half cycle of thermal ALD compared to plasma-assisted ALD. The amount of CH4 
molecules that are created per surface area per precursor half cycle can be calculated using the 
volume and surface area of the reactor and the ideal gas law, which results in 8.7 ± 1.8 
molecules per nm2 for the precursor half cycle of plasma-assisted ALD at 150 °C. Assuming 
bi-functional adsorption [13] this would imply that about 4.3 ± 0.9 Al atoms per nm2 are 
deposited per cycle. This is in good agreement with the ~4 Al at/nm2 per cycle obtained from 
RBS measurements that were deposited per cycle using plasma-assisted ALD at 200 °C [21]. 
However, assuming a similar deposition surface area for thermal ALD, 43.5 ± 2.6 CH4 atoms 
per nm2 are created in one full thermal ALD cycle, which translates to 14.5 ± 0.9 Al at/nm2 
per cycle. Moreover, 25.6 ± 2 CH4 molecules/nm2 are detected upon the precursor adsorption 
during thermal ALD; more then the number of –OH surface groups (8.9 – 12.6  nm-2) present 
at 150 °C [36]. The large amounts of CH4 detected during thermal ALD are a strong 
indication that there is residual water in the chamber reacting with the Al(CH3)3 precursor, 
leading to additional formation of CH4. 
 
Residual water plays an important role in the thermal ALD of Al2O3, as can be explained by 
the fact that it is actively dosed during the process. Regardless the role of residual water, to 
gain more understanding on the reaction mechanism of thermal ALD of Al2O3 several aspects 
have been further investigated from the quantification of the CH4 formation in Fig. 3-12: the 
precursor adsorption mechanism, growth rate, and film composition.  
 
Precursor adsorption mechanism 
 
When the amount of CH4 produced during Al(CH3)3 dosing is compared to the formation 
during water dosing, information on the precursor adsorption mechanism during thermal ALD 
of Al2O3 can be obtained. Fig. 3-13 shows the amount of CH4 produced during the thermal 
precursor half cycle relative to the total amount produced per cycle as a function of the 
deposition temperature. This data is compared to results that have been obtained for higher 
deposition temperatures by Rahtu et al. [7]. From the data measured by transmission infrared 
spectroscopy (FTIR) it is observed that about 2/3 of the CH4 is formed during the precursor 
half cycle. This suggests that the Al(CH3)3 molecules adsorb bi-functionally at these low 
deposition temperatures, meaning that two CH3 ligands reacting with two –OH surface groups 
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leaving one CH3 ligand as newly formed surface group to react with water in the next half 
cycle (Fig. 3-14). At higher deposition temperatures, the quadrupole mass spectrometry 
(QMS) data obtained by Rahtu et al. [7] decreases towards a production fraction of 1/3. One 
third would represent mono-functional adsorption of the Al(CH3)3. This trend can be 
explained by the number of –OH surface groups that decreases for higher temperatures 
[11,36]. A high –OH surface group density allows bi-functional adsorption of the precursor, 
whereas, on average, this is less likely to occur when the surface group density of –OH is 
lower.  
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Fig. 3-13: the fraction of CH4 produced during the Al(CH3)3 exposure with respect to one full 
ALD cycle as deduced from transmission infrared measurements (FTIR). The quadrupole mass 
spectrometry (QMS) and quartz crystal microbalance (QCM) data were obtained from Rahtu et 
al. [7]. 
 
The relative CH4 formation during precursor dosing of 2/3 is a remarkable result considering 
residual water was present in the chamber during thermal ALD of Al2O3. If the Al(CH3)3 fully 
reacts with H2O, creating 3 CH4 molecules per precursor molecule, the relative CH4 formation 
during precursor dosing can exceed 2/3. From Fig. 3-13 it can be concluded that the Al(CH3)3 
precursor, nonetheless, reacts bi-functionally during precursor dosing. Moreover, the data 
obtained from infrared measurements at 145 °C is in good agreement with the data from 
Rahtu et al., obtained at 150 °C [7]. 
 

 
Fig. 3-14: a schematic illustration of bi- and mono-functional adsorption of Al(CH3)3 on an Al2O3 
surface with OH surface groups. 
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Growth rate thermal ALD of Al2O3 
 
The production of CH4 decreases when going to lower temperatures in both half cycles of 
thermal ALD in Fig. 3-12. This in contrast to the Al(CH3)3 dosing during plasma-assisted 
ALD, where no decrease in CH4 formation is observed. The total amount of CH4 formed in 
both half cycles of the thermal ALD process relates directly to amount of Al atoms deposited 
per cycle and thus the growth per cycle of Al2O3. The decrease in CH4 formation during 
thermal ALD for lower deposition temperatures indicates similar growth behavior of Al2O3 as 
shown by data from previous work in Fig. 3-1. The formation of CH4, and hence the growth 
rate, falls off at lower deposition temperatures for thermal ALD. A decreasing formation of 
CH4 with decreasing deposition temperatures may not have been expected considering the 
role of residual water in the background. At lower temperatures the amount of residual water 
is expected to increase, which could lead to an increased formation of CH4, however, this is 
not observed. Conclusions on the growth rate of plasma-assisted ALD cannot be drawn as the 
formation of reaction by-products during the O2 plasma half cycle could not be investigated.  
 
The amount of CH4 produced per cycle should directly relate to the growth rate of Al2O3. In 
order to validate this assumption, the growth of thermal ALD of Al2O3 on a silicon wafer is 
monitored using spectroscopic ellipsometry. Identical deposition conditions were used as for 
the infrared measurements to assure a valid comparison: static dosing in a closed chamber 
with 3 precursor exposures per half cycle. All depositions were carried out on the same 
sample, starting at the highest temperature, 150 °C, and continuing in descending order to 25 
°C. At each deposition temperature at least 30 cycles were deposited to determine the growth 
per cycle. The thickness of the Al2O3 layer was modeled using a Cauchy model as described 
by Equation 2-3. The Al2O3 layers grown at each deposition temperature are too thin to be 
modeled separately and therefore the whole film is modeled using constant Cauchy 
parameters of An = 1.59 and Bn = 0.009. The growth rate is determined by fitting the thickness 
increment as a function of the number of cycles for each deposition temperature. The growth 
rate as a function of the deposition temperature is plotted in Fig. 3-15. 
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Fig. 3-15: the growth rate of thermal ALD of Al2O3 on silicon as determined by spectroscopic 
ellipsometry. 
 
An increase in growth rate is observed for thermal ALD of Al2O3 by SE with decreasing 
deposition temperatures; in contrast to the decreased formation of CH4 molecules at lower 
temperatures, which would suggest a lower growth rate. However, it is possible that the film 
grown at lower deposition temperatures is less dense compared to films grown at higher 
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temperatures. Groner et al. [23] reported a film density of 3.0 g/cm3 and 2.5 g/cm3 for Al2O3 
films grown by thermal ALD at 177 °C and 33 °C respectively. A lower film density could 
explain that an increase in physical film thickness is observed with SE, while actually less Al-
O bonds are being formed at lower deposition temperatures and thus less CH4 is detected1. 
 
Film composition Al2O3 
 
To further investigate the growth per cycle (GPC) dependence on deposition temperature, the 
Al2O3 film bulk has been investigated using transmission infrared spectroscopy. The infrared 
absorbance signal from Al-O phonon modes and impurities, e.g. OH, relates to the film 
density and effective Al2O3 deposition per cycle respectively. An increasing absorbance from 
OH leads to lower film density. The infrared absorbance spectra are obtained from the 
experiment detecting the gas phase reaction by-products, where Al2O3 was also grown on the 
KBr windows. The Al2O3 film bulk that has been deposited on the KBr windows during this 
experiment is plotted as infrared absorbance per cycle for each deposition temperature 
investigated, in order to compare the results between thermal and plasma-assisted ALD.  
The infrared absorbencies per cycle are shown in Fig. 3-16 for both thermal (a) and plasma-
assisted ALD at different deposition temperatures. In the infrared absorbance spectra of Fig. 
3-16, positive peaks at 3700 – 3000 cm-1 indicate the presence of –OH impurities and peaks 
around 1600 – 1200 cm-1 are assigned to carbon related impurities. The formation of Al-O 
bonds result in infrared absorbance around 800 cm-1. For thermal ALD, more OH stretching 
vibrations are detected for Al2O3 grown at lower temperatures, indicating a higher level of 
impurity and lower film density. In the films grown using plasma-assisted ALD no OH 
stretching is observed, instead, C related impurities are found [13].  
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Fig. 3-16: FTIR bulk spectra of thermal (a) and plasma-assisted (b) ALD of Al2O3. The spectra 
are deduced from the film growth on the KBr windows and the data is plotted as absorbance per 
cycle. 
 
