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1. Introduction

Atomic layer deposition (ALD) is a thin film growth method which can be con-
sidered to belong to a subclass of chemical vapor deposition (CVD), and which 
offers the exceptional advantages in the form of precise film thickness control 
combined with pinhole free, high uniformity, and conformal film growth. 

ALD was invented independently twice by Prof. Aleskovskii and Prof. Suntola 
in the 1960s and in 1970s, respectively. [5–7] Prof. Tuomo Suntola firstly intro-
duced this thin film growth method to a specific industrial application, namely 
a flat panel thin film electroluminescent (TFEL) display that was based on ALD 
processes of ZnS:Mn, Al2O3 and TiO2 films. [7,8] Nowadays, ALD technology 
has been widely used in the semiconductor applications, e.g. high-κ dielectric 
ALD thin films are used as gate oxides in the metal oxide semiconductor field 
effect transistors (MOSFET) and capacitor dielectrics in dynamic random-ac-
cess memories (DRAMs). [8] In the field of microelectromechanical systems 
(MEMS), ALD also attracts a lot of attention since ALD layers can be utilized as 
wear resistant, [9] anti-stiction, [10] and insulating [11] coatings to enhance the 
performance of MEMS components. Moreover, ALD has been successfully 
adapted to the applications of photonics, [12–14] photovoltaics, [1,2,15] sensors, 
[16,17] catalysts, [18] and protective coatings. [19,20] 

Recently, the request for low-temperature ALD has grown rapidly because of 
the emerging applications for organic and polymeric materials. For example, 
during the fabrication of organic light-emitting diodes (OLED) and flexible dis-
plays, the process temperature of ALD is often limited to 100 °C as the organic 
emitter and polymeric substrate do not tolerate higher temperatures. However, 
conventional low-temperature thermal ALD processes are known to suffer from 
shortcomings such as a slow reaction rate, long cycle time, poor structural qual-
ity and high impurity levels. [21] 

To overcome those challenges, plasma-enhanced atomic layer deposition 
(PEALD) is potentially an advantageous method to grow high-quality ALD films 
at low temperatures, considering that the surface chemistry involved in the pro-
cess is driven by the plasma species rather than the thermal energy. This merit 
of PEALD has recently attracted a lot of attention in the industrial applications, 
e.g. the spacer-defined double-patterning method in DRAM manufacturing and 
thin film encapsulation for OLED display. [22] In these industrial applications, 
PEALD offers excellent film uniformity, high throughput and low process tem-
perature < 100 °C. However, the use of plasma species can also lead to complex 
surface reactions and degradation of films or substrates. [23]  Therefore, further 
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development and optimization of PEALD processes as well as deeper under-
standing of the PEALD reactions are highly desired. 

The two most common ALD oxide materials are SiO2 and Al2O3 which are 
amorphous and pinhole free. SiO2 thin films are studied and developed mostly 
in the field of microelectronics [8,24–26] and optics [27–29] while Al2O3 thin 
films show good performance in the surface passivation of Si-based solar cells, 
[1,15] as well as in the moisture barrier for encapsulation applications. [30–32] 
In this thesis, these common ALD films (SiO2 and Al2O3) were selected to study 
the impact of low-temperature PEALD process parameters on the resulting film 
properties aiming to broaden the applications of SiO2 and Al2O3 films to ther-
mally sensitive materials.  

The structure of this dissertation consists of five chapters. In the following, the 
principles of the thermal and plasma-enhanced ALD are presented in Chapter 
2, together with the configurations of different reactors. Chapter 3 describes 
the experimental techniques of film growth and characterization utilized in this 
thesis. In Chapter 4, the main results of low-temperature PEALD oxides, such 
as SiO2 (reported in Publication 1 and 2) and Al2O3 (reported in Publication 
3 and 4 as well as Publication 5) are summarized. Finally, the conclusion of 
this thesis is given in Chapter 5.  
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2. Atomic Layer Deposition (ALD) 

Atomic layer deposition is a chemical deposition method, closely related to CVD. 
Unlike to CVD, in ALD the gas phase precursors are not applied to the reactor 
simultaneously, and thus no gas phase reactions are involved. ALD film growth 
occurs through sequential self-terminating gas-solid reactions. An example of 
one ALD-cycle is shown in Figure 1, illustrating the following four steps: 

i. The self-terminating reaction of the first precursor 
ii. Purge to remove the unreacted precursors and by-products 

iii. The self-terminating reaction of the second precursor 
iv. Purge to remove the unreacted precursors and by-products 

As a result of one ALD-cycle, one monolayer is formed. By repeating the ALD-
cycle, a film with the desired thickness can be grown. This proportional rela-
tionship between film thickness and numbers of ALD-cycle is generally ex-
pressed as growth-per-cycle (GPC) which can be obtained by  

          =                                                                  (1) 

 
where tf is the thickness of ALD thin films and N is the number of ALD cycles. 
Moreover, the above four steps are often divided into two “ALD half-cycles”, 
shown in Fig. 1. 

 

Figure 1. Schematic of one ALD-cycle (a) pulse of the first precursor, (b) purge, (c) pulse of the 
second precursor and (d) purge. The steps of (a) and (b) can be referred to the “first ALD half-
cycle”, while (c) and (b) belong to the “second ALD half-cycle”.  

Generally, ALD can be divided into thermal ALD and plasma-enhanced ALD 
based on the driven energy of surface reactions. For thermal ALD, the substrate 
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temperature is a key factor since the surface reactions are mainly driven by ther-
mal energy. For plasma-enhanced ALD, the surface chemistry involved in the 
process is driven by plasma species, which allows more freedom in the process 
conditions as compared to thermal ALD. [23] More details of thermal and 
plasma-enhanced ALD are shown below. 

2.1 Thermal ALD

In thermal ALD, the surface reactions are driven by the thermal energy. The 
process temperature, which is also called as substrate temperature, reactor tem-
perature or growth temperature, is one of the most important key parameters 
for film growth, thus, emphasizing the need for finding a suitable ALD temper-
ature window in process optimization. 

2.1.1 Temperature window 

For ideal ALD thin film growth, the GPC is independent on the certain process 
temperature range and remains a constant. In Figure 2, the schematic of the 
ALD window is presented as well as some non-ALD growth phenomena. When 
process temperature is lower than the limit of ALD temperature window, the 
GPC either increases or decreases depending on the condensation or low reac-
tivity of precursors. At temperatures above the ALD window, the precursor de-
composition might lead to a CVD component and results in an increase of GPC, 
whereas the precursor desorption can lead to a decreased GPC. 

 

Figure 2. Schematic of ALD temperature window. Some non-ALD growth phenomena, such as 
condensation, low-reactivity, decomposition and desorption of precursor, are illustrated as well.

2.1.2 Precursor pulse and purge time  

In order to achieve the desired ALD process, each half-reaction has to be irre-
versible and saturated. Growth saturation ensures the self-limiting growth 
mechanism of ALD and has a close relationship with precursor pulse time which 
is shown in Figure 3. When the pulse time of precursor is long enough, the film 
growth reaches saturation where the GPC remains a constant and is not depend-
ent on the precursor dose. [33] Otherwise, the unsaturated growth occurs be-
cause of the insufficient precursor dose.  
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In addition to the GPC vs. precursor pulse time, Fig. 3 presents the GPC as a 
function of the precursor purge time. To prevent the co-existence of two precur-
sors, which leads to an undesired CVD-like film growth, a sufficient purge time 
is required for the residual removal of unreacted precursors, particularly during 
the low-temperature process. [21] 

 

Figure 3. GPC as a function of precursor pulse and purge time. The insufficient pulse and purge 
time of precursor lead to the unsaturated and CVD-like growth, respectively.

