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Abstract 

One of the most commonly used metal materials for the manufacture of biomedical 
implants are stainless steel and titanium-based alloys. Due to the specific conditions and 
complex environment in the human body, different strategies have been employed to 
protect them and improve their functionality in vivo. In this thesis, a novel method of 
atomic layer deposition (ALD) was used for the deposition of ultrathin protective barrier 
oxide films on commercially pure titanium (cp-Ti) and stainless steel 316L (SS316L). The 
aim was to study the composition, thickness, structure, morphology, corrosion properties, 
biocompatibility and antibacterials properties of ALD oxide films. 

Alumina (Al2O3) and hafnia (HfO2) ALD thin films of different thicknesses were 
applied on differently prepared surfaces of cp-Ti and SS316L. In addition to single layers, 
the combination of alumina and hafnia in a multilayer configuration was studied. 
Electrochemical techniques, potentiodynamic polarization and electrochemical impedance 
spectroscopy were used as the main methods of testing the corrosion properties of bare and 
ALD-coated substrates. All measurements were carried out in simulated physiological 
solution at 37 °C. The composition, structure and morphology of deposited films were 
studied using SEM/EDS, ToF-SIMS, XPS, AFM-SKPFM, TEM, XRD and ellipsometry. 

The method of metal surface preparation significantly affects the protective properties 
of ALD alumina and hafnia thin films, even when deposited as relatively thick layers of ca. 
150 nm. There is a critical deposition thickness that provides barrier corrosion protection 
of ALD films on cp-Ti and SS316L. Very thin ALD alumina film of 20 nm proved to be 
unprotective, while 60 nm thin film showed good protection during 30 days of immersion 
in simulated physiological solution. Multilayer ALD thin film, consisting of hafnia 
interlayer between alumina layers, showed no significant improvement compared to 
single-layer alumina thin film of the same thickness.  

Both ALD thin films, alumina and hafnia, did not show significantly altered 
biocompatible nor antibacterial properties compared to bare cp-Ti and SS316L substrates. 
However, the surface roughness of ALD thin films, primarily the presence of agglomerates, 
can significantly affect the attachment and development of cells on the surface. On the 
other hand, the development of bacteria on the surface of ALD thin films is not related to 
the presence of agglomerate but rather to surface chemical properties.  

We concluded that ALD thin films of alumina and hafnia, prepared under optimized 
conditions of substrate preparation and process parameters, assure excellent corrosion 
protection of cp-titanium and stainless steel in simulated biomedical applications and are 
biocompatible. 
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Povzetek 

Eden od najpogostejše uporabljenih kovinskih materialov za izdelavo biomedicinskih 
vsadkov so nerjavno jeklo in zlitine na osnovi titana. Zaradi specifičnih pogojev in 
kompleksnega okolja v človeškem telesu so bile uporabljene različne strategije za njihovo 
zaščito in izboljšanje njihove funkcionalnosti in vivo. V doktorskem delu je bila uporabljena 
nova metoda za nanašanje ultratankih zaščitnih oksidnih filmov na komercialno čisti titan 
(cp-Ti) in nerjavno jeklo 316L (SS316L), atomsko nanašanje plasti (ALD). Cilj je bil 
preučiti sestavo, debelino, strukturo, morfologijo, korozijske lastnosti, biokompatibilnost in 
antibakterijske lastnosti ALD oksidnih filmov. 

Tanke plasti iz aluminijevega (Al2O3) in hafnijevega oksida (HfO2) različnih debelin so 
bile nanešene na različno pripravljene površine cp-Ti in SS316L. Poleg enoslojnih je bila 
tudi raziskana kombinacija alumine in hafnije v večplastni konfiguraciji. Kot glavne metode 
raziskovanja korozijskih lastnosti nezaščitenih in ALD prevlečenih podlag so bile 
uporabljene elektrokemijske tehnike, potenciodinamska polarizacija in elektrokemijska 
impedančna spektroskopija. Vse meritve so bile izvedene v simulirani fiziološki raztopini 
pri 37 °C. Sestavo, strukturo in morfologijo deponiranih filmov smo proučevali s pomočjo 
SEM/EDS, ToF-SIMS, XPS, AFM-SKPFM, TEM, XRD in elipsometrije. 

Način priprave kovinske površine pomembno vpliva na zaščitne lastnosti ALD tankih 
filmov iz Al2O3 in HfO2, tudi če gre za relativno debele plasti ca. 150 nm. Obstaja kritična 
debelina nanosa, ki zagotavlja stabilno korozijsko zaščito ALD filmov na cp-Ti in SS316L. 
Zelo tanek ALD film alumine, debeline 20 nm, se je izkazal kot nestabilen, medtem je film 
debeline 60 nm pokazal dobro zaščito v 30 dneh potopitve v simulirani fiziološki raztopini. 
Večplastni ALD film, ki vsebuje vmesni sloj HfO2 med plastmi Al2O3, ni pokazal bistvenega 
izboljšanja v primerjavi z enoslojnim tankim filmom iz Al2O3 enake debeline. 

Analize so pokazale, da Al2O3 and HfO2 ne izkazujeta bistveno spremenjenih 
biokompatibilnih ali antibakterijskih lastnosti v primerjavi z nezaščitenima cp-Ti in SS316L 
podlagama. Vendar pa lahko površinska hrapavost filmov, predvsem prisotnost 
aglomeratov, pomembno vpliva na pritrditev in razvoj celic na površini. Po drugi strani, 
pa razvoj bakterij na površini tankih ALD filmov ni povezan s prisotnostjo aglomeratov, 
temveč s kemijskimi lastnostmi površine. 

Ugotovili smo, da ALD tanki filmi iz Al2O3 and HfO2, pripravljeni pri optimiziranih 
pogojih priprave podlage in procesnih parametrov, zagotavljajo odlično korozijsko zaščito 
cp-titana in nerjavnega jekla v simuliranih biomedicinskih aplikacijah in so 
biokompatibilni. 
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Chapter 1 

1 Introduction 

1.1 Aim of the work 

This doctoral dissertation deals with the application of the atomic layer deposition (ALD) 
method with the purpose of protecting metallic biomaterials, commercially pure titanium 
(cp-Ti) and stainless steel (SS316L) in the simulated biological environment. Two types of 
ALD thin films were used, aluminum(III) oxide (Al2O3) and hafnium(IV) oxide (HfO2), 
also called alumina and hafnia. Physicochemical and protective barrier properties of 
alumina and hafnia ALD thin films deposited on cp-Ti and SS316L have been investigated 
in simulated body fluid (SBF) as the electrolyte. Their material properties were studied 
using various surface analysis methods. One part of the study is related to the ALD thin 
films in contact with living cells and bacteria to study their biocompatible and antibacterial 
properties, respectively. 

This thesis is divided into four separate studies or topics: the first focusing on the effect 
of substrate surface preparation on the protective properties of deposited ALD films; the 
second and third are focused on the effect of thickness and multilayer structure on the 
protective properties of ALD films; and the fourth is focused exclusively on biologically-
related properties of ALD thin films, i.e. biocompatibility and antibacterial properties. 

The ultimate goal of this study is to consider the possible application of alumina and hafnia 

ALD films on implant devices made of cp-Ti and SS316L to be used in the human body. 

1.2 Biomaterials 

The implantation of artificial materials into the human body dates back to the ancient 
past. There are findings that ancient civilizations used prostheses to repair fractured and 
diseased tissues and organs, even a few 1000 years B.C. [1]. For example, it is known that 
the Greeks and Egyptians implanted wood and animal bones in humans. Since then, and 
especially in the last century, biomaterials have progressed astonishingly. As medical 
technology has evolved, efforts have been made to systematize and standardize the 
materials and methods used in the field. The European Society for Biomaterials, founded 
in 1976, organized the Consensus Conference on Definitions in Biomaterials Science, in 
1987 [2], which then read: “Biomaterials are nonviable materials intended to interface with 
biological systems to evaluate, treat, augment or replace any tissue, organ or function of 
the body” [2], [3]. Nowadays, we use different implantable materials and devices for 
versatile purposes. Accordingly, in the last few years the definition of biomaterials has been 
modified and expanded [4], [5]. Namely, in medical technology today, implantation includes 
devices and processes such as drug and gene delivery systems, nanotechnology-based 
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imaging and diagnostic systems, microelectronic devices, tissue engineering and cell 
therapies, organ printing and cell patterning. Therefore, as stated in this leading opinion 
paper [4]: “These technologies encompass the use of not only metals, ceramics and synthetic 
polymers, but also natural polymers, nanoparticles, carbon nanotubes, quantum dots, etc. 
Some new materials or substances which hitherto we may not have thought of as 
biomaterials should now be considered as such”. 

Generally, when it comes to metallic biomaterials used today for implantation purposes, 
they are mainly alloys composed of Ti, Fe and Co as the main elements, while Cr, Mo, Ni, 
V, Al and Ta are used as minor elements. Each material has specific chemical and 
mechanical properties and exhibits particular behavior in contact with living tissue based 
on which it is selected for a particular application. The three most common groups of 
materials used are stainless steel, Co-Cr-based alloys, and Ti based alloys [6]. In addition 
to these three large groups of metallic biomaterials, there is also a group of so-called 
“miscellaneous implant materials” used much less frequently, such as NiTi alloys, Mg, Ta 
and Au [7]. 

1.2.1 Stainless steel 

The first steel developed in the early 1900s specifically for implantation in medicine was 
vanadium steel and aluminum [3]. However, many shortcomings in the implantation of this 
steel soon became apparent, as evidenced by mechanical failure, corrosion, and poor 
biocompatibility. These issues have spurred research and development of new steel alloys 
that would be more suitable for implantation. For example, by adding Mo, it was found 
that it is possible to improve the corrosion resistance in an acidic medium [8], and later in 
the 1950s, by reducing the C content to the max. 0.03% contributed to minimizing the 
occurrence of intergranular corrosion [9]. This alloy has been denoted 316L by the American 
Iron and Steel Institute (AISI) and is often named surgical or orthopedic stainless steel. 

Stainless steel 316L (SS316L) has an austenitic (γ) structure with a face-centered cubic 
(FCC) cell, which is responsible for good strength and ductility, as well as easy for 
machining [10]. In addition to Fe, the main alloying elements are present in varying 
percentages as stated: Cr (17-19 wt%), Ni (13-15 wt%), Mo (2-3 wt%), Mn (0-2 wt%), and 
with small quantities (<1 wt%) of Si, Cu, P, C, S and N [6], [11]. The most critical element 
for the corrosion resistance of the SS316L is Cr because it enables the formation of 
chromium(III) oxide (Cr2O3) passive layer, which in combination mainly with iron(II) and 
iron(III) oxides (FeO and Fe2O3) provides a high level of protection under different 
conditions [12], [13]. Ni is credited for stabilizing the austenitic phase down to room 
temperature; otherwise, the structure of the Fe austenitic phase is stable only above 910 
C [14]. Therefore, Ni is directly responsible for the structure that gives steel excellent 
ductility and toughness at high strength [10]. Mo, as already mentioned, improves the 
corrosion resistance of steel in an acidic medium, especially when it comes to pitting 
corrosion [15]. Further, Mn in smaller quantities favors the austenitic structure and in the 
molten state of steel, increases the solubility of N and prevents its oxidation [16]. Of the 
elements present in a smaller percentage, C is significant as it modifies the mechanical 
properties of steel by increasing its tensile strength and hardness but lowering ductility 
[17]. Also, as already mentioned, C can weaken the corrosion resistance of steel because it 
enhances susceptibility to intergranular corrosion [9]. Besides C, also N, which is present 
in small quantities, considerably modifies steel's mechanical properties, as it stabilizes the 
austenitic phase [18]. 



1.2. Biomaterials 3 

1.2.2 Titanium 

Unlike steel, industrial production of Ti began relatively late, in 1946. At the outset, Ti 
was reserved mainly for use in the aerospace industry due to its low density and high 
corrosion resistance. The advantages of using Ti in medicine were soon discovered, leading 
to the need to study and develop new Ti alloys that are more suitable for specific purposes 
in medicine.  

Unalloyed Ti, also known as commercially pure Ti (cp-Ti), is characterized by excellent 
corrosion resistance due to its passive film. There are four grades (ASTM F 67) of cp-Ti 
according to the content of its trace elements. They vary in tensile strength as a function 
of those elements, primarily O [19]. Cp-Ti grade 2 is the “workhorse” of the commercially 
pure Ti industry. It is characterized by good enough formability and ductility, and its 
strength is comparable to annealed austenitic stainless steel [20]. Its composition is 
expressed in the maximum quantity of trace elements as follows: C (max 0.10 wt%), Fe 
(max 0.20 wt%), H (max 0.015 wt%), N (max 0.03 wt%), O (max 0.25 wt%), and Ti in 
balance [19]. Pure Ti is an allotropic element, i.e. depending on the physical conditions, it 
can exist in more than one crystallographic form. At room temperature, Ti exists in the 
hexagonal close-packed (HCP) crystal structure or alpha (α) phase, while at temperatures 
above 883 C, it is transformed into the body-centered cubic (BCC) crystal structure or 
beta (β) phase [19]. However, by alloying Ti with other elements, each crystalline phase 
can be selectively stabilized at room temperature [20]. Accordingly, Ti alloys are 
categorized depending on the share of these two phases in the structure; hence, there are 
alpha, alpha-beta and beta Ti alloys. Generally, alpha Ti alloys are characterized by 
increased strength and lower ductility than cp-Ti and have good weldability. Beta Ti alloys 
are extremely easy for forming as their main characteristic is ductility, but they are not 
weldable. Alpha-beta Ti alloys have a good combination of strength and ductility [20], [21]. 
The most commonly used Ti alloy, in general, is the alpha-beta alloy Ti 6Al-4V, which is 
also known as Ti grade 5 and, together with cp-Ti, it is widely used for biomedical purposes 
[22]. 

1.2.3 Cobalt-Chromium 

As the third major group of alloys used for biomedical purposes, Co-Cr alloys began to 
develop extensively in the 1930s with the development of the Co-30Cr-7W-0.5C alloy, 
named Vitallium [3]. At first, it was used in dentistry as an alternative to the expensive 
gold alloys, but later it began to be used for artificial joints where its strength is expressed. 
Over time, many different Co-Cr alloys, which usually contain Mo, have been developed, 
commonly referred to as Co-Cr-Mo alloys [3]. These alloys are known for their strength, so 
they are often used for load-bearing purposes and are common in hip and knee arthroplasty. 
They are highly resistant to corrosion, comparable to SS316L [3], and show relatively good 
wear resistance in usage [23], [24]. As Co-Cr-Mo alloys are not the subject of the research 
in this thesis, a more detailed description is beyond the scope of the present thesis. 

1.2.4 Basic features of SS316L and cp-Ti and their applications 

Although almost all metallic biomaterials have good mechanical properties in terms of 
strength and toughness, they often show biomechanical incompatibility when loaded and 
attached to adjacent bone. This issue relates to their high modulus of elasticity (in units 
of GPa) or Young’s modulus, which is a quantity that measures the resistance of the 
material to being deformed elastically when stress or load is applied to it. The 
inhomogeneous transfer of stress between the implant and bone may result in bone 
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resorption, death of bone cells, and, eventually, even implant rejection. This biomechanical 
incompatibility is named the “stress shielding effect” [25]. The elastic modulus of a bone 
varies between 4 and 30 GPa, depending on the type of bone and the direction of the 
measurement, i.e. vertically or along the long axis of the bone [25], [26]. Co-Cr alloys are 
characterized by the highest values of Young's modulus (> 200 GPa), then SS316L ( 190 
GPa), and the lowest value has cp-Ti ( 110 GPa) [6]; thus, the concern over stress shielding 
is reduced for cp-Ti. 

Due to the different properties of SS316L and cp Ti, they are commonly applied for 
different purposes. SS316L is characterized by good mechanical properties and has better 
strength and wear resistance than cp-Ti [27]. Due to its high Young’s modulus, it is mainly 
used for temporary implant components (like screws, plates, nails, etc.) and for permanent 
implants in less active patients [3]. Despite its relatively good corrosion resistance, local 
corrosion can cause serious consequences due to the release of toxic metal ions, which may 
act as allergens and carcinogens [28]–[30]. 

On the other hand, cp-Ti is characterized by better corrosion resistance [31] thanks to 
its high affinity for oxygen and the spontaneous formation of highly stable amorphous 
passive film on the surface [32]. Further, its strength to weight ratio is around 50% greater 
than SS316 [28], making it a better-suited material for specific applications with high 
loading rates. However, cp-Ti is susceptible to cyclic loading and has poor wear resistance, 
i.e. fretting corrosion resistance, so it is avoided for applications where these may occur 
[22], [25]. Therefore, cp-Ti is most commonly used for housing devices for pacemakers, 
artificial heart valves, dental implants and maxillofacial surgery [3]. 

1.3 Corrosion 

In the broadest sense, corrosion of metals is defined as the destructive attack of a metal by 
its reaction with the environment [33]. However, in practice, it is mainly an electrochemical 
process in the aqueous environment in the presence of oxygen and chloride ions. Therefore, 
when considering the implantation of any metallic material in the human body, which is a 
complex electrolytic environment, the degradation of implanted material must be of great 
concern. Therefore, understanding the fundamental electrochemistry behind the corrosion 
is essential. Hence, when a self-passivating metal is immersed in an aqueous electrolyte, an 
electrically conductive solution, a metal oxide film is formed on the surface. This oxide film 
can effectively prevent the corrosion of the metal resulting in the passivation of the metal 
surface. If the solution is acidic, the oxide film may be dissolved completely, 

 

Figure 1.1: Schematic illustration of the local galvanic cells on the metal surface [34]. 
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leaving a bare metal surface, which is then in its active state. If that is the case, an infinite 
number of anodic and cathodic sites are formed on the metal surface at the atomic level. 
Consequently, the short-circuit current flows between the local anodes and cathodes. Such 
a system is called a galvanic cell (Fig. 1.1) [34]. 

Anodic sites are places where oxidation takes place (Eq. 1.1), i.e. the release of 
electrons from metal atoms and its dissolution in the electrolyte, and cathodic sites are 
places where the opposite process, i.e. reduction, takes place (Eqs. 1.2-1.5), with the 
reception of electrons by species from electrolyte (dissolved oxygen, hydrogen and water). 
In most cases, the reduction process involves hydrogen evolution reaction (HER) and 
oxygen reduction reaction (ORR). If the electrolyte is acidic, HER proceeds according to 
Eq. 1.2, and ORR according to Eq. 1.3. However, if it is about alkaline or neutral 
electrolyte, HER corresponds to Eq. 1.4, and ORR to Eq. 1.5 [33], [34]. 

 M → Mn+ + ne− (1.1) 

 2H+ + 2e− → H2 (1.2) 

 O2 + 4H+ + 4e− → 2H2O (1.3) 

 2H2O + 2e− → H2 + 2OH− (1.4) 

 O2 + 2H2O + 4e− → 4OH− (1.5) 

Each of these reactions is called the half-cell reaction, but in practice, the anodic and 
cathodic reactions occur in a coupled manner making the galvanic cell, as shown in Fig. 
1.1. Therefore, the whole corrosion process is controlled by both anodic and cathodic 
reactions, as they are interdependent. For a deeper understanding of the metal corrosion 
in an electrolyte, i.e. metal dissolution, we must focus on the anodic reaction (Eq. 1.1). 
When the metal atoms release electrons, positively charged metal ions pass from the bulk 
metal into the electrolyte, leaving electrons behind in the metal. The accumulation of 
negative charge on the metal due to the residual electrons increases the potential difference 
between the metal and the electrolyte. This potential difference is named the electrode 
potential (or electrochemical potential) of the metal, thus becoming more negative. The 
change in the potential over time tends to retard the dissolution of metal and encourage 
the deposition of dissolved metal ions from the electrolyte onto the metal, i.e. the reverse 
reaction is established (Eq. 1.6). Continuation of the dissolution and deposition of metal 
ions would result in the metal reaching a stable potential so that the rate of dissolution 
becomes equal to the rate of deposition. This potential is named the reversible electrode 
potential (Erev), and is defined by the Nernst equation (Eq. 1.7) [33]. However, in reality 
the corrosion reactions are irreversible and it is not possible to obtain Erev as described, but 
another value, corrosion potential (Ecorr) is determined by mixed potential kinetics [33]. 

 M ⇆ Mn+ + ne− (1.6) 

 𝐸rev = 𝐸0 +
𝑅𝑇

𝑛𝐹
ln

[M𝑛+]

[M]
 (1.7) 



6 Chapter 1. Introduction  

where R is the gas constant, T is the absolute temperature, F is the Faraday constant, n 
is the number of electrons transferred per ion, [Mn+] and [M] are activities of metal ion and 
metal, and E0 is standard electrode potential, respectively. 

The standard electrode potential is also known as the electromotive force (EMF) of a 
particular metal, and it is equal to the potential of the corresponding half-cell reaction at 
standard conditions ([Mn+] = 1 M; p = 1 atm; T = 25 C). In other words, it indicates the 
tendency of metal toward a particular electrochemical half-cell reaction. The list of all 
metals and corresponding half-cell reactions is named EMF series and is expressed as 
reduction potentials, from positive values (noble metals) to negative values (active metals). 
The EMF series is relative to the standard hydrogen electrode (SHE) with the potential of 
0 V. The EMF series of the metals relevant to biomedical applications is summarized in 
Table 1.1 [33], [34]. It is noteworthy that the order of the EMF values of metals does not 
directly correspond to their corrosion rate because the solubility of their passive films, i.e. 
metal oxides or hydroxides, is different, and in some cases, it may provide strong protection 
on the metal surface. For this reason, there is also the list of practical nobility of metals 
which provides a somewhat more realistic insight into the corrosion resistance of metals. 
Ti and Cr are at the bottom of this list, indicating that they are very susceptible to 
corrosion; however, due to their very protective passive films, in practice, they are very 
resistant to corrosion [3]. 

Table 1.1: The standard EMF series of metals relevant to biomedical applications with 
respect to SHE as the reference of 0 V. 