In order to estimate the number of Al-O bonds created per cycle, the infrared absorbance of 
the Al-O phonon modes is integrated from 1000 to 800 cm-1 and plotted as a function of 
deposition temperature in Fig. 3-17. Although this does not cover the whole phonon peak, 
which ranges down to ~600 cm-1 [11], it can still be used to illustrate trends. The IR 
absorbance of the Al-O phonon modes of thermally grown Al2O3 decreases for lower 
deposition temperatures, which suggests fewer Al-O bonds have been created per cycle, and 
thus less Al(CH3)3 has actually been adsorbed per cycle. The opposite is observed for the 
plasma-assisted ALD of Al2O3, where the IR absorbance of the Al-O phonon mode increases 
                                                      
1 Groner et al. [23] showed that the refractive index of Al2O3 deposited by thermal ALD at 33 °C is 
1.51. Correcting the growth rate of thermal ALD of Al2O3 at 25 °C using this refractive index in 
combination with normalization of the 2.5 g/cm3 film density to 3.0 g/cm3 leads to normalized growth 
rate of 0.140 nm/cycle; slightly lower than the growth rate measured at 150 °C (0.145 nm/cycle).  
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for lower deposition temperatures. Fig. 3-17 confirms that the formation of Al-O bonds 
decreases with decreasing temperature for thermal ALD of Al2O3 while increases with 
decreasing temperature for plasma-assisted ALD and is thereby consistent with the results 
obtained from the formation of reaction by-products (Fig. 3-12) and the GPC obtained from 
previous reports (Fig. 3-1). 
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Fig. 3-17: the integrated absorbance of the Al-O phonon modes (1000 – 800 cm-1) of Al2O3 grown 
with thermal and plasma-assisted ALD. 
 

3.4 Conclusions 
 
The volatile reaction by products of the thermal and plasma-assisted ALD of Al2O3 have been 
measured, identified and quantified by means of transmission infrared spectroscopy. For the 
precursor and oxidant exposures of the thermal ALD process it was found that the amount of 
reaction by-products was increased as a consequence of successive precursor/oxidant 
exposures. This effect was stronger observed at lower deposition temperatures. For the 
Al(CH3)3 dosing during plasma-assisted ALD at 25 °C, additional CH4 formation when 
dosing more precursor, was only small with respect to thermal ALD. When the deposition 
temperature was raised to 145 °C additional CH4 formation was no longer observed, 
indicating the surface reaction saturates with one precursor dose for plasma-assisted ALD. 
The amount of CH4 detected during thermal ALD of Al2O3 was much higher with respect to 
measured amount from Al(CH3)3 adsorption during plasma-assisted ALD. From the saturation 
behavior and the amount of CH4 detected during thermal ALD it is concluded that residual 
water was present in the deposition chamber and was reacting with Al(CH3)3 precursor. 
However, additional formation of CH4 is also observed upon multiple H2O exposures, which 
cannot be explained by the presence of residual water. Moreover, relatively more CH4 is 
created during additional H2O exposures with decreasing deposition temperatures and it is 
concluded that the H2O surface reaction proceeds slower compared to the Al(CH3)3 
adsorption and the saturation time increases with decreasing deposition temperatures. 
For thermal ALD of Al2O3 it was found that less CH4 per complete cycle was formed with 
decreasing deposition temperatures (25 – 145 °C). This indicates a decreasing growth rate 
when going to lower deposition temperatures. The decreasing growth rate also corresponds 
with film thickness measurements obtained from spectroscopic ellipsometry when normalized 
on mass density. Infrared absorbance spectra of the Al2O3 bulk shows more OH has been 
incorporated at 25 °C and less Al-O is formed. This suggests the film grown at 25 °C contains 
more impurities and indicates a lower mass density than the film grown at 145 °C.  
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Furthermore, the fraction of CH4 formed during the Al(CH3)3 is about 2/3 of the amount 
produced in one complete ALD cycle for deposition temperatures between 25 – 145 °C, 
which implies a bi-functional reaction of the Al(CH3)3 precursor molecules. 
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4 Investigation of plasma-assisted ALD of Er2O3 and Er-doped 
Al2O3 

4.1 Introduction 
 
Rare earth (RE) oxide films, such as Er2O3, offer potential for a wide variety of applications 
in microelectronic, optoelectronic, and optical devices. They display various interesting 
properties, e.g., optical transparency from ultraviolet to infrared, a high refractive index in the 
visible wavelength region, and insulating behavior. Moreover, they also possess a relatively 
high dielectric constant (k ~ 12-14), making RE oxide materials applicable as a high-k gate 
dielectric material in the semiconductor industry. The melting points of RE oxides are in the 
range of 2230–2490 °C [37] making the RE oxide thin films also of interest for protective and 
corrosion resistive coatings [38,39]. 
 
In recent years, many studies have focused on the opto-electrical properties of materials 
doped with rare earth elements. The great interest in rare earth erbium (Er) for optical 
applications derives from its intra-4f optical transition at 1.54 µm, coinciding with the low-
loss window of silica-based optical fiber2. Optical waveguides doped with Er can therefore 
function as optical amplifiers in the standard telecommunication wavelength window around 
1.55 µm [40,41,42].   
 
For high Er concentrations (> 1 at %) so-called up-conversion mechanisms can occur. Up-
conversion is a process where two, or more, low energy photons (1.54 µm in the case of Er) 
are absorbed and converted to one photon of higher energy. In applications for 
telecommunication these up-conversion processes are undesired and efforts have been made 
to reduce these up-conversion effects [42,43]. However, up-conversion also has potential for 
the use in up-conversion lasers and displays. Therefore, in recent years, many studies have 
focused on optimizing the up-conversion luminescence of Er-doped materials [44,45,46,47]. 
Photon up-conversion luminescence is also researched for application in semiconductor 
photovoltaic devices. An up-converting material can potentially increase the overall 
efficiency of the solar cell device by utilizing sub-bandgap photons that would otherwise be 
transmitted through the device [48,49,50,51,52]. A possible candidate to act as a host material 
for erbium doping is Al2O3, which is already considered for application in solar cells [3].  
 
Different techniques have been applied to dope materials with trivalent erbium ions. Hoven et 
al. [42] reported Er implantation in Al2O3 by means of magnetron sputtering and John et al. 
[53] reported Er doping of silicon nanocrystals by co-pyrolysis of disilane and Er(thd)3. Up-
conversion luminescence was achieved by doping powders with Er3+ using the sol-gel method 
[45,47]. However, for thin film applications, as in solar cell up-conversion, techniques like 
(PE)CVD [54] or ALD may be required.  
Doping of erbium into metal oxide layers by means of atomic layer deposition has also been 
reported before [40,41,55]. The precursor that was used to deposit Er2O3 in these studies is 
Er(thd)3. This β-diketonate precursor is a stable compound that does not react with water or 
oxygen at temperatures below 300 °C [39], making pure thermal ALD not possible. In order 
to achieve deposition at temperatures of 300 °C or lower, additional reactivity can be 
provided by the use of ozone, O radicals, or possibly a remote oxygen plasma as oxidant 
source. Van et al. [6,41] reported successful deposition of Er2O3 and Er-doping of Y2O3 using 
O radical-enhanced ALD. Furthermore, Paivasaari et al. reported ALD of Er2O3 using O3 as 

                                                      
2 When erbium is embedded in a solid matrix, it can assume the Er3+ state. In this trivalent state, the 
transition of the 4I13/2 level (first excited state) to the ground state 4I15/2 produces emission at 1.54 µm. If 
the Er3+ concentration is high enough (> 1%) interactions between Er3+ ions occur and processes such 
as energy transfer up-conversion can take place. 
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oxidizer [56]. Thus far, no literature is found on atomic layer deposition of Er2O3 and Er-
doped Al2O3 by the use of a remote O2 plasma as oxidizing source. 
 
In this work the Er doping of Al2O3 by means of plasma-assisted atomic layer deposition is 
investigated. The doping can be achieved by alternating ALD cycles of Er2O3 and Al2O3. The 
cycle ratio between the deposition of Al2O3 and Er2O3 determines the level of doping. An 
illustration of how Er-doping can be achieved by alternating ALD cycles is given in Fig. 4-1. 
 

 
Fig. 4-1: a schematic representation of Er-doping by alternating ALD cycles of Al2O3 and Er2O3. 
Depending on the cycle ratio x : y of both ALD processes the Er-doping level can be controlled. 
 
The plasma-assisted ALD of Al2O3 is a well characterized process in material properties 
obtained and in fundamental understanding of its surface chemistry [8,13,21], while the 
plasma-assisted ALD of Er2O3 is a novel process that has to be developed. In order to 
optimize the Er-doping process it is important to understand the reaction mechanism of Er2O3 
grown by means of plasma-assisted ALD. From this perspective, fundamental issues on the 
reaction mechanism of plasma-assisted ALD of Er2O3 are addressed by investigating the 
surface groups and volatile reaction by-products using transmission infrared spectroscopy. In 
addition, the gas species present in the plasma during the ALD process have been investigated 
using optical emission spectroscopy. The material properties of Er2O3, such as the refractive 
index and band gap, and characterization of the growth of Er2O3 on silicon are determined by 
means of spectroscopic ellipsometry.  

4.2 Experimental and measurement procedure 

4.2.1 Erbium β-diketonate precursor 
 
The precursor that is used for the plasma-assisted ALD of Er2O3 is erbium(III) tris(2,2,6,6-
tetramethyl-3,5-heptanedionate), which belongs to the class of β-diketonate precursors [57]. 
The molecular structure of Er(thd)3 is shown in Fig. 4-2.  
The precursor is contained in a stainless steel bubbler with a crossover valve mounted on top. 
Argon can be used as a carrier gas to support the transport of the precursor vapor into the 
reactor chamber and can be used as a purge gas to clean the lines. The bubbler is heated to 
145 °C in order to have a sufficient vapor pressure. This temperature is still below the melting 
point of the precursor, at 180 °C, yet it provides a vapor pressure of about 11 Pa [58]. 
Furthermore, the compound is sufficiently stable to be sublimed and transported without 
premature decomposition, which occurs at ~500 °C [39]. A more detailed description of the 
material properties of Er(thd)3 and the applied dosing procedure using argon as carrier gas is 
listed in Appendix B.  
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Fig. 4-2: the molecular structure of Er(thd)3 precursor. 
 