2.1.3 Low-temperature thermal ALD 

In general, thermal ALD processes are conducted at modest temperatures 
which are often lower than 350 °C. [34] However, for thermal-sensitive materi-
als, such as organic and polymeric materials, the temperature range between 
room temperature and 100 °C is highly preferred. In order to achieve the re-
quested low-temperature, highly reactive precursors are preferred. For example, 
trimethylaluminum (TMA) and water enable the growth of Al2O3 at room tem-
perature without a significant decline in GPC (~1.1 Å/cycle). [21] Furthermore, 
the use of catalyst is an effective solution to decrease the process temperature of 
thermal ALD. [35–37] 

At low temperature, due to the lack of thermal energy, the precursor reactivity 
is relatively low compared to the one at high temperature. As reported in an 
earlier study of low-temperature ALD Al2O3 thin films, [38] the reactivity of the 
first half ALD-cycle is not enough at low temperature, and thus causes an inef-
ficient removal of -CH3 surface groups. The residual of -CH3 groups impact on 
the reaction in the second half ALD-cycle. This persistent negative effect limits 
the growth of ALD thin films. Another major issue of low-temperature ALD is 
CVD-like reactions which are caused by the incomplete removal of “precursor 
A” before the pulse of “precursor B”. Particularly, for the H2O-based low-tem-
perature thermal ALD, a long purge time of water, which is often in the range of 
minutes, is requested. [21,39] 
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2.1.4 Thermal ALD reactors 

Thermal ALD reactors can be divided between temporal and spatial-ALD con-
figurations. In the temporal-ALD reactors, as shown in Figure 4 (a) and (b), the 
substrates are stationary and the precursor delivery is separated in time with 
inert gas purge step. Contrary to temporal-ALD, in the spatial-ALD reactors (Fig. 
4 (c) and (d)) there is a motion or relative-motion of substrates and the precur-
sors are separated in space.  

Depending on the throughput, the temporal-ALD reactors can also be divided 
into the single-substrate reactor (Fig. 4 (a)) and the batch reactor (Fig. 4 (b)). 
[40,41] For the batch reactor, multiple substrates can be coated in one run. Alt-
hough the relatively long cycle-time is needed to prevent the CVD components 
or chemical side-effects, the deposition-speed-per-substrate, defined by the ra-
tio of total ALD process time and the number of substrates, is much higher than 
the one of the single-substrate reactor. On the other hand, the large volume and 
complex configuration of the batch reactor have a larger influence on the control 
of film thickness uniformity, making it more difficult for process optimization.  

Instead of separating the precursor pulsing step, Fig. 4 (c) and (d) show that 
the precursors are continuously and separately delivered into zone A and B in 
the spatial-ALD reactors. [42,43] In order to expose the substrate to the precur-
sors, the motion or relative-motion of substrates is needed. For instance, when 
the substrate travels to zone A, the first ALD half-reaction is taking place. After 
the substrate passes zone B, the full ALD-cycle is done. Therefore, the GPC of 
thin films is strongly linked to the travelling or relative-travelling speed of the 
substrate. If the flexible substrates (i.e. polymers) are placed in a spatial-ALD 
reactor (Fig. 4 (d)), this special configuration is often named as “roll-to-roll 
ALD”. [44,45] 

 

Figure 4. Schematic of the ALD reactors (a) single-substrate reactor, (b) batch reactor, (c) spatial 
reactor and (d) roll-to-roll reactor. 
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2.2 Plasma-enhanced atomic layer deposition (PEALD) 

2.2.1 Plasma processing 

Plasma processing has been widely applied for many industrial applications, 
e.g. plasma ashing for photoresist removal, [46] cleaning for surface contami-
nation, [47,48] surface activation, [49] etching, [50,51] film densification 
[52,53] and film deposition, which includes physical vapor deposition (PVD) 
[54,55] and CVD. [56,57] 

Plasma-enhanced atomic layer deposition is one of the plasma-based film 
depositions, belonging to the category of CVD. Compared to thermal ALD, the 
surface reactions of the second ALD half-cycle during PEALD process are acti-
vated in a plasma environment. Figure 5 presents an example of one ALD-cycle 
for Al2O3 growth using PEALD. Due to the involvement of the plasma species, 
the surface reactions of PEALD are more complex than the ones of thermal ALD. 
However, plasma enhancement yields to several potential benefits: 

 Improved film properties related to film growth, density and impurity 
level; 

 Reduced film deposition temperature without compromising the film 
quality; 

 Decreased ALD cycle time during the low-temperature process; 
 Added possibilities of plasma treatments, including pre-treatment, in-

situ treatment and post-treatment; 

 

Figure 5. A schematic of one ALD-cycle for PEALD Al2O3 growth using TMA and O2 plasma as 
precursors. 

2.2.2 Gas discharge  

As mentioned above, the plasma reactions are complex. In order to under-
stand the surface reactions of PEALD, the gas discharges during the process 
have to be discussed. In this section, the discharges of O2 (reported in Publica-
tion 1, 3 and 5), CO2 (reported in Publication 2), H2O vapor (reported in Pub-
lication 4), and N2 (involved in all processes of reported publications) are 
briefly described.    

Plasma is a gas composed of charged species (i.e. electrons, negative and pos-
itive ions), radicals, atoms and molecules in their neutral and excited states. The 
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plasma can be created by providing sufficient kinetic energy to gases in order to 
exceed their ionization potential, i.e. 12.07 eV for O2, [58] 13.78 eV for CO2, [59] 
12.7 eV for H2O, [59,60] and 15.7 eV for N2. [58,59] The kinetic energy can be 
provided by external sources, such as high-frequency electromagnetic fields (ra-
dio frequency (RF), microwave), electric fields, lasers, etc. Table 1 shows the 
main reactions during a plasma discharge. 

For the excitation process, electron collision with an atom or molecule can 
lead to elevation of the electron to a higher energy level but will still orbit the 
nucleus. In the process of ionization, ions are formed by gain or loss of an elec-
tron from an atom or a molecule. When the atom or molecule gains the electron 
from the electron collision, it becomes a negatively charged ion. Otherwise, it 
forms positively charged ion due to the loss of the electron. Electron-impact de-
tachment can be important in destroying atomic or molecular negative ions. Af-
ter the electron collision, the negative charged atom or molecule becomes neu-
tral. During the dissociation process, the AB molecule can be separated into two 
reactive atoms of A and B by electron collision. The dissociation products A and 
B are called radicals which have a significant role in the process of PEALD. Dur-
ing the reaction, the dissociation and ionization can appear simultaneously, and 
thus lead to a dissociative ionization. For dissociative recombination, the elec-
tron collision can destroy the positive charged molecular and lead to the pro-
ductions of an atom with an excited state and a radical. The process of dissocia-
tive attachment produces a negative ion as well as a radical due to the collision 
between the electron and molecular. As shown in Table 1, the charge transfer 
corresponds to an electron transfer from a neutral particle to a positive ion. If 
the reaction has no defect of electronic energy, i.e. O+ to O, it is called a resonant 
charge transfer; otherwise, it is referred to nonresonant charge transfer, i.e. the 
electron transfer between O+ and N has an energy defect of 1 eV.[61]   

Table 1. Representative examples of reactions in a plasma discharge. A and B represent atoms
or radicals; AB is expressed as molecules; A+(-) and B+(-) are ions (positive or negative); e de-
scribes an electron; A* and B* denote atoms in an excited state. [62]

Process Reaction
Excitation A + e→ A* + e
Ionization A + e→ A+ + 2e

Electron-impact detachment A- + e→ A + 2e
Dissociation AB + e→ A + B + e

Dissociative ionization AB + e→ A + B+ + 2e
Dissociative recombination AB+ + e→ A + B*

Dissociative attachment AB + e→ A + B-

Charge transfer A+ + B → A + B+
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Oxygen discharges 
In Publication 1, 3 and 5, O2 plasma was used for the growth of SiO2 and 

Al2O3 thin films, and therefore the examples of reactions in oxygen discharge 
are listed in Table 2. 

Table 2. Examples of reactions in oxygen discharge. [63–66]

Process Reaction
Excitation O + e→ O* + e
Ionization O + e→ O+ + 2e

Electron-impact detachment O- + e→ O + 2e
Dissociation O2 + e→ O + O + e

Dissociative ionization O2 + e→ O + O+ + 2e
Dissociative recombination O2+ + e→ O + O*

Dissociative attachment O2 + e→ O + O-

Charge transfer O+ + O2→ O + O2+

Carbon dioxide discharges 
In Publication 2, CO2 plasma was used for the growth of SiO2 thin films, and 

therefore the examples of reactions in carbon dioxide discharge are listed in Ta-
ble 3. 

Table 3. Examples of reactions in carbon dioxide discharge. [67,68]

Process Reaction
Excitation CO2 + e→ CO2* + e
Ionization CO2 + e→ CO2+ + 2e

Dissociation CO2 + e→ CO + O + e
Dissociative ionization CO2 + e→ CO + O+ + 2e

Dissociative recombination CO2+ + e→ CO + O*
Dissociative attachment CO2 + e→ CO + O-

Charge transfer CO2 + CO+→ CO2+ + CO

Water discharges 
In Publication 4, H2O plasma was involved in the growth of Al2O3 thin films, 

and therefore the examples of reactions in water vapor discharge are listed in 
Table 4. 