Half-cell reaction E0 (V vs. SHE) 

Au3+ + 3e− ⇆ Au +1.498 

Pd2+ + 2e− ⇆ Pd +0.987 

Ag+ + e− ⇆ Ag +0.799 

2H+ + 2e− ⇆ H2 0.000 

Co2+ + 2e− ⇆ Co −0.277 

Fe2+ + 2e− ⇆ Fe −0.440 

Cr3+ + 3e− ⇆ Cr −0.744 

Ti2+ + 2e− ⇆ Ti −1.630 

  

The list of practical nobility, which is not shown here, is formed based on Pourbaix (E 
vs. pH) diagrams for different metals. The Pourbaix diagram represents the stability of all 
possible phases or compounds when considering certain metals in an aqueous electrolyte. 
It is constructed based on Nernst equations for all possible reactions under certain 
conditions. The results are displayed in the potential-pH plane [33]. The Pourbaix diagrams 
for Fe, as the main component in SS316L, and for Ti are shown in Fig. 1.2. The water is 
stable only between the dashed lines; below that region, the HER occurs, while above that 
region, an oxygen evolution reaction (OER) occurs [33].  

According to the diagram in Fig. 1.2 a, Fe can undergo corrosion at potentials more 
positive than ca. −0.6 V and pH values below ca. 9, as a ferrous ion (Fe2+) is the stable 
species. Under more acidic conditions, iron oxidation proceeds through the formation of 
ferric ion (Fe3+) and propagates corrosion. In alkaline solutions, corrosion might occur 
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Figure 1.2: Pourbaix diagrams at 25 C for a) iron-water system and b) titanium-water 
system [33]. 

under the conditions where the complex hypoferrite ion [HFeO2]‒ is the stable species [3], 
[33]. These regions constitute regions of corrosion, where Fe can corrode from a 
thermodynamic point of view. 

There is the region of immunity at lower potentials, where Fe is thermodynamically 
stable in its elementary state and does not corrode. In the pH range from ca. 9 to 13, Fe 
could pass directly to the region of passivity, as Fe3O4 and Fe2O3 may be formed as stable 
compounds [33]. 

In the case of Ti (Fig. 1.2 b), although it is a thermodynamically active metal (Table 
1.1), it shows a large region of passivity based on the rapid formation of Ti suboxides (TiO 
and Ti2O3) and Ti dioxide (TiO2). This tightly adherent passive film is at specific potentials 
stable at all pH values [3]. The corrosion region, where Ti ions (Ti2+ and Ti3+) are stable 
species, occurs only at low pH in solutions without oxidizers. However, due to its high 
oxygen affinity, Ti is spontaneously passivated in almost all environments that contain 
oxygen, even in strongly oxidizing acids [3], [33]. 

It is crucial to emphasize that these diagrams are helpful only for informational purposes 
since they are based on thermodynamic data and do not reflect the kinetics of processes. 
Consequently, it is not possible to deduce which reaction will happen at a measurable rate. 
Further, whether metal oxide formed will be protective depends on its nature and the 
environment in contact with it. The effect of the environment is not included in the 
diagrams since it is calculated for an aqueous system [3], [33]. 

1.3.1 Types of corrosion processes 

Depending on the type of metal and corrosive medium, there are different types of 
corrosion. Corrosion observed by the naked eye is called general or uniform corrosion. 
Another form of corrosion is localized corrosion which comprises pitting, crevice, 
intergranular and galvanic corrosion [34]. The former two types may cause significant 
problems for certain metals in biomedical applications. In addition, there are forms of 
corrosion that occur under mechanical load and are also typical for metallic biomaterials. 
These are stress corrosion cracking, fatigue and fretting corrosion [34]. All the forms of 
corrosion are shown in Fig. 1.3 [34]. 
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Figure 1.3: Schematic illustration of different types of corrosion [34]. 

General corrosion (Fig. 1.3 a), i.e. when the whole surface of the metal is uniformly 
corroded, is not an issue for modern biomedical alloys since they are protected by a passive 
film. However, pitting corrosion (Fig. 1.3 b), which refers to the formation of small cavities 
or pits at the metal surface when interacting with certain aggressive species, is a common 
corrosion problem under physiological conditions. The aggressive species are usually 
halogenous ions, such as chloride ions or reduced sulfur compounds [34], [35]. Crevice 
corrosion is another type of localized corrosion (Fig. 1.3 c). It occurs inside the crevice in 
the implant device where the mass diffusion is restricted so that there is usually a decrease 
in oxygen concentration and pH value and an increase in the concentration of aggressive 
chloride ions [34]. This process causes differential aeration. Further, adsorption of various 
organic or inorganic substances on the metal surface may lead to non-uniform coverage of 
the surface leading to critical sites exposed to aggressive bioenvironment [3]. Intergranular 
corrosion is a type of corrosion that is inherent to steel alloys (Fig. 1.3 d) and occurs 
selectively at grain 

boundaries, which can progress very deep into the material [34]. Galvanic corrosion 
(Fig. 1.3 e) occurs when two metals of different electrode potentials are in direct contact 
with the electrolyte. In such a system, an anodic reaction, i.e. oxidation or corrosion, occurs 
on a less noble metal and a cathodic reduction reaction on a nobler metal [34]. Forms of 
corrosion that occur in combination with mechanical loads are associated with weakening 
of the passive film due to the applied specific loads, as illustrated (Fig. 1.3 f-h) [34]. 

1.3.2 Corrosion in the biological environment 

The human body is a harsh environment for metals because its total mass consists of 40% 
to 60% of the water at a temperature around 37 C with commonly good oxygenation, with 
dissolved 0.9 wt.% NaCl, and pH value around 7.4 [3]. In addition, it also contains many 
different inorganic salts such as bicarbonates, phosphates, sulphates with different cations 
such as potassium, calcium and magnesium cations, and a large variety of organic species. 
Although all of these species may contribute to corrosion of metallic implants to some 
extent, the most important species from the corrosion point of view are chloride ions due 
to their ability to disrupt passive films [3], [36]. On the other hand, calcium phosphate, 
which is spontaneously deposited, especially on Ti-based implants when implanted in the 
human body [25], [37], can insulate the metal surface from the environment and decelerate 
corrosion [34]. 
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In addition to inorganic species, there are many different organic substances in body 
fluids, the concentration of which can exceed 80 g/L, that can play an important role in 
the corrosion of metallic biomaterials [6]. These include, for example, plasma that includes 
various proteins, e.g. albumin and fibrinogen, lymph and synovial or joint fluids with 
different proteins and lipids, etc. [38]. There are many reports on the effect of proteins on 
the corrosion behavior of different biomaterials [39]–[41]. Due to their chemical complexity, 
they may have both desirable and undesirable effects on the functionality of the implanted 
biomaterial [3].  

In addition, when it is taken into account that not all conditions are the same in all 
parts of the body or that conditions may be changed significantly due to trauma or injury, 
the situation in practice is even more complex. Namely, different pH values and oxygen 
concentrations prevail in different parts of the body [3], [6]. Further, when the biomaterial 
is implanted, the imbalance in the human body is often accompanied by inflammation and 
infection, which can significantly change the pH value. Thus, the pH value of the human 
fluid can drop from 7.4 to 5.5, and it can take 10 to 15 days to recover its standard value 
[3]. Bacterial infection not only can lower the pH, but it may significantly raise it to the 
alkaline range (up to 9.0) [3]. 

Another problem is the reaction of the immune system to the implantation of a foreign 
body, which uses macrophages (cells responsible for destroying bacteria) to generate active 
oxygen species such as hydrogen peroxide (H2O2) to prevent infection [6], [34]. These 
reactive species can significantly weaken metallic biomaterials' passive film [34], [42], and 
Ti-based biomaterials are prone to dissolution under such conditions [34], [43]. 

Therefore, metallic biomaterials that are very corrosion-resistant and behave well under 
normal human body conditions might be subject to corrosion during implantation due to 
changing conditions. However, corrosion essentially occurs in any case when these materials 
are implanted in the human body, albeit very slowly at some finite rate. Thus, the 
acceptable corrosion rate in the literature is usually stated to be up to 1 µm/year [3], [35]. 
This way of expressing the corrosion rate is called the corrosion penetration rate (CPR) 
because it represents a loss-in-dimension vertical to the corroding surface per unit time [3]. 

Regarding the artificial human body fluids, four classes of exposure environments are 

distinguished: physiological, biophysiological, biological, and pericellular [6]. From the 

viewpoint of corrosion properties of metallic biomaterials, the physiological exposure 

environment is usually relevant, where inorganic chemical composition and thermal 

conditions are controlled to normative mammalian values. Thus, simulated body fluid 

(SBF) is sometimes simply a so-called physiological solution, i.e. an aqueous solution of 0.9 

wt% NaCl. However, some more complex solutions include several different salts, e.g., 

Ringers solution, Hanks' solution, artificial saliva, etc. [6]. Hanks' solution, for instance, 

includes commonly eight different salts with possible variations in concentrations: NaCl, 

KCl, NaHCO3, CaCl2, MgCl2, MgSO4, Na2HPO4, KH2PO4, and glucose as an organic 

component [31]. It is assumed that it closely simulates the corrosion conditions of the 

human body. 

1.3.2.1 Corrosion of SS316L 

This is a section. Some more text. Some more text. Some more text. Some more text.  Some 
SS316L is susceptible to localized corrosion, primarily pitting and crevice corrosion [31], 
[44]. One early study showed that more than 90% of the implanted SS316L showed damage 
due to pitting and crevice corrosion [45]. In another study, however, it was reported that 
in addition to local corrosion attacks, the main reason for the failure of SS316L implants 
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was fatigue corrosion [46]. Regarding the corrosion mechanism of SS316L, the reactions of 
Fe corrosion should be considered as the main component in this alloy. Assuming neutral 
electrolyte and the presence of dissolved oxygen, as is common in the human body, iron(III) 
oxide (Fe2O3) or hematite is formed by the electrochemical reaction that begins with the 
transfer of electrons from Fe to O in the environment. Therefore, the cathodic reaction is 
the ORR (Eq. 1.5). This half-cell reaction consumes electrons released by the anodic half-
cell reaction of Fe oxidation to the oxidation state (+2) (Eq. 1.8). The coupled 
electrochemical reaction occurring at different sites on the same metal surface is given by 
Eq. 1.9 [33], [47]. 

 Fe → Fe2+ + 2e− (1.8) 

 2Fe + O2 + 2H2O → 2Fe2+ + 4OH− (1.9) 

In the aqueous environment containing oxygen, the oxidation reaction of Fe continues 
up to the oxidation state (+3) (Eq. 1.10), which is necessary for the formation of the 
Fe2O3. Then, soluble Fe ions in the aqueous environment form Fe hydroxides (Eq. 1.11 
and 1.12) [47]. 

 4Fe2+ + O2 → 4Fe3+ + 2O2− (1.10) 

 Fe2+ + 2H2O ⇆ Fe(OH)2 + 2H+ (1.11) 

 Fe3+ + 3H2O ⇆ Fe(OH)3 + 3H+ (1.12) 

Finally, in the last step, different oxides, iron(II) oxide (FeO), iron(III) oxide-hydroxide 
(FeOOH) and iron(III) oxide (Fe2O3), are formed through dehydration reactions (Eq. 1.13 
– 1.15) [47]. Therefore, water and dissolved oxygen availability determine which corrosion 
product will form. Various anions, cations, and organic molecules present in the human 
body can also be incorporated into a mixture of Fe oxides. 

 Fe(OH)2 ⇆ FeO + H2O (1.13) 

 Fe(OH)3 ⇆ FeO(OH) + H2O (1.14) 

 2FeO(OH) ⇆ Fe2O3 + H2O (1.15) 

The presence of the other alloying elements in SS316L that can also be released into 
the body should also be considered. Ni is known for its allergenicity and can cause 
dermatitis and skin rashes [28], [29]. The other element that is also problematic is Cr; it is 
also an allergen and causes ulcers and nervous system disorders [35]. However, Cr is 
essential for the passivity of stainless steel. The inner layer of the passive film is rich in a 
mixture of Cr(III) and Fe(II,III) species, while the outer layer is mainly enriched in Fe 
(II,III) species [13], [48]. In addition, oxides of other elements (Ni, Mo, Mn) may also be 
present in the passive film [13]. 
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1.3.2.2 Corrosion of cp-Ti 

Although cp-Ti is very resistant to corrosion due to the natural formation of a passive film, 
it is susceptible to fatigue and fretting corrosion [35]. Both in vitro and in vivo experiments 
showed that H2O2 may cause the release of Ti ions from cp-Ti due to hyper oxidation of 
its surface [32], [42], [43]. In addition, Ti passivity can be destroyed by the action of F ions, 
which in interaction with Ti form aqueous complexes [49]. This problem mainly relates to 
using Ti and its alloys in orthodontics due to the addition of F ions in toothpastes [49], 
[50].  

Generally, Ti passive film consists of an inner layer that is compact near-stochiometric 
titanium (IV) oxide (TiO2), while the outer layer is a mixture of some Ti oxide-hydroxides 
and hydrates, which is defective, porous and rich in water [51]. Dissolution of TiO2, which 
has a protective role, has been proposed to occur via chemical or electrochemical 
dissolution. Chemically, when Ti is present in a strong and reducing acid, its passive film 
is reduced to Ti oxidation state (+3) (Eq. 1.16) [52]. On the other hand, electrochemically, 
it has been proposed that Ti in the passive film is reduced to (+3) in the form of Ti 
oxide-hydroxide (TiOOH) (Eq. 1.17), followed by its dissolution (Eq. 1.18) [53], [54]. 

 TiO2 + H2O + H+ → Ti(OH)3
+ (1.16) 

 Ti + 3TiO2 + 6H2O → 4TiOOH · H2O (1.17) 

 TiOOH · H2O + 3H+ → Ti3+ + 6H2O (1.18) 

In oxidizing conditions, the pure Ti is gradually oxidized to oxidation state (+3) (Eq. 
1.19), and then with presence of more dissolved oxygen, it goes up to (+4) (Eq. 1.20) 
[55]. The Ti4+ ion is subsequently hydrolyzed to form hydrated Ti oxide (Eqs. 1.21 and 
1.22) [56], followed by the formation of less hydrated Ti oxide and finally insoluble TiO2 
(Eq. 1.23) [57], [58], i.e. re-passivation occurs. Therefore, Ti may be corroded in strongly 
reducing acids by reducing its passive layer, but it tends to re-passivate in the presence of 
oxygen [49]. 

 Ti → Ti3+ + 3e− (1.19) 

 Ti → Ti4+ + 4e− (1.20) 

 Ti4+ + 2H2O → [Ti(OH)2]
2+ + 2H+ (1.21) 

 Ti4+ + 4H2O → Ti(OH)4 + 2H+ (1.22) 

 Ti(OH)4 → TiO2−x(OH)2x + (2 − x)2H2O (1.23) 

In addition to good insulating properties, Ti passive film stimulates the precipitation of 
Ca phosphates [25]. This is a very important process as it results in hydroxyapatite 
formation [59], one of the principal components of bone, and it allows good biocompatibility 
of Ti-based materials [25]. However, regardless of the good biocompatibility and corrosion 
resistance of cp-Ti, possible cases of its corrosion should also be considered. Typical 



12 Chapter 1. Introduction  

consequences of cp-Ti corrosion are bone loss due to inflammatory reactions, 
hypersensitivity and allergies to released Ti ions, and yellow nail syndrome [60]. 

1.4 Biocompatibility and Antibacterial Properties of 

Biomaterials 

In addition to corrosion resistance closely related to biocompatibility [61], antibacterial 
properties of the biomaterial are also often desired. When a biomaterial is implanted, there 
is a competitive process where host and pathogenic cells, i.e. bacteria, attempt to colonise 
its surface, also called “race for the surface” [62]. 

1.4.1 Biocompatibility of biomaterials 

The main requirement for using a biomaterial has long been the need for it to be safe and 
completely inert in the biological environment and that it should not affect the environment 
itself. This concept of biocompatibility has resulted in selecting a group of metallic, ceramic 
and polymeric biomaterials that are widely used today [63]. However, in practice, 
biocompatibility is far more complex. One of the recent definitions of biocompatibility is 
“the ability of a biomaterial to perform its desired function for a medical therapy, without 
eliciting any undesirable local or systemic effects in the recipient or beneficiary of that 
therapy, but generating the most appropriate beneficial cellular or tissue response in that 
specific situation, and optimizing the clinically relevant performance of that therapy” [64]. 
According to this definition follows that a certain degree of biological activity is needed for 
biomaterials. Bioactivity is necessary for tissue engineering, drug and gene delivery 
systems, and generally where interactions between biomaterials and tissue components are 
essential. 

When a biomaterial is implanted in vivo, it induces a cascade of reactions in the 
biological micro-environment through the interaction with body fluids, proteins and various 
cells [25]. The sequence of local events often leads to the classic foreign body response, 
which develops a fibrous collagen sheath, which encapsulates the implant and separates it 
from the normal tissue. The two crucial factors that manage a host response to 
implantation of a biomaterial are the chemical composition and surface topography. 
Therefore, they regulate processes such as adsorption of ions and biomolecules such as 
proteins, formation of calcium phosphate layers, and interaction with different types of 
cells (e.g. macrophages, osteoblasts and fibroblasts) [25], [63], [65]. The nature of the initial 
interface between a biomaterial and tissue or bone determines an implant's ultimate success 
or failure.  

The most conducted biocompatibility tests for materials for implantation are 
cytotoxicity tests. These are often done in vitro exploring fibroblast cells, which are the 
cells of connective tissue and play a critical role in wound healing, and osteoblast cells, 
which are responsible for bone synthesis. Mesenchymal stem cells (MSCs) might also be 
used for biocompatibility tests. These are adult stem cells and are isolated from different 
tissue of mammals, e.g. bone marrow and adipose tissue. Since they are multipotent cells, 
they can give rise to developing adipogenic (fat), chondrogenic (cartilage), osteoblastic 
(bone), myoblastic (muscle) and fibroblastic (connective tissues) cells [65]. Although 
human cells are also used, these cells are commonly derived from animal models [65]. The 
behavior of these cells in contact with the test biomaterial can be assessed using liquid 
extracts of the biomaterial or directly on the metal surface. The evaluation is usually 
performed by fluorescence spectroscopy and fluorescence microscopy using fluorescent 
substances for staining and detecting cell nuclei and their cytoskeleton. 
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1.4.2 Antibacterial properties of biomaterials 

Antibacterial surface implies the ability to resist the initial attachment of bacteria by either 
exhibiting an antiadhesive or bactericidal effect. Antiadhesive surfaces may resist bacterial 
attachment due to specific surface physical properties, such as topography or surface 
energy, which are unfavorable for bacteria attachment. Antiadhesive surfaces can be 
hydrophilic but also superhydrophobic. The adsorption of surface protein and bacterial 
adhesion can be managed by controlling the electrostatic properties. On the other hand, 
bactericidal surfaces may disrupt the physiological functions of bacteria, causing their 
death due to their chemical composition or the presence of chemical agents [66]. 

Upon implantation, materials may be contaminated by skin colonizing bacteria or 
bacteria present in the blood or body fluid coming from an infection in another part of the 
body. These bacteria adhere to the material's surface to derive nutrients and as a self-
preservation strategy to evade an immune response. The main factor in bacteria 
attachment and biofilm formation is a thin layer of proteins that rapidly forms on the 
implant's surface after implantation. Therefore, the ideal implant surface should inhibit 
nonspecific protein adsorption and bacterial adhesion while promoting or even selectively 
promoting cellular adhesion, depending on the application [67]. Namely, as most bacteria 
have a net negative charge on the outer membrane, adhesion of bacteria is discouraged on 
negatively charged surfaces and promoted on positively charged surfaces [68], [69]. 
However, it also depends on the biological characteristics of the bacteria, i.e. Gram-positive 
or Gram-negative bacteria and their size, shape and adhesins present on the bacterial 
surface [70].  

The formation and development of bacteria and biofilm on implanted biomaterial 
consists of four steps. In the first step, bacteria are brought into contact with the surface 
by gravitational forces, Brownian motion or hydrodynamic forces. The biofilm, which 
consists of adhered bacteria and extracellular polymeric substances, is formed in the second 
step. Then, in the third step, the further development of the biofilm consists of the 
proliferation of adherent bacteria and, in most cases, the synthesis of the biofilm matrix. 
The fourth step relates to the maturity of the biofilm and is associated with a specific 
bacterial metabolism and physiology [70]. Essentially, the biofilm formation is influenced 
by the topographical and chemical features of the implant surface. Regarding the surface 
topography and roughness, it is worth noting that the roughness on the macroscopic, micro-
meter and nano-meter scale can have different effects. In this regard, it has been reported 
that many bacteria favored micro-meter-sized concave features such as surface valleys, 
depressions, pits, and edges [67], [71].  

The suppression of implant infection relies either on the bactericidal properties of the 
surface or its surface energy and roughness [66]. In the literature there are studies, which 
are still not in the clinical phase, for incorporation of various bactericidal agents (e.g. 
antibiotics, silver, titanium and fluoride ions) into a particular coating [66], [67], [72]. For 
example, it has been reported in many studies that silver is a very effective bactericide 
with activity against a wide variety of bacteria, such as Pseudomonas aeruginosa, 
Staphylococcus aureus, Staphylococcus epidermidis and Escherichia coli [66]. These strains 
are relevant for surgical infections. On the other hand, modification of surface topography 
is carried out by various physical techniques for production of anti-bacterial surfaces that 
do not necessarily change the chemical composition of the surface [70].  

To summarize, it is challenging to develop a biomaterial with excellent antibacterial 
properties without compromising biocompatibility. Furthermore, considering the 
previously described requirements related to corrosion and mechanical properties of 
materials, the challenge is even more significant. 
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1.5 Surface Treatment Processes 

Many different techniques have been developed to modify biomaterials' surfaces and 
increase their functionality and lifespan. These techniques can be divided to improve 
biocompatibility, corrosion, and wear properties of specific biomaterials [7]. 

A technique known to improve the wear resistance of biomaterials is ion implantation 
which takes place without modifying the surface finish or the bulk properties of the material 
[73]. For biomedical purposes, the implantation of N ions was usually applied to both 
SS316L and cp-Ti [73], [74]. Surface texturing techniques that modify the material surface, 
most often by changing roughness, include plasma treatment, electropolishing, anodic 
oxidation, sandblasting and acid etching [7]. These techniques mainly focus on improving 
biocompatibility and antibacterial properties [7], [70].  

Another way to improve the surfaces of metallic biomaterials can also be performed by 
simply depositing a thin coating or film over the material's surface. In this way, the release 
of harmful metal ions into the surrounding tissue can be effectively prevented, i.e. the 
occurrence of corrosion can be minimized. Some of the thin film deposition techniques are: 
physical vapor deposition (PVD) such as sputtering [75] and ion beam deposition [76], 
chemical vapor deposition (CVD) [77], pulsed laser deposition (PLD) [78], sol-gel dip 
deposition [79], electrodeposition [80], etc. [3], [7]. They are mainly used for the deposition 
of synthetic Ca hydroxyapatite, with a complex formula Ca10(PO4)6(OH)2, which is 
characterized by the ability to form direct bonding with surrounding bone or tissue [81]. 
Hydroxyapatite and similar phosphate materials simulate the naturally formed 
hydroxyapatite in the human body and have excellent biocompatibility [73]. 