For detailed studies on the reaction mechanism of plasma-assisted ALD of Er2O3 using 
transmission infrared spectroscopy, it is of vital importance to identify vibrational spectrum of 
Er(thd)3 in gas phase. It is important to confirm the precursor is transported into the 
deposition chamber successfully without decomposition. Furthermore, assigning the 
vibrational peaks of the gas phase infrared absorbance spectrum helps to understand the 
surface chemistry in the prospective experiments.  
To record the vibrational spectrum of Er(thd)3, the precursor is introduced into the reactor 
chamber with the valve to the pump closed and without the use of argon as carrier gas. 
Transmission infrared spectra are taken with a resolution of 4 cm-1 and 64 scans are averaged 
for each measurement. This restricts the scanning time to a relatively short period of about 20 
seconds and to enhance the signal-to-noise ratio this routine is repeated 9 times. The infrared 
absorbance spectrum of the volatile Er(thd)3 precursor is plotted in Fig. 4-3. 
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Fig. 4-3: the infrared absorbance spectrum of volatile Er(thd)3 in gas phase at 150 °C. The most 
prominent absorbance peaks are assigned. 
 
The most important frequencies are listed in Table 4-1 including their assignment, along with 
references of previous reported data on infrared absorbance of β-diketonates. The dominant 
peaks around 3000 – 2800 cm-1 are assigned to the C-H stretching modes. The peaks around 
1700 – 1400 cm-1 are mainly originating from stretching modes within the ring (C-C, C-O) of 
the β-diketonate ligand (Fig. 4-2).  
 
In literature, several reports on infrared spectra of β-diketonates in gas phase can be found: 
Er(thd)3 [39], La(thd)3 [59], Gd(thd)3 and Y(thd)3 [60]. In these reports the positions of the 
CH vibrational modes are similar regardless of the RE atom, which is expected, as the 
influence of the rare earth metal atom on the CH stretching and bending modes is negligible. 
However, the infrared absorbance from the vibrational modes within the –(thd) ring are found 
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to be at lower wavenumbers in literature compared to the positions as reported here. The 
variation in vibrational frequencies can be caused by the mass differences of the rare earth 
metal elements and measurement conditions. La(thd)3 [2], for example, is a lighter metal in 
mass and was measured in gas phase in the temperature range of 150 – 260 °C. Furthermore, 
the infrared absorbance of Er(thd)3 [39], and Y(thd)3 and  Gd(thd)3 [60] were measured as a 
solid powder. 
 
Table 4-1: the peak assignment of the infrared absorbance spectrum of Er(thd)3 in gas phase. 

Peak position (cm-1) Assignment Reference 
2969 (a-sym), 

2920, 2883 (sym) υ(CH3) [39,59,60] 

1735-1680 C=O, C-O  
1616 υ(C=O) [39,59,60] 
1475 δ(C-C) + δ(C-H) [60] 
1371 δ(CH3) [60] 

1267, 1251, 1216, 1207 υ[C-(CH3)3] + δ(C-H) [59,60] 
1135 υ[C-C(CH3)3] + δ(C-H) [59,60] 
1090 υ[C-C(CH3)3] + δ(C-H) [60] 

1012, 975 ρ(CH3) [60] 
874 υ[C-C(CH3)3] + υ(C-O) [60] 

 

Abbreviations: υ = stretching, δ = bending, and ρ = rocking. 

4.3 Surface chemistry and reaction mechanism of plasma-assisted ALD of 
Er2O3 

 
The surface chemistry and reaction mechanism play an important role in understanding and 
optimizing an ALD process and improving the material properties obtained. In this section the 
surface chemistry and reaction mechanism are investigated using transmission infrared 
spectroscopy and optical emission spectroscopy. Transmission infrared spectroscopy is used 
in situ to measure the surface groups created during the ALD process and to detect the 
reaction by-products upon precursor adsorption. The reaction by-products created during the 
plasma exposure are investigated using optical emission spectroscopy. 

4.3.1 Detection of surface groups and reaction by-products during plasma-assisted 
ALD of Er2O3 by transmission infrared spectroscopy 

 
The surface groups created upon precursor adsorption and plasma exposure during the ALD 
of Er2O3 are investigated by means of transmission infrared spectroscopy, as shown 
schematically in Fig. 4-4. Er2O3 is deposited on the KBr windows of the ALD-I reactor and 
the changes in surface groups are detected from the differential vibrational spectra, indicated 
by the two smaller backward arrows in Fig. 4-4. Two IR spectra of each 256 scans and 4 cm-1 
resolution were recorded in between every half cycle to prevent data correlation [16]. The 
formation of bulk Er2O3 and incorporation of impurities can be investigated by the differential 
spectrum of a complete ALD cycle, as indicated by the large arrow in Fig. 4-4. In addition, 
since the ALD process is halted 120 seconds for every IR measurement, degradation of the 
surface species can be examined by investigation of the differential spectrum of two 
intermediate IR spectra.  
The signal-to-noise ratio of the differential IR spectra can be improved because the repetitive 
behavior of ALD allows averaging of the differential spectra of precursor adsorption and 
plasma exposure over multiple (i.e. 29) equivalent cycles. 
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Fig. 4-4: the measurement scheme to detect surface groups formed and removed during an ALD 
process. The two small arrows indicate the differential vibrational spectra of the surface groups 
upon precursor adsorption and oxidant reaction. Information on the bulk formation of Er2O3 can 
be obtained from a differential vibrational spectrum after a full ALD cycle (large arrow). 
 
The maximum allowed wall temperature of the ALD-I reactor is 150 °C; below the 
temperature range of 200 – 450 °C where the ALD of Er2O3 has been investigated previously 
[6,56]. To increase the reaction time of the precursor with the surface and to assure efficient 
use of precursor material the Er(thd)3 precursor is dosed statically, i.e., with the valve to the 
pump closed and  precursor injection without using argon as carrier gas. For every precursor 
half cycle, the chamber is filled with approximately 0.01 mbar of Er(thd)3 which takes about 
60 seconds. The two IR spectra are recorded after opening the valve to the pump and 
evacuating the chamber. Subsequently, the oxygen flow is turned on (0.01 mbar) to run a 
plasma for about 5 seconds. After pumping down the chamber to base pressure two IR scans 
are taken again, completing one ALD cycle. 
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Fig. 4-5: the Er(thd)3 precursor in gas phase (a) and surface groups upon precursor adsorption 
and plasma exposure at 150 °C (b). Infrared absorbance at 3000-2800 cm-1 represents CH 
stretching and peaks in the region 1700-1300 cm-1 indicate C-O and C=C bonds. Moreover, 
positive features represent species appearing at the surface, while negative features indicate 
removal of surface species. 
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The differential vibrational infrared spectra after the precursor and O2 plasma half cycle are 
shown in Fig. 4-5(b). In these spectra, positive features represent species that are added to the 
surface, while negative features represent species that have been removed. In the precursor 
half cycle, only positive features appear in the differential spectrum, indicating precursor 
adsorption while no detectable surface groups have been removed during the adsorption of the 
precursor. After exposure to O2 plasma only negative features are observed in the differential 
vibrational spectrum, demonstrating removal of the surface species and no new detectable 
surface species have been created. 
 
The spectrum of precursor adsorption shows the infrared absorbance from the CH stretching 
vibrations from the Er(thd)3 molecule around 3000 – 2800 cm-1 and bending modes at 1200 
cm-1. The absorbance peaks at 1585, 1515, 1387, and 1362 cm-1 represent the C-O, C=O, and 
C=C stretching vibrations from the precursor ligands. The CH stretching modes decreased in 
absorbance intensity relatively to absorbance peaks from the –(thd)3 ligands when the 
precursor is adsorbed. Furthermore, it is observed that the positions of the absorbance peaks 
from the ligands appear to have shifted towards lower wavenumbers compared to their peak 
position in the gas phase spectrum, plotted in Fig. 4-5(a) as a reference. The shift indicates a 
change in the condition of the precursor from gas phase to an adsorbed state.  
 
The exclusively positive infrared absorbance peaks upon precursor adsorption and negative 
peaks after plasma exposure suggest that the Er(thd)3 adsorbs intact and its ligands are 
removed upon plasma exposure. It is likely that after plasma exposure the surface contains –
OH surface groups. The Er(thd)3 precursor, however, does not react with water or oxygen at 
150 °C and therefore most likely not with –OH surface groups either. Possibly, the Er(thd)3 
physisorbs at the surface, staying intact, and subsequently its ligands are removed and Er-O 
bonds are formed during the O2 plasma exposure. However, the formation of Er-O bonds, 
with vibration frequency ~480 cm-1 [60], lies outside the range of the MCT detector (10,000 – 
750 cm-1) and can therefore not be investigated in this experiment. 
 