Table 4. Examples of reactions in water vapor discharge. [66,69]

Process Reaction
Excitation OH + e→ OH* + e
Ionization OH + e→ OH+ + 2e

Electron-impact detachment OH- + e→ OH + 2e
Dissociation H2O + e→ H + OH + e

Dissociative ionization H2O + e→ H+ + OH + 2e
Dissociative recombination H2O+ + e→ H + OH*

Dissociative attachment H2O + e→ OH- + H
Charge transfer H+ + OH→ OH+ + H
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Nitrogen discharges 
In this work, N2 was used as the carrier and purge gas for the growth of all 

mentioned oxide films. Thus, the examples of reactions in nitrogen discharge 
have to be considered and are listed in Table 5. 

Table 5. Examples of reactions in nitrogen discharge. [63,70,71]

Process Reaction
Excitation N2 + e→ N2* + e
Ionization N + e→ N+ + 2e

Dissociation N2 + e→ N + N + e
Dissociative ionization N2 + e→ N + N+ + 2e

Dissociative recombination N2+ + e→ N + N*

Charge transfer N+ + N2→ N + N2+

2.2.3 Surface chemistry of PEALD 

Silicon dioxide  
In this thesis, the bis(tertiary-butylamino)silane (BTBAS) was used as a Si pre-

cursor. The O radicals, which can be generated during the O2 and CO2 plasma 
dissociation reactions as shown in Table 2 and 3, dominated ALD surface 
reactions as the oxidating agents. In this case, the reactions of the first and sec-
ond ALD half-cycle for SiO2 thin films reported in Publication 1 and 2 can be 
described by: 

||–OH + SiH2[NHtBu]2 (g) →||–O–SiH2[NHtBu]2-x + t-butylamine (g)                       (2)  

||–O–SiH2[NHtBu]2-x + 4O (g) →||–O–Si–OH + H2O (g) + CO2 (g) + N-containing 
species (g)                                                                                                                             (3)               

where only one (x=1) or both (x=2) of -NHtBu ligands, which are shown in the 
reaction of first ALD half-cycle, can react with the surface -OH groups forming 
t-butylamine molecules into the gas phase. [72] 

Aluminum oxide  
Based on earlier studies, [73] the surface reactions of PEALD Al2O3 using TMA 

(as Al source) and O2 plasma (as the oxidant) reported in Publication 3 and 5 
can be written as: 

||–OH + Al(CH3)3 (g) →||–O–Al(CH3)2 + CH4 (g)                                                          (4) 

||–O–Al(CH3)2 + 4O (g) →||–O–Al–OH + CO2 (g) + H2O (g)                                       (5) 

Nevertheless, the surface chemistry of the H2O plasma involved ALD Al2O3 
process is more complex since both H2O molecule [74–76] and OH radicals, 
[77–80] which are generated during H2O plasma dissociation reactions (in Ta-
ble 4), can be regarded as oxidants. The reaction of the first ALD half-cycle can 
be described as Equation (4), while the reaction of the second ALD half-cycle 
can be considered as a combination of Equation (6) and (7).    

||–O–Al(CH3)2 + H2O (g) →||–O–Al–OH + CH4 (g)                                                      (6) 

||–O–Al(CH3)2 + OH (g)→ ||–O–Al–OH + hydrocarbon (g)                                        (7) 
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2.2.4 PEALD reactors 

There are several different reactor configurations for PEALD, which differ 
from the design of plasma source and the solution of plasma species delivery. 
Four common PEALD reactor configurations, the radical-enhanced ALD, direct 
plasma ALD, inductively coupled plasma (ICP) ALD, and capacitively coupled 
plasma (CCP) ALD, are shown in Figure 6.  

In the radical-enhanced ALD (Fig. 6 (a)), the plasma species have to travel 
through a long distance to reach the substrate. Consequently, many ions and 
electrons are lost due to their recombination in the delivery path, and only rad-
icals participate in the film deposition process. However, the flux of radicals can 
also be reduced by recombination reactions. To reach the saturated surface re-
action, long plasma exposure is often required. [23] 

 

Figure 6. Schematic of the PEALD reactors. (a) radical-enhanced ALD, (b) direct plasma ALD 
and remote plasma ALD with (c) ICP and (d) CCP. Reproduced with permission from [23]. Copy-
right 2011 American Vacuum Society. 

In Figure 6 (b), the reactor configuration presents a direct plasma ALD with a 
CCP setup, containing two planar electrodes. The discharge between the elec-
trodes is driven by the RF source. The upper electrode is typically powered, 
while the lower one is grounded. The substrate is located on the lower electrode. 
Depending on the delivery path of plasma gases, the reactor can also be divided 
into a “shower-flow reactor”, where gases are introduced into the reactor 
through the powered electrode, and a “cross-flow reactor”, where the gases are 
introduced from the side of the electrodes.   
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Remote plasma ALD often integrates an ICP source which is located remotely 
from the substrate stage (Fig. 6 (c)). In remote plasma ALD, the flux of radicals 
and ion bombardment can be tuned by the distance between source and sub-
strate as well as the pressure in the reactor. An alternative approach of remote 
plasma ALD is shown in Figure 6 (d). In this reactor, a grounded mesh plate is 
placed between two electrodes. This configuration allows plasma radicals to dif-
fuse to the substrate, while it limits the ion energy and flux towards the deposi-
tion surface. [23] In this plasma setup, the operating pressure of the ALD pro-
cess is of the order of 1 hPa. Due to the short distance between the two elec-
trodes, the high power of the plasma generator is not necessary while a few hun-
dred watts can be satisfied. However, there is a drawback of the short distance 
between two electrodes, which makes the PEALD process of conducting or 
metal films more complicated than the one in the ICP plasma setup because of 
the precursor diffusion. In this case, the flow of shower gas and hole size of the 
mesh plate have to be well controlled and selected. 
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3. Experimental 

This chapter introduces the methods of fabrication and characterization for SiO2 
and Al2O3 thin films used by the author of this thesis. The plasma-enhanced 
atomic layer deposition equipment will be described in Section 3.1. In addition 
to that, the characterization analyses, such as ellipsometry, X-ray reflectivity 
(XRR), thin film stress analysis, moisture permeation analysis, Fourier trans-
form infrared spectroscopy (FTIR), glow discharge optical emission spectros-
copy (GDOES), and time-of-flight elastic recoil detection analysis (TOF-ERDA) 
used for the publications will be introduced in Section 3.2. 

3.1 Sample fabrication 

The SiO2 and Al2O3 thin films were grown by a commercial Beneq TFS 200 ALD 
equipped with a capacitively coupled 13.56 MHz RF plasma source. The process 
temperature was mainly kept at 90 °C. The schematic of the plasma configura-
tion of TFS 200 ALD is shown in Figure 7. The plasma discharge region was 
above the substrate. A grounded metal grid was located between the plasma dis-
charge and substrate to prevent the plasma damage of the substrate. N2 was used 
as a carrier and purge gas with a through reactor flow of 300-600 sccm and a 
through plasma system flow of 50-200 sccm. During the processes, the pressure 
in the reactor was about 1 hPa. Furthermore, the container temperature of pre-
cursor A and B was set to 21 °C. The precursor was pulsed into the reactor either 
by own vapor pressure or with 0.1 s N2 boost (See Figure 8). The sequence of 
precursor pulse and plasma exposure depended on the selected precursors. The 
details of ALD-cycle for SiO2 and Al2O3 growth are shown below. 

 

Figure 7. Schematic representation of the remote plasma configuration in Beneq TFS 200 ALD.  
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3.1.1 ALD-cycle sequence of SiO2 

When BTBAS was used as the precursor A, the N2 boost was required. O2 or 
CO2 was used as the precursor C with a constant gas flow, the ALD-cycle se-
quence consists of  

 
precursor A pulse (0.05-0.5 s) -> purge (0.5-3 s) -> plasma on (1-15 s) -> 
plasma off -> purge (0.5-3 s). 

 

Figure 8. Precursor pulse with (a) own vapor pressure and (b) N2 boost of 0.1 s.  

3.1.2 ALD-cycle sequence of Al2O3 

For O2-based PEALD, TMA and a constant flow of O2 were introduced into the 
reactor through precursor A and C, respectively. The ALD-cycle sequence con-
sists of 

 
precursor A pulse (0.2 s) -> purge (3 s) -> plasma on (1-6 s) -> plasma off -> 
purge (2 s). 
 