Further, another interesting materials for modifying the biomaterial's surface are 
various ceramic materials. For example, alumina (Al2O3) has been used for a long time in 
biomedicine in bulk form. In addition, it has also been used in the form of a coating after 
deposition on Ti-based implants in metallic form and anodically oxidized [82], [83]. Some 
of the other ceramic materials that have found application as biomaterials are titania 
(TiO2), zirconia (ZrO2), titanium nitride (TiN), zirconium nitride (ZrN), silicon nitride 
(Si3N4), titanium-niobium nitride (TiNbN) and diamond-like carbon (DLC) [83]. The main 
reason for using ceramic materials for implantation is their tendency to be a suitable 
substrate for forming natural hydroxyapatite after implantation [84], [85]. In addition, 
various ceramic materials in the form of a coating can provide corrosion protection of 
metallic biomaterials due to their insulative properties [83]. One technique that is still 
under development and offers the possibility of deposition of various ceramic materials is 
atomic layer deposition (ALD) [86]. 

1.5.1 Atomic layer deposition  

The atomic layer deposition (ALD) technique that was developed in the 1960s and 1970s 
is a member of the widely used chemical vapor deposition (CVD) techniques and was 
initially commercialized for the production of thin films in microelectronics [87], [88]. 
Interest in this technique came from the possibility of forming thin, nanometric films with 
high thickness uniformity and conformity on very complex nano-shaped surfaces or even 
inside nano-porous materials [89], [90]. This feature can be crucial for some applications in 
biomedical engineering and biotechnology [91]. Another feature of ALD is the possibility 
of forming defect- and impurity-free films based on a pure gas-to-solid chemical reaction, 
which is crucial in corrosion protection [92].  

A schematic illustration of the ALD process is shown in Fig. 1.4 on the example of 
alumina. The process consists of four steps:  
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− In the first step, a first gaseous precursor is introduced into the reaction chamber 
and produces a monolayer of the first precursor on a substrate surface. Herein, 
aluminum(III) chloride (AlCl3) is taken as an example. Consequently, hydrogen 
chloride (HCl) is released as a by-product. 

− Then, the chamber is purged with neutral gas (e.g. nitrogen or argon) to remove 
the excess unreacted and unbound precursors and by-products. 

− In the third step, a second gaseous precursor, usually an oxidizing precursor such 
as water (H2O) in this case, is introduced in the chamber and reacts with the 
first deposited precursor through a surface chemical reaction. 

− Finally, the chamber is purged again to remove the unreacted second precursor 
and by-product of the chemical reaction, i.e. HCl, as in the first step. It results 
in a monolayer of pure alumina (Al2O3) deposited in the solid state on the 
substrate. 

 

Figure 1.4: Schematic illustration of the ALD process on the example of alumina formation. 

By repeating this cycle, the thin film is formed layer by layer, so it is usually said that 
ALD thin film grows in a self-limiting manner. Due to this, it is possible to obtain a 
nanometrically accurate thickness of the desired deposit on a suitable substrate by 
controlling the number of cycles. Essentially, the whole process is based on the surface 
gas-to-solid chemical reaction, which in the case of alumina deposition, can be expressed 
by Eq. 1.24. 

 2AlCl3(g) + 3H2O(g) → Al2O3(s) + 6HCl(g) (1.24) 

The first precursor should be efficiently adsorbed by physical or chemical bonds on the 
substrate surface [88]. In the case of chemical bonds, i.e. chemisorption, which is desirable 
due to their strong bonding, this first step usually occurs on the hydroxyl groups (‒OH) 
present on the surface of the desired substrate. Therefore, each cycle of the ALD reaction 
is a two-step process because, firstly, the first precursor is bound to the surface, then the 
second oxidizes it and so forth. 

Depending on the precursors used, the ALD reaction can occur under certain pressure 
and temperature conditions. Thus, typical values of pressure and temperature during the 
ALD process are between 1 and 10 mbar, and from 100 C to 500 C, respectively [88]. 
Temperature is of particular importance because it crucially affects the feasibility of a 
particular ALD process. Fig. 1.5 presents the so-called temperature window diagram, 
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Figure 1.5: Temperature window for ALD process [88]. 

where the deposition or growth rate is shown as a function of temperature. If the 
temperature is very high, then the first precursor may be decomposed on the surface before 
having time to react with the second precursor. Alternatively, if the first precursor is stable, 
it may still be desorbed from the surface before having the chance to react with the second 
precursor. 

On the other hand, if the temperature is too low, the precursor could be adsorbed into 
more than one monolayer per cycle (or even condensed into liquid or solid on the surface). 
Finally, at low temperatures, the reaction rate may be so slow that the reaction time may 
be too long (e.g. hours) compared to the reasonable ALD cycle time (e.g. seconds), i.e. 
there is no time to form a monolayer [88]. Therefore, precursors can form monolayers in a 
specific temperature range by gas-to-solid chemical reaction and produce an ALD thin film. 
For this reason, the suitability and properties of the ALD precursors are another aspect of 
the ALD technique that should be considered. 

Because of the sequential nature of ALD, precursors can be divided into 
metal-containing precursors (or precursors that contain an element of interest) and 
non-metal precursors used for oxidation or reduction of the first precursor. The 
metal-containing precursors are mostly inorganic coordination complexes with a metal 
center surrounded by ligands and organometallic compounds. Some of the commonly used 
complexes in ALD processes are halides, alkoxides, carbonyls and N-coordinated 
compounds (e.g. amides, amidinates), while organometallic precursors are mostly metal 
alkyls and cyclopentadienyl-type compounds [93]. The most widely used and most 
researched ALD process is between aluminum alkyl, trimethylaluminum (Al(CH3)3 or 
TMA) and water [94]. Regarding the non-metal precursors, the most used oxidizing 
precursors for metal oxides deposition are H2O, H2O2, N2O4, N2O, O2 and O3, the choice of 
which depends on the selected metal precursor. In the simplest case, H2O is used as an 
oxygen source, and indeed it often readily reacts with many metal halides, alkyls, and 
alkoxides. In a non-oxidizing regime, hydrogen gas (H2) is perhaps the most widely used 
reducing agent, but it is quite inert to typical metal precursors and relatively high 
deposition temperatures are needed to maintain ALD reactions [88]. In addition, it is good 
to note that modifications of ALD allow the reaction to be carried out at room temperature 
by so-called energy-enhanced ALD. The most common modifications are plasma or UV 
light, which provide reactive species in ALD processes [93]. 
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1.5.1.1 Atomic layer deposition for biomedical applications 

The first proposal on using ALD thin films for biomedical implants appeared in the patent 
from 2006 [95], while the first article that considered the application of ALD thin films in 
corrosion protection was published in 1999 [92]. Today, due to the many advantages, it is 
researched more and more as a technique for various applications in medicine and 
biotechnology [91], [96]. It has been proposed that ALD thin films of various materials 
could impart biologically relevant surface properties such as biocompatibility, bioactivity, 
electrical properties, and optical properties [91]. For example, due to the excellent control 
of thin-film thickness and the possibility of low-temperature deposition of high-quality thin 
films, ALD films have been proposed for use in biosensors, bioassays and different 
bioelectronic applications [91]. Further, as different ceramic materials have been shown to 
have biocompatible behavior when implanted, many studies have focused on modifying 
implant materials by ALD ceramic thin films to improve their biocompatibility [96]. Since 
biocompatibility and corrosion properties are closely related, ALD functional thin films 
have also been studied as corrosion protection for various orthopedic, dental and 
cardiovascular implants [96]. 

1.6 Literature Review  

In general, ALD alumina thin films have been investigated on different substrates for 
protection against corrosion under different conditions [92], [97]–[102], including biomedical 
applications. As presented above, once implanted, biomaterials such as cp-Ti and SS316L, 
during their implant lifetime, are susceptible to dissolution and associated with the release 
of potentially harmful metal ions into the body. Hitherto published studies on ALD films, 
aiming for the protection of different biomaterials, have been focused mainly on thin films 
from alumina (Al2O3) [103]–[106] and zirconia (ZrO2) [107]–[109], and from bioactive titania 
(TiO2) [108], [110], [111] and hydroxyapatite (HA) [112]. Alumina used as a bulk 
implantable material has a corundum-like structure, i.e. crystalline α-Al2O3, which allows 
its excellent stability and usability as an implant material for many years [113], [114]. 
Besides, it is known as a ceramic material with excellent biomechanical and biocompatible 
properties [82], [115]–[117]. However, alumina obtained in the form of a thin film by the 
ALD method, especially at temperatures below 600 C, is always amorphous and can have 
significantly different properties than in the bulk form [118], [119]. In one study, ALD 
alumina was reported to be a suitable substrate for growing human coronary artery smooth 
muscle cells [104]. Additionally, the possibility of functionalizing its surface with 
hydrophilic or hydrophobic molecules, which can be used to control cell development, was 
emphasized. 

Unlike alumina, which has been extensively researched and applied in biomedicine, 
another ALD metallic oxide, hafnium(IV) oxide (hafnia HfO2), has not been studied 
frequently for similar purposes. It has been widely investigated for electronic applications 
as a dielectric or high-κ material [120] obtained by the ALD [121], [122], and by other 
methods [123], [124]. Only one short conference paper about ALD hafnia for biomedical 
purposes has been published, but it dealt only with antibacterial properties on different 
bacterial strains [125]. It has been shown that hafnia and zirconia (zirconium(IV) oxide, 
ZrO2) have better antibacterial properties compared to alumina and titania [125]. 
Essentially, there is only one published paper on the potential use of hafnia coating for 
biomedical purposes, but it has been obtained by anodic oxidation [126]. It has been 
reported that hafnia possesses good cytocompatibility and affinity for proteins, and with 
an enhanced antibacterial effect [126]. There are several studies on pure metal Hf as an 
alternative metal in biomedical applications; it is much heavier but chemically very similar 
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to Ti, and analogously passivated with a protective layer of the hafnia. In vivo experiments 
showed that Hf when implanted in a mammal’s tissue, have the same response as Ti [127]. 
Another study showed that Hf has good biocompatible and osteoconductive behavior [128], 
which refers to bone growth in contact with the implant. The protective properties of 
hafnia ALD thin films have been scarcely researched but have good insulating and barrier 
properties due to its high dielectric properties [99]. Also, an interesting feature of the ALD 
hafnia thin film is that crystallinity of the amorphous hafnia increases with increasing 
deposition temperature in the range of 100 to 350 C [129], [130]. This property can be 
used in this convenient range of temperatures to easily control the crystallinity and, 
consequently, other properties related to surface protection. 

One of the ideas that often appeared in the research of ALD films as a means of 
corrosion protection is the combination of different metal oxides in one film, i.e. multilayer 
structure of a thin film, aiming to exploit good properties of both types of oxides. Studies 
have been performed on a combination of amorphous alumina and polycrystalline titania 
ALD multilayers deposited on stainless steel [92], [97], [103] and copper [98]. The authors 
reported improved barrier properties in different corrosive environments compared to their 
single-layer variants in all these cases. As an explanation for the efficiency of ALD 
multilayer films, it is proposed that the combination of the amorphous layer, e.g. alumina, 
and polycrystalline layer, e.g. titania, provides good protective properties due to the 
combination of good barrier properties of uniform amorphous layer and good chemical 
stability of polycrystalline layer [92], [97]. 

1.7 Structure of the Thesis 

This thesis is divided into four studies. The first three have already been published in the 
form of original scientific papers, given as references: 

1. Study 3.1 – The effect of cp-Ti surface preparation on the protective properties 
of ALD Al2O3 and HfO2 films [131]. 

2. Study 3.2 – The effect of thickness of ALD Al2O3 films deposited on cp-Ti and 
SS316L on their protective properties [132]. 

3. Study 3.3 – The effect of ALD multilayer structure Al2O3-HfO2-Al2O3 deposited 
on cp-Ti and SS316L on their protective properties [132]. 

4. Study 3.4 – Biocompatibility and antibacterial properties of ALD Al2O3 and HfO2 
thin films deposited on cp-Ti and SS316L. 

The following hypotheses were postulated in the thesis: 

1. The smooth surface of metal substrates, SS316L and cp-Ti, allows the formation 
of higher quality alumina and hafnia ALD thin films, in terms of surface 
protection and barrier properties, than the rough surface. 

2. The thickness of ALD thin films is critical for providing barrier corrosion 
protection. 

3. The protective properties of multilayer ALD thin films, obtained by combining 
alumina and hafnia, are improved compared to a single layer of pure alumina 
ALD thin film of the same thickness on both substrates SS316L and cp-Ti. 

4. Alumina and hafnia ALD thin films have better biocompatibility and 
antibacterial properties than metal substrates, SS316L and cp-Ti. 
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Chapter 2 

2 Materials and Methods 

2.1 Specimen Surface Preparation 

SS316L and cp-Ti specimens in the shape of the disc of 2.0 mm in thickness and 15 mm in 
diameter, supplied by GoodFellow Cambridge Ltd., were used as substrate materials. The 
cp-Ti was grade 2, with a high purity of 99.6%, and SS316L with the composition of the 
main alloying elements as follows: 18 wt.% Cr, 10 wt.% Ni and 3 wt.% Mo, rest Fe, as 
reported by the supplier. 

Both materials were polished until a mirror-like surface appearance. The polishing 
procedure consisted of two steps: 1st – grinding with 500-grit SiC emery papers, and 2nd 
– polishing with silica (SiO2) suspension (OP-S) with a particle size of 0.25 μm, with the 
addition of the chemical reagents, 30% H2O2 and 25% NH4OH (Merck KGaA). Following 
the polishing step, specimens were cleaned in 99.6% ethanol (Merck KGaA) using an 
ultrasonication bath Elmasonic P series (Elma Schmidbauer GmbH) for 15 min and then 
dried with high-pressure nitrogen gas. This polishing procedure was used for all studies. 
Exclusively, in study 3.1. cp-Ti specimens were also used as roughly ground. The grinding 
was performed using 500-grit SiC papers until a uniform surface was achieved. 

All specimens, ground or polished, were, before the ALD deposition processes, stored 
overnight (ca. 16 h) in a vacuum desiccator filled with commercial hygroscopic silica gel to 
ensure uniform surface conditions. As an additional substrate for ALD depositions, Si-
wafers coated with a 450 nm thick SiO2 thermal oxide were used as control specimens due 
to their perfect smoothness. 

 

2.2 ALD Deposition Processes 

A TFS 200 system by Beneq Oy, was used to deposit alumina (Al2O3) and hafnia (HfO2) 
thin films of different thicknesses in single and multilayer combinations. Alumina was 
deposited using trimethylaluminum (Al(CH3)3 or TMA (Fig. 2.1 a), 99.99% PURATREM, 
STREM Chemicals Inc.) as the first precursor. Hafnia was deposited using 
tetrakis(ethylmethylamido)hafnium(IV) (Hf[N(CH3)(C2H5)]4 or TEMAH (Fig. 2.1 b), 
99.99% PURATREM, STREM Chemicals Inc.) as the first precursor. Milli-Q water 
(resistivity 18 MΩ cm2 at 25 (C, Billerica, MA) was used as the second precursor for both 
types of thin films. 

For alumina thin films, the ALD cycle consisted of a 0.35 s TMA dose, a 1 s N2 purge, 
a 0.3 s water dose and a 1 s N2 purge, and with an expected growth rate per cycle (GPC) 
of 1 Å/cycle on a smooth surface. For hafnia, the ALD cycle consisted of a 0.5 s TEMAH 
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Figure 2.1: Structure formulas of ALD precursors a) TMA and b) TEMAH. 

dose, a 1 s N2 purge, a 0.2 s water dose and a 1 s N2 purge, and with an expected GPC of 
0.96 Å/cycle on a smooth surface. 

Depending on the experimental goals in each study, depositions were performed at 
different numbers of cycles, i.e. different thicknesses of alumina and hafnia were deposited, 
respectively, and at different temperatures. Table 2.1 shows how many ALD cycles were 
used, what film thicknesses were expected for each study, respectively, and at what 
temperatures the depositions were performed. The table highlights in yellow the parameters 
related to the deposition of multilayer films as a combination of alumina and hafnia layers. 
Multilayer structure consists of 20 nm hafnia layer in a sandwich of two alumina layers of 
20 nm. Expected thicknesses for all ALD films were calculated according to previous 
depositions on Si-wafers (not published) and GPC values for alumina and hafnia, 
respectively. In study 3.4, deposition was performed at two different temperatures as 
stated, and therefore the thicknesses of ALD films may vary significantly from 
expectations. 

As substrates, cp-Ti specimens were used in study 3.1, while in all other studies both 
cp-Ti and SS316L specimens were used. Additionally, Si-wafers were used as control 

Table 2.1: ALD parameters for alumina, hafnia and multilayer thin films in each study. 
Parameters related to multilayer thin films are marked yellow. 

 Alumina depositions Hafnia depositions 

 No. of 

cycles 

Expected 

thickness 

(nm) 

Temp. 

(°C) 

No. of 

cycles 

Expected 

thickness 

(nm) 

Temp. 

(°C) 

Study 3.1 1000 100 nm 160 1050 100 180 

Study 3.2 
200 20 

180 – – – 
600 60 

Study 3.3 

600 60 180 

*210 *20 *180 *200 + 

200 
*20 + 20 *180 

Study 3.4 600 60 
180 

630 60 
180 

260 260 
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specimens, as will be described below. Exceptionally in studies 3.2. and 3.3 one group of 
the specimens was prepared for cross-section study and surface thickness evaluation. The 
latter specimens were partially masked with adhesive, heat-resistant tape to disable ALD 
deposition on one part of the surface, thus creating a sharp ALD step after adhesive tape 
removal. In Table 2.2, the abbreviated names of all specimens in all four studies are given 
to simplify the interpretation of the results. 

Table 2.2: Abbreviated specimen names for all four studies. 

Study 3.1 

Ti-500 
Ground cp-Ti 

specimens 1h-40d refers to immersion 

time for long-term 

measurements Ti-OPS 
Polished cp-Ti 

specimens 

Studies 

3.2 and 

3.3 

Ti-20AL and SS-20AL 
cp-Ti and SS316L coated with 

ca. 20 nm of Al2O3 thin film 
1h-30d refers 

to immersion 

time for long-

term 

measurements 

Ti-60AL and SS-60AL 
cp-Ti and SS316L coated with 

ca. 60 nm of Al2O3 thin film 

Ti-60ML and SS-60ML 

cp-Ti and SS316L coated with 

ca. 60 nm of multilayer thin 

film 

Study 3.4 

Ti-AL180 and SS-AL180   

Ti-HF180 and SS-HF180 

cp-Ti and SS316L coated with alumina (AL) 

or hafnia (HF) at 180 °C 

Ti-AL260 and SS-AL260   

Ti-HF260 and SS-HF260 

cp-Ti and SS316L coated with alumina (AL) 

or hafnia (HF) at 260 °C 

    

2.3 Electrochemical Measurements 

All electrochemical measurements were performed using potentiostats/galvanostats with 
electrochemical impedance modulus, Autolab PG STAT 302N, PG STAT M204 and PG 
STAT 12, controlled by Nova 2.1.4 software and supplied by Metrohm AG. The standard 
three-electrode system was used with an Ag/AgCl (3 M KCl) electrode (E = 0.192 V vs. 
SHE) as the reference electrode and a carbon rod as the counter electrode. The specimen, 
serving as a working electrode, was tightened in a suitable Teflon holder with a 1 cm2 area 
exposed to the electrolyte solution. All the potentials in the text are given with respect to 
the Ag/AgCl electrode. To simulate human body conditions, the electrochemical tests were 
performed in an Autolab 400 mL corrosion cell thermostated at 37 ± 0.1 °C (Fig. 2.2), 
with Hanks’ solution as the electrolyte with a pH of 7.4. All chemicals used to prepare the 
Hanks’ solution were of p.a. purity and were supplied by Merck and Sigma-Aldrich, and 
its composition is shown in Table 2.3. 
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Figure 2.2: Thermostated 400 mL corrosion cell with a three-electrode system. 

Table 2.3: Chemical composition of the Hanks’ solution. 

Components γ (g dm-3) 

NaCl 8.0 

KCl 0.40 

NaHCO3 0.35 

CaCl2 0.14 

MgCl2·6H2O 0.10 

MgSO4·7H2O 0.06 

Na2HPO4·2H2O 0.06 

KH2HPO4 0.06 

Glucose 1.0 

    

2.3.1 Potentiodynamic polarization 

PDP tests were performed slightly differently depending on the objectives of each study. 
In study 3.1, after stabilization of OCP values for 1 hour, PDP measurements were 
performed from −0.1 V vs OCP (i.e. from the cathodic region) to 4.0 V vs OCP in the 
anodic direction by a scan rate of 1 mV/s. 

In studies 3.2 and 3.3, cyclic PDP tests were performed whose procedures differed for 
SS316L and cp-Ti. First, as in the previous case, all specimens were allowed to rest and 
stabilize for 1 h at the OCP, and the polarization scan rate was the same, 1 mV/s. For 
SS316L, polarization started at −0.1 V vs OCP up to a threshold current density, i.e. when 
the current density has increased by one order of magnitude following the breakdown (Eb) 
of the native passive film. After reaching the threshold, the reverse potential scan (Ev) was 
applied. For ALD-coated SS316L specimens, Ev was set at the point at which current 
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density increased for two orders of magnitude above Eb. For cp-Ti specimens, cyclic PDP 
procedures were the same for bare, and ALD-coated specimens: from −0.1 V vs OCP up 
to 4.0 V followed by applying a reverse potential scan. 

2.3.2 Electrochemical impedance spectroscopy 

Unlike PDP tests, EIS procedures were essentially the same in all studies. First, specimens 
were allowed to rest and stabilize for 1 h at the OCP. Then, EIS tests were performed from 
100 kHz to 1 mHz with an AC excitation voltage of 10 mV around OCP, resulting in 7 
points per frequency decade. In study 3.1, the measurements were carried out after specific 
immersion times: 1 hour, 1 day, 5 days, 15 days and 40 days. In studies 3.2 and 3.3, 
measurements were performed after immersion times: 1 hour, 1 day, 5 days, 15 days and 
30 days, except if the film showed significant changes in barrier properties at another 
immersion time, as stated in the text. 