Besides qualitative information on the surface chemistry that can be subtracted from the 
absorbance peak positions in the IR spectra, the absorbance intensity of the differential 
spectra can be used to estimate the quantity of Er(thd)3 that adsorbs per cycle. The absorption 
intensity of the CH stretching peak (2973 cm-1) is used to estimate the surface coverage of the 
Er(thd)3 precursor. The absorbance signal of the CH stretching modes of adsorbed Er(thd)3 
(~7 10-5) is of similar strength compared to the absorbance signal from adsorbed Al(CH3)3 
during ALD of Al2O3 (~5 10-5), obtained under identical measurement conditions [16]. 
Assuming that the absorption cross section of CH is similar for Al(CH3)3 and Er(thd)3, there is 
approximately an equal amount of CH groups at the surface for both processes. From RBS 
data, 4 Al atoms per nm2 per cycle [21], combined with bi-functional adsorption [13], it 
follows that Al(CH3)3 covers about 12 CH bonds per nm2. When Er(thd)3 adsorbs intact it 
contains 30 CH bonds per molecule, which implies 0.4 Er(thd)3 precursor molecules are 
deposited per nm2 per cycle. 
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Fig. 4-6: FTIR absorbance of 29 cycles Er2O3 showing OH (3700-3000 cm-1), CH (3000-2800 cm-1) 
and carbonate (1365, 1295 cm-1) impurities. 
 
After investigation of the surface chemistry, the quality of the Er2O3 film grown on KBr has 
been examined by measuring the impurities in the bulk spectrum, as shown in Fig. 4-4. The 
infrared absorbance spectrum of the 29 cycles Er2O3 bulk is plotted in Fig. 4-6. The infrared 
absorbance spectrum of the Er2O3 film bulk shows incorporation of OH (3700 – 3000 cm-1), 
CH (3000 – 2800 cm-1), and C-related impurities (1365, 1295, 1112, and 962 cm-1). The 
absorbance peak at 1365 cm-1 could originate from carbonate impurities, as suggested by 
Paivasaari et al. [56]. The Er-O phonon modes fall out of range (~500 cm-1) to be detected 
using the MCT detector. 

4.3.2 Measuring the volatile reaction by-products from plasma-assisted ALD of 
Er2O3 using transmission infrared spectroscopy 

 
The second step in deducing the reaction mechanism of plasma-assisted ALD of Er2O3 is 
detection of the volatile reaction by-products that are formed during the ALD process. The 
volatile reaction by-products created upon precursor adsorption can be detected using 
transmission infrared spectroscopy as described in paragraph 3.2.1. With the deposition 
chamber closed and the wall heating set at 150 °C, Er(thd)3 is pulsed into the chamber 5 times 
adding up to a pressure of approximately 2 Pa. The infrared absorbance of the volatile 
products in the chamber as a result of these 5 pulses is plotted in Fig. 4-7; the data is averaged 
over 5 equivalent cycles in order to increase the signal-to-noise ratio. After subtraction of the 
surface species, the infrared absorbance spectrum of the gaseous species in the chamber may 
contain reaction by-products as well as excessive dosed precursor.  
Plotted in Fig. 4-7(a) is the infrared absorbance spectrum of Er(thd)3 in gas phase, as obtained 
from the experiment in paragraph 4.2.1, to guide as a reference. The spectrum of the volatile 
products present in the chamber is very similar to the infrared absorbance spectrum of the 
Er(thd)3 precursor in gas phase. The only exception is the infrared absorbance peak at 1616 
cm-1 in the gas phase spectrum, which is much weaker in the spectrum of the volatile species 
after Er(thd)3 injection. An absorbance peak that only appears in the spectrum of the volatile 
species is the peak at 2350 cm-1, which can be related to CO2 released from the film after 
plasma exposure, will be discussed later in the section.   
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Fig. 4-7: the infrared absorbance spectrum of Er(thd)3 precursor in gas phase (a) and the volatile 
species in the closed deposition chamber present after Er(thd)3 adsorption (b). 
 
Since the IR absorbance spectrum is still similar to the Er(thd)3 gas phase spectrum, it is 
possible that no reaction by-products are formed during precursor adsorption. The Er(thd)3 
physisorbs at the surface, remaining intact, and the spectrum represents excessive dosed 
Er(thd)3. This cannot explain, however, why the infrared absorbance peak at 1616 cm-1 is not 
present in the spectrum of the volatile species. 
Another possibility is that the infrared absorbance spectrum of the volatile species in the 
chamber after precursor injection is caused by a reaction by-product. However, if a reaction 
by-product is formed upon precursor adsorption, a reaction with the surface species is 
expected. Reactions with surface species would lead to negative peaks in the precursor 
adsorption spectrum in Fig. 4-5, which are not observed. Moreover, it is reported that the 
precursor does not react with H2O or O2 at 150 °C [57], and therefore most likely also not 
with surface species such as –OH groups. To draw definite conclusions on the precursor 
adsorption mechanism additional measurements to analyze the volatile reaction by-products, 
such as quadrupole mass spectrometry, could provide an explanation.  
 
Another interesting peak that appears in the infrared absorbance spectrum of the volatile 
species is the CO2 peak at 2350 cm-1. Considering the molecular structure of Er(thd)3, CO2 is 
not expected to be a reaction by-product from the precursor adsorption. Possibly, CO2 is 
created during the plasma exposure and emerges from the reactor wall with delay. In order to 
check this hypothesis the formation of CO2 after the plasma exposure is monitored. A 
reference IR scan is taken at base pressure, directly after exposing the surface to a plasma. 
Subsequently, the valve to the pump is closed in order to capture any CO2 that may emerge 
from the wall. When subsequently IR scans are taken, CO2 appears in the differential spectra. 
The infrared absorbance spectrum taken 3 minutes (which would be equivalent to the time of 
5 Er(thd)3 exposures otherwise) after the chamber was closed (Fig. 4-8) shows the appearance 
of CO2 in roughly the same amount as appeared in the spectrum of the volatile species in Fig. 
4-7. This indicates that the CO2 detected in the chamber does not relate to the Er(thd)3 
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adsorption but is a reaction by-product from the O2 plasma reaction with the surface groups 
that is slowly released from the Er2O3 film. Furthermore, the formation of CO2 during the 
oxidizing half cycle is most likely responsible for the formation of carbonates in the Er2O3 
bulk, as shown in Fig. 4-6 [56,57]. 
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Fig. 4-8: the IR absorbance spectrum of the gas species in the chamber, showing the formation of 
CO2 as a reaction by-product from the O2 plasma reaction with the surface. The valve to the 
pump was closed immediately after the plasma was turned off, confining the reaction products 
that slowly emerge from the wall of the chamber. 
  

4.3.3 Optical emission spectroscopy to measure volatile products from plasma 
reaction half cycle during ALD of Er2O3 

 
In the experimental configuration used in this work, the volatile reaction by-products that 
emerge from a plasma exposure cannot be measured using transmission infrared 
spectroscopy. As mentioned earlier in paragraph 3.2.1, the deposition chamber cannot be 
isolated from the turbo pump when igniting the plasma. An alternative method to study the 
gas composition and chemistry during a plasma exposure is the use of the specific light 
emission generated by the plasma species. The emission profile originates from radiative de-
excitation of excited gas species present in the plasma. These gas species can be both reactant 
(O2) or reaction products and can be identified by the use of optical emission spectroscopy 
[14,15,27]. In Fig. 4-9(a) and (c), the emission spectrum of a pure O2 plasma is shown, 
collected with a 50 ms integration time through the KBr window fitted in the wall of the 
reactor. The emission spectrum of a pure O2 plasma mainly shows the emission lines from 
excited O radicals, denoted as O* (777 nm), and of O2

+* ions (638, 598, 559, and 526 nm). 
When the surface was covered with adsorbed Er(thd)3, the emission spectrum of the plasma, 
in the first hundreds of milliseconds after ignition is remarkably different from that of the 
pure O2 plasma because the formed reaction by-products are also excited by the plasma. In the 
emission spectrum, taken approximately 50 ms after ignition of the plasma, an increase in 
emission in the blue region (400 – 500 nm) is observed in Fig. 4-9(b). The broadband 
emission predominantly originates from excited CO* molecules, but also OH* emission was 
observed at 309 nm. Furthermore, the emission by atomic hydrogen (Hα 656 nm, Hβ 486 nm) 
and atomic oxygen (777 nm) are observed. The CO*, OH* and H* emission most likely 
originates from excitation reactions of CO2 and H2O molecules by electron impact [27].  
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Fig. 4-9: optical emission spectra from a steady and pure O2 plasma source (a) and (c) and from 
the plasma when exposed to a surface with adsorbed Er(thd)3 precursor (b) and Al(CH3) 
precursor (d), recorded in the first 200 ms after the plasma strike. 
 