For the combined process of thermal-plasma ALD, TMA and H2O were used 

as the precursor A and B, respectively. The ALD-cycle sequence consists of 
 
precursor A pulse (0.2 s) -> purge (3 s) -> precursor B pulse (0.15 s) -> 
plasma on (1-6 s) -> plasma off -> purge (7 s) 

or  
precursor A pulse (0.2 s) -> purge (3 s) -> precursor B pulse (0.15 s) -> wait-
ing step (0.5-2 s) -> plasma on (6 s) -> plasma off -> purge (7 s). 

3.2 Characterization methods  

3.2.1 Ellipsometry  

Ellipsometry is a powerful method to determine the thickness of thin films 
with sub-nm scale precision. The instrument of this technique is called an ellip-
someter which often consists of the light source, polarizer, compensators, ana-
lyzer and detector. As shown in Figure 9, the light beam, which is emitted by a 
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light source and linearly polarized by a polarizer, passes through a compensator 
and irradiates the sample. After surface reflection, the light beam passes an-
other compensator and analyzer, then finally falls into the detector. The meas-
urement of ellipsometry is based on the change in polarization which can be 
represented as an amplitude ratio (Ψ) and the phase difference (Δ). During the 
data analysis, the calculated values of Ψ and Δ, which match the experimental 
data best, determine the film optical constants and thickness. [81] 

In this thesis, SENTECH SE400adv ellipsometer, which employs a HeNe laser 
with a wavelength of 632.8 nm at a 70 ° angle of incidence (Φ), was used to 
determine the film thickness and reflective index. Furthermore, the thickness 
uniformity of thin film was obtained by a wafer scan with statistical data.  

 

 

Figure 9. The schematic of the ellipsometer. 

3.2.2 X-ray reflectivity  

X-ray reflectivity (XRR) is a contact-free measurement to obtain film infor-
mation of thickness, density and roughness. The basic idea behind this tech-
nique is to measure the intensity of reflected X-rays from the sample when the 
reflected angle is equal to the incident angle. Philips X’pert Pro diffractometer 
was used in this thesis, and the schematic of XRR measurement is shown in 
Figure 10 (a). When the incident angle is above the critical angle θ, the radiation 
can penetrate the deposited film. Due to the different density of materials, the 
reflective and refractive conditions for X-ray beams are unique. On the other 
hand, if the incident angle is below θ, all X-ray beams will be only reflected on 
the surface. After the data record, a proper simulation has to been done based 
on the reflectance curve (see Fig. 10 (b)) to extract the information of film thick-
ness (from the spacing of the oscillations), density (from the location of the crit-
ical angle) and surface roughness (from the slope of the oscillations). In this 
thesis, most of the XRR data were simulated with an in-house developed fitting 
software which is based on Parratt’s formalism and Nevot-Croce roughness ap-
proximation. [82]  
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Figure 10. (a) Schematic representation of XRR measurement and (b) the example of the XRR 
curve. 

3.2.3 Thin film stress analysis  

Residual stress is often determined together with the wafer curvature meas-
urement [83] and Stoney’s equation [84] 

 σ = − ( ) ( − )                                             (8) 

 
where σf is the thin film stress; Es is the elastic modulus of the substrate; Vs is 
the Poisson’s ratio of the substrate; ts and tf are the thickness of the substrate 
and the film, respectively; R0 and R1 are the substrate curvature radius meas-
ured before and after the film deposition. In order to obtain accurate film stress, 
the film thickness nonuniformity over the wafer has to be minimized. Moreover, 
the backside coating of the thin film should also be avoided due to the effect on 
curvature measurement. In Publication 2, 4 and 5, the TOHO FLX-2320-S 
was used for wafer curvature measurement and the schematic of the measure-
ment is shown in Figure 11. The 150 mm wafers were scanned in two directions 
of parallel and perpendicular to the wafer flat using a 120-mm scan length. 

 

Figure 11. Schematic representation of wafer curvature measurement to determine thin film 
stress.
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3.2.4 Moisture permeation analysis  

Water vapor transmission rate (WVTR) is a key criterion for describing the 
moisture permeation barrier properties of thin films. Nowadays, the WVTR 
measurements are typically conducted by either calcium tests based on the op-
tical and electrical methods [85,86] or using a commercial tool. [87,88] In this 
thesis, a commercial tool of Systech Illinois 7001 water vapor permeation ana-
lyzer was used. This analyzer complies with ASTM standard F-1249. [89] For 
this method, the maximum active test area on the sample is 50 cm2 and the 
measurement range is from 0.002 to 18 gm-2day-1 at temperatures of 5-50 °C. 
The principle of operation is shown in Figure 12. The sample is clamped to a 
diffusion chamber and a wet N2 flow is then introduced into the upper half of 
the chamber while a dry N2 flows through the lower half chamber. The water 
molecules diffuse through the sample into the lower chamber and are conveyed 
to the sensor. Finally, the detected moisture implies WVTR. The WVTR of Al2O3 
coated Polyethylene naphthalate (PEN) shown in this thesis (Publication 3 
and 4) was measured under the test conditions of 38 °C (for temperature), 90 % 
(for relative humidity) and 50 cm2 (for detecting area). 

 

Figure 12. Sample test chamber of Systech Illinois 7001 water vapor permeation analyzer. 

3.2.5 Compositional analysis  

Composition characterization methods for Al2O3 and SiO2 thin films were car-
ried out with FTIR (Publication 1, 2 and 3), TOF-ERDA (Publication 2 and 
4) and GDOES (Publication 1 and 2). 

Fourier transform infrared spectroscopy  
Fourier transform infrared spectroscopy is a qualitative compositional tech-

nique used to identify and provide insight into the chemical bonds of the mate-
rials. An FTIR instrument, as shown in Figure 13, consists of the IR source, laser, 
interferometer, sample compartment, and detector. In the ALD community, 
FTIR has been often used both in-situ and ex-situ for thin film chemistry anal-
ysis due to its three major advantages over a typical dispersive infrared spec-
trometer, i) Multiplex advantage: this arises from the fact that relevant infor-
mation corresponding to wavelength can be collected simultaneously; ii) 
Throughput advantage: there are no slits needed in the FTIR instrument mean-
ing that more energy reaches the sample and improves the signal-to-noise ratio; 
and iii) Wavelength accuracy advantage: the wavelength scale is calibrated by a 
controlled laser beam which provides the reference for both precision and accu-
racy of the infrared spectrometer.  
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Figure 13. Schematic of a FTIR instrument. 

In this thesis, the modified FTIR, attenuated total reflection Fourier transform 
infrared spectroscopy (ATR-FTIR) was used. The measurements were done by 
using a Thermo Electron Corporation Nicolet 380 ATR-FTIR spectrometer with 
a diamond crystal as an internal reflection element. A 2 cm−1 resolution over the 
500–4000 cm−1 wavenumber range was used. 

Time-of-flight elastic recoil detection analysis  
Ion beam analysis techniques, Rutherford backscattering spectrometry (RBS) 

and elastic recoil detection analysis (ERDA), are very useful for the quantitative 
determination of the elemental composition in materials. Compared to RBS, 
ERDA is more sensitive for light elements, such as H, N and C, especially for 
impurity level analysis. However, the drawbacks of ERDA are the depth resolu-
tion and mass separation. To improve the performance of ERDA, the configura-
tion based on the time-of-flight detection was developed. [90,91].  This method 
is called to time-of-flight elastic recoil detection analysis (TOF-ERDA).  

In TOF-ERDA, the sample surface is bombarded with high energy ion beams, 
such as 35Cl, 63Cu, 75Br or 127I. [92] The surface ion collision results in energetic 
recoils. An energy detector measures the velocity and kinetic energy of recoiled 
atoms which later can be converted to an elemental depth profile. [93] The SiO2 
and Al2O3 thin films in this thesis (Publication 2 and 4) were measured by 
using 40 MeV energy 75Br ions which obtained from a 5 MV tandem accelerator 
with a detection angle of 40°. The schematic of TOF-ERDA is shown in Figure 
14. 