Because EIS measurements were considered non-destructive, PDP measurements were 
performed after 40 days (study 3.1) and 30 days (studies 3.2 and 3.3) of immersion. These 
results have been compared to those PDP tests recorded after 1 h of immersion (the 
stabilization at OCP). The same procedures were used for these PDP tests as described in 
Section 2.3.1. The theoretical backgrounds of both techniques, PDP and EIS, are given in 
Appendix A. 

2.4 Characterization Techniques 

2.4.1 Stylus profilometry 

The profilometry method determined 3D surface imaging and the roughness of the prepared 
specimens (Bruker DektakXT). The stylus radius was 2 μm, and the applied force was 1 
mg. 3D map resolution was 2 μm/trace and scanned on a surface area of 1 × 1 mm. The 
Bruker Vision 64 and TalyMap Gold 6.2 software were used to create 3D surface 
topography and calculate the mean surface roughness. According to Eq. 2.1, the parameter 
arithmetic average height (Sa) is used to evaluate the surface roughness of the 3D profiles 
[133]. 

 𝑆a =
1

𝑙𝑥

1

𝑙𝑦
 ∫ ∫ |𝑧|

𝑙𝑦

0

𝑙𝑥

0

𝑑𝑥 𝑑𝑦 (2.1) 

where lx and ly are relative lengths of the profiles in x and y directions, respectively. 

2.4.2 Ellipsometry 

The thicknesses of the ALD films were determined using the ellipsometry method (Accurion 
Nanofilm_ep3se). The specimens were illuminated with a laser beam at a wavelength of 
610 nm. The measurements were performed using a range of incidence angles from 45° to 
66°. The experimental data were fitted according to the Cauchy model to determine the 
thickness, using the EP4 modelling software by Accurion. Ellipsometry measurements were 
performed in studies 3.1 – 3.3 on Si-wafers, considered as perfectly smooth surfaces, and 
on ALD-coated cp-Ti specimens in air. 
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2.4.3 Scanning electron microscopy and energy-dispersive X-ray 

spectrometry 

Morphological features and chemical composition were investigated using a scanning 
electron microscope (SEM) and equipped with an energy-dispersive X-ray spectrometer 
(EDXS): 

− Field-emission SEM (Fe-SEM) JEOL JSM-7600F and EDXS Oxford Instruments 
INCA. 

− SEM Carl Zeiss EVO-40 and EDXS Oxford Instruments INCA. 

− FE-SEM JEOL SM-7610F Plus equipped with EDXS Oxford Instruments INCA. 

− Quanta 400 FEG ESEM equipped with EDXS EDAX Genesis X4M. 

In studies 3.1 – 3.3., SEM imaging and EDXS analyses were performed at beam 
acceleration voltages from 1 kV to 5 kV to gather information on the topmost surface of 
the ALD films. Different types of detectors inside SEM were used; for secondary electrons 
(SE) to obtain insights into the morphology of the specimen surfaces and for back-scattered 
electrons (BSE) to get information on the composition. The EDXS analysis should be 
considered a semi-quantitative technique since the interaction volume is higher than the 
film thickness. The depth at which analysis took place was simulated using CASINO 
software v2.48 (monte CArlo SImulation of electroN trajectory in sOlids). 

2.4.4 Focused ion beam 

Cross-section surfaces were obtained using a focused ion beam (FIB) instrument (FEI 
Helios 650 Nanolab and EDXS Aztek) with Ga+ ions as etching beam (study 3.1). Before 
analysis, a 1 μm thick Pt protective layer was deposited over the cross-section site as an 
additional protective layer. The cross-section was then made by rough etching of ALD thin 
films followed by fine polishing using a lower current. Then, the cross-section images were 
taken by SEM to check the homogeneity and thickness of the films. 

2.4.5 Time-of-flight secondary ion mass spectrometry 

In study 3.1, time-of-flight secondary ion mass spectrometry (ToF-SIMS) (IonToF ToF-
SIMS 5) was employed to reveal the chemical composition of thin films. The analyses 
providing the depth profiles of the thin films were obtained using a beam of Bi+ ions of 30 
keV and 1 pA delivered over a 50 × 50 μm area of the specimen surface. The sputtering of 
the thin films was performed by using an O2+ sputtering ion beam of 2 keV and 545 nA 
over a 400 × 400 μm area and by Ar+ sputtering ion beam of 2 keV and 380 nA over the 
same surface area. Considering the nanometric thickness of the films, only Si-wafers were 
used as substrates aiming to provide a very sharp interface substrate/ALD film and, 
consequently, more accurate and precise characterization. 

2.4.6 X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) (Physical Electronics PHI-TFA XPS) surface 
analysis was used in studies 3.2 and 3.3. The analyzed area was 0.1 mm2, and the depth 
analysis was 3–5 nm. As the source of X-rays, a monochromatic Al emitting photon at an 
energy of 1486.6 eV was used. Depth profile analysis was obtained using a 1 keV Ar+ ion 
beam rastering over an area of 3 × 3 mm, with a sputtering rate of 1.0 nm min−1. XPS 
spectra were analyzed by Multipack V8.1 C software (Physical Electronics Inc.) and 
normalized relative to the C 1 s peak at 284.8 eV. 
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2.4.7 Atomic force microscopy and scanning Kelvin probe force 

microscopy 

Atomic force microscopy (AFM) (Digital Instruments Nanoscope IIIa Multimode) coupled 
with scanning Kelvin probe microscopy (SKPFM) were performed in the air at 25 ± 1 °C 
with an approximate relative humidity of 28%, with a pixel resolution of 512 × 512, zero-
bias voltage, and a scan frequency rate of 0.2 Hz (study 3.2). Surface morphology and 
Volta potential difference (VPD) of prepared specimens were analyzed, specifically on 
specimens prepared with an ALD step, as described above. In the first scan, AFM 
topography data were obtained using the tapping mode, and then, in the second scan, the 
VPD (employing the SKPFM) on a surface was measured by lifting the tip up to 100 nm 
and passing once more over the surface in the non-contact mode. The scanned surface area 
was 100 x 100 μm. The WSxM software was used to process and edit the obtained results 
[134]. 

2.4.8 Vickers hardness test 

The hardness test has been used exclusively in study 3.3 to test the resistance to 
delamination in an improvised way, i.e. the detachment resistance of the ALD films from 
cp-Ti and SS316L substrates [97]. The method is based on measuring the area of the ALD 
film that has cracked and detached from the substrate when applying different loads of the 
pyramidal Vickers indenter. The ALD-coated specimens were used and subject to load 
conditions marked as HV2.0, where applied force is around 20 N. 

2.4.9 X-ray diffractometry 

X-ray diffractometry (XRD) (Empyrean, Malvern PANalytical) was used to estimate the 
crystallinity of the ALD films deposited only on cp-Ti specimens in study 3.4 using grazing 
incidence (GI-XRD) mode, with Cu Kα1 radiation (λ = 1.5406 Å) at 45 kV and 40 mA. A 
hybrid monochromator with a 1/16° slit was used on the incident beam side, and a parallel 
plate collimator with a 0.27° opening was used on the diffracted beam side. The GI angle 
(ω) was fixed at 1°, and the X-ray patterns were collected in the 2θ range from 20° to 80° 
with a step size of 0.02°. 

2.4.10 Transmission electron microscopy 

Transmission electron microscopy (TEM) (JEM-2010F, Jeol Ltd.), equipped with Gatan 
PEELS system, Oxford Instruments EDS ISIS 300 system, STEM detector (BD, ADF, 
HAADF) and Gatan Orius camera, was used for detailed structural investigations of cp-Ti 
specimens coated with hafnia thin films (study 3.4). For this purpose, the specimens were 
prepared as lamellas using FEI Helios Nanolab 650, focused ion beam (FIB) technique. 
Firstly, the specimens were protected with an electron deposited Pt layer of 300 nm and 
an additional ion deposited Pt layer of 2.5 μm. Then, the preparation of lamellas began 
with ion milling with Ga+ ions as an etching beam. Final polishing was performed with 
Ga+ ions at 1 kV/100 pA for 1 min on each side, enabling the removal of the amorphous 
residue and gallium artefacts. The final thickness of lamella was below 50 nm. 



28 Chapter 2. Materials and Methods  

2.5 Biological Assays 

This part of the research was carried out in collaboration with the Institute for Research 
& Innovation in Health (i3S) in Porto. All specimens were prepared at the Jožef Stefan 
Institute (JSI) (Section 2.1) and were sent for testing at i3S. 

2.5.1 Biocompatibility 

Biocompatibility assays were performed in two ways: incubating the specimens and using 
their extracts and directly seeding the cells on the specimen surfaces. Specimens were 
sterilized by immersion in serial dilutions of ethanol (90, 70, and 50 % (v/v)) and rinsing 
with autoclaved deionized water followed by phosphate-buffered solution (PBS) for 15 min. 
Human bone marrow-derived mesenchymal stem cells (hMSCs - Lonza) were used to 
perform both types of assays. Unless mentioned otherwise, all reagents were obtained from 
Sigma in analytical grade. 

2.5.1.1 Assays with extracts 

Extracts were obtained by placing each specimen in 7 ml of Dulbecco’s modified eagle 
medium (DMEM – 21885025 Thermo Fisher Scientific) with low glucose supplemented 
with 1% (v/v) penicillin-streptomycin (15070063 – Thermo Fisher Scientific) and 
incubating overnight in an orbital incubator at 37 °C and 180 rpm. The following day, 
specimens were removed, and the extracts supplemented with 10% (v/v) fetal bovine serum 
(FBS – 10094563 Thermo Fisher Scientific) previously inactivated by heat. A 1% (v/v) 
solution of Triton X-100 (BP151-500 – Sigma Aldrich) prepared in a fresh culture medium 
was used as a positive control for cell death.  

Cells were seeded at a density of 1.5x104 viable cells/cm2 (as determined by the trypan 
blue assay) in 96-well tissue culture plates (353072 - Falcon) with 3 replicates for each 
sample type, subsequently treated with the extracts and kept at 37 °C in a humidified 
atmosphere of 5% CO2. At the end of each culture period (24 h, 48 h and 72 h), the cell 
viability and morphology were assessed using a resazurin-based assay and 
immunocytochemistry at the end of experiment (72 h). A schematic representation of the 
implementation of the assays with extracts is shown in Fig. 2.3. 

 

Figure 2.3: Schematic representation of the performance of the assays by using extracts. 
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2.5.1.2 Test by direct contact 

1.1x104 viable cells/cm2 (as determined by the trypan blue assay) were directly seeded per 
specimen, added medium for culturing (DMEM) and maintained at 37 °C in a humidified 
atmosphere of 5% CO2. At the end of each culture period (1st and 7th day), the cell 
viability and morphology were assessed using a resazurin-based assay and 
immunocytochemistry at the end of the experiment (7th day).   

2.5.1.3 Resazurin Assay 

To monitor cell metabolic activity and infer about cell viability, a resazurin assay was 
performed in both cases, from extracts and with direct contact of cells with specimens, as 
described above. Resazurin is a blue, non-fluorescent molecule that several cell enzymes 
reduce to a pink, fluorescent product called resorufin. The amount of resorufin produced is 
directly proportional to the number of living cells. A resazurin solution (0.1 mg / mL in 
PBS) was added to each well with a cell culture medium to a final concentration of 10% 
(v/v). After 3 h of incubation at 37 °C, 200 µL of the medium was transferred into a black-
walled plate, and fluorescence was measured at excitation and emission wavelengths of 530 
and 590 nm, respectively (Synergy Mx microplate reader – Biotek Instruments). 

2.5.1.4 Immunocytochemistry 

To assess cell morphology, at the end of the experimental period for each case, 72 h and 7 
days, respectively, the cell culture medium was removed, and cells were fixed with 4% 
(w/v) p-formaldehyde (30525-89-4 – TCI) in PBS for 15 min. Cytoskeletal filamentous 
actin (F-actin) was stained by incubating cells with Alexa Fluor 488 phalloidin (a12379 - 
Invitrogen), 5 U/mL, for 30 min in the dark. Cells were then washed three times with PBS, 
and cell nuclei were counterstained with Hoescht 33342 (H3570 - Invitrogen). Samples were 
imaged with an inverted epifluorescence microscope (Leica DMI6000 FFW). 

2.5.2 Antibacterial properties 

Antibacterial properties were assessed by incubating the specimens with the bacteria 
Staphylococcus aureus (ATCC 25923). First, all prepared specimens were sterilized twice 
by immersion in 70 % (v/v) ethanol for 15 min, then rinsed three times with sterile MilliQ 
water, dried with Ar and stored in a 24-well plate saturated with Ar. 

A drop (35 µL) of bacterial inoculum at a concentration of 1×107 CFU/mL was placed 
on the surface of the specimen and covered with a polypropylene film. Specimens were then 
placed in a 24-well plate inside a humidified box to avoid evaporation and left to incubate 
at 37 °C for 2 h. After incubation, the polypropylene film was removed, then 1 mL of sterile 
PBS was added to each sample, i.e. the content was collected (supernatant) and diluted 
for colony forming units (CFU) counting. Then specimens were rinsed three times with 
PBS and prepared for SEM analysis to visualize adherent bacteria or processed to detach 
adherent bacteria by sonication. 

To detach adhered bacteria, a protocol described here [135] was followed. Specimens 
were transferred to 50 ml Falcon tubes containing 1 mL of 0.5 % (v/v) Tween 80 in PBS 
and then sonicated (BactoSonic®, BANDELIN) at 160 W for 15 min, placed on ice for 5 
min and vortexed, and sonicated again for 15 min. Then, serial dilutions were prepared 
and plated for CFU counting of bacteria directly adhered to the surface of the tested 
specimens. 
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2.5.2.1 Scanning electron microscopy 

Specimens were prepared according to a procedure described here [136]. After collecting 
supernatants, specimens were washed three times with PBS, as described above. The 
adherent bacteria were then fixed with a freshly prepared solution of 1.5% glutaraldehyde 
in 0.14 M of sodium cacodylate buffer for 30 min at room temperature. After fixation, the 
specimens were rinsed twice with deionized water and dehydrated using a growing 
ethanol/water gradient (50%, 60%, 70%, 80%, 90% and 99% (v/v)), maintaining the 
specimens in each solution for 10 mins. Then, 1 mL of hexamethyldisilazane was added to 
each specimen, and they were left to dry overnight. The specimens were placed onto SEM 
pin stubs (TED PELLA, Inc., USA) using carbon tape and sputtered with an Au/Pd thin 
film (15 mA, 60 s) to improve their conductivity. The surface topography and chemical 
composition, and bacteria morphology and distribution, were characterized by SEM. 
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Chapter 3 

3 Results and Discussion 

3.1 The Effect of cp-Ti Surface Preparation on the 

Protective Properties of ALD Al2O3 and HfO2 Films 

3.1.1 Surface morphology 

The 3D surface profiles of ground and polished specimens were obtained using the 
profilometry method. These specimens, designated as Ti-500 and Ti-OPS, respectively, are 
prepared according to the procedures described in Section 2.1.  

For ground specimens, the range of Sa was 200 nm, while polished specimens, with very 
smooth surfaces, had Sa values in the range of 10 nm, i.e. one order of magnitude smaller 
(Figs. 3.1 a-f). The main feature of the thin films grown by ALD is that they follow, 

 

Figure 3.1: 3D surface profiles of differently prepared bare and coated specimens of cp-Ti 
and their roughness values (Sa) obtained by profilometry, a) bare, ground cp-Ti surface; 
b) ground cp-Ti surface coated with alumina; c) ground cp-Ti surface coated with hafnia; 
d) bare, polished cp-Ti surface; e) polished cp-Ti surface coated with alumina; f) polished 
cp-Ti surface coated with hafnia. Small arrows in polished specimens denote the spots from 
which the SiO2 particles were removed. 
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almost perfectly, the topography of the substrate surface [90], [137]. This property stands 
out, especially for certain films such as alumina, which tend to form an amorphous 
structure with a smooth surface [137]. Some other films, such as hafnia, show the possibility 
of forming a certain amount of polycrystalline structure, which can increase the roughness 
due to the growth of facets on the crystallites [99], [129]. Here we observed that ground 
(Fig. 3.1 a-c) and polished (Fig. 3.1 d-f) surfaces retain their roughness after deposition 
of the two ALD thin films, alumina and hafnia, since the Sa values, before and after 
depositions, differed negligibly. Accordingly, hafnia grown at the relatively low temperature 
of 180 °C probably does not show the very high crystallinity that would cause a significant 
increase in the roughness. Moreover, after the deposition of both thin films on ground 
surfaces, the roughness was slightly decreased, confirming a smoothing effect [138], [139]. 
Some irregularities (tiny bumps noted by arrows in Fig. 3.1 d-f) were noticed on polished 
surfaces. It will be shown below that these features, caused by the removal of SiO2 particles 
during specimen preparation, could theoretically trigger agglomerate or crystallite 
formation, particularly for hafnia. 

A comparison of the SEM images of the ground and polished cp-Ti surfaces shows a 
significant difference in the surface morphology (Fig. 3.2). Ground specimens exhibit a 
rough surface with random longitudinal scratches (Figs. 3.2 a,b). In contrast, the 
polishing procedure revealed the Ti grains (Figs. 3.2 c,d). The microstructure is typical 
of coarse-grained titanium, with relatively large grains of several tens of micrometers. H2O2 
and NH4OH added to the OP-S polishing suspension improve the removal rate of the cp-Ti 
surface, thus producing a reproducible, mirror-like surface appearance [140]–[142]. However, 
different removal (etching) rates and/or grain orientations may produce a 

 

Figure 3.2: SEM images of the ground and polished cp-Ti surfaces from the a) secondary 
electrons and b) backscattered electrons showing the morphology and composition of the 
ground cp-Ti surface, c) secondary electrons, and d) backscattered electrons, each showing 
the morphology and composition of the polished cp-Ti surface. White arrows denote SiC 
particles embedded in the ground cp-Ti surface; black arrows denote oxygen-rich areas on 
the polished cp-Ti surface. Magnification was 250× and beam acceleration voltage 5 kV. 
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non-perfectly smooth surface at grain boundaries. The polishing with added H2O2 and 
NH4OH may exhibit increased hydrophilicity of the surface [143], which helps the uniform 
growth of ALD films [144].  

The interaction between cp-Ti and the mixture of H2O2 and NH4OH during the 
polishing allows subsequent chemical dissolution and oxidation of the cp-Ti surface. An 
enlarged SEM image of grains on cp-Ti surface is presented in Fig. 3.3 a, and the 
corresponding EDXS analysis on the surface is given in Table 3.1. The surface is covered 
by a titanium oxide layer with the main constituent titanium and oxygen. Some 
longitudinal sites are slightly richer in oxygen (spectra 1, 2 and 3). Note that at smaller 
magnification, these spots are observed as black lines (Figs. 3.2 c,d). The formation of 
oxygen-rich areas can be related to the action of H2O2 and NH4OH reagents during polishing 
and the formation of Ti peroxide [145], [146] and, even, superoxide [143]. The formation of 
Ti peroxide over the entire surface of cp-Ti could provide surface protection and improve 
the biocompatibility of the cp-Ti surface [145], [146]. However, from the aspect of 
researching the barrier properties of ALD thin films, it is not of great importance since the 
entire cp-Ti surface is covered with ALD film anyway. 

 

Figure 3.3: SEM images of a) polished cp-Ti surface, recorded using the back-scattered 
electrons, magnification was 2,000×, b) the embedded SiC particles in the Ti-OPS surface 
coated with alumina, recorded using the secondary electrons; magnification was 2,300×, 
and d) the site of the removed SiO2 particle, recorded using the secondary electrons; 
magnification was 22,000×. The beam acceleration voltage was 5 kV. 

Table 3.1: Results of EDXS analysis on polished cp-Ti surface shown in Fig. 3.3 a. 

Spectrum Ti (at %) O (at %) 

1 92.5 7.5 

2 93.3 6.7 

3 92.8 7.2 

4 94.3 5.7 

5 94.4 5.6 

   

At some spots on ground specimens, residues of SiC particles embedded in the surface 
were observed (white arrows in Figs. 3.2 a,b). Several other features are evident in 
polished specimens (Figs. 3.2 c,d). cp-Ti is a soft and ductile metal whose surface is 
susceptible to deformation by the action of hard particles from grinding and polishing 
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treatments. These particles can also be embedded in the surface [147]. The polishing 
processes predominantly remove the embedded SiC particles originating from the emery 
papers or SiO2 particles originating from the polishing suspension. Only some isolated 
particles were detected on the specimen surface (Fig. 3.3 b). Several unrelated particles, 
ascribed to contamination, were also detected on the surface, although very rarely. The 
much smaller SiO2 particles could be very tightly embedded in the surface, remaining there 
after rinsing with distilled water and ultrasonication in ethanol. However, thanks to the 
polishing procedure and extensive ultrasonic cleaning, SiO2 particles were removed 
effectively from the surface, but dents and holes of regular circular shape remained at such 
spots (Fig. 3.3 c). Arrows note these features on 3D surface profiles in Figs. 3.1 d-f.  

On coated specimens, the dents and holes represent the sites, i.e. defects and edges, 
where agglomerates and crystallites are formed during the ALD process and could affect 
the growth of the ALD films. However, these formations can also form spontaneously, i.e. 
regardless of surface morphology, which has been proven for perfectly smooth surfaces of 
Si-wafer as a substrate and is shown in Appendix B. SEM analysis showed that 
agglomerates of nanometer size (denoted by white arrows) were formed over the entire 
surface (Fig. 3.4). For hafnia thin film (Fig. 3.4 b), the amount of very small 
agglomerates was substantial compared with alumina (insets in Fig. 3.4 a). Contaminant 
particles formed due to transport and specimen handling are denoted with black arrows 
(Fig. 3.4). Distinctive features, several micrometers of length, were observed throughout 
the surface (black circles). They are formed on alumina and hafnia thin films but were 
more visible on the former due to the fewer ALD agglomerates. These irregular features 
are likely related to the growth of ALD films on oxygen-rich sites and/or grain boundaries 
(Figs. 3.2 c,d). 

 

Figure 3.4: SEM images recorded using secondary electrons of a) alumina and b) hafnia 
thin films deposited on the Ti-OPS surface. Magnification was 10,000 and 50,000 (insets) 
and beam acceleration voltage 2 kV. White arrows denote ALD agglomerates or crystallites, 
black arrows denote larger agglomerates, and black circles denote distinctive irregular 
features grown on oxygen-rich sites of the substrate. 