The emission spectrum from O2 plasma reacting with adsorbed Er(thd)3 is compared to that of 
plasma exposure to an adsorbed Al(CH3)3 on an Al2O3 surface, shown in Fig. 4-9(d). The 
spectra share emission lines at 309 nm (OH*), 509 and 519 nm (CO*), 656 nm (Hα

*), and 777 
from O*. The peak from atomic H*, however, is much more intense in the case of an adsorbed 
Al(CH3)3 surface. In addition, the broad emission in the blue region (CO) is more intense for 
Al2O3 ALD. The infrared measurements of the surface groups during ALD of Er2O3 in 
paragraph 4.3.1 showed a similar amount of CH groups per nm2 as during ALD of Al2O3 and, 
therefore, a similar CO* emission would be expected during O2 plasma exposure. The lower 
emission intensity during ALD of Er2O3 can be an indication that other reaction by-products, 
e.g. hydrocarbons and hydroxyls, are formed, which may not get excited by the plasma and 
are therefore not detected by optical emission spectroscopy. 
 
Besides providing insight into the reaction by-products, optical emission spectroscopy can 
also be used to investigate the typical saturation behavior of the reaction between plasma and 
surface. To this end, several emission lines (O* 777 nm, Hα

* 656 nm, CO* 519 nm, and OH* 
309 nm) are monitored to investigate the formation of reaction by-products, oxygen 
consumption and saturation behavior as a function of time. The time dependent OES signals 
(25 ms integration time) for plasma exposure during ALD of Er2O3 and Al2O3 are shown in 
Fig. 4-10(a) and Fig. 4-10(b) respectively. When the plasma is ignited (t = 2 seconds), instant 
increases in H, CO and OH emission are observed, falling off exponentially to their initial 
level within 2 seconds for both Er(thd)3 and Al(CH3)3 exposed surfaces. The surface reactions 
with oxygen plasma and removal of the reactants were therefore completed within 2 seconds. 
The oxygen intensity increases gradually to its maximal value in about 2 seconds, indicating 
that oxygen is consumed in the first two seconds. When the plasma is re-ignited after several 
seconds, no additional formation of excited H, CO and OH is observed and the oxygen level 
jumps instantly to its normal value, which confirms the changes in emissions are not a plasma 
start-up effect and can be related to the saturation of the surface reactions.     
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Fig. 4-10: time resolved optical emission (OES) measurements at the wavelengths 309 nm, 519 
nm, 656 nm, and 777 nm, corresponding to OH*, CO*, H*, and O* respectively. At time t = 2 s, the 
plasma is ignited during ALD of Er2O3 (a) and Al2O3 (b), at 11 s and 6 s respectively, the plasma 
is re-ignited and represents a pure O2 plasma. 
 

4.3.4 Proposal for the reaction mechanism of plasma-assisted ALD of Er2O3 
 
Combining the information on surface groups and volatile reaction by-products obtained from 
transmission infrared and optical emission measurements, a reaction mechanism for the 
plasma-assisted ALD can be proposed of Er2O3.  
The plasma-assisted ALD of Er2O3 consists of two half cycle reactions; precursor adsorption 
(Eq. 4-1A) and plasma exposure (Eq. 4-1B). The transmission infrared measurements show 
that the precursor adsorbs without breaking or creating chemical bonds with the surface. 
Moreover, no reaction by-products have been clearly identified from the adsorption of 
Er(thd)3. It is therefore likely that the precursor adsorbs at the surface non-dissociatively (Eq. 
4-1A), which is also reported by Van et al. [61].  
 
 2 Er(C11H19O2)3 (g) → 2 Er(C11H19O2)3 (ad)     (4-1A) 
 

2 Er(C11H19O2)3 (ad) + xO (g) →  Er2O3 (ad) + CO2 (g) + H2O (g) +  
CxHy (g) + Cx’Hy’Oz’ (g)   (4-1B) 

 
The O radicals from the remote oxygen plasma subsequently react with the β-diketonate 
ligands; evidence of CO2 formation was found using transmission infrared spectroscopy. 
Using an O2 plasma a combustion-like reaction can be expected similar to plasma-assisted 
ALD of Al2O3 [8], where C2O and H2O are the main reaction by-products (Eq. 4-1B). The 
reaction products CO2 and CO have also been measured by Van et al., when using O radicals 
from a microwave radical beam source [61]. Due to the low emission intensity from the 
plasma during ALD of Er2O3, other hydrocarbons, hydroxyls, and carbonates are also 
considered as possible reaction by-products during the plasma exposure. Impurities like 
carbonates are, in addition, most likely the cause of impurities in the Er2O3 bulk (Fig. 4-6) 
when they do not desorb [56,57]. 
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4.4 Characterization of plasma-assisted ALD of Er2O3 on silicon 
 
After investigating the reaction mechanism of plasma-assisted ALD of Er2O3 the growth of 
deposition of Er2O3 is characterized on a silicon wafer. To this end, the self-limiting behavior 
of the surface reactions is investigated by measuring the thickness increment as a function of 
the number of cycles using spectroscopic ellipsometry (SE). Moreover, optical properties 
such as refractive index and bandgap are determined. 

4.4.1 Growth rate and saturation behavior 
 
An erbium oxide film is deposited on a silicon wafer at 300 °C, which is reported to be within 
the ALD temperature window (200 – 325 °C) of Er2O3 using O radicals as oxidant source 
[61]. An example of one ALD cycle is shown schematically in Fig. 4-11. The precursor is 
introduced to the deposition chamber using argon as carrier gas to facilitate transport of the 
precursor and reduce the cycle time. The gas flow of argon was tuned to a pressure in the 
chamber of 4.0 Pa. First the argon flow is stabilized using the crossover valve mounted on top 
of the bubbler, and then argon is directed through the bubbler for x seconds of dosing 
followed up by four seconds of argon purging after the dosing. The reactor is subsequently 
pumped down for 5 seconds before the oxygen flow is turned on. The plasma is run for y 
seconds followed by a pump down to complete the cycle.  

 
Fig. 4-11: an illustration of an ALD cycle for Er2O3 with x seconds precursor dosing and y 
seconds plasma exposure. 
 
To investigate the self-limiting behavior of the surface reactions the time of either the 
precursor dosing (x) or plasma exposure (y) is varied while the other process parameters 
remain constant. Every 5 cycles the thickness of the Er2O3 film is measured with SE, to 
determine the growth rate. To describe the thickness of the Er2O3 film a Tauc-Lorentz model 
was applied. In order to find the saturation time for the erbium precursor adsorption the 
dosing time is varied from 5 to 40 seconds, while the plasma exposure time is held constant at 
5 seconds. For the saturation value of the plasma half cycle, the plasma exposure time is 
varied between 2 and 15 seconds while the precursor dosing time remained 30 seconds. For 
each deposition condition setting measured about 25 to 40 cycles are deposited to determine 
the growth rate.  
Note that all depositions were carried out on a single silicon sample; with only 3 nm of Er2O3 
deposited the saturation behavior for the precursor dosing time can be investigated by this in 
situ approach. This significantly reduces the measurement time, while maintaining a 
reasonable accuracy.  
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Fig. 4-12: growth per cycle of ALD of Er2O3 as a function of precursor dosing time and plasma 
exposure time. The solid lines are a guide-to-the eye to illustrate the saturation behavior of the 
half cycle reactions. 
 
In Fig. 4-12 the growth rates are plotted as a function of the precursor dosing and plasma 
exposure time. Both graphs show clear saturating behavior in growth rate, as expected for an 
ALD process, and illustrated by the solid curves that are a guide to the eye. The growth rate of 
Er2O3 levels off at about 0.21 ± 0.02 Å per cycle. This confirms that the surface reactions of 
both half cycles are self-limiting. The saturation value for the precursor dosing is 
approximately 30 seconds, while a plasma exposure time of approximately 5 seconds is 
sufficient to achieve saturated growth. The plasma exposure saturation time of 5 seconds is in 
good agreement with the saturation observed by OES (paragraph 4.3.3) where after about 2 
seconds no more excitation of reaction by-products was detected. Moreover, from the 
saturation curves in Fig. 4-12 it is concluded that the dosing times chosen to investigate the 
saturation of the complementary half cycle reaction were both high enough to reach 
maximum growth. 
The scatter in growth per cycle in Fig. 4-12 is, besides the accuracy of measuring a very thin 
film thickness, also caused by the unstable dosing of the precursor. The amount of precursor 
injected, as measured by the Baratron pressure gauge, fluctuated during the precursor dosing 
causing a decrease in the amount of precursor injected as function of time. This is most likely 
due to the powder nature of the Er(thd)3 precursor leading to blocking of precursor the 
delivery system.  
The growth rate obtained in this work is comparable to growth rates that have been obtained 
in previous reports. Van et al. obtained a growth rate of 0.3 Å/cycle using Er(thd)3 and O 
radical dosing times of both 30 seconds [61]. A growth rate of 0.25 Å/cycle was found by 
Paivasaari et al. [56], using Er(thd)3 and O3 pulse times of 1.0 and 2.5 s, respectively. 

4.4.2 Optical properties and element composition 
 
The final film thickness, after deposition of 390 cycles, was found to be 7.19 ± 0.05 nm and 
the refractive index of the film at 1.96 eV is 1.77 ± 0.01 as calculated from the data collected 
with ex situ variable angle UV-extended spectroscopic ellipsometer. The optical band gap as 
calculated from the Tauc-Lorentz model was found to be 4.8 ± 0.1 eV. 
 