 

Figure 14. Schematic of TOF-ERDA setup used for SiO2 and Al2O3 thin film characterization. 
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Glow discharge optical emission spectroscopy  
As the acronym suggests, GDOES is a technique that combines a glow dis-

charge (GD) with an optical emission spectrometer (OES). It is an analysis 
method which can be used for either qualitative or quantitative measurement 
depending on the calibration materials. The schematic of GDOES is presented 
in Figure 15 (a). During the measurement, Ar gas is used as a glow discharge 
source and delivered through the anode towards the sample. Due to the high 
direct voltage between the anode and sample, Ar is dissociated into electrons 
and cations (Ar+) which are accelerated towards the sample surface due to the 
high negative potential. Some atoms are ejected from the sample by Ar cations. 
After the state change of these ejected sample atoms, the emitted light is gener-
ated with a characteristic wavelength spectrum, which contributes to the further 
chemical composition analysis.  

GDOES can provide both the depth profile and the bulk elemental composi-
tion of solid materials and thin films. Compared to other analytical techniques, 
such as secondary ion mass spectrometry (SIMS), X-ray photoelectron spectros-
copy (XPS) or ERDA, GDOES has the advantage of high sputtering rate and 
throughput, short specimen preparation time, high analytical depth (several nm 
to ~100 μm) and large analysis area. [94] 

In this thesis, the composition analysis of the SiO2 thin films was done by a 
Horiba GD-Profiler 2 instrument. A 4-mm diameter anode and RF power of 35 
W in the pulsed mode were used. The spectral information was acquired as an 
intensity vs time profile of the characteristic emission line for each element (as 
shown in Fig. 15 (b)). During the element analysis, the measured emission in-
tensity was integrated over the whole layer thickness, where the time at the 
SiO2/Si interface transition was calculated at 50% of the maximum height. Lack-
ing reference samples, the reported values were not calibrated for compositional 
depth profiling. The element-dependent emission rate was not considered and 
thus reported intensities of the given element could be compared among differ-
ent samples, but comparison among different elements was not feasible.  

 

Figure 15. (a) Schematic of GDOES and (b) example of Si and O emission profiles for the low-
temperature PEALD SiO2 with 150 nm thickness. Reproduced with permission from Z. Zhu, C. 
Modanese, P. Sippola, M. Di Sabatino and H. Savin, Phys. Status Solidi A. 215 (2018) 1700864. 
Copyright 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

p p g



Experimental

20 

  



Results and Discussion

21 

4. Results and Discussion

4.1 PEALD of SiO2: impact of process parameters

This section discusses the results from Publication 1 and 2, where PEALD SiO2 
thin films were prepared by using O2 plasma and CO2 plasma as oxidants. The 
effect of plasma parameters (power and exposure time) on film growth was 
studied, as well as the effect of the process temperature. Furthermore, the cor-
relation between the film properties of SiO2 thin films and plasma parameters 
was investigated. 

4.1.1 Plasma power 

This section presents the results related to Publication 1, where the growth 
behavior of PEALD SiO2 thin films grown with BTBAS and O2 plasma at 90 °C 
were investigated. In order to study the dependence of the film properties (i.e. 
refractive index, density, composition and residual stress) on plasma power, a 
fixed plasma exposure time of 1 s was applied.  

Figure 16 shows the GPC and refractive index of PEALD SiO2 thin film as a 
function of plasma power. The refractive index slightly increased with an in-
crease in plasma power, while there was a negative correlation between plasma 
power and GPC. Since the cycle number was controlled for all power conditions, 
the relatively low GPC and high refractive index of films grown with higher 
plasma power can be attributed to the better film quality, e.g. a higher mass 
density and lower impurity content. 

 

Figure 16. GPC and refractive index of PEALD SiO2 thin film as a function of plasma power.
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As described in Section 3.2.5, the measured values from GDOES were not 
calibrated for compositional depth profiling. Therefore, the elements shown in 
Figure 17 (a) and (b) can only be compared among different samples, and com-
parison among different elements is not feasible.  

 

Figure 17. The element composition of 150-nm thick SiO2 thin films: (a) main contents of Si and 
O and (b) impurities of H, C and N. Reproduced with permission from Z. Zhu, C. Modanese, P. 
Sippola, M. Di Sabatino and H. Savin, Phys. Status Solidi A. 215 (2018) 1700864. Copyright 2017 
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 

As shown in Fig. 17 (a), the plasma power does not influence the Si intensity, 
that is, the possible differences among the SiO2 matrices do not lead to a signif-
icant change in the Si emission rates. Moreover, the intensities of the detected 
impurities, H, C and N, are presented in Fig. 17 (b). Although the higher emis-
sion intensity for C and H at the beginning of the sputtering was a known surface 
effect, [95] their qualitative evaluation allowed for an analytical comparison be-
tween the different samples. The hydrogen content was mostly contributed as 
OH-groups in the film. [57,96,97] Also, the emission intensity change of H 
among the three SiO2 films grown by plasma powers of 50, 180 and 300 W was 
within the accuracy of the GDOES method, which is estimated to be within 
±15%. Based on the findings of Si and H, the similar O intensity level among 
three different samples can be well understood.  

There was an identifiable effect of plasma power on the film impurity levels of 
C and N. The intensity of the analytes seems to decrease when the plasma power 
was increased to a level of ≥ 180 W. This suggests that the high power can pro-
mote the completion of surface reactions while reducing film impurities due to 
the contribution of plasma enhancement during the ALD process as reported 
earlier by Langeris et al.. [73] 

During the measurement of GDOES, different sputtering rates of 11.68, 11.11 
and 10.98 nm/s were observed for the SiO2 thin films grown by three power 
conditions. The results are shown in Figure 18 and as can be seen, there is a 
strong power dependence. Furthermore, the density of SiO2 thin films as a func-
tion of plasma power is presented in Fig. 18 as well, where the film density in-
creases with power increasing. The observations of lower sputtering rate and 
higher density were in good agreement, indicating a better film quality when 
higher plasma power is used for PEALD SiO2 thin film deposition.  

p g



Results and Discussion

23 

 

Figure 18. Film sputtering rate during GDOES measurement and density as a function of plasma 
power used for PEALD SiO2 thin film deposition.

Residual stress of 50-nm thick SiO2 films was measured as a function of 
plasma power and the results are shown in Figure 19. The film stress shifted 
from the tensile stress of 16±9 MPa to the compressive stress of 87±16 MPa with 
a plasma power increase from 50 to 300 W.  This trend could be credited to the 
plasma activity, film density and impurity level.  

 

Figure 19. Residual stress of 50-nm thick SiO2 films as a function of plasma power.

Based on the above results that were made with a fixed plasma exposure time 
of 1 s, in order to achieve a low-temperature PEALD SiO2 thin film with the high 
growth rate (1.46 Å/cycle), low impurity level, high density (2.1 g/cm-3) and low 
compressive residual stress (25 MPa), the plasma power of 180 W is the recom-
mended choice.  

4.1.2 Process temperature 

This section discusses the results related to Publication 2, where the growth 
behavior of PEALD SiO2 thin films grown with BTBAS and CO2 plasma at a tem-
perature range of 90-200 °C were investigated. To the best of the author's 
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knowledge, this is the first demonstration of SiO2 thin films grown by CO2-based 
PEALD at such low temperatures. 

Before the investigation of process temperature effects, the BTBAS pulse and 
purge time were optimized. During the processes, a fixed plasma power of 180 
W, a CO2 plasma exposure time of 3 s and a CO2 plasma purge time of 2 s were 
applied. Figure 20 (a) and (b) show GPC values as a function of BTBAS pulse 
and purge time at 90 °C, respectively. For the dependence on pulse time, the 
BTBAS purge time was set to 3 s, whereas for the dependence on purge time, the 
BTBAS pulse time was set to 0.3 s. During the parameter optimization, a BTBAS 
pulse time of 0.1 s was found to be sufficient to reach a self-limiting growth with 
a GPC of 1.15 Å/cycle, however, for the pulse time of 0.3 s, there was an improve-
ment of the film thickness uniformity in SiO2 films. Furthermore, there is no 
significant change in GPC shown in Fig. 20 (b), although the purge time was 
shortened from 3 to 0.5 s. This indicates that the applied short purge time of 
BTBAS was sufficient to prevent CVD components. Note however that the uni-
formity of film thickness was improved with increasing purge time. Based on 
these findings, the pulse and purge time of BTBAS for further investigations was 
set to 0.3 s and 3 s, respectively.  

 

Figure 20. GPC of SiO2 thin films as a function of BTBAS (a) pulse time and (b) purge time. The 
applied plasma power and process temperature were 180 W and 90 °C, respectively.