3.1.2 Chemical composition and thickness 

The interfaces between ALD thin films and polished Si substrates can be observed on the 
compositional depth profiles obtained by the ToF-SIMS technique. Due to the high 
smoothness of the polished Si-wafers, this border is sharp enough to estimate the 
thicknesses of ALD thin films. Signals for Al+ and AlO+ for alumina (Fig. 3.5 a) and Hf+ 
and HfO+ for hafnia thin film (Fig. 3.5 b) are shown. Si+ and SiO+ were used as the 
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signals of the substrate. The ToF-SIMS depth profiling is a valuable method for analyzing 
thin films, but the ratio of different ion intensities does not provide quantitative 
information on thin films [148]. Thus, due to the significant variation in ionization 
probabilities between different chemical elements and compounds, ToF-SIMS can only be 
considered a qualitative method. In the compositional profiles, the difference is noticeable. 
Al, as a relatively light element, can be very easily ionized from the Al2O3 compound, where 
it gives an abundance of positive ions, while Hf, which is known as a hard metal, shows 
much poorer ionization, by more than one order of magnitude, from the HfO2 compound 
(Fig. 3.5). 

 

Figure 3.5: Compositional depth profiles with the calculation of the thickness of a) the 
alumina ALD thin film with the characteristic signals of Al+ and AlO+ and b) the hafnia 
ALD thin film with the characteristic signals Hf+ and HfO+. Characteristic signals of Si 
substrates are Si+ and SiO+ ions. 

When considering the thickness of ALD thin films, we cannot rely solely on the GPC 
and number of cycles because of substrates of different chemistry and roughness. The ALD 
films can have different growth rates and densities. A thickness of 100 nm was expected 
according to the recipe developed previously on perfectly polished Si wafer specimens. 
However, this study has proven that on the polished cp-Ti, the thickness can vary 
significantly and deviate from the expected one. Also, shortcomings of different methods 
when determining the thickness were detected. Reliable data on thickness were only 
obtained by direct measurement using SEM analysis at the cross-section site. 

To estimate the thicknesses of ALD thin films, the time at which an intensive increase 
in Si+ signal occurred was taken to indicate that the interface has been reached (Fig. 3.5). 
Etching rates were ca. 0.2 nm/s for alumina and ca. 0.5 nm/s for hafnia thin films because 
different etching conditions were used. Both were determined by using a thin film of SiO2 
of known thickness as standard. Based on the obtained parameters, the thickness of the 
ALD thin film can be calculated as a product of the time the interface with the silica 
substrate is reached and the etching rate (Fig. 3.5). Accordingly, the thickness of the ALD 
alumina would be ca. 58 nm and that of the ALD hafnia film ca. 132 nm. These results in 
both cases show a significant deviation from the expected thickness of 100 nm. The reason 
is the difference in chemical composition and density between the ALD films and the 
standard used. Therefore, a more suitable standard should be taken for both thin films. A 
similar problem with ALD thin films was observed in another study, where the glow 
discharge optical emission spectroscopy technique was used for estimating thickness [97].  
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Ellipsometry was taken as the second method for thickness evaluation. The thicknesses 
of the film deposited on Si-wafers were around 100 nm, as it has also been confirmed by 
FIB-SEM observation (see Appendix B), but this was not the case for cp-Ti substrates. 
The obtained values were 108 nm (±1 nm) for alumina and 109 nm (±1 nm) for hafnia 
thin films on Ti-OPS, which is very close to the expected value of 100 nm. The thickness 
has been only reliably determined at the FIB cross-section of the thin films using direct 
SEM observation (Fig. 3.6). This method measured the thickness of ca. 160 nm for 
alumina (Fig. 3.6 a) and ca. 150 nm for hafnia (Fig. 3.6 b) thin films. Note that the 
measured thickness may vary from site to site by a couple of nanometers due to 
agglomerates on the surface of the ALD films, especially in the case of hafnia. Cross-section 
SEM is representative of the thickness of the ALD films (Figs. 3.6) but does not show 
clearly the presence of agglomerates. Accordingly, the presented results emphasize that 
great care must be taken when determining the thickness of ALD thin films. Evaluation 
based on comparing a particular property of the analyzed and standard materials or a 
theoretical model can result in an incorrect result. 

 

Figure 3.6: SEM image, obtained by secondary electrons, of the ALD thin films on the FIB 
cross-section sites of a) alumina and b) hafnia deposited on the polished cp-Ti surface. 
Magnification was a) 50,000× and b) 80,000× and beam acceleration voltage 2 kV. 

The ALD films deposited on rough Ti specimens were not subjected to the FIB/SEM. 
However, it can be estimated from the thicknesses obtained by ellipsometry. They were 
115 nm (± 1 nm) for alumina and 116 nm (± 1 nm) for hafnia, but since they are unreliable, 
it is expected that both thickness values are slightly higher compared to smooth surfaces. 
As proved here, the ALD method tends to form thicker deposits on rough surfaces [99]. 
Therefore, in the absence of an appropriate theoretical model, ellipsometry as a fast and 
non-destructive method may only be used as an assistant method for estimating the 
thicknesses of these films. 

The composition of the ALD films was determined using EDXS at the top surface (Fig. 
3.7) and the FIB cross-section (Figs. 3.8). The expected chemical composition of both 
thin films was confirmed (Fig. 3.7). Besides the pronounced peaks for O, and Al and Hf, 
respectively, the strong peaks for C are also visible originating from the carbon thin films 
deposited to prevent the charging effect of the specimens. Although this technique should 
thus be considered semi-quantitative, it can be stated that the experimental Al:O ratio is 
2:3, in accordance with the stoichiometric ratio in alumina, and Hf:O is 1:2, as is expected 
for the stoichiometric ratio in hafnia (Fig. 3.7). 

The FIB/EDXS analysis at the cross-section provided crucial information concerning 
the structure of ALD films. Both ALD films were compact and uniform, with no 
deformation sites or cracks (Figs. 3.8). EDXS analyses confirmed this visual information 
since only Al, Hf and O atoms were detected. Signals of particular elements overlap, 
especially for the hafnia thin film, due to contamination of particular layers with elements  
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Figure 3.7: SEM images obtained from backscattered electrons and EDXS spectra recorded 
on the surface of a) alumina and of b) hafnia ALD thin film on the polished cp-Ti surface. 
White rectangles at the SEM images are spots where EDXS analyses were made. 

 

Figure 3.8: SEM images of the cross-section site made by FIB of a) alumina and b) hafnia 
with EDXS mapping recorded at the white rectangle. SEM images were recorded using the 
secondary electrons under magnification of 40,000×; beam acceleration voltage was 2 kV. 

from adjacent layers during the etching process by FIB. ALD films follow the substrate 
surface, so there is no indication of delamination. 

EDXS revealed specific characteristics of the polished cp-Ti surface related to the effect 
of the combined action of H2O2 and NH4OH (Figs. 3.2 c,d). The SEM investigation of the 
polished cp-Ti surface covered with alumina ALD thin film revealed larger and smaller 
dark flecks or spots (Fig. 3.9). According to EDXS mapping analysis, these spots were 
enriched in Ti and O atoms, indicating the enhanced formation of passive TiO2 film. As 
the second explanation, the possibility of thermally induced spreading of Ti peroxide during 
heating in the ALD chamber must be considered. Namely, since random sites enriched in 
oxygen on the uncoated polished surface (Fig. 3.3 a, Table 3.1) are ascribed to the 
formation of Ti peroxide, its growth and spreading could occur at increased temperatures 
before the ALD deposition. Although the formation of the Ti peroxide and its thermal 
treatment correlates with the improved protective properties of the cp-Ti surface [145], its 
role under ALD thin film is negligible. Even so, the formation of oxide/peroxide below the 
ALD film does not affect the uniformity and compactness of the ALD films, as confirmed 
by the SEM investigation (Fig. 3.6). 



40 Chapter 3. Results and Discussion  

 

Figure 3.9: SEM images obtained from backscattered electrons and EDXS mapping analysis 
recorded at the surface of alumina ALD thin film on the polished cp-Ti surface. Mapping 
was recorded within the white rectangles. 

3.1.3 Electrochemical properties 

3.1.3.1 Potentiodynamic polarization 

PDP curves recorded for ground (Ti-500) and polished (Ti-OPS) bare cp-Ti specimens 
following immersion of 1 hour and 40 days at the OCP in Hanks’ solution are presented in 
Fig. 3.10. After 1 hour of immersion, the current density increased exponentially from 
Ecorr to ca. 0 V and −0.2 V for Ti-500 and Ti-OPS, respectively, when a broad passive 
plateau was established. At more positive potentials, the growth of highly insulating passive 
film prevailed and continued up to 2.5 V and 2.8 V, when the current density increased 
due to oxygen evolution reaction [149], [150]. XRD and XPS studies showed that the oxide 
layer on Ti-20Nb-10Zr-5Ta alloy and pure Ti [151] consists of a disordered mixture of 
amorphous Ti oxide and suboxide, i.e. TiO2 and Ti2O3, when formed at potentials up to 1 
V. At more positive potentials, the layer is completely transformed into passive TiO2. It 
seems that the same process occurs here, i.e. at 0 V for Ti-500 and −0.2 V for Ti-OPS, the 
oxide film was transformed into amorphous TiO2, which provided a broad, passive plateau 
of the current density. The formation of the crystalline TiO2 passive film was reported to 
occur at higher potentials of ca. 5 V [149], [152] and associated with the passive film's 
breakdown.  

After 40 days of immersion of Ti-500 and Ti-OPS specimens, the Ecorr values were 
shifted to more positive values, i.e. by 0.6 V and 0.25 V, respectively (Fig. 3.10). This 
indicates that, after prolonged immersion, the oxide film contributed to the surface 
passivation. The strong shift of the Ti-OPS curve to smaller current density and more 
positive potentials may be related to the presence of the Ti-peroxide gel, as well as to the 
formation and continued growth of the mixture of oxides and suboxides in the passive film 
during 40 days. The increase in the current density was halted entirely at potentials below 
1 V. At more positive potentials, the long-immersed Ti-OPS specimen showed the same 
characteristics as those after 1 h of immersion, i.e. the passive film consisted of TiO2. In 
the case of Ti-500, the jcorr increased slightly at prolonged immersion, an observation that 
will be interesting to compare with EIS results (vide infra). The shape of the PDP curves 
was similar as at the beginning of immersion. So, on the Ti-500 specimen, which was 
initially not covered by the modified passive film, i.e. Ti-peroxide gel, as with Ti-OPS, a 
disordered passive film was formed during 40 days. Its properties are affected by stresses  
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Figure 3.10: PDP curves of bare ground and polished, Ti-500 and Ti-OPS, specimens 
recorded in Hanks’ solution after 1 hour and after 40 days of immersion at the open circuit 
potential. dE/dt = 1 mV/s. 

present in the film on the rough surface [153], making it an inadequate insulation barrier 
for establishing a constant current density. In contrast, Ti-OPS exhibits better corrosion 
resistance under simulated conditions of the human body after prolonged immersion. 

ALD-coated cp-Ti specimens significantly reduced jcorr values after 1 hour at the OCP 
(Fig. 3.11). Compared to uncoated specimens, alumina-coated cp-Ti specimens showed 
much smaller jcorr by ca. three orders of magnitude. It is worth noting that alumina thin 
films did not significantly alter the shape of the PDP curves of bare cp-Ti specimens, nor 
do the Ecorr values, suggesting that the alumina does not show specific electrochemical 
activity. Therefore, the ALD technique produced insulative and electrochemically inert 
alumina thin film [99], [137].  

 

Figure 3.11: PDP curves for bare and ALD-coated cp-Ti specimens recorded in Hanks’ 
solution after 1 h of immersion at the OCP: a) ground, Ti-500, specimens and b) polished, 
Ti-OPS, specimens. dE/dt = 1 mV/s. 
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Unlike alumina thin films, hafnia showed a positive shift in Ecorr after deposition on 
Ti-500 and Ti-OPS specimens, of 0.2 V and 0.15 V, respectively (Fig. 3.11). As a high-κ 
gate dielectric material, hafnia provides additional electrical insulation of the cp-Ti surface 
and, thus, excellent barrier properties. 

All electrochemical parameters (corrosion potential, Ecorr, corrosion current density, jcorr, 
and calculated polarization resistance, Rp) for bare and ALD-coated specimens are shown 
in Table 3.2. These values were determined to evaluate the electrochemical porosity of 
ALD films on differently prepared cp-Ti surfaces. The polarization resistances were 
calculated using the Stern-Geary equation (Eq. 3.1): 

 𝑅p =
B

𝑗corr

=
|𝑏a| · |𝑏c|

2.3 · (|𝑏a| + |𝑏c|) · 𝑗corr

 (3.1) 

where B is the Stern-Geary constant, and ba and bc are the slopes of the anodic and cathodic 
branches. For uncoated specimens, jcorr was determined as the intersection of tangents to 
cathodic and anodic branches. For coated specimens, the jcorr was determined as the 
intersection of the tangent to the anodic branch and the Ecorr line. 

There are several methods for calculating the porosity of thin films (P) [154], but in 
electrochemistry, the equation introduced by Tato and Landolt (Eq. 3.2) is mainly used 
[155]. This equation corresponds to the ratio of the Rp of the bare and coated specimens. 

 𝑃 =
𝑅p

𝑅pALD

· 100 (3.2) 

where RpALD is polarization resistance of ALD-coated specimens. 
Later, this equation was complemented to Eq. 3.3 [156], and used in many recent 

papers to describe the porosity of PVD and CVD films to be used as protection against 
corrosion [99], [154], [157], [158]. The total porosity of the coating (P) determined using 
Eq. 3.3. takes into account additional electrochemical parameters: 

 𝑃 =
𝑅p

𝑅pALD

· 10
−(

Δ𝐸corr
𝑏a

)
· 100 (3.3) 

where ΔEcorr is the difference in the corrosion potentials between the bare and coated cp-Ti 
specimens, E is the difference between Ecorr and Ecorr ALD, and ba refers to the anodic Tafel 
slope of the bare cp-Ti substrate. Here, P-value was calculated using both equations. 

According to the calculated porosity, hafnia generally shows lower porosity than 
alumina thin films regardless of the equation used (Table 3.2). This difference in porosity 
between hafnia and alumina is particularly highlighted in the Ti-OPS specimen.  Deposited 
hafnia reduced jcorr by more than three orders of magnitude for Ti-500 and even more for 
the Ti-OPS specimen (Fig. 3.11). The Rp increased accordingly, reaching values in the 
range of GΩ·cm2. Since the values of Rp and E (E=|Ecorr - EcorrALD|) are the basis for 
calculating porosity, the changes of these parameters are reflected in the final values. 
Moreover, porosity is calculated in relation to the parameters of uncoated specimens, so it 
should be taken into account that polished specimens generally have larger Rp values. The 
E for hafnia-coated specimens is broader; consequently, the porosity differs considerably 
depending on whether Eq. 3.2 or 3.3 have been taken for the calculation. All these factors 
result in different trends in porosity for alumina- and hafnia-coated specimens. For 
alumina, the porosity is higher for polished specimens regardless of the equation used. This 
higher porosity may be related to the fact that both alumina-coated specimens exhibit 
similar Rp, so the relative increase compared to the uncoated substrate is smaller for the 
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Table 3.2: Corrosion parameters and porosity of bare cp-Ti specimens and ALD-coated 
specimens deduced from PDP curves recorded after 1 h immersion at the open circuit 
potential. 

 
Ecorr / V 

vs. Ag-AgCl 

|ΔEcorr| / V 

vs. Ag-AgCl 

jcorr / 

A·cm-2 

Rp / 

Ω·cm2 

P / % 

(Eq. 3.2) 

P / % 

(Eq. 3.3) 

Ti-500 -0.561 -- 4.7 × 10-8 8.0 × 105 -- -- 

Ti-OPS -0.421 -- 1.4 × 10-8 2.6 × 106 -- -- 

Ti-500 

alumina 
-0.549 0.012 2.3 × 10-11 3.3 × 108 0.24 0.20 

Ti-OPS 

alumina 
-0.445 0.024 3.5 × 10-11 2.2 × 108 1.18 0.80 

Ti-500  

hafnia 
-0.352 0.209 2.0 × 10-11 6.3 × 108 0.13 0.05 

Ti-OPS 

hafnia 
-0.273 0.148 1.1 × 10-11 1.8 × 109 0.14 0.01 

   

polished specimen. Also, note that alumina grows as an amorphous film and is difficult to 
crystallize, regardless of the surface irregularities, i.e. on both surfaces, it retains the same 
protective properties [137]. Hafnia tends to be denser (or less porous) on the polished cp-Ti 
surface if the porosity is calculated considering the E (Eq. 3.3). In contrast, no difference 
in calculated porosity concerning the surface roughness was observed if E was excluded 
(Eq. 3.2). Note that the absolute Rp value for hafnia deposited on Ti-OPS is higher than 
on Ti-500 specimen (opposite to results for alumina), which indicates good protection 
properties. 

3.1.3.2 Electrochemical impedance spectroscopy 

PDP tests showed that the ALD films on the ground and polished cp-Ti specimens have 
excellent barrier properties and low porosity. The following step was to perform long term 
EIS measurements to monitor their barrier properties for 40 days. The uncoated cp-Ti 
specimens significantly differed in impedance and phase angle values during 40 days 
(Fig. 3.12). For Ti-500, the phase angle slightly decreased in the mean frequency range, 
reflecting a decrease in the protective properties of the passive film with immersion time 
(Fig. 3.12 a). In contrast, the Ti-OPS specimen’s impedance and phase angle values 
continuously increased during 40 days (Fig. 3.12 b). Thus, Ti-OCP exhibited better 
protective properties at the beginning of the test than Ti-500 and showed a continuous 
improvement. This is predominantly due to the progressive growth of the oxide layer [159], 
[160], which seems to be more efficient on the polished surface. It should be noted that 
there is a high possibility of the formation of insulative phosphate precipitates from the 
Hanks’ solution on the surface [161], [162]. Therefore, the chemical-mechanical treatment 
of the cp-Ti surface can improve the passivation process significantly in Hanks’ solution 
and/or increase the susceptibility to precipitation of phosphate species. Mechanical 
treatment alone, i.e. grinding, did not significantly improve the long-term passivation 
process. The EIS results (Fig. 3.12) can be correlated to PDP curves after 40 days of 
immersion (Fig. 3.10); for Ti-500, Ecorr was shifted slightly more positive, but jcorr was even 
slightly larger, and a plateau of current density was not established at potentials above 1 
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Figure 3.12: Bode plots of bare cp-Ti specimens recorded over 40 days of immersion in 
Hanks’ solution at 37 °C for a) ground cp-Ti and for b) polished cp-Ti specimen. 

V. This means that the long-term protective properties of the passive film on Ti-500 were 
poorer than that of Ti-OPS, thus confirming EIS results. 

EIS spectra of ALD-coated alumina (Fig. 3.13), and hafnia (Fig. 3.14) indicate 
significantly higher impedance values than bare specimens. The impedances at the lowest 
frequency of 0.001 Hz (|Z|0.001 Hz) were taken as values when evaluating these films' 
protective properties (Fig. 3.15). |Z|0.001 Hz of alumina-coated Ti-500 was negligibly lower 
after 1 hour of immersion than that of Ti-OPS. However, after immersion of 40 days, this 
difference was more noticeable and was 0.2 order of magnitude favoring the Ti-OPS (Fig. 
3.15). For alumina-coated Ti-500, the|Z|0.001 Hz decreased to the 10th day of immersion and 
remained constant at longer immersion times. The phase angle dropped after 15 days (Fig. 
3.13 a), indicating the weakening of the alumina film. In contrast, alumina-coated Ti-OPS 
show stable impedance and phase angle values over 40 days (Fig. 3.13 b). The alumina 
ALD thin films, therefore, retain their barrier properties better on the polished cp-Ti 
surface. 

For hafnia-coated specimens, the difference between Ti-500 and Ti-OPS specimens was 
much more pronounced than alumina (Fig. 3.14). The |Z|0.001 Hz after 1 h was larger by 
more than one order of magnitude favoring the hafnia-coated Ti-OPS, but after immersion  

 

Figure 3.13: Bode plots of alumina-coated cp-Ti specimens recorded during 40 days of 
immersion in Hanks’ solution at 37 °C for a) a ground cp-Ti and b) a polished cp-Ti 
specimen. 
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Figure 3.14: Bode plots of hafnia-coated cp-Ti specimens recorded during 40 days of 
immersion in Hanks’ solution at 37 °C for a) a ground cp-Ti and b) a polished cp-Ti 
specimen. 

for 40 days, this difference was reduced (Fig 3.15). Over 40 days, the impedance and 
phase angle of the hafnia on Ti-500 progressive increased (Fig. 3.14 a). The EIS response 
looks similar to that of the progressive passivation of bare Ti-OPS (Fig. 3.12 b). It seems 
that the changes in Bode plots reflect the passivation of the cp-Ti surface through the 
pores of the ALD film. The calculated porosity of the hafnia thin film is very low, i.e. 0.05 
% (Table 3.2), but it still appears to allow the additional passivation reflected in the 
increase in phase angle during immersion (Fig. 3.14 a). In contrast, the hafnia on the Ti-
OPS specimen showed better stability (Fig. 3.14 b). The almost constant and very high 
impedance and the phase angle over 40 days confirm its smaller porosity of only 0.01 % 
(Fig. 3.14 b, Table 3.2). 

Briefly, both alumina and hafnia thin films on cp-Ti specimens exhibited high and 
stable |Z|0.001 Hz values, especially when deposited on polished surfaces, during 40 days of 
immersion in Hanks’ solution (Fig. 3.15). Alumina thin film showed relatively good 
stability over immersion time but with a falling trend when deposited on Ti-500. Hafnia  

 

Figure 3.15: Values of |Z|0.001 Hz for ground and polished alumina- and hafnia-coated cp-Ti 
specimens as a function of immersion time in Hanks’ solution at 37 °C. 
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thin film showed excellent stability with continuously high |Z|0.001 Hz values only on the 
Ti-OPS. Alumina and hafnia deposited on Ti-OPS showed larger |Z|0.001 Hz, which retained 
constant values over time. The superior behavior of hafnia is also indicated by the high 
and constant values of phase angles very close to -90° during the whole immersion period. 