The element composition of the Er2O3 film has been investigated by the use of Rutherford 
Backscattering Spectroscopy (RBS). Using RBS only areal surface densities can be measured. 
By combing the film thickness as measured with SE the calculated atom densities are 1.9 ± 
0.2 1022 Er at/cm3 and 4.6 ± 1.4 1022 O at/cm3, which results in a mass density of the erbium 
oxide film of 6.6 ± 0.5 g/cm3. This mass density is lower than the bulk density of Er2O3 of 8.6 
g/cm3 as reported in literature [62]. The film was not thick enough to determine impurity 
levels, i.e. O, C, and H. The ratio of O/Er from the RBS results is about 2.3, which can be 
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written as Er2O4.6. The oxygen richness may have been caused by in the incorporation of 
carbonate impurities [56] and can also explain the lower mass density of the film compared to 
literature.  
From the composition as obtained by the RBS and the number of cycles deposited, it follows 
that about 0.4 Er atom/nm2 per cycle is deposited at 300 °C. The Er(thd)3 coverage per cycle 
at 150 °C as estimated from the transmission infrared data, 0.4 Er(thd)3 per nm2, is therefore 
in excellent agreement with the RBS results. This indicates that the growth per cycle for ALD 
of Er2O3 is similar at substrate temperatures of 150 °C and 300 °C, which is also reported by 
Van et al. [61]. The Er(thd)3 coverage is a factor of 10 smaller compared to 4 Al atoms per 
nm2 per cycle during ALD of Al2O3, which is most likely due to the difference in ligand size 
between the –(thd)3 and –CH3. Especially considering that Er(thd)3 adsorbs non-dissociatively 
(Eq 4-1A), the Er(thd)3 molecules cannot adsorb at the substrate surface with the same density 
as Al(CH3)3 molecules due steric hindrance effects. 

4.5 Erbium doped Al2O3 by means of plasma-assisted ALD 

4.5.1 Experimental procedure 
 
Having the plasma-assisted ALD process of Er2O3 characterized the next step in this project is 
the Er-doping of Al2O3. This doping is achieved by alternating the ALD processes of Al2O3 
and Er2O3 using Al(CH3)3 and Er(thd)3 as precursors respectively, and an oxygen plasma for 
the oxidizing half cycles. The doping level can be adjusted by changing the cycle ratio 
between the Al2O3 and Er2O3 ALD processes (Fig. 4-1). An erbium-doped Al2O3 film is 
grown on a silicon wafer at 300 °C. Spectroscopic ellipsometry is used to monitor the film 
growth in situ, which allows active control of the doping level. The Er-doped Al2O3 film is 
considered as one layer which is described by a Cauchy model.  
A schematic representation of the cycle conditions used to deposit an Er-doped Al2O3 film is 
shown in Fig. 4-13. The ALD of Al2O3 is carried out under a continuous flow of oxygen, set a 
pressure of 102 Pa. The Al(CH3)3 precursor is dosed for 25 ms to obtain saturation. After two 
seconds of oxygen purging the plasma is turned on for 2 seconds, followed up by an oxygen 
purge of one second. For the deposition of Er2O3 the Er(thd)3 precursor is dosed for 15 
seconds using argon as a carrier gas, set at 1.0 Pa, as well as a pre and after purge gas. 
Subsequently, the substrate is exposed to the plasma for 10 seconds. The saturation plot in 
Fig. 4-12 shows that 15 seconds precursor dosing is not enough to saturate the surface 
reaction, but considering the growth rate as a function of time it is a more time efficient 
setting. The doping level chosen for this experiment is such that ~2.5 Å (3 cycles) of Al2O3 is 
deposited followed up by ~0.8 Å of Er2O3 (~24 cycles). Due to the fluctuation in the Er(thd)3 
precursor dosing, as discussed in paragraph 4.4.1, the actual number of cycles necessary to 
deposit 0.8 Å Er2O3 varied. The actual number of Er2O3 ALD cycles employed during the 
film growth of Er-doped Al2O3, was actively adjusted by monitoring the film thickness using 
in situ spectroscopic ellipsometry. The cycle ratio chosen should correspond with a doping 
level of 9 at.% Er, as calculated from the actual film composition obtained by RBS (paragraph 
4.4.2) and previous reports [21]. An overview of the cycle scheme is shown in Fig. 4-13. 
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Fig. 4-13: a schematic illustration of the cycle scheme used to dope erbium atoms into Al2O3. 
Three cycles of Al2O3 are alternated with 24 cycles of Er2O3. 
 

4.5.2 Er-doping of Al2O3 monitored by spectroscopic ellipsometry 
 
The Er-doping of Al2O3 by plasma-assisted ALD is monitored in situ with spectroscopic 
ellipsometry and the film thickness as a function of the number of ALD cycles is shown in 
Fig. 4-14. Every 3 cycles of Al2O3 (~2.5 Å) are followed by 24 cycles of (~1 Å) of Er2O3. The 
“step shaped” growth is caused by the difference in growth rate per cycle; Al2O3 grows with 
~1 Å/cycle while Er2O3 grows at a rate of approximately 0.04 Å/cycle. From the film growth 
in Fig. 4-14 it can be concluded that Er2O3 grows on Al2O3 without any growth delay and vice 
versa. 
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Fig. 4-14: Er-doping of Al2O3 monitored using spectroscopic ellipsometry. Three cycles of Al2O3 
are alternated with 30 cycles of Er2O3 (measured every 10 cycles). The difference in growth rate 
of both ALD processes results in a stepwise growth. 
 
Moreover, the sub-monolayer growth sensitivity of SE can be used to probe the repetitive 
changes of surface groups during the ALD cycles. The Er-doped Al2O3 film growth is 
monitored by acquiring SE data in between the ALD half cycles. Typical results obtained 
during several cycles of Er2O3 and Al2O3 are shown in Fig. 4-15.  
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Addressing first the results for Al2O3, Fig. 4-15(a) and (b) show the ellipsometric parameters 
Ψ and Δ during 3 cycles of Al2O3 (cycle 424 – 426), where half-integers and full-integers 
represent data acquired after the precursor dosing and plasma exposure respectively. The saw 
tooth-like behavior of these parameters indicates a repetitive growth behavior, which is in line 
with the expected change of the surfaces groups every ALD half-cycle. The overall increase 
and decrease in Ψ and Δ with the number of cycles is an indication of ALD film growth in 
which the thickness increases step-by-step. Obviously, the change in Ψ and Δ per cycle 
depends on the photon energy used to probe the film, which in this case was 3.0 eV. 
 
In order to better understand the behavior of the ellipsometric parameters, the “apparent” film 
thickness is calculated using a Cauchy model to describe the dielectric function of the Al2O3 – 
Er2O3 film. In principle, the dielectric function of the surface layers after a precursor or 
plasma exposure are expected to differ from the bulk dielectric function. However, no 
additional layer is added to the model, since such a layer cannot easily be distinguished 
unambiguously from the bulk due to the minimal thickness of the surface layer. Changes in 
apparent thickness after the precursor and plasma half cycles are therefore a combination of 
physical thickness increment and change in optical properties of the surface layer. As a 
consequence, the magnitude of the changes in apparent thickness in Fig. 4-15(c) is only an 
approximation of the real changes in physical thickness of the layer. 

22.4

22.5

22.6

22.7
Al2O3 Er2O3

Ψ
 (°

)

 

(a) Er2O3

143

144

145

146 (b)

∆ 
(°)

 

420 421 422 423 424 425 426 427 428 429
7.0

7.2

7.4

7.6

7.8

8.0

Th
ick

ne
ss

 (n
m

)

(c)
 

Number of cycles
 

Fig. 4-15: half cycles monitored during ALD of Er2O3 and Al2O3. The half-integer and full-
integer data points represent measurements after precursor dosing (Er(thd)3 for Er2O3 and 
Al(CH3)3 for Al2O3) and after the O2 plasma step, respectively. The change in amplitude ratio Ψ 
(a), the phase angle Δ (b), and the apparent thickness of the Er-doped Al2O3 film (c) with the 
number of ALD cycles as calculated from a Cauchy model. 
 
For the precursor half cycles of Al2O3 (i.e. 423.5, 424.5, and 425.5) the ~2Å increase in 
apparent thickness can be related to the chemisorption of the Al(CH3)3 precursor on the –OH 
surface groups present [13]. After the O2 plasma exposure (cycles 424, 425, and 426), the 
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decrease of ~1Å can be addressed to the removal of the –CH3 ligands, terminating the surface 
with –OH groups again. The decrease in apparent thickness after the plasma step is most 
likely due to exchange of smaller –OH groups for the larger –CH3 groups. However, as 
mentioned, changes in apparent thickness are a combination of physical change in film 
thickness and optical properties of the surface layer. The refractive index of –CH3 surface 
groups is probably smaller than the refractive index of –OH surface groups3. Therefore, the 
change in physical thickness per half cycle for the case of ALD of Al2O3 is probably even 
larger.  
 
The changes in Ψ, Δ, and apparent thickness during ALD of Er2O3 (cycle 420 – 423 and 427 – 
429) are much larger compared to the changes in these parameters during ALD of Al2O3. This 
can be explained by the size of the –(thd) ligands of the Er(thd)3 precursor, which are much 
larger the –(CH3) ligands of the Al(CH3)3 precursor. Interesting to note, though, is that the 
number of Er atoms that adsorb per cycle, as expressed by the growth rate of ~0.04 Å/cycle, is 
far lower than the number Al atoms that adsorb per cycle. This implies that the optical 
response caused by a smaller amount of larger ligands during ALD of Er2O3 by far exceeds 
the optical response caused by a larger amount of smaller ligands during ALD of Al2O3.  
 