Figure 21 shows the effect of the process temperature between 90 and 200 °C 
on the GPC of SiO2 thin films which were grown with a plasma power of 180 W, 
a plasma exposure time of 3 s and a plasma purge time of 2 s. There was a clear 
decrease of GPC from 1.15 to 0.78 Å/cycle with process temperature increasing 
from 90 to 200 °C. As shown in Section 2.2.3, the presence of -OH surface 
groups plays an important role in ALD surface reactions. Therefore, the de-
crease of the GPC with increasing temperature can be attributed to the surface-
coverage loss of -OH groups due to the thermally activated dehydroxylation re-
action. [33,57,98,99] Furthermore, the trend of GPC vs. process temperature 
shown in Fig. 21 is in good agreement with the earlier report from Dingemans 
et al.. [57] 
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Figure 21. GPC of SiO2 thin films as a function of the process temperature. The applied plasma 
power, exposure time and purge time were set as 180 W, 3 s and 2 s, respectively.  

4.1.3 Plasma exposure time 

The plasma exposure time played a dominant role in tuning the film growth 
and properties in this work. The GPC, density and element composition of 
PEALD SiO2 thin films grown at 90°C are presented in Figure 22 (a) and (b). 
When plasma exposure time increased from 1 to 6 s, an “inverse V” trend of the 
GPC is shown in Fig. 22 (a). The highest value of 1.15 Å/cycle was obtained in 
the SiO2 thin films grown with a plasma exposure time of 3 s. For 6 s plasma 
exposure, the lowest GPC of 0.98 Å/cycle was observed.  

The density of SiO2 thin films vs. the CO2 plasma exposure time is also shown 
in Fig. 22 (a). Although the values were within the measurement error margin, 
the lowest and highest mean values of film density were obtained in SiO2 thin 
films grown with an exposure time of 1 and 6 s, respectively. This indicates that 
the film density slightly increased with an increase in plasma exposure time. 
The results of film density support the findings of film growth, that GPC 
dropped at 6 s, and was most likely related to film densification during the long-
time plasma exposure.  

 

Figure 22. (a) GPC and density of SiO2 thin films as a function of plasma exposure time, and (b) 
qualitative elemental composition of films grown with the plasma time of 1, 3 and 6 s measured 
by GDOES. The measurement has an accuracy of ±15% and the cross-elemental comparison of 
the intensities is not possible (no calibration factor is available). The applied process parameters 
of the process temperature, plasma power and purge time were 90 °C, 180 W, and 2 s, respec-
tively.  
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The elemental composition of SiO2 thin films was measured by GDOES. The 
detected elements of Si, O, H, N and C are shown in Fig. 22 (b). As displayed on 
the figure, no significant effects of plasma exposure time on the Si, O, and H 
contents are observed in any of the samples. This finding is similar to the plasma 
power effects reported in Section 4.1.1, where the SiO2 thin films were prepared 
by using O2-based PEALD. For nitrogen, the intensities of the samples prepared 
by 1 and 3 s CO2 plasma exposure were rather constant, whereas a lower inten-
sity was measured for the films prepared by a plasma exposure time of 6 s. This 
suggests that N impurity removal was more effective during the film densifica-
tion. Note that, independently of sample growth conditions, all the measured 
samples showed the same intensity for C content. This is most likely due to the 
surface contamination since the C impurity was not found by the cross-check of 
TOF-ERDA measurement.  

As shown in this study, there was a trade-off between the film growth rate and 
process temperature. Considering the throughput and quality of PEALD SiO2 
thin film grown at 90 °C, the plasma power of 180 W and the plasma exposure 
time of 3 s is suggested. Table 6 presents the film properties of PEALD SiO2 thin 
film grown under the process condition optimized in this work and the corre-
sponding values reported in the literature. [57]   

Table 6. The film properties of PEALD SiO2 reported in this work with suggested process condi-
tion and from a previous study of Dingemans et al.. [57]

Film properties This work Ref. [57]
GPC (Å/cycle) 1.15 1.4

Residual stress (MPa) 30±10
(tensile) -

Density (g/cm3) 2.11±0.05 2.0±0.1

Element 
(at.%)

Si 31.4±1.0 29.1±0.8
O 66±1.1 61.3±1.5
H 2.4±0.6 9.6±0.9
N 0.17±0.05 -
C <0.051 -

O/Al ratio 2.1 2.1

4.2 Al2O3 for encapsulation: O2-based PEALD process

This section discusses the results from Publication 3, where the growth be-
havior of PEALD AL2O3 thin films prepared by O2 plasma at 90 °C with 20% O2 
concentration was investigated. The dependence of the moisture barrier prop-
erties on plasma parameters, including power and exposure time, are presented, 
as well as other film properties, such as refractive index, density and composi-
tion. In addition, the same GPC of Al2O3 thin films was present in Publication 
5 where the same process conditions were applied. 

 
1 Below the detection limit of TOF-ERDA
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4.2.1 Film growth and material properties 

The dependence of the GPC and refractive index of Al2O3 thin films on Si sub-
strates as a function of the plasma power is shown in Figure 23 (a) and (b). The 
film thickness was in the range of 35-50 nm, which was obtained using the same 
ALD cycle number of 300 for all the samples. The plasma power was varied from 
50 to 300 W with three plasma exposure time of 1, 3 and 6 s. As shown in Fig. 
23 (a), for 1 s plasma exposure the GPC increases with the increased plasma 
power and achieves the highest value (1.57 Å/cycle) when power reaches 100 W 
or more. For the plasma exposure time of 3 and 6 s, the GPC of Al2O3 thin films 
is found to decrease with an increase of plasma power. 

 

Figure 23. (a) GPC and (b) refractive index of Al2O3 thin films, for various plasma exposure time, 
as a function of plasma power.  

Fig. 23 (b) shows the refractive index dependence of Al2O3 thin films on 
plasma power and exposure time. As a general observation, the refractive index 
is found to increase from 1.6 to 1.66 with increasing exposure time. While the 
highest refractive index was obtained with a plasma exposure time of 6 s, the 
lowest one was obtained for films grown with an exposure time of 1 s and a 
power of 50 W. Note that, independently of plasma exposure time, the constant 
values (within the error margins) were obtained with a plasma power above 100 
W.  

To study the effect of plasma power on film properties, the plasma exposure 
time was fixed at 1 s. The film density, surface roughness and chemical compo-
sition were carried out by the XRR and ATR-FTIR measurements. In Figure 24, 
the density and surface roughness of Al2O3 thin films as a function of plasma 
power are shown. Although the rather constant value of ~2.85 g/cm3 was found 
for higher powers, the 50 W process led to films with a lower density of 2.6 
g/cm3. This lower density of Al2O3 thin films was most likely caused by the in-
sufficient plasma power that resulted in a shortage of O radicals and therefore 
led to an incomplete surface reaction. For surface roughness, the highest value 
of 1.22 nm was obtained for a plasma power of 50 W, while the sub-nanometer 
roughness was measured for samples grown with the plasma power of 100, 180 
and 300 W. In addition, the XRR measurements also revealed the presence of a 
~1.3 nm interfacial layer of silicon oxide in all measured Al2O3 thin films except 
for the thin films grown with a power of 300 W, for which the silicon oxide layer 
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had a thickness of ~0.7 nm. This reduction of SiO2 interface layer could be 
caused by the ion bombardment due to the use of the high plasma power. 

 

Figure 24. Plasma power effect on the film density and surface roughness of PEALD Al2O3. The
plasma exposure time and O2 concentration were fixed at 1 s and 20%, respectively.