3.1.4 Summary 

Smooth and mirror-like polished surface of cp-Ti can be efficiently obtained only by using 
chemical reagents, H2O2 and NH4OH. Both type of surfaces, ground and polished, allow 
uniform deposition and complete coverage of both type of ALD thin films, alumina and 
hafnia. This is evident from PDP tests, as in the case of both types of surfaces and for both 
thin films, a vastly reduced corrosion current density is observed. However, alumina and 
hafnia thin films differ morphologically because hafnia tends to form a lot of tiny 
agglomerates, while this is much less pronounced for alumina.  

Both thin films show significant protective and insulating properties as already 
mentioned and evident from PDP measurements. However, it has been observed that while 
alumina provides equal protection on both types of surfaces, the protective properties of 
hafnia are affected by the surface roughness. Namely, hafnia on a polished surface allows 
a significantly greater reduction in the corrosion current density than on the ground 
surface. 

However, EIS measurements have provided much more relevant information on 
protective properties over time in simulated human body conditions. Both thin films, 
alumina and hafnia, showed a significant increase in impedance magnitude and phase angle 
values. As it was found by PDP tests, EIS confirmed that alumina and hafnia thin films 
have different dependence of protective properties on surface roughness. Alumina showed 
an evident decline in protective properties only after 15 days of immersion under test 
conditions, while hafnia showed significantly weaker protection immediately after 1h of 
immersion. Both thin films showed excellent stability on polished surfaces during 40 days 
of immersion. However, hafnia shows exceptional insulating properties, better than 
alumina, continuously throughout the 40 days.  
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3.2 The Effect of Thickness of Al2O3 ALD Films Deposited 

on cp-Ti and SS316L on Their Protective Properties  

3.2.1 Surface morphology 

SEM micrographs of polished cp-Ti and SS316L surfaces are shown in Fig. 3.16. The 
polished cp-Ti surface was the same as in Section 3.1 (Fig. 3.2 c,d) with the coarse-grained 
cp-Ti microstructure with differently oriented crystal grains of 20 to 100 μm in size are 
observed (Fig. 3.16 a). The SS316L exhibits an austenitic microstructure with equiaxed 
grains of the same size, 20 to 100 µm (Fig. 3.16 b). Chemical etchants, H2O2 and NH4OH, 
do not have the same etching effect on SS316L as on cp-Ti, though H2O2 is recommended 
for use in the etching mixture for chemical-mechanical polishing for both materials. Despite 
that, a mirror-like surface was achieved without visual defects and with the same roughness 
as cp-Ti, i.e. order of 10 nm (Section 3.1). 

 

Figure 3.16: SEM images of the a) polished cp-Ti surface and b) polished SS316L surface, 
showing their microstructure and grain outlines. 

SEM micrographs of specimens with ALD steps, prepared using adhesive tape as 
described in Section 2.2, are shown in Fig. 3.17. Due to the very small thicknesses and 
the charging effect in SEM, it was difficult to obtain clear morphological images and 
cross-sections of ALD films at the fracture site. Both thin films, 20AL and 60AL, showed 
a uniform structure with distributed black spots (slightly harder to see with SS316L) on 
both substrates. These are surface features of ALD alumina thin films, possibly related to 
the process of thin film growth. However, these features do not affect the protective 
properties of the films (vide infra), so they are probably not related to porosity. 

Regarding morphology along the entire step, more compact and uniform alumina films 
were obtained for Ti-60AL and SS-60AL (Figs. 3.17 a,c) compared to Ti-20AL and 
SS-20AL thin films (Figs. 3.17 b,d). The thicknesses of these films were also evaluated 

Table 3.3: Thicknesses and RMSE values of ALD thin films deposited on cp-Ti, 
measured by ellipsometry. 

Expected thickness / nm Thickness / nm RMSE 

20 nm Al2O3 20.1 nm ± 1 nm 0.454 

60 nm Al2O3 64.2 nm ± 1 nm 0.561 
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Figure 3.17: SEM images of the step site between ALD film and substrates for the a) 60 
nm of alumina on cp-Ti, b) 20 nm of alumina on cp-Ti, c) 60 nm of alumina on SS316L, 
and d) 20 nm of alumina on SS316L. Arrows denote black spots.. 

by using ellipsometry (only cp-Ti specimens). The values obtained are following expected 
values and are presented in Table 3.3. However, if we consider the increased RMSE values 
and the underestimated values of the ALD film thickness shown in Section 3.1, we can 
expect the thicknesses for both films to be about a few nm higher. 

3.2.2 Short-term electrochemical measurements 

The comparison of cyclic PDP curves of bare and ALD-coated cp-Ti after 1 hour of 
immersion at the OCP in simulated physiological Hanks’ solution at 37 °C is presented in 
Fig. 3.18. The curve for bare cp-Ti reflects the formation of a completely insulating passive 
titania film (Section 3.1).  

Corrosion parameters, Ecorr and jcorr, are almost the same for alumina thin films, Ti-20AL 
and Ti-60AL (Fig. 3.18). In the case of Ti-60AL, Ecorr is shifted more positively by ca. 0.2 
V, compared to cp-Ti, while for Ti-20AL, the shift is ca. 0.1 V. Further, for alumina thin 
films, the jcorr value is reduced by about two orders of magnitude compared to cp-Ti 
indicating that jcorr is not significantly dependent on the film thickness. However, the jpass 
parameter is related to the thickness of the alumina thin films: it was somewhat greater 
for Ti-20AL than for thicker Ti-60AL film. Therefore, with increasing potential, the effect 
of ALD film thickness on the protective properties of cp-Ti was observed. In the reverse 
cycle, the current density decreased for both alumina thin films and for the bare cp-Ti. 
Long-term EIS measurements, however, will reveal more differences between these thin 
films (vide infra). 

The cyclic PDP curves of SS316L showed a different dependence current vs potential 
response (Fig. 3.19) than cp-Ti due to its susceptibility to pitting corrosion [31]. Similar 
to cp-Ti, bare SS316L showed passivation in the anodic region. Following the Ecorr, the 
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Figure 3.18: Cyclic PDP curves recorded in Hanks’ solution at 37 °C for bare cp-Ti, cp-Ti 
coated with 20 nm and 60 nm of alumina thin films. dE/dt = 1 mV/s. 

current density increased initially, and at ca. 0.5 V it reached the plateau with the jpass 
value, i.e. when an insulating passive film is formed. At low potentials, the film is rich in 
Cr and Mo, while at higher potentials, it becomes rich in Fe as well [163]. The passive 
plateau is extended up to the breakdown potential (Eb at 1 V). The passive layer breaks 
down at more positive potentials, and the current density increases abruptly by about one 
order of magnitude due to localized corrosion. In contrast to cp-Ti, there was no 
repassivation in the reverse cycle. This may be associated with the lack of Cr on the surface, 
which would be required for repassivation and cease of pit growth. Since Cr was already 
depleted for the formation of the passive film, the initiation and pit growth have been 
continued.  

As for cp-Ti, ALD-coated SS316L specimens show reduced jcorr by about two orders of 
magnitude compared to bare SS316L. The jpass values were reduced (conditionally speaking) 
even more (Fig. 3.19). The jpass was established within the first 100 mV above Ecorr and 

 

Figure 3.19: Cyclic PDP curves recorded in Hanks’ solution at 37 °C for bare SS316L, 
SS316L coated with 20 nm and 60 nm of alumina thin films. dE/dt = 1 mV/s. 
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was similar for both thin films. The Ecorr shifted positively by about 0.15 V for SS-60AL, 
while for SS-20AL, it shifted slightly negative compared to bare SS316L. 

Both alumina thin films break down at about 1.2 V, slightly more positive than the 
passive film on bare SS316L. At higher potentials, the current density increased rapidly. 
After scan reversal, the loop was formed (Fig. 3.19). The intersection point of the reverse 
and forward curves is at 1 V. This value is called the pitting protection potential (Ep). 
Theoretically, below this potential, there is no risk of pitting corrosion. The loop size 
indicates the level of localized corrosion, which is, in this case, relatively low, i.e. Eb and 
Ep are not far apart. These results show that the ALD alumina films, whether thinner or 
thicker, can indirectly prevent the propagation of localized corrosion on the SS316L 
substrate. This is possible due to the protected surface of the SS316L substrate with the 
thin film, which when in contact with the electrolyte through the pores of the thin film has 
the ability to repassivate. On the other hand, the uncoated SS316L is exposed to a corrosive 
environment throughout the whole range of potential and it is initially passivated but 
repassivation is not possible once when local corrosion starts. 

3.2.3 Long-term electrochemical measurements 

3.2.3.1 Commercially pure titanium 

Results of EIS measurements of bare and ALD-coated cp-Ti specimens during immersion 
for 30 days in Hanks’ solution at 37 °C are shown in Fig. 3.20. The measurement of 
Ti-20AL is shown for up to 15 days only because the protective properties of the film were 
lost soon after immersion (Fig. 3.20 b). Bare cp-Ti showed the usual EIS response 
associated with the passive film formation during the immersion period. Thus, an increase 
in impedance values and widening of the phase angle curve plateau at ca. −85° with 
immersion time can be observed (Fig. 3.20 a). The Ti-20AL film, due to its insulating 
properties, showed in the first five days a significant increase in impedance values at low 
frequencies of about 1.5 orders of magnitude, a broader plateau and higher phase angle 
values than bare cp-Ti. However, after 10 days, the film was dissolved from the cp-Ti 
substrate, resulting in the change in EIS plots becoming of the same shape as bare cp-Ti 
(Figs. 3.20 a,b). 

Thicker alumina film, Ti-60AL, showed a stable EIS response over 30 days of the 
immersion period, with almost constant impedance and phase angle (Figs. 3.20 c). 
Impedance values are increased at low frequencies by two orders of magnitude compared 
to that of bare cp-Ti, and, in the mid-frequency range, the plateau of the phase angle 
values was close to −90°. The phase angle decreased slightly and rose again with decreasing 
frequency, indicating a diffusion process in the solid phase at the ALD film/electrolyte 
interface, as reported for Ti-6Al-4V specimens [164]. Namely, this would indicate the 
possibility of slow dissolution of ALD alumina film on the surface in contact with 
electrolyte. 

After EIS tests, i.e. after 30 days of immersion, PDP tests were performed on these 
specimens (Fig. 3.20 d). Since, in the course of the immersion period, the natural passive 
film of cp-Ti thickens, a positive shift in Ecorr is observed, compared to that after 1 hour of 
immersion. Also, for the same reason, the shape of the curve changed. Starting from Ecorr 
and towards more positive potentials, a much slower increase in current density was 
observed, the passive film being thicker (or more protective) than shortly after immersion. 
The increase was completely halted up to ca. 1 V when this thick and disordered passive 
film was transformed entirely to an insulating TiO2 passive film. With a further increase 
of potential, the same processes occurred as after short immersion. 
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Figure 3.20: Bode plots recorded over 30 days of immersion in Hanks’ solution at 37 °C for 
a) bare cp-Ti, b) cp-Ti coated with 20 nm of alumina and c) cp-Ti coated with 60 nm of 
alumina, and d) cyclic PDP curves recorded in Hanks’ solution at 37 °C after the immersion 
period for 30 days of bare cp-Ti and of cp-Ti coated with 20 nm and 60 nm of alumina. 
The corresponding PDP curves obtained 1h after immersion (light-coloured) (Fig. 3.18) 
are shown for comparison dE/dt = 1 mV/s. 

For the long-immersed ALD-coated cp-Ti specimens (Fig. 3.20 d), the Ecorr reached 
the same value as bare cp-Ti, i.e. shifted more positive for 300–400 mV than the values 
shortly after immersion. The passivation of the substrate surface can explain this shift by 
the Ti-oxide layer formed through the pores of ALD thin films. In other words, the same 
Ti-oxide passive layer was formed on the interface as on the uncoated cp-Ti specimens. 
The Ti-60AL-30d film retained the same jcorr as after a short immersion period (ca. 10-10 A 
cm-2), i.e., its protective properties on cp-Ti were not diminished. But, in the case of Ti-
20AL-30d, a different PDP response was noted (Fig. 3.20 b). A broad current density 
plateau was established with current densities as high as the uncoated sample. However, 
the shape of the curve differs from that of the bare specimen after long immersion. This 
change indicates the dissolution of the alumina thin film and blocking of the exposed surface 
by some precipitated layer from Hanks' solution, limiting the increase in the current density 
of the newly formed surface. To prove the formation of a new product, electrochemical 
data are supplemented by XPS analysis. 

The XPS survey spectra of Ti-20AL, before and after immersion, are shown in Fig. 
3.21. Before immersion, only Al and O originating from ALD coating and adventitious 
carbon are detected. After immersion, however, chemical elements, Ca and P, originating 
from Hanks’ solution, are also detected. Since the behavior of cp-Ti in SBF electrolytes has 
already been well-studied, it is known that precipitation of different species from Hanks’  
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Figure 3.21: XPS survey spectra of cp-Ti with 20 nm alumina as-prepared (black curve) 
and after 30-day immersion period in Hanks’ solution at 37 °C (red curve) with atomic 
concentrations of individual elements. 

solution containing Ca and P ions commonly occurs [165]–[167]. This process can be further 
stimulated by applying a low potential excitation in the vicinity of Ecorr [161]. It seems that 
this is what happens during EIS measurements, i.e., with the application of excitation AC 
voltage during EIS measurements, precipitation of calcium phosphates (i.e. 
hydroxyapatite) is encouraged. Another result that should be observed from XPS spectra 
is the significant reduction in the intensity of Al 2s and Al 2p peaks, indicating the removal 
of the alumina film (Fig. 3.21). 

In Fig. 3.22, the high-resolution Al 2p and O 1s spectra are shown before and after 
immersion. The binding energy of the Al 2p peak center was 73.8 eV, as is characteristic 
of the alumina (Al-O bond). After immersion, however, the peak center shifted to 74.4 eV, 
which corresponds to the Al-OH bond, thus the hydrated form of alumina (Fig. 3.22 a). 
Also, the binding energy for the O 1s peak center shifted from 530.4 eV, which corresponds  

 

Figure 3.22: High-resolution XPS spectra of cp-Ti with 20 nm of alumina as prepared 
(black curves) and after a 30-day immersion period in Hanks’ solution at 37 °C (red curves) 
for a) Al 2p and b) O 1s. 
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to Al-O bond, to 531.4 eV after immersion (Fig. 3.22 b), corresponding to the Al-OH 
bond [168]. Based on XPS and PDP results, we can conclude that the Ti-20AL film was 
dissolved to a certain extent during the immersion. The dissolution caused a significant 
increase in the current density during PDP tests, but precipitation of calcium phosphates 
from Hanks' solution limited the increase in current density at high potentials, i.e. causing 
a blocking effect (Fig. 3.20 d). 

3.2.3.2 Stainless steel 316L 

Bare and ALD-coated SS316L specimens were tested using long-term EIS measurements 
(Fig. 2.23). The bare SS316L showed a stable response over 30 days due to the formation 
of its passive film (Fig. 3.23 a). The growth and development of the passive film provided 
the increase in impedance values at the lowest frequencies, with the widening of the phase 
angle curve plateau with the immersion. Accordingly, there is a slight improvement in the 
insulating properties of the passive film on SS316L over time. 

In the case of SS-20AL film, high initial protection can be observed (Fig. 3.23 b) since 
the impedance values at the lowest frequencies were increased by about two orders of 
magnitude relative to bare SS316L. Although the Bode impedance curves did not change  

 

Figure 3.23: Bode plots recorded over 30 days of immersion in Hanks’ solution at 37 °C for 
a) bare SS316L, b) SS316L coated with 20 nm of alumina and c) SS316L coated with 60 
nm of alumina; and d) cyclic PDP curves recorded in Hanks’ solution at 37 °C after the 
immersion period for 30 days of bare SS316L and of SS316L coated with 20 nm and 60 nm 
of alumina. The corresponding PDP curves obtained 1h after immersion (light-coloured) 
(Fig. 3.19) are shown for comparison. dE/dt = 1 mV/s. 
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significantly with immersion time, phase angle curves changed considerably. The values 
close to −85° and −60° were established at the plateau and low frequencies. The latter 
value first increased within the first five days and then decreased below −40° after 30 days. 

The thicker film, SS-60AL, showed better protective properties as it resulted in 
impedance values at low frequencies to be about three orders of magnitude higher than on 
bare SS316L (Figs. 3.23 c), i.e. similar to that observed for the Ti-AL60 film (Fig. 3.20 
c). The phase angle values at low frequencies, although being higher than for SS-20AL, 
still varied with the time of immersion, suggesting the occurrence of a diffusion process in 
the solid ALD films (Figs. 3.23 c). For SS-60AL, these values increased slightly in the 
first 5 days and then again decreased. Compared to the SS-20AL, the variations were much 
more minor, confirming that thicker film provides a better protective barrier.  

The results of PDP measurements for SS316L, performed after 30 days of immersion, 
are shown in Fig. 3.23 d. Due to the passive film growth over more prolonged immersion, 
the Ecorr and the anodic curve are shifted 0.2 V positively after 1 h of immersion. After 
increasing current density by about 1 order of magnitude above Eb at ca. 1.2 V, the 
corrosion process continued even after scan reversal, and the metal failed to repassivate 
itself. The SS-20AL-30d film showed a positive shift in Ecorr relative to that after 1 h of 
immersion (Fig. 3.23 d). However, jcorr and jpass were slightly higher, indicating a weaker 
film’s protective properties. After the scan reversal, a loop was formed with an intersection 
at the Ep. The film has weakened to a certain extent, and electrolyte diffusion has 
progressed, but it still provides resistance and better protection than the naturally formed 
passive film on bare SS316L after 30 days. It also seems that the Ti-20AL film exhibited 
better properties when deposited on SS316L than on cp-Ti, as there is no noticeable 
dissolution on SS316L. 

In the case of SS-60AL-30d film, the situation was somewhat more complex. It showed 
a negative shift of Ecorr. The passive region was widened, but after scan reversal, the 
corrosion propagated (Fig. 3.23 d). To clarify why the thinner ALD alumina film on 
SS316L was able to re-passivate after the immersion in contrast to a thicker one, 
SEM/EDXS analyses were performed on a parallel set of samples (Fig. 3.24). The 
SS-20AL-30d film had numerous smaller pits, but the majority of the surface was 
undamaged, revealing the homogeneous coverage of the substrate by ALD film (Fig. 3.24 
a). The EDXS analysis detected the elements originating from the film (Al, O) and 
underlying substrate (Fe, Cr, Ni) (Fig. 3.24 a, Table 3.4, spectrum 4). 

 

Figure 3.24: SEM images of SS316L with a) 20 nm of alumina and b) 60 nm of alumina 
thin film, after an immersion period of 30 days in Hanks’ solution at 37 °C. Results of 
EDXS analyses of the film in a), pits (spectra 1-3) and coating matrix (spectrum 4) are 
given in Table 3.4. 
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Table 3.4: Results of EDXS analysis on SS316L with 20 nm of alumina film after the 
immersion period of 30 days in Hanks’ solution at 37 °C as shown in Fig. 3.24 a. 

Element Spectrum 1 Spectrum 2 Spectrum 3 Spectrum 4 

C (at %) 1.3 1.8 2.1 3.5 

O (at %) 1.2 4.1 3.4 7.0 

Al (at %) 0.7 3.5 2.9 5.8 

Cr (at %) 16.7 16.7 16.3 14.1 

Fe (at %) 69.9 63.9 65.3 60.1 

Ni (at %) 10.2 10.0 10.0 9.5 

Total 100.0 100.0 100.0 100.0 

      

The EDXS analyses made within the pits proved that these defects reached the SS316L 
substrate since the content of Al decreased significantly and those of Fe, Cr, and Ni 
increased (Figs. 3.24 a, Table 3.4, spectra 1-3) compared to the film matrix (spectrum 
4). On the other hand, on SS-60AL-30d similar pits were not observed, and the film was 
uniform after the immersion period (Fig. 3.24 b). At first sight, these images and analyses 
contradicted the electrochemical results, where a substantial increase in current density 
was observed after scan reversal for SS-60AL-30d but not for SS-20AL-30d (Fig. 3.23 d). 

However, these results can also serve as a basis for explaining such electrochemical 
behavior. In the case of SS-20AL-30d film, where electrolyte had access to the SS316L 
substrate in the pit defects during the immersion, passivation of SS316L can occur. SS316L 
has the ability to form the passive protective film based on Cr2O3. Combining very thin, 
20 nm, ALD film with passivated SS316L in pits ensured the protection at high potentials 
and formed the small hysteresis loop between Eb and Ep (Fig. 4.23 d).  

In contrast, in the case of SS-60AL-30d, where the film was free of such defects (Fig. 
3.24 b), the SS316L substrate was not exposed to the electrolyte during the immersion 
period or PDP polarization. For this reason, when the potential reached high values (over 
1.2 V), the alumina film relented, and SS316L was exposed to the electrolyte. Under such 
conditions, it cannot be passivated and is dissolved without the possibility of repassivation 
or ceasing pit growths. The supportive fact is that the jpass of SS-60AL-30d is smaller than 
that of SS-20AL-30d (Fig. 3.23 d). Also, this specimen had Eb at slightly more positive 
values than the other two specimens since the film was defect-free and completely uniform. 
When the film relented, too high a potential caused progressive corrosion of the SS316L 
substrate. These features were not observed when deposited on cp-Ti since progressive 
localized corrosion did not occur on cp-Ti (Fig. 3.20 d). 

3.2.4 Surface topography 

The AFM-SKPFM technique measured the Volta potential difference (VPD) between a 
tip and the surface on bare specimens and those prepared with the ALD step. Additionally, 
measurement on the Ti-20AL flat specimen was performed, as it was a representative 
example of the insulative properties of alumina obtained by ALD. The SKPFM technique 
is relatively complex in specimens with an ALD step where the surface topography is non-
homogeneous, as it may cause a faulty contrast of VPD values around the step. Therefore, 
for better understanding and interpretation of the obtained results, previous research work 
with a detailed explanation and discussion on the abilities of the SKPFM technique was 
used as a reference [169]. Unfortunately, in the case of specimens with ALD steps, where 
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the adhesive tape was used, the remaining glue made the measurement noisy, i.e. with an 
abundance of artefacts. However, removing artefacts in the software [135] made it possible 
to get more explicit images and desired information.  

For metallic surfaces, there is no generally valid correlation between Ecorr, which is 
measured electrochemically in an electrolyte, and VPD, which is measured in air and based 
on Coulombic forces between a tip and the specimen surface [169], [170]. In some cases, 
but not generally, the surface changes upon immersion. Nevertheless, materials with high 
VPD or work function energy (WFE, Φ) usually constitute a high corrosion resistance 
[171].  