No initial growth effects are observed when Al2O3 grows on an Er2O3 surface and vice versa 
(Fig. 4-15). The thickness increment upon Er(thd)3 precursor adsorption in the first cycle after 
deposition Al2O3 (cycle 426.5) is equally large as the increment after Er(thd)3 adsorption on 
Er2O3 (i.e. cycle 422.5). Likewise, Al2O3 grows instantly on an Er2O3 layer (cycle 423.5) and 
it implies that plasma-assisted ALD is a suitable method to produce an Er-doped Al2O3 film. 

4.5.3 Film composition of Er-doped Al2O3 by means of plasma-assisted ALD 
 
An Er-doped Al2O3 film grown has been deposited on silicon with a thickness of 17.19 ± 0.05 
nm, as measured with SE using a Cauchy model to describe the optical properties of the film. 
In total, 4.95 nm Er2O3 and 12.26 nm Al2O3 was grown respectively, which results in a 1 : 2.5 
thickness ratio between Al2O3 and Er2O3. The doping level was estimated to contain about 9 
at.% Er, as listed in Table 4-2. The sample has been investigated on its elemental composition 
by RBS. The areal density measured by RBS is combined with the thickness of the film to 
calculate the elemental composition of the film and the results are listed in Table 4-2. The 
doping level of 5.7 at.% is lower than the estimated 9 at.% erbium in paragraph 4.5.1. This is 
mostly caused by a higher oxygen content in the film than was estimated. The increased 
oxygen level may be the result of a long plasma exposure time (15 s). The density of the film, 
which can be written as Er0.4Al2O4.6, is 4.7 g/cm3. Similar to the RBS results from the Er2O3 
sample in paragraph 4.4, the Er-doped Al2O3 sample is oxygen rich.       
 
Table 4-2: the composition of the Er-doped Al2O3 film. 

 Estimated beforehand Measured by RBS 
Element Density (at/cm3) At. % Density (at/cm3) At. % 

Al 2.52 1022 29.9 2.9 1022 28.6 
Er 8.14 1021 9.0 5.9 1021 5.7 
O 5.70 1022 63.1 6.7 1022 65.7 

 

 
 

                                                      
3 The refractive index of a –CH3 terminated surface is probably smaller than the refractive index of a –
OH terminated surface as can be deduced from an experiment in chemical synthesis: the refractive 
index of an alcohol decreased after exchanging the –OH end group with a –CH3 end group forming an 
alkane [63].  
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4.6 Conclusions 
 
The plasma-assisted atomic layer deposition of Er2O3 using Er(thd)3 precursor and O2 plasma 
oxidant source, has been developed and characterized successfully. Deposition of Er2O3 on 
silicon at 300 °C resulted in a maximum growth rate of 0.21 Å/cycle with a precursor dosing 
time of 30 seconds and a plasma exposure time of 5 seconds. 
 
Using transmission infrared spectroscopy the Er(thd)3 precursor, surface chemistry, and the 
formation of volatile reaction by-product during ALD have been investigated. The IR 
absorbance spectrum of the Er(thd)3 precursor in gas phase at 150 °C is in good agreement 
with reports from literature on IR absorbance of Er(thd)3 in solid state and other rare earth β-
diketonates in gas phase. Infrared absorbance spectra on the surface groups and the spectrum 
of the volatile species upon precursor dosing during the ALD process suggest that the Er(thd)3 
precursor adsorbs without breaking chemical bonds at the surface. The IR absorbance 
spectrum of the reaction by-products is very similar to the Er(thd)3 precursor in gas phase and 
is most likely excessive dosed Er(thd)3. It is therefore suggested that no reaction by-products 
are created upon precursor adsorption, but the precursor physisorbs at the surface remaining 
intact. The differential infrared spectrum of the surface after plasma exposure shows 
successful removal of the –(thd) ligands. By means of transmission infrared spectroscopy, 
CO2 is detected as a reaction by-product from the plasma exposure. This is consistent with the 
optical emission spectrum from the plasma, where excited CO, and OH, and H were observed, 
which originate from CO2 and H2O. The formation of CO2 and H2O as reaction by-products 
from the plasma exposure indicates a combustion-like half cycle reaction. Furthermore, small 
OH and C-related impurities are found in the IR absorbance spectrum of Er2O3 bulk. 
 
Successful Er-doping of Al2O3 has been demonstrated by incorporation of Er2O3 layers in 
Al2O3. This is achieved by alternating the plasma-assisted ALD processes of Al2O3 and Er2O3. 
Moreover, it has been demonstrated that spectroscopic ellipsometry enables in situ monitoring 
of the film thickness during the doping process and allows active control of the Er-doping 
level. Probing the half cycle reaction behavior during the ALD processes of both Er2O3 and 
Al2O3 using SE showed that the growth rates do not depend on the deposition surface (i.e., 
Al2O3 or Er2O3). From RBS data combined with SE it followed that a 17.2 nm Er-doped film 
was grown on a silicon wafer at 300 °C with 5.7 at.% Er.  
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5 General conclusions and outlook 

5.1 Conclusions 
 
Developing and optimizing ALD processes and improving material properties requires a 
fundamental understanding of the reaction mechanisms, which can be obtained through 
studying ALD processes in situ. In this thesis, it has been demonstrated that transmission 
infrared spectroscopy is a versatile in situ diagnostic that allows studying multiple aspects of 
ALD processes. Transmission infrared spectroscopy has been used to study surface groups, 
formation of volatile reaction by-products and film composition during atomic layer 
deposition processes.  
 
The quantification of volatile reaction by-products by means of transmission infrared 
spectroscopy has been used to investigate low temperature (25 – 150 °C) ALD of Al2O3. It 
was found that the half cycle reactions proceed slower with decreasing deposition 
temperatures and the amount of residual water in the background increases with decreasing 
temperatures during thermal ALD of Al2O3. The total amount of reaction by-products formed 
per full ALD cycle of Al2O3 (i.e. CH4) decreased with decreasing deposition temperature, 
implying a decreasing growth per cycle as well. Moreover, from the relative amount of 
reaction by-products formed in the precursor adsorption half cycle it has been deduced that 
the Al(CH3)3 precursor reacts bi-functionally in the temperature range studied. 
 
Transmission infrared measurements have also been applied to the newly developed plasma-
assisted ALD process of Er2O3 using Er(thd)3 precursor and remote O2 plasma. The surface 
groups and reaction by-products during ALD of Er2O3 have been measured using 
transmission infrared spectroscopy by deposition of Er2O3 on KBr windows at 150 °C. It has 
been suggested that the Er(thd)3 precursor adsorbs at the surface non-dissociatively. In 
addition to the infrared measurements, optical emission spectra of the O2 plasma exposure 
revealed that CO2 and H2O are formed during the plasma half cycle. A clear saturation in 
growth per cycle as a function of precursor and plasma exposure times has been observed by 
measuring the film thickness using spectroscopic ellipsometry for ALD of Er2O3 on a silicon 
wafer at 300 °C.  
Er-doping of Al2O3 has successfully been demonstrated by alternating plasma-assisted ALD 
cycles of Al2O3 and Er2O3. Moreover, the doping mechanism has been monitored and the 
doping level has been actively controlled in situ by measuring the film thickness using 
spectroscopic ellipsometry. 

5.2 Outlook 
 
The role of residual water during thermal ALD of Al2O3 
 
During thermal ALD of Al2O3 at deposition temperatures below 150 °C the presence of 
residual water has been observed to play an important role. Whereas for plasma-assisted ALD 
the formation of water during the ALD process is not of significant importance, for thermal 
ALD too high amounts of CH4 were detected, indicating the deposition process is affected by 
the active dosing of water during the ALD process. Obviously, residual water in the 
background during ALD is an undesired side-effect and efforts should be made to minimize 
its presence to guarantee the authenticity of the ALD process. In this perspective, excessive 
dosing of water has to be minimized. Dosing water in smaller amounts by, for instance, 
cooling the precursor reservoir to decrease the water vapor pressure could reduce the amount 
of residual water.  
The residence time of water in the chamber of a reactor can be minimized by improving the 
reactor interior design. Furthermore, by heating the reactor wall, while actively cooling the 
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substrate to allow low temperature deposition, the residence time of water may be reduced. 
Transmission infrared spectroscopy can be used to investigate the effectiveness of these 
abovementioned solutions by detecting the amounts of reaction by-products during precursor 
and water dosing. 
 
Temperature range for measuring reaction by-products during ALD Al2O3 
 
In this thesis, the research on ALD of Al2O3 was focused on low deposition temperatures, i.e. 
25 – 150 °C. Measuring the reaction by-products during the thermal ALD process of Al2O3 
showed bi-functional adsorption of the Al(CH3)3. Reports from literature on the adsorption 
mechanisms during ALD of Al2O3 focused on temperatures above 150 °C and show that there 
is a tendency towards mono-functional adsorption of the Al(CH3)3 precursor with increasing 
deposition temperatures. However, these reports are based on measurements with different 
diagnostics and it would make a good addition to have a broad deposition temperature range 
using one diagnostic. This requires a temperature controlled and large substrate since the 
reactor wall that is currently being used as substrate cannot be heated above 150 °C. 
 