The effect of plasma power on the chemical composition of Al2O3 thin films is 
shown in Figure 25. The Al-O bond band fingerprint [100,101] of amorphous 
Al2O3 films was found between 525 and 1000 cm-1 for all samples. The broad-
band features in the 3200-3800 cm-1 region can be assigned to the -OH groups. 
[100,102] Additionally, all spectra showed a strong Si-O mode band at 1107 cm-

1, [101] which hints to the presence of an interfacial silicon oxide layer. The spec-
trum of Al2O3 thin films grown with a power of 50 W was unique as it showed 
that, 

i. There was a more pronounced intensity of the -OH band compared to 
other samples;  

ii. There was the band overlapping of bending overtone, symmetric and 
asymmetric stretching vibrations of the C-H groups in the 2870-2980 
cm-1 range; [102] 

iii. A band of 1239 cm-1 was assigned to deformation vibrations of methyl 
[102,103] and supported the significant presence of -CHx species;  

iv. The pronounced band in the region of 1350-1800 cm-1 assigned to sym-
metric and asymmetric stretching modes of OCO molecule structures. 
[101]  

In fact, the strong signals of C-H, O-C-O and -OH groups shown in the thin films 
grown at 50 W indicate the incomplete gas-solid interactions which can result 
in high impurities. Consequently, these high-level impurities inhibited the film 
growth and thus resulted in a low GPC and low refractive index. Unlike to 50 W, 
the higher power of 100-300 W led to the highest GPC of 1.57 Å/cycle and the 
better film properties, such as higher refractive index, higher film density and 
lower impurity levels. Taking into account the highest GPC and improved film 
quality, the growth saturation of Al2O3 thin films could occur when the plasma 
power of 100 W or more and plasma exposure time of 1 s were applied.  
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Figure 25. ATR-FTIR transmission spectra with chemical bond assignments of Al2O3 thin films 
prepared by different plasma powers. The plasma exposure time was fixed at 1 s. 

For process condition with 1 s plasma exposure, both unsaturated and satu-
rated growth were observed. Compared to 1 s, for a longer exposure time of 3 
and 6 s GPC was found to decrease with an increase of power while the refractive 
index increased. This observation could be correlated to the film densification 
which is credited by the long-time plasma interaction.  

As stated above, there are three specific stages during the PEALD of Al2O3 thin 
films. The first stage, in which the film growth is unsaturated, results in a low 
GPC and a low refractive index; the second stage, in which the growth saturation 
of the films occurs, leads to an increase of the GPC and the refractive index; 
Finally, the third stage, in which densification of the films dominates, leads to 
decreased GPC while the refractive index remains high.  

In general, so-called saturated growth of a thin film is targeted in the ALD 
process. As shown in Fig. 23 (a), with 1 s plasma exposure, the growth saturation 
of Al2O3 thin films was observed in the samples prepared by higher plasma pow-
ers (≥100 W). Such conditions have a higher potential to lead to a good moisture 
permeation barrier performance.  

4.2.2 Moisture permeation barrier 

Moisture permeation barrier properties of 4-nm thick Al2O3 films grown on 
PEN substrates with varied plasma power and exposure time were investigated. 
In Figure 26, the uncoated PEN has an initial WVTR of 1.4 gm-2day-1. The barrier 
performance was improved over 250 times upon the growth of 4-nm thick Al2O3 
films. Power of 50W and exposure time of 1 and 3 s led to WVTR of 4.4 × 10−2 
and 1.1 × 10−2 gm−2day−1, respectively. An improvement was observed with the 
further increase of the plasma power to 100 and 180 W. This improvement can 
be attributed to the contribution of growth saturation or film densification. With 
a further increase of the exposure time to 6 s, the barrier performance of the 
Al2O3 thin films prepared with a power of 50 W was further improved. However, 
samples grown with 100 and 180 W showed a degradation, which is possibly 
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related to the ion bombardment during the long-time plasma exposure and thus 
results in the PEN substrate damage as observed for the Si substrate coated 
sample grown with a power of 300 W. 

As shown above, the plasma parameters have a significant influence on the 
film properties of Al2O3 thin films prepared by O2-based PEALD. By choosing 
an appropriate plasma power and exposure time, comparable properties (e.g. 
WVTR is of the order of 10-3 gm−2day−1) for encapsulation applications are 
reachable below the critical film thickness of 5 nm. Thus, such thin films could 
potentially be used as moisture barriers in flexible devices.  

 

Figure 26. WVTR dependence of 4-nm thick Al2O3 coated PEN substrates on plasma power and 
exposure time. These values are compared to the WVTR of an uncoated PEN substrate. 

4.3 Al2O3 for encapsulation: combined H2O thermal ALD with in-
situ N2 plasma treatment process 

This section shows the results of Publication 4, where an alternative for pre-
paring Al2O3 thin films was introduced. This particular approach is a combined 
H2O thermal ALD with in-situ N2 plasma treatment which was used for the en-
capsulation application. Furthermore, the growth behavior, density, surface 
roughness, elemental composition and residual stress of 50-nm thick Al2O3 thin 
films on Si wafers were investigated. Figure 27 (a)-(c) show three different pro-
cess configurations (process-I, process-II and process-III) with a fixed TMA 
pulse/purge time of 0.2 s/3 s and H2O purge time of 7 s.  

 Process-I: a standard thermal ALD process for the optimization of H2O 
pulse time. 

 Process-II: a combined H2O thermal ALD with in-situ N2 plasma treat-
ment process. Here, the H2O pulse was immediately followed by the 
exposure of N2 plasma for 1 to 6 s before the purge.  

 Process-III: similar to the process-II with 6 s N2 plasma treatment but 
involved a waiting step (t=0.5-2 s) between the H2O pulse and the N2 
plasma exposure. 

During process-I, the plasma generator was kept in the off-mode whereas in the 
process-II and -III a plasma power of 180 W was used.  
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Figure 27. Precursor pulse sequences in (a) process-I, (b) process-II and (c) process-III. Repro-
duced with permission from Z. Zhu, S. Merdes, O.M.E. Ylivaara, K. Mizohata, M.J. Heikkilä and 
H. Savin, Phys. Status Solidi A. (2019) 1900237. Copyright 2019 WILEY-VCH Verlag GmbH & 
Co. KGaA, Weinheim. 

4.3.1 Film growth and material properties 

To optimize the H2O dose, the dependence of the pulse time on the GPC and 
refractive index of the Al2O3 thin films was investigated for process-I and the 
results are shown in Figure 28 (a). The lowest GPC was obtained with an H2O 
pulse time of 0.05 s, indicating the shortage of H2O dose which leads to an un-
saturated growth. When the pulse was set to 0.15 s or more, the self-limiting 
growth with a GPC of 0.84 Å/cycle was achieved. Surprisingly, there was no 
clear influence of H2O pulse time on the refractive index despite the H2O pulse 
of 0.05 s. The values of the refractive index were found to remain in the range 
of 1.58-1.6. Based on the trend seen in Fig. 28 (a), the H2O pulse time was fixed 
to 0.15 s for the process-II and -III. 
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Figure 28. GPC and refractive index of the Al2O3 thin films as a function of (a) H2O pulse time in 
process-I, (b) plasma exposure time in process-II and (c) waiting step in process-III with 6 s 
plasma exposure. The plasma power of 180 W was used in the combined processes, while the 
generator was kept in the off-mode during process-I. 

The influence of plasma exposure time on the GPC and refractive index of the 
Al2O3 thin films was also studied and is shown in Figure 28 (b). For process-II, 
the values of GPC and refractive index were higher than the ones (0.84 Å/cycle 
and 1.59) measured for samples grown by process-I. It can be attributed to the 
contributions of plasma interaction that the concentration of surface -OH 
groups could be increased favoring thereby the absorption of aluminum atoms. 
In this case, the increase in the amount of -OH groups involved in the surface 
reactions could result in a higher GPC. When plasma exposure time increased 
from 1 to 6 s, the GPC decreased from 1.44 to 1.28 Å/cycle while the refractive 
index increased from 1.6 to 1.63, indicating the film densification. For process-
III, the effect of the waiting step (t=0.5-2 s) between the H2O pulse and the N2 
plasma exposure on the GPC and refractive index of the Al2O3 thin films was 
studied. As shown in Figure 28 (c), when the plasma was ignited right after the 
H2O pulse (t=0 s), the GPC and refractive index of the Al2O3 thin films were 1.28 
Å/cycle and 1.63, respectively. However, when the samples were exposed to N2 
plasma 0.5 s after the H2O pulse, the GPC slightly decreased whereas the refrac-
tive index remained the same as in the case of t=0 s. There were clear changes 
when the waiting step ≥ 1 s. Both the GPC and refractive index dropped to the 
same level as the ones obtained from the process-I. This implies that plasma 
assistance was only efficient when H2O was involved in the reaction. In this case, 
the reactions in the process-II would then occur in the following sequences: (1) 
thermal ALD, and then (2) a hybrid reaction between thermal ALD and H2O-
based PEALD using the residual water from (1). If the residual water is removed 
by the sufficient purge step (in the case of process-III), there will be a lack of 
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oxidant source. Indeed, the effect of plasma interaction can be ignored, and no 
hybrid reaction will be involved during the process.    