However, since ALD film is an oxide, i.e. a good insulator, and cp-Ti and SS316L alloys 
are good electrical conductors, it has been investigated whether the SKPFM technique can 
give beneficial results and whether those can still correlate with electrochemical results. It 
is essential to consider that the WFE of insulator oxides is undoubtedly different from that 
of the metals due to a different arrangement in their electronic states. Some new factors 
appear in the case of oxide material according to Eq. 3.4. 

 𝛷𝑜𝑥𝑖𝑑𝑒 = 𝜒 + 𝐸𝑔 − (VBO − 𝐸𝑔)  (3.4) 

where, χ represents electron affinity, Eg is the band gap energy of the oxide film, VBO is 
valence band offset, and Ef represents a Fermi level energy in the oxide state [172].  

Therefore, it can be expected that an enhancement in the magnitude of VPD or WFE 
can be anticipated in the metal oxides and ceramic oxide materials, as confirmed in the 
previous study [173]. Images of topography and VPD maps of chemically-mechanically 
polished cp-Ti and SS316L specimens are shown in Fig. 3.25. In the case of bare cp-Ti,  

 

Figure 3.25: AFM-SKPFM images of bare cp-Ti and SS316L specimens; a) topographic 
image of cp-Ti, b) VPD on cp-Ti, c) topographic image of SS316L, and d) VPD on SS316L. 
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grains with different heights due to different effects of chemical-mechanical polishing can 
be observed (Fig. 3.25 a), which correlates well with SEM images (Fig. 3.16 a). In the 
corresponding VPD map, these grains can also be observed with slightly different VPD 
values (Fig. 3.25 b). Naturally formed TiO2 passive film has very good insulating 
properties and a high dielectric constant [120], but its nanometric thickness is insufficient 
to allow uniform VPD values on the cp-Ti surface. 

For SS316L, no grain boundaries can be observed in the topographic image nor 
differences in the VPD map (Figs. 3.25 c,d). Thus, although the SS316L surface was as 
smooth as that of cp-Ti, chemical-mechanical polishing did not have a significant chemical 
effect or etching on SS316L as on cp-Ti, which is also in line with an SEM investigation 
(Fig. 3.16 b). Therefore, from the AFM-SKPFM results, almost uniform topography and 
uniform VPD values over the SS316L surface can be deduced.  

The AFM-SKPFM measurements on Ti-20AL and Ti-60AL films are shown in Fig. 
3.26. Profile lines of these specimens (Figs. 3.26 c,f), which correspond to the blue lines 
on the topographic images (Figs. 3.26 a,d) confirm that the thickness of the deposited 
ALD films was about 20 and 60 nm, respectively. Unfortunately, these values can only be 
approximated due to the high proportion of noise around the ALD steps. Regarding VPD 
values, for Ti-20AL, the difference between ALD film and cp-Ti substrate ranged from 200 
mV to 300 mV (Fig. 3.26 b,c). However, in the case of Ti-60AL, the value was ca. 100 
mV (Fig. 3.26 e,f) is significantly less than for Ti-20AL and rather unexpected, given the 
larger thickness of this ALD film. Accordingly, this result does not correlate well with the 
Ecorr shift from electrochemical results (Fig. 3.18). However, it can generally be concluded 
that more positive VPD values were obtained on ALD films due to their higher WFE value 
corresponding to the dielectric or insulating properties, which influence the electron transfer 
strongly and, in turn, electrochemical interactions at solid/solution interfaces. 

 

Figure 3.26: AFM-SKPFM images and line profiles on the step of alumina films on cp-Ti; 
a) topographic image of 20 nm of alumina, b) VPD of 20 nm of alumina and c) their 2D 
profiles marked with the blue and red lines; d) topographic image of 60 nm of alumina, e) 
VPD of 60 nm of alumina and f) their 2D profiles marked with the blue and red line. 
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Figure 3.27: AFM-SKPFM images and line profiles on the step of alumina films on SS316L; 
a) topographic image of 20 nm of alumina, b) VPD of 20 nm of alumina and c) their 2D 
profiles marked with the blue and red line; d) topographic image of 60 nm of alumina, e) 
VPD of 60 nm of alumina and f) their 2D profiles marked with the blue and red line. 

AFM-SKPFM measurements also provided quite complex results on SS316L specimens 
that require careful interpretation (Fig. 3.27). The determined thicknesses of SS-20AL 
and SS-60AL films approximate the results expected according to the ALD recipes. The 
SS-20AL had VPD values slightly more positive than SS316L substrate with a difference 
of ca. 30 mV on a given line profile (Fig. 3.27 c). For the SS-60AL, the difference was 
slightly larger, ca. 70 mV (Fig. 3.27 f), which may be related to the difference in thickness 
of these films. However, again as in the case of cp-Ti specimens, it is not possible to find a 
matching relationship with electrochemical measurements (Fig. 3.19). This discrepancy is 
because, with electrochemical measurements, the specimens are in solution, and a 
significant role is played by the processes taking place within pores in the ALD film, which 
could affect Ecorr values. On the other hand, it may be challenging to use SKPFM to detect  

 

Figure 3.28: AFM-SKPFM images of flat 20 nm alumina film on cp-Ti; a) topographic 
image, b) VPD map, and c) VPD map b) magnified 8-fold. 



3.2. The Effect of Thickness of Al2O3 ALD Films Deposited on cp-Ti and SS316L on Their 

Protective Properties 59 

very narrow pores of nanometric size, especially if they have a curving path to the 
substrate. 

In addition to those performed on specimens with ALD steps, measurements were also 
carried out on the flat surface of Ti-20AL, where no noise was present. A representative 
example of the insulating properties of ALD alumina thin film is given in Fig. 3.28. The 
topographic image shows a crystal grain on the cp-Ti surface as a clear bump coated with 
20 nm alumina film (Fig. 3.28 a). However, almost uniform values of VPD over the whole 
surface were observed without a visible crystal grain effect (Fig. 3.28 b). The uniformity 
of VDP shows that Ti-20AL film completely insulated the cp-Ti surface. SKPFM did not 
detect any outline of this grain that would otherwise cause different VPD values, as shown 
on bare cp-Ti specimens (Fig. 3.25 b). However, when a selected area of the VPD map 
was magnified, tiny dots of low VPD values  can be observed, suggesting that these features 
may be related to black spots detected under the SEM investigation (Fig. 3.17 b). It is 
noteworthy that, based on PDP curves, it was concluded that these are rather surface 
dents or regions with a slight deficiency of oxygen in oxide film [174] than defects reaching 
the metal surface. Otherwise, a vast reduction of jcorr values would not be achieved for 
Ti-20AL compared to bare cp-Ti (Fig. 3.18). 

3.2.5 Summary 

Similar to cp-Ti, the SS316L surface can also be efficiently polished with chemical reagents, 
H2O2 and NH4OH. Both alumina thin films, 60 nm and 20 nm in thickness, are uniform, 
completely covering cp-Ti and SS316L substrate surfaces. 

PDP tests did not reveal significant effect of the film thickness since both alumina thin 
films provided almost equal barrier protection of both substrates. However, the effect of 
thickness proved to be significant only after long-term EIS measurements. Thus, 20 nm 
thin film failed after ca. 10 days of immersion in the case of cp-Ti, while for SS316L 
specimens the film weakened over time but remained stable. Therefore, chemically different 
substrates provide different conditions for the formation of a stable alumina film. On the 
other hand, 60 nm thick films showed much better stability on both substrates over time.  

PDP tests on SS316L after 30-day immersion period showed that the barrier properties 
of the film in combination with the ability of repassivation of the SS316L surface can 
provide conflicting results. For example, at high potentials, 60 nm thick film did not 
provide repassivation, but a thinner film that allowed passivation of the substrate surface 
with increasing potential, was able to repassivate. In other words, the weak property of the 
thinner film, i.e. its porosity, at high potentials enabled repassivation and seemingly better 
protective properties than the thicker film.    
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3.3 The Effect of ALD Multilayer Structure Al2O3-HfO2-

Al2O3 Deposited on cp-Ti and SS316L on Their 

Protective Properties 

This section is closely related to Section 3.2, as here, the multilayer structure of ALD thin 
films is compared with the single alumina thin film of 60 nm (also shown in Section 3.2). 
Therefore, some results of pure alumina film of 60 nm are repeated in this section for 
comparison with multilayer films and a more straightforward discussion of the results. 

3.3.1 Morphology, adhesion and thickness of ALD films 

The features and characteristics of the polished substrate surfaces are described in Section 
3.2.1, and their SEM micrographs are shown in Fig 3.16.  

The black spots on the surface of Ti-60AL and SS-60AL films (Fig. 3.29 a,c), which 
are only surface features, were not observed in the case of multilayer films, i.e. Ti-60ML 
and SS-60ML (Fig. 3.29 b,d). In multilayer films, the deposit is formed through three 
separate deposition processes. However, these spots do not affect the protective properties 
of single layers because those are comparable to multilayer films by protective properties 
(Section 3.3.2), where there are no such surface features. Therefore, it could be assumed 
that these features are related to the continuous growth of alumina thin films. 

The hafnia thin film causes agglomerates' appearance, which, due to the transparency 
of these films, can be seen as bright, round areas in the multilayer thin films (Fig. 3.29 
b,d). The surface appearance differed on cp-Ti and SS316L, with the agglomerates being 
denser on SS316L, and the surface looked interspersed (Fig. 3.29 d). Agglomerates have 

 

Figure 3.29: SEM images of the step site between ALD film and substrates for the a) 60 
nm of alumina on cp-Ti, b) 60 nm of multilayer on cp-Ti, c) 60 nm of alumina on SS316L, 
and d) 60 nm of multilayer on SS316L. Arrows denote black spots and agglomerates. 
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also been found in alumina thin films, but to a lesser extent (see Fig. 3.37 b). In Fig. 
3.29 a,c, the agglomerates are not visible due to large magnification and SEM conditions. 

Another feature may reveal some mechanical properties of these thin films. Ti-60AL 
and SS-60AL films show smooth fracture area or step lines (Fig. 3.29 a,c), while for 
Ti-60ML and SS-60ML, these features are irregular and look more brittle (Fig. 3.29 b,d). 
This difference is the result of hafnia film in the multilayer structure, which has mechanical  

 

Figure 3.30: SEM images of a) cp-Ti with 60 nm of multilayer and b) SS316L with 60 nm 
of the multilayer. White rectangles represent the sites at which the composition of the film 
matrix was analysed by EDXS (spectra 3 and 6), and labelled points the sites at which 
composition at individual agglomerates were analysed (spectra 1, 2, 4, 5) (Tables 3.5 and 
3.6). 

Table 3.5: Results of EDXS analysis on cp-Ti with 60 nm of multilayer shown in Fig. 
3.30 a.      

Element Spectrum 1 Spectrum 2 Spectrum 3 

O (at %) 33.3 30.2 24.5 

Al (at %) 13.7 13.0 9.8 

Ti (at %) 21.6 27.2 41.9 

Hf (at %) 31.4 29.6 23.8 

Total 100.0 100.0 100.0 

   

Table 3.6: Results of EDXS analysis on SS316L with 60 nm of multilayer shown in Fig. 
3.30 b.      

Element Spectrum 4 Spectrum 5 Spectrum 6 

O (at %) 31.3 25.9 22.7 

Al (at %) 14.9 14.9 13.3 

Fe (at %) 15.9 22.9 30.2 

Ni (at %) 2.3 2.8 4.3 

Hf (at %) 35.6 33.5 29.5 

Total 100.0 100.0 100.0 
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properties different from alumina, affecting the mechanical properties of the entire 
multilayer film. Therefore, ALD hafnia thin film tends to form crystalline grains, possibly 
associated with agglomerates, which cause coarse step lines when the film breaks. This is 
proved later by TEM analysis (Section 3.4). 

EDXS analysis was combined with SEM recorded at smaller magnification to 
characterize the surface and various surface features. SEM/EDXS analyses of Ti-60ML and 
SS-60ML surfaces are shown in Fig. 3.30. At this magnification, it became apparent that 
even larger agglomerates are formed on the surface of multilayer (Figs. 3.29 b,d). First, 
the matrix surface was analyzed (marked by white rectangles). For Ti-60ML, Al, Hf, O 
and Ti were detected (Fig. 3.30 a, Table 3.5, spectrum 3). Since the depth of EDXS 
analysis exceeds the thickness of ALD film, Ti originating from the substrate is also 
detected. Similarly, Hf, Al, O, Fe and Ni are detected for SS-60ML, the latter two elements 
originating from the substrate (Fig. 3.30 b, Table 3.6, spectrum 6). Analysis of 
agglomerates showed that they were enriched with the film constituent elements, i.e. Al, 
Hf and O (Fig 3.30, Tables 3.5 and 3.6, spectra 1, 2, 4, 5). Since hafnia tends to form 
agglomerates more than alumina, these are predominantly from hafnia but coated with a 
top alumina layer. The exact origin of these agglomerates remains to be elucidated. 
However, it can be hypothesized that to some extent, their formation may be related to 
polishing imperfections. Although, they may be formed spontaneously due to the local 
conditions during the deposition process, as stated here [129]. It is noteworthy that no 
cracks and no pores could be observed at the film surface, at least not using this SEM 
magnification. 

The Vickers hardness test, with subsequent SEM investigation, was used to estimate 
the resistance to delamination or detaching ALD films from the substrates, as described in 
Section 2.4. SEM images of Vickers indentation sites on 60AL and 60ML films on both 
substrates, cp-Ti and SS316L, are shown in Fig. 3.31. There was no detachment of any 

 

Figure 3.31: SEM images of resistance to detaching of ALD films using the Vickers 
indentation test with 20 N for a) 60 nm of alumina on cp-Ti, b) 60 nm of multilayer on 
cp-Ti, c) 60 nm of alumina on SS316L, and d) 60 nm of multilayer on SS316L as substrate. 
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ALD thin films. Hence, the area of delamination could not be measured. This indicates 
very good adhesion of these films on polished surfaces of cp-Ti and SS316L. These results 
are significant as they differ from an earlier study, where ALD alumina and titania films, 
in a single-layer and multilayer structure, were reported to be susceptible to delamination 
on SS316L substrate [97]. 

3.3.2 Short-term electrochemical measurements 

The comparison of PDP curves of bare and ALD-coated cp-Ti after 1 hour of immersion 
at the OCP in simulated physiological Hanks’ solution at 37 °C is presented in Fig. 3.32. 
The behavior of cp-Ti under these conditions, i.e. its passivation, has been described in 
Section 3.1.3. 

For the coated cp-Ti specimens, Ecorr and jcorr are almost identical for thin films Ti-60AL 
and Ti-60ML. For Ti-60ML, Ecorr value is shifted positively by ca. 0.1 V, compared to 
cp-Ti, while for Ti-60AL, the shift is slightly higher. Further, the jcorr value was reduced 
equally by about two orders of magnitude for both thin films and cp-Ti. It indicates that 
the insulative properties are the same for both thin films, at least in the short period after 
immersion. Further, with increasing potential, both thin films provided significant 
resistance to an increase in current density. Thus, the curves for Ti-60AL and Ti-60ML 
show no significant differences indicating similar behavior of single and multilayer 
structures (Fig. 3.32). According to previous studies, different ALD multilayer 
configurations usually showed a greater reduction in the jcorr values than ALD single-layer 
films of the same thickness [97], [103], but this was not the case in the present study. 
Applying the reverse potential scan, the current density decreased for Ti-60ML, the same 
as Ti-60AL. This is due to the combination of very insulative passive film of cp-Ti and 
ALD film and oxygen consumption from the electrolyte, as described in Section 3.1.3.  

In the case of the SS316L specimens (Fig. 3.33), cyclic PDP curves are different 
compared to cp-Ti due to the susceptibility of SS316L to pitting corrosion as described in 
the previous chapter. The electrochemical behavior of bare SS316L did not show 
repassivation (as described in Section 3.2.2.). The coated specimens show a repassivation 
loop. Similarly to coated cp-Ti, the jcorr values for SS-60ML and SS-60AL were reduced by   

 

Figure 3.32: Cyclic PDP curves recorded in Hanks’ solution at 37 °C of bare cp-Ti, cp-Ti 
coated with 20 nm of alumina and 60 nm of multilayer thin films. dE/dt = 1 mV/s. 
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Figure 3.33: Cyclic PDP curves recorded in Hanks’ solution at 37 °C of bare SS316L, 
SS316L coated with 20 nm of alumina and 60 nm of multilayer thin films. dE/dt = 1 mV/s. 

about two orders of magnitude compared to bare SS316L. However, the Ecorr values were 
slightly different. For SS-60AL, the Ecorr is shifted positively by about 0.15 V while, for 
SS-60ML, it shifted slightly negative compared to bare SS316L 

SS-60ML breaks down at the same potential as SS-60AL, around 1.2 V, i.e. slightly 
more positive than the passive film on bare SS316L. Above Eb the current density increased 
rapidly. After scan reversal, the loop was formed for both thin films (Fig. 3.33). The 
intersection point of the reverse and forward curves is at 1 V, giving the pitting protection 
potential (Ep). Therefore, both SS-60AL and SS-60ML thin films can stop the propagation 
of localized or pitting corrosion on SS316L substrate and allow SS316L to repassivate 
through pores in the film. 

3.3.3 Long-term electrochemical measurements 

3.3.3.1 Commercially pure titanium 

Results of EIS and PDP tests of bare and coated cp-Ti specimens during immersion for 30 
days in Hanks’ solution at 37 °C are shown in Fig. 3.34. The bare cp-Ti specimen has a 
stable response due to passive film formation during immersion (Fig 3.34 a), as described 
in Section 3.1.3. 

Multilayer thin film, Ti-60ML, showed a stable EIS response over 30 days of the 
immersion period, with almost constant values of impedance and phase angle, similar to 
the Ti-60AL (Figs. 3.34 b,c). Impedance values increased at low frequencies by two orders 
of magnitude compared to that of bare cp-Ti, and, in the mid-frequency range, the plateau 
of the phase angle values was close to −90° (Fig. 3.34 b). With decreasing frequency, the 
phase angle of Ti-60AL decreased slightly and rose again, indicating a diffusion process in 
the solid phase at the ALD film/electrolyte interface. For Ti-60ML, the phase angle curve 
plateau was noticeably wider than for Ti-60AL, probably due to the hafnia thin film in the 
multilayer structure, which may provide better resistance to diffusion, i.e. better insulating 
properties than alumina. Interestingly, it has been shown by XPS depth profile analysis 
(Fig. 3.35) that the outer alumina layer was dissolved after 30 days of immersion, but the 
hafnia layer remained stable and provided protection.  
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Figure 3.34: Bode plots recorded over 30 days of immersion in Hanks’ solution at 37 °C for 
a) bare cp-Ti, b) cp-Ti coated with 60 nm of multilayer and c) cp-Ti coated with 60 nm 
of alumina, and d) cyclic PDP curves recorded in Hanks’ solution at 37 °C after the 
immersion period for 30 days of bare cp-Ti and of cp-Ti coated with 60 nm of multilayer 
and 60 nm of alumina. The corresponding PDP curves obtained 1h after immersion 
(light-coloured) (Fig. 3.32) are shown for comparison dE/dt = 1 mV/s. 

 

Figure 3.35: XPS depth profile of the 60 nm of multilayer film deposited on cp-Ti after 
30-day immersion period in Hanks’ solution at 37 °C. 
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Therefore, very thin ALD alumina film, of ca. 20 nm, is prone to dissolution and is unstable, 
and as such, cannot provide barrier protection, as also shown in Section 3.2 (Fig. 3.21 
and 3.22). 

PDP tests were performed on these specimens after 30 days of immersion (Fig. 3.34). 
The behavior of the bare cp-Ti specimen is described in Section 3.1.3. For the Ti-60ML 
and Ti-60AL thin films, the Ecorr reached the same value as bare cp-Ti, i.e. shifted more 
positive for 300–400 mV than shortly after immersion. Therefore, both films seem porous 
and allow surface passivation by the Ti-oxide layer formed through its pores. The same 
Ti-oxide passive layer was formed as on the uncoated cp-Ti specimens, as they reached the 
same Ecorr value. Further, the jcorr value remained the same for Ti-60AL and Ti-60ML, as, 
after a short immersion period (ca. 10-10 A cm-2), i.e. their protective properties on cp-Ti 
were not diminished. 

3.3.3.2 Stainless steel 316L 

The long-term EIS tests and accompanying PDP tests for bare and coated SS316L 
specimens are shown in Fig. 3.36. Like bare cp-Ti, bare SS316L shows a stable response 
due to passive film formation during immersion (Fig 3.36 a), as described in Section 3.2.3. 

 

Figure 3.36: Bode plots recorded over 30 days of immersion in Hanks’ solution at 37 °C for 
a) bare SS316L, b) SS316L coated with 60 nm of multilayer and c) cp-Ti coated with 60 
nm of alumina, and d) cyclic PDP curves recorded in Hanks’ solution at 37 °C after the 
immersion period for 30 days of bare SS316 L and of SS316L coated with 60 nm of 
multilayer and 60 nm of alumina. The corresponding PDP curves obtained 1h after 
immersion (light-coloured) (Fig. 3.33) are shown for comparison dE/dt = 1 mV/s. 
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The ALD-coated SS316L specimens, SS-60AL and SS-60ML, showed significant protective 

properties as they provided impedance values at low frequencies to be about three orders 

of magnitude higher than on bare SS316L (Figs. 3.36 b,c). This is analogous to the 

behavior of the thin films on cp-Ti as a substrate (Figs. 3.34 b,c). However, the values 

of the phase angle at low frequencies varied with the time of immersion, suggesting the 

non-stability and probably occurrence of a diffusion process in the solid ALD films. 

Comparing the SS-60AL and SS-60ML thin films, it can be observed that there is a slightly 

wider plateau of phase angle values (close to −90°) in the case of the SS-60ML. Similar 

behavior was observed for cp-Ti specimens (Figs. 3.34 b,c), but the difference with 

SS316L is somewhat less pronounced (Fig. 3.36 b,c). Therefore, using EIS measurements, 

it was found that the difference between single and multilayer combinations lies in only a 

slightly more extended plateau of high phase angle values in a multilayer configuration. 

The reason is associated with its more substantial insulating properties. However, 

significant drawbacks for multilayer films were also revealed (vide infra).  