Reaction by-products during plasma exposure  
 
The volatile reaction by-products that are formed during the plasma half cycle of a plasma-
assisted ALD process have not been measured using transmission infrared spectroscopy in 
this work. For a sufficient signal to noise ratio to detect volatile species by means of 
transmission infrared spectroscopy at least 20 seconds of measurement time is required. Since 
the valve to the pump cannot be closed during plasma exposure the volatile reaction by-
products will reside in the deposition chamber for only a short period (approximately 2 
seconds according to the OES measurements in paragraph 4.3.3). However, this problem may 
be resolved by exploitation of the repetitive behavior of ALD. By measuring the volatile 
species in the plasma during only the first several seconds after ignition of the plasma and 
averaging results over multiple equivalent cycles a sufficient signal to noise ratio may be 
achievable. 
 
Er-doping of Al2O3 by means of plasma-assisted ALD 
 
Er-doping of Al2O3 by means of alternating the plasma-assisted ALD cycles of Al2O3 and 
Er2O3 has been demonstrated in this work. For applications, however, the optical behavior of 
such an Er-doped Al2O3 thin film is of crucial importance. In particular its optical response to 
infrared (1500 nm) is interesting for up-conversion applications in solar cells and therefore 
luminescence measurements are required. Moreover, the luminescence properties as a 
function of the Er-doping level can be investigated in order to optimize up-conversion 
luminescence. 
Although Er-doping of Al2O3 by alternating plasma-assisted ALD cycles has been 
demonstrated, the growth per cycle of Er2O3 is rather slow, 0.21 Å/cycle, and particularly the 
growth as function of time (~45 seconds per cycle for Er2O3 vs. ~5 seconds per cycle for 
Al2O3). Therefore, the use of another erbium precursor may be considered.  
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Appendix A 
 

 
Fig. A-1: Schematic representation of the valve system of the remote plasma ALD reactor. The 
pressure gauges and vacuum pumps configurations are also indicated. 
 
In Fig. A-1 a detailed schematic representation of the valve system of the ALD-I reactor is 
given. The reactor consists of a stainless steel vessel (deposition chamber) with a plasma 
source on top and a turbo pump attached to the bottom. The turbo pump is backed up by a 
mechanical pre-pump and cooled with water; a N2 back flow protects the pump from 
corrosion. A Pfeiffer Pirani gauge measures the pressure between the turbo pump and the pre-
pump.  
 
The plasma source is connected to an O2 gas line, which can also be switched to N2 or H2, 
which is controlled by a needle valve. A Baratron and Pfeifer combination gauge check the 
pressure in the deposition chamber. The Pfeifer gauge is protected from deposition by a valve 
that closes automatically during ALD. Furthermore, a N2 gas line is connected to use a purge 
gas or to vent the chamber.  
 
For depositions using Er(thd)3 precursor the water precursor was replaced by the Er(thd)3 
bubbler. The Al(CH3)3 and Er(thd)3 precursors are contained in stainless steel bubblers that 
are equipped with an argon gas line. The argon gas line can be used as a purge gas and in the 
case of Er(thd)3 dosing it was also used to improve the transport of precursor into the 
deposition chamber by so-called “bubbling”. 
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Appendix B 
 
The Er(thd)3 precursor, 99.9% purity obtained from Sigma Aldrich, is a solid, white powder at 
room temperature. The melting point of Er(thd)3 is about 180 °C, however, the ALD-I reactor 
cannot handle temperatures above 150 °C. It is reported that the precursor still has a 
reasonable vapor pressure of 11 Pa at 145 °C and therefore, the precursor is heated to 145 °C 
[58]. The gas lines towards the deposition chamber are heated slightly higher at 150 °C to 
avoid condensation of the Er(thd)3 precursor.  
 
The precursor was put into a stainless steel bubbler under the pure nitrogen environment of a 
glove box to avoid any contamination of the precursor. The bubbler is connected to the inlet 
of the water precursor that was used for the Al2O3 experiments in Chapter 3. The water 
precursor has been disconnected from the ALD-I setup in order to carry out experiments with 
Er(thd)3. The argon gas line that was connected to the Al(CH3)3 precursor bubbler has been 
split up to provide the Er(thd)3 bubbler from argon as well. In several experiments argon gas 
is used to support the transport of Er(thd)3 precursor into the deposition chamber. Figure B-1 
shows schematically how argon is used as carrier gas. First, the argon flow is stabilized, to 
prevent the precursor in the bubbler from a high pressure argon pulse, by opening the 
crossover valve and the valves to the chamber (a). When the argon pressure in the deposition 
chamber reaches a steady state the crossover valve is closed while the valves directing the 
argon through the bubbler are opened simultaneously (b). After the precursor dosing is 
completed the valves directing through the bubbler are closed while the crossover valve is 
opened for an additional few seconds to purge the gas line (c). Subsequently the crossover 
valve is closed (d) and the gas line is pumped down before closing the valve to the chamber 
(e).  
 

      
Figure B-1: the valve sequence applied to use argon as carrier gas supporting the transport of 
precursor into the deposition chamber. The gas flow into the deposition chamber is from left to 
right, as indicated by the arrow; red dots represent a closed valve while green dots represent 
open valves. 
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Appendix C 
 
The infrared absorption of the Q-band of CH4 shows a non-linear behavior with particle 
density. The non-linear behavior can be explained by the limitations of the Fourier transform 
spectroscope. Fourier transform spectroscopy uses a broadband light source to measure 
absorption intensity of a broad spectrum simultaneously. Therefore, the light source is 
directed through a Michelson interferometer, which consists of a beam splitter, a fixed mirror, 
and a movable mirror, as shown in Fig. C-1. Because of interference, the intensity of the beam 
depends on the difference in path length of the beams in the two arms of the interferometer. 
The variation in the intensity of the beams passing to the detector as a function of the path 
length difference contains all the spectral information. 

 
Fig. C-1: schematic representation of a Michelson interferometer. The broadband light from the 
source partly is partly reflected at the beam splitter, and partly transmitted. Because of 
interference, the intensity of the beam passing to the detector depends on the difference in path 
length of the beams in the two arms of the interferometer. 
 
The output beam is the interference of two beams with a path length difference δ equal to 
 

 xx πσ
λ
πδ 22

==          (C-1) 

 
where x is the path length difference (which is twice the displacement of the movable mirror), 
λ the wavelength and σ = λ-1 the wavenumber of the radiation. The intensity as a function of 
the path length difference can be written as: 
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Only the variable part of the intensity contains spectral information, and therefore the constant 
part and constant factors are omitted. For a broadband light source with an intensity as a 
function of the wavenumber given by B(σ), equation (C-2) generalizes to 
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This means that the measured intensity as function of the difference in path length is the 
Fourier cosine transform of the original spectrum. The original spectrum can be reconstructed 
by performing a cosine transformation of the interferogram I(x). 
 

 ∫
∞

∞−

= dxxxIB )2cos()(1)( πσ
π

σ       (C-4) 

 
However, in a real spectrometer the mirror can only move over a limited distance. Consider a 
monochromatic light beam at wavenumber σ0, which is directed through the interferometer. 
The measured interferogram according to equation (C-3) is then 
 
 ],[),2cos()( 0 LLxxxI −∈= πσ      (C-5) 
 
with L twice the maximum displacement of the movable mirror from its center position, i.e., 
the maximum path length difference. The interferogram may be thought of as the real 
interferogram multiplied by a boxcar function which has value 1 for –L ≤ x ≤ L and 0 for x < –
L  and x > L. The transformation of the interferogram (equation C-4) will result in a sinc 
function as shown in Fig. C-2, instead of one peak at σ0. The sinc function creates extra peaks 
symmetrically to the original peak. The higher the value of L the smaller the sinc function will 
be. Furthermore, the width of the peaks is a measure of the resolution, given by 1/L.  

B(
σ)

σσ0

 
Fig. C-2: a sinc function at σ0 caused by monochromatic light at wavenumber σ0. The side lobes 
occur because the mirror in the interferometer only moves from –L/2 to L/2. When the mirror 
moves further, the side lobes will be smaller and the center peak will be sharper. 
 
The appearance of the side lobes is called ‘leakage’. The leakage can be reduced by truncating 
the interferogram less abruptly than a boxcar does. Such a function is called an apodization 
function. The disadvantage of an apodization function, however, is that the center peak will 
become broader and that will make it less easy to dissolve individual lines. 
   
The non-linear behavior of absorption with particle density can now be explained by the way 
the data is obtained. Due to the finite length the movable mirror displaces, the measured line 
width, which in the order of the resolution (4 cm-1 in this work), will be much broader than 
the real line width (Doppler line width ≈ 0.01 cm-1). When the right apodization function is 
selected, it is allowed to think of the Fourier transform spectroscope as a monochromator with 
a Gaussian apparatus profile. To calculate the measured absorption a convolution has to be 
made between the real absorption as function of the wavelength and the Gaussian apparatus 
profile. Due to the fact that the distance between individual lines is much smaller than the 
apparatus profile width, multiple lines will be represented as one broader line. The 
convolution of the real absorption and Gaussian profile leads to a non-linear relation between 
measured absorption and particle density.   
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