The film properties of the Al2O3 thin films grown with the process-I and -II, 
such as density, surface roughness, elemental composition and residual stress, 
are shown in Table 7. The tensile residual stress was found in all measured sam-
ples. The highest value of 475±19 MPa was obtained for the process-I. The value 
was reduced by adding additional plasma assistance. With 1 s plasma exposure, 
the residual stress of 380±18 MPa was achieved. The value of residual stress 
further decreased to 160±13 MPa when the plasma exposure time was increased 
to 6 s. 

Table 7. Results of density, roughness, elemental composition and residual stress for 50-nm thick 
Al2O3 films coated on Si wafer.

Film properties Process-I Process-II (1 s) Process-II (6 s)
Tensile residual 

stress (MPa) 475±19 381±18 160±13

Density (g/cm3) 2.7 2.7 3.1
Roughness (nm) 0.7 0.6 0.8

Element 
(at.%)

Al 33.4±0.5 32.2±0.5 36.3±0.5
O 55.4±0.7 54.1±0.7 59.2±0.7
H 10.0±1.0 10.1±1.0 3.8±0.6
C 1.20±0.10 1.60±0.10 0.17±0.04
N 02 2.1±0.10 0.51±0.06

O/Al ratio 1.7 1.7 1.6
 
During the density modelling, unlike the films grown with thermal ALD, the 

ones grown by process-II were found to have a structure requiring a bilayer 
model for simulation. This could be a consequence of the contribution of both 
H2O and OH radicals [104] in the oxidation reactions. The process-II with a 
plasma exposure time of 1 s gave a film density of 2.7 g/cm3, which was in the 
same range as for films grown with process-I. When plasma exposure time was 
increased to 6 s, the film density increased to 3.1 g/cm3. This density improve-
ment reflects the film densification and is in good agreement with the trend of 
the refractive index shown in Fig. 28 (b). Moreover, there was no clear rough-
ness difference among measured samples and the values were in the range of 
0.6-0.8 nm. 

The elemental composition of the films was carried out using TOF-ERDA. Al, 
O, H and C were detected in all samples from process-I and -II, while nitrogen 
was only observed in the films grown with the process-II. The presence of N can 
be attributed to the formation of unstable surface N-species during plasma ex-
posure in a N2 environment. [105] This “N-contamination” effect could be 
simply avoided by using argon as a carrier gas. Except for the N impurity, H and 
C impurities were nearly the same for process-I and process-II with 1 s plasma 
exposure. Compared to the process-II with 1 s plasma exposure, the Al2O3 thin 
films grown with a plasma exposure time of 6 s had much lower concentrations 
of H, C and N, indicating the effective impurity removal of long-time plasma 

 
2 Below the detection limit of TOF-ERDA
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exposure. The reduction of H contents in process-II with 6 s plasma exposure 
also reveals that the amount of unreacted -OH groups in the film was relatively 
low. Indeed, this low presence of -OH groups led to O/Al ratio closer to the stoi-
chiometric value of 1.5. 

4.3.2 Moisture permeation barrier 

Figure 29 shows the comparative study of the WVTR for H2O thermal ALD 
(process-I), combined H2O thermal ALD with in-situ N2 plasma treatment (pro-
cess-II) and O2 plasma-enhanced ALD (presented earlier in Section 4.2.2). 
Compared to uncoated PEN, there was no clear improvement of moisture bar-
rier properties for 4-nm thick Al2O3 coated substrates, which were prepared by 
process-I. For process-II with a plasma exposure time of 1 s, the film showed a 
WVTR of 0.08 gm−2day−1, which was more than fifteen-times lower than the one 
obtained from the sample prepared with the thermal ALD. With further increase 
of the plasma exposure time to 6 s, the barrier performance of the sample was 
improved significantly, leading to a WVTR of 2.9×10-3 gm−2day−1. While for a 
plasma exposure time of 1 s, the WVTR of samples grown with process-II was 
higher than the one reported for O2-based PEALD (7.1×10-3 gm−2day−1), the best 
barrier performance was achieved with the process-II using a plasma exposure 
time of 6 s. This suggests that the substrate damage by ion bombardment during 
the combined H2O thermal ALD with in-situ N2 plasma treatment process is 
negligible, which makes the process gentler and more suitable for sensitive sub-
strates. 

 

Figure 29. Comparative study of the WVTR for H2O thermal ALD (process-I), combined H2O ther-
mal ALD with in-situ N2 plasma treatment (process-II) and O2-based PEALD. Reproduced with 
permission from Z. Zhu, S. Merdes, O.M.E. Ylivaara, K. Mizohata, M.J. Heikkilä and H. Savin, 
Phys. Status Solidi A. (2019) 1900237. Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. 
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5. Summary

In this thesis, material properties of low-temperature PEALD SiO2 and Al2O3 
thin films were studied and related process optimization was carried out. A spe-
cial emphasis was placed on the effect of plasma parameters, such as power and 
exposure time, on film growth as well as resulting structural, compositional, me-
chanical and moisture permeation barrier properties of the films.  

Firstly, O2-based PEALD SiO2 processes, which focused on the plasma power 
effect on the elemental composition of SiO2 thin films, were demonstrated. 
GDOES measurements were used as a primary analysis method. This technique 
provides the possibility to measure the elemental composition along the film 
depth with the high-enough resolution. The results indicated that the concen-
tration of C and N impurities decreased with increasing plasma power. In addi-
tion to elemental composition, the GDOES was used to evaluate the film density. 
The sputtering rate implied that the film density increased with the increase of 
plasma power. The results thus suggest that if high quality film is needed, the 
plasma power should be set to as high as possible within the limits of plasma 
damage toleration of the substrate.  

Secondly, the study of low-temperature PEALD SiO2 process using CO2 as an 
oxidant was presented in this thesis. To the best of the author's knowledge, this 
is the first demonstration of SiO2 thin films grown by CO2-based PEALD at 90°.  
The variation of GPC was observed when plasma exposure time increased from 
1 to 6 s. However, a relatively high film quality, such as high density and low 
impurity levels, was obtained with a longer exposure time. More specifically, it 
was shown that the film densification appeared with 6 s plasma exposure. In 
addition to the effect of plasma exposure time, the effect of process temperature 
on film growth was investigated as well. Due to the dehydroxylation reaction, 
the GPC of SiO2 thin films decreased with increasing process temperature.  

Thirdly, the studies of PEALD Al2O3 growth based on O2 plasma were carried 
out. In addition to the film growth of Al2O3, the effect of both plasma power and 
exposure time on film properties were studied. As the highlight of this study, 
three specific stages during PEALD Al2O3 growth were found: i) the film growth 
is unsaturated, which results in a low GPC and a low refractive index; ii) the 
growth saturation, which leads to an increase of the GPC and the refractive in-
dex; and iii) densification of the film dominates, which leads to decreased GPC 
while the refractive index remains high. In addition, a WVRT of 5×10-3 
gm−2day−1 was obtained for PEN substrates coated with 4-nm thick Al2O3 films. 
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Nevertheless, due to the ion bombardment, a degradation of barrier perfor-
mance was found in the samples which were prepared using a long-time plasma 
exposure. 

To retain the good barrier performance and minimize or eliminate the degra-
dation, the other alternative for preparing Al2O3 thin films was finally intro-
duced and a combined H2O thermal ALD with in-situ N2 plasma treatment pro-
cess was investigated. WVTR measurements of PEN substrates coated with 4-
nm thick Al2O3 films showed that the proposed combined process is likely to be 
gentler than the O2-based PEALD and therefore is more suitable for sensitive 
substrates. The best WVRT result of 2.9 ×10-3 gm−2day−1 was obtained in the 
combined H2O thermal ALD with a 6 s in-situ N2 plasma treatment process. 
Moreover, with the contribution of plasma assistance, the Al2O3 thin films 
achieved a high density of ~3.1 g/cm3, a low tensile residual stress of ~160 MPa 
and low impurity levels of ~3.8, ~0.17 and ~0.51 at.% for hydrogen, carbon and 
nitrogen, respectively. 

To conclude, the research on low-temperature PEALD of SiO2 and Al2O3 pro-
cesses indicates that the plasma parameters play a key role in fine-tuning and 
finding the optimal thin film properties. While the thesis has increased basic 
understanding of the plasma processes in ALD, the results are also directly ap-
plicable to the applications that use thermally sensitive materials. Therefore, in 
the next step, it will be interesting to apply the developed processes into device 
fabrication. 
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