The PDP tests for SS316L specimens performed after 30 days of immersion are 

shown in Fig. 3.36 d. The bare SS316L specimen, due to the formation of its passive film, 

retained relatively good corrosion properties, as explained in Section 3.2.3. The PDP curve 

of the multilayer film on the SS316L after 30 days of immersion, SS-60ML-30d, was almost 

the same as after 1 hour. This behavior indicates good stability of multilayer thin film and 

the ability of the SS316L substrate to repassivate itself at relatively high potentials when 

a reverse scan is applied. However, reference should be made here to the SS-60AL-30d thin 

film, its defect-free surface (Fig. 3.24 b) without the possibility of repassivation because 

the substrate is not exposed and thus not able to form a passive film, as explained in 

Section 3.2.3. Thus, analogously to the SS-20AL-30d, it can be inferred that this film, 

SS-60ML-30d, has defects that expose the SS316L substrate to the electrolyte, allowing it 

to repassivate itself. This has been investigated further by SEM/EDXS analysis. 

The surface of the SS-60ML-30d is shown in Fig. 3.37 a. Although the 

SS-60ML-30d surface was free of pits, as observed for SS-20Al-30d (Fig. 3.24 a), some 

larger defects surrounded by agglomerates have been observed. At the matrix of the 

multilayer film and at agglomerates (Table 3.7, spectra 3 and 2, respectively), the 

 

Figure 3.37: SEM images of SS316L with a) 60 nm of multilayer thin film and b) 60 nm 
of alumina thin film, both after an immersion period of 30 days in Hanks’ solution at 37 °C. 
Corresponding EDXS analyses for a) are given in Table 3.7 (defects (spectrum 1), 
agglomerates (spectrum 2) and coating matrix (spectrum 3)). 
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Table 3.7: Results of EDXS analysis on SS316L with 60 nm of multilayer film after an 
immersion period of 30 days in Hanks’ solution at 37 °C as shown in Fig. 3.37.      

Element Spectrum 1 Spectrum 2 Spectrum 3 

C (at %) 2.7 2.1 2.2 

O (at %) 4.7 22.7 27.4 

Al (at %) 1.6 12.5 14.7 

Cr (at %) 16.2 0.0 0.0 

Fe (at %) 64.6 25.4 15.3 

Ni (at %) 9.5 3.4 2.1 

Hf (at %) 0.7 33.9 38.3 

Total 100.0 100.0 100.0 

   

concentrations of Al and and Hf are similar as before the immersion (Fig. 3.30 b, Table 
3.6, spectra 6 and 5, respectively). The concentrations of elements coming from the 
substrate are strongly reduced, e.g. Cr is not even detected. At the defect site (Fig. 3.37 
a, Table 3.7, spectrum 1), however, Al content is reduced, and that of substrate elements 
increases. Such sites, where many agglomerates are concentrated in the multilayer, can 
cause poor mechanical properties of the film, i.e. detaching, cracking, formation of defects, 
etc. 

On the surface of the SS-60AL-30d, the presence of such agglomerates can also be seen, 
but without defects (Fig. 3.37 b). This means that the formation of the hafnia interlayer 
may harm the stability of the multilayer film under the stated conditions. These results, 
including electrochemical behavior, contradict some earlier studies on ALD multilayer thin 
films, though not combined with alumina and hafnia. They have presented the multilayer 
structure of ALD films as advantageous regarding their protective and mechanical 
properties compared to single-layer films [97], [103]. It can be hypothesized that such 
agglomerates may induce some internal stress or mismatch at specific sites in the multilayer 
structure, leading to the mechanical detachment and dissolution of the ALD film. However, 
during the immersion and subsequent polarization, the SS316L surface is still well protected 
as the formation of a hysteresis loop is observed, again due to repassivation of the 
underlying surface (Fig. 3.36 d). 

3.3.4 Summary 

Unlike single-layer alumina thin films, which show high uniformity, multilayer films due 
to the presence of hafnia are interspersed with agglomerates. After a long-term immersion, 
this will later prove as a drawback due to possible delamination or peeling of the film 
around the agglomerate sites. 

Long-term EIS measurements have shown that multilayer thin films retain good barrier 
properties as well as single-layer alumina thin films. However, PDP tests after immersion 
period have shown that there are significant differences in the protective properties of these 
two thin films. Namely, multilayer thin films, due to presence of the agglomerates and the 
tendency to leak electrolyte with increasing potential, allow repassivation of the SS316L 
substrate. However, with single-layer alumina thin film, due to excellent barrier properties, 
passivation of the SS316L substrate does not occur with increasing potential, and finally 
when local corrosion starts, there is no possibility of repassivation. 
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3.4 Biocompatibility and Antibacterial Properties of Al2O3 

and HfO2 ALD Thin Films Deposited on cp-Ti and 

SS316L 

The properties of ALD alumina and hafnia thin films deposited at different temperatures, 
180 °C and 260 °C (Section 2.2), were investigated to study their biocompatibility and 
antibacterial properties. This study is based on findings that ALD films formed at different 
temperatures tend to have a different roughness [129], [175], [176]. Further, hafnia exhibits 
a change in crystallinity depending on the temperature [129], which could affect the 
interaction with living cells and bacteria [71], [177]. Therefore, SEM investigation on the 
surface and GI-XRD (Section 2.4) were used as supportive techniques to determine the 
surface morphology and crystallinity of thin films. 

ALD procedures for 60 nm thick alumina and hafnia thin films were used for deposition, 
as in studies 3.2 and 3.3, but given a significantly higher temperature, i.e. 260 °C, 
thicknesses can vary by several nanometers. However, the thicknesses of the thin films here 
are not a significant parameter as the investigation is focused exclusively on the surface. 

3.4.1 Surface morphology and crystallinity 

The surface morphologies of cp-Ti and SS316L specimens coated with ALD alumina thin 
films deposited at different temperatures, 180 °C and 260 °C, are shown in Fig. 3.38. The 
presence of agglomerates, order of magnitude of 1 µm, randomly distributed over the 
surface can be observed in all four cases. For the SS316L substrate, these agglomerates 
appear to form preferentially in some areas, i.e. they are not uniformly distributed (Fig. 
3.38 c,d). On cp-Ti samples, the agglomerates have an equally random distribution on the 
surface (Fig. 3.38 a,b). In the case of alumina thin films, the deposition temperature 

 

Figure 3.38: SEM images of ALD alumina-coated cp-Ti and SS316L specimens for a) cp-
Ti coated at 180 °C, b) cp-Ti coated at 260 °C, c) SS316L coated at 180 °C and d) SS316L 
coated at 260°C. 
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does not affect the change in the formation of agglomerates, i.e. at both temperatures, the 
morphology and, therefore, micro-roughness are equal. EDXS analyses found that these 
agglomerates, especially the bigger ones, may be associated with the presence of Si on the 
surface of specimens left after polishing. Although, it was also found that these 
agglomerates may be formed without Si under the film, i.e. probably on surface 
imperfections, as stated in Section 3.3. An example of EDXS analysis on such agglomerate 
is shown for Ti-AL180 thin film in Fig 3.39 and Table 3.8, where Si is detected in low 
proportion. 

 

Figure 3.39: SEM image of alumina thin film deposited on cp-Ti specimen at 180 °C with 
EDXS analysis at agglomerate. 

Table 3.8: Results of EDXS analysis on agglomerate on alumina film deposited on cp-Ti 
specimen at 180 °C (Fig. 3.39).      

Element Spectrum 1 Spectrum 2 

O (at %) 57.6 43.8 

Ti (at %) 26.6 48.0 

Al (at %) 13.9 8.2 

Si (at %) 1.9 - 

Total 100.0 100.0 

   

ALD hafnia thin films exhibit different surface morphology than alumina films. Namely, 
the presence of agglomerates depends strongly on the deposition temperature (Fig. 3.40). 
When deposited at 180 °C, the surface of the hafnia thin films appears uniform on a given 
scale (Fig. 3.40 a,c), while when deposited at 260 °C, many agglomerates, order of 
magnitude of 1 µm, are present (Fig. 3.40 b,d). These agglomerates result from the Si 
presence, as in the case of alumina, though it seems that hafnia is prone to form 
agglomerates itself more than alumina, as has also been found in Sections 3.1 and 3.2. 
Further, the rough morphology on the nano-scale is the characteristic feature of the ALD 
hafnia thin films (insets in Fig. 3.40), as has also been shown in study 3.1. These tiny 
agglomerates, less than 100 nm in size, are intrinsic properties of the ALD hafnia thin 
films, i.e., the nature of the deposit growth depends on the temperature. At higher 
temperatures, a higher density of these agglomerates can be observed (insets in Fig. 3.40 
b,d) compared to the morphology at lower temperatures (insets in Fig. 3.40 a,c). 
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Figure 3.40: SEM images of ALD hafnia-coated cp-Ti and SS316L specimens for a) cp-Ti 
coated at 180 °C, b) cp-Ti coated at 260 °C, c) SS316L coated at 180 °C, and d) SS316L 
coated at 260°C. 

Regarding the crystallinity in alumina thin films, GI-XRD measurements showed that 
alumina is entirely amorphous, and there is no difference in crystallinity regardless the 
deposition temperatures (Fig. 3.41 a). Here, only peaks for Ti can be detected because, 
despite very low angles, i.e. grazing incidence mode (Section 2.4), these films are too thin 
to avoid the signal from the substrate.  

On the other hand, hafnia thin films showed more interesting characteristics in terms 
of crystallinity. At a deposition temperature of 180 °C, the XRD spectrum shows a broad 
feature in the range of 25° to 40° of 2Θ values where peaks for crystalline hafnia are 
expected (Fig. 3.41 b), indicating an amorphous structure [130], [178]. However, after the 
TEM analysis, it was found that crystallites were present in the film (Fig. 3.42 a), i.e. 

 

Figure 3.41: GI-XRD spectra of a) alumina thin films deposited at 180 °C and 260 °C, on 
cp-Ti substrate and b) hafnia thin films deposited at 180 °C and 260 °C, on cp-Ti substrate. 
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that the film was not completely amorphous. The picture clearly shows the crystal structure 
of the marked crystallite, which has a conical shape on the film's surface. But since GIXRD 
did not detect the presence of the crystalline phase in the film, it can be assumed that the 
proportion of crystalline phase is very low for the hafnia deposited at 180 °C. However, 
after the deposition at 260 °C, hafnia shows a significantly higher proportion of 
crystallinity, as it is shown in Fig. 3.41 b. Reflections for (-111), (111) and (020) crystal 
planes are observed, similarly as reported here [178]. By integrating the XRD spectrum 
surface and the crystal phase-related peaks in the film, it is possible to estimate the 
proportion of the crystal phase in the hafnia thin film. It was estimated that the 
crystallinity content is ca. 10%, and the estimation procedure is described in Appendix C. 
After TEM analysis of this film, it was found that almost all large agglomerates are due to 
the formation of the crystalline phase during deposition, and the example shown in Fig. 
3.42 b. Also, it should be noted that both crystallites shown in Fig. 3.42 are formed 
accidentally (due to local conditions during deposition), i.e. not on surface irregularities, 
as it can be seen that the interface is non-defective. 

 

Figure 3.42: TEM analyses showing crystallites of a) hafnia deposited on cp-Ti at 180 °C 
and b) hafnia deposited on cp-Ti at 260 °C. 

3.4.2 Biocompatibility properties 

The first method to evaluate biocompatibility was by incubating specimens in a medium 
and obtaining their extracts, as described in Section 2.5.1. By using extracts to cultivate 
human mesenchymal stem cells (hMSCs), it is possible to infer the possible toxicity of the 
tested ALD thin films for cell development. More precisely, to obtain data on whether the 
tested ALD thin films release toxic species that would interfere with the metabolic activity 
of cells and their development. If the specimens do not show a harmful effect, they can be 
considered materials of potentially good biocompatibility. 

The results of epifluorescence microscopy, where cell development can be seen after 3 
days of culturing in the extracts of the tested specimens and the control media, are shown 
in Fig. 3.43. Blue spots and flecks represent cell nuclei, while grey fibre-like forms 
represent cytoskeletal filamentous actin (F-actin) that indicates cellular development. First 
of all, in the control medium (Fig. 3.43 a) containing only fresh culture medium without 
specimens extracts, certain cell development is observed, which serves as a reference. In 
the case of positive control (Fig. 3.43 b), a culture medium with added Triton X-100, cell 
development is completely stopped, and only inactive cell nuclei can be observed. However, 
a comparison of cell development for the tested specimens (Fig. 3.43 c-l) and control 
medium (Fig. 3.43 a) did not show a significant difference in the development of F-actin. 
Thus, none of the tested specimens show the release of harmful species during incubation  
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Figure 3.43: Fluorescent labelling of F-actin (grey) and nuclei (blue) of hMSCs cultured 
for 3 days in extracts of tested specimens and in control media; a) control containing fresh 
culture medium, b) positive control or culture medium with added Triton X-100, c) cp-Ti 
extract, d) SS316L extract, e) Ti-AL180 extract, f) Ti-HF180 extract, g) Ti-AL260 
extract, h) Ti-HF260 extract, i) SS-AL180 extract, j) SS-HF180 extract, k) SS-AL260 
extract and l) SS-HF260 extract. 

that would interfere with cell development, i.e. they all have potentially good 
biocompatibility. 

The second, more quantitative method for testing the metabolic activity of cells 
cultured in the extracts of specimens is performed using Resazurin assay and fluorescence 
spectroscopy (Section 2.5.1). The metabolic activity of cells after culturing in extracts of 
specimens and control media after 24 h, 48 h and 72 h are shown in Fig. 3.44. Here, as in 
the previous case, the metabolic activity of the cells in the control medium is similar or 
the same as for the tested specimens. The Resazurin assay confirmed the inertness of the 
tested specimens, in terms of non-release of harmful species into the incubation medium. 
However, the somewhat higher metabolic activity of the cells was observed for SS316L and 
SS-AL180 extracts after 72 h, but there is no reasonable explanation for this as it is even 
higher than the metabolic activity in the control medium. 
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Figure 3.44: Results of Resazurin assays showing hMSCs viability after culturing in 
specimen extracts and control media for 24 h, 48 h and 72 h. 

Another way to perform biocompatibility assays was by direct contact or seeding of 
cells on the surfaces of the tested specimens and by performing the same methods of 
epifluorescence microscopy and Resazurin assays. The results of cell development after 7 
days of culturing directly on the surfaces of the tested specimens using epifluorescence 
microscopy are shown in Fig. 3.45. There was no significant difference in the cell 
appearance between the specimens. The main result is that in the case of Ti-HF180 and 
SS-HF180, the presence of cells was not observed, so they are not shown here. There is an 
interesting correlation with the morphological characteristics of the surfaces. Namely, ALD 
hafnia thin films deposited at 180 °C do not show roughness or agglomerates on the 
micrometer scale (Fig. 3.40 a,c) as hafnia deposited at 260 °C (Fig. 3.40 b,d). Thus, the 
absence of cells on the surface is not caused by the toxic action of the species from the 
surface; otherwise, it would be detected in assays performed from extracts as well. Instead, 
the reason lies in the unfavorable morphology of agglomerate-free surfaces. 

The Resazurin assays were performed after 1 and 7 days of culturing of cells on the 
specimen surfaces (Section 2.5.1), and the results are shown in Fig. 3.46. Again, the 
metabolic activity of cells in the case of Ti-HF180 and SS-HF180 is severely impaired, 
confirming that uniform morphology of these ALD thin films (Fig. 3.40) is unfavorable 
for cell development. The remaining specimens, which show a significant presence of 
agglomerates on the surface, all have favorable properties for cell development. The 
comparison of the metabolic activity of cells on uncoated specimens, cp-Ti and SS316L, 
and on ALD thin films shows that it is somewhat increased after 7 days of culturing for 
ALD thin films deposited at 260 °C, regardless of the used substrate. This is related to the 
appearance of agglomerates on the surface of ALD thin films, which was shown to occur 
mainly at higher deposition temperatures (Figs. 3.38 and 3.40). Further, when 
comparing the uncoated specimens, i.e. cp-Ti and SS316L, it is interesting to note that the 
metabolic activity for SS316L increases significantly over time, while for cp-Ti, this increase 
is slower. Namely, after 1 day of culturing (Fig. 3.46 a), the metabolic activity of cells is 
significantly higher for cp-Ti, and after 7 days (Fig. 3.46 b), both specimens show almost 
the same level of that, i.e. it is fast increased for SS316L. 

Based on the presented results, it can be concluded that alumina and hafnia ALD thin 
films and uncoated cp-Ti and SS316L specimens do not have a detrimental or toxic effect 
on cell development. However, surface morphology, i.e. agglomerate distribution and their 
size, may have a decisive effect on cell adhesion or attachment, and consequently cellular 
development over the surface. 
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Figure 3.45: Fluorescent labelling of F-actin (green) and nuclei (blue) of hMSCs cells 
cultured for 7 days direct on tested specimens; a) cp-Ti specimen, b) SS316L specimen, c) 
Ti-AL180 specimen, d) Ti-AL260 specimen, e) Ti-HF260 specimen, f) SS-AL180 specimen, 
g) SS-AL260 specimen, and h) SS-HF260 specimen. 
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Figure 3.46: Results of Resazurin assays showing hMSCs viability after culturing directly 
on the specimen surfaces after a) 1 day and b) 7 days. 

3.4.3 Antibacterial properties 

Antibacterial properties were determined by direct contact of Staphylococcus aureus 
bacteria and the specimen surfaces (Section 2.5.1.). A colony-forming unit (CFU) was 
counted in the supernatant incubation medium and of adhered bacteria on the specimen 
surfaces. In addition to cp-Ti and SS316L specimens, pure Cu was used as a bactericide, 
i.e. as a positive control. Additionally, SEM surface observations were performed for visual 
insight into adhered bacteria. 

The antibacterial activity of bare cp-Ti and coated cp-Ti specimens compared to the 
Cu specimen in supernatant media and of adhered bacteria on the specimen surfaces are 
shown in Fig. 3.47. On the Cu specimen, no live bacteria were present either in the 
supernatant media or as adhered to the surface. On bare cp-Ti, significantly more bacteria 
remained on the specimen surface, i.e. adhered (Fig. 3.47 b), than in the supernatant 
medium (Fig. 3.47 a). Among ALD-coated specimens, Ti-AL260 shows an anti-adhesive 
effect, as demonstrated by the statistically significant differences observed for supernatants 
and adherent bacteria. The Ti-AL180 specimen does not show a similar effect, although 
both alumina-coated cp-Ti specimens have a similar morphology, i.e. the presence of  

 

Figure 3.47: Antibacterial activity of cp-Ti and cp-Ti-coated surfaces against S. aureus 
after incubation for 2h. Statistically significant differences are indicated as *p< 0.05; 
**p<0.01. 
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agglomerates (Fig. 3.38 a,b). Both hafnia-coated cp-Ti specimens, Ti-HF180 and 
Ti-HF260, show similar features as bare cp-Ti in contact with bacteria, i.e. the presence of 
adhered bacteria on the surface and significantly less supernatant’s bacteria. Since 
Ti-HF180 and Ti-HF260 have pretty different surface morphology (Fig. 3.40 a,b), it turns 
out that surface morphology and presence of agglomerates do not affect the attachment of 
these bacteria on hafnia thin films.  

The antibacterial activity of the SS316L specimens proved to be quite similar to that 
of cp-Ti (Fig. 3.48), except for SS-AL260. Namely, it would be expected that the 
SS-AL260 has similar anti-adhesive properties as the Ti-AL260 (Fig. 3.47 b), but this is 
not the case. SS-AL260 film does not provide a better anti-adhesive surface than bare 
SS316L (Fig. 3.48 b). This may correlate with the different surface morphology of the 
alumina film deposited at 260 °C on cp-Ti and on SS316L specimens (Fig. 3.38 b,d) or 
possibly with the different surface energy (not measured in this work). Bare SS316L showed 
similar interactions with bacteria as cp-Ti, i.e. more bacteria remained adhered to the 
surface than in the supernatant media. In the case of hafnia-coated SS316L specimens, 
both SS-HF180 and SS-HF260 show the same properties as in the case of cp-Ti specimens 
and as bare SS316L, i.e. preferred adhesion of bacteria to their surfaces. 

 

Figure 3.48: Antibacterial activity of SS316L and SS316L-coated surfaces against S. aureus 
after incubation for 2h. Statistically significant differences are indicated as **p<0.01. 

For the visual illustration of the adhesion of bacterial colonies on the specimen surfaces, 
cp-Ti specimens coated with ALD thin films and exposed to bacteria are shown in Fig. 
3.49. S. aureus is a round-shaped bacteria that usually forms in clumps as bright white 
clusters in different amounts for all four cases here, and an example is shown in the inset 
in Fig 3.48 d. Regardless of the similar morphology of Ti-AL180 and Ti-AL260 specimens 
regarding agglomerates (Fig. 3.38 a,b), visually fewer bacteria can be observed on the 
surface of Ti-AL260 (Fig. 3.49 a,b). The same was also concluded by CFU counting 
(Fig. 3.47), i.e. that Ti-AL260 surface provides anti-adhesive effect for these bacteria. 

On the other hand, Ti-HF180 and Ti-HF260, despite a significant difference in 
morphology (Fig. 3.40 a,b), i.e. the absence of agglomerates in Ti-HF180, the presence of 
bacteria was observed in both cases equally (Fig. 3.49 c,d). However, it should be noted 
that SEM results are only complementary results for visual information and should not be 
taken as quantitative. In the quantitative measurements by CFU counting, the bacteria 
are live, while in the case of the SEM observation, due to the specimen preparation process 
(Section 2.5.2), all bacteria are dead. 
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Figure 3.49: SEM images of ALD alumina- and hafnia-coated cp-Ti specimens after 
incubation for 2 h with the S. aureus for a) alumina deposited at 180 °C, b) alumina 
deposited at 260 °C, c) hafnia deposited at 180 °C and d) hafnia deposited on 260°C. 
White bright clusters are adhered bacteria. 

3.4.4 Summary 

The deposition temperature does not affect the surface morphology of alumina thin films, 
i.e. the size and distribution of agglomerates. However, the effect of temperature is 
significant for hafnia thin films, i.e. at 180 °C, the surface looks very uniform, while at 
260 °C, there are many agglomerates sized approximately 1 µm. Further, the deposition 
temperature does not affect the crystallinity of the alumina thin film, which was completely 
amorphous. Hafnia the thin film deposited at 260 °C showed a crystalline content of about 
10%, and that at 180 °C did not show the presence of a crystalline phase. 

Both thin films, alumina and hafnia, regardless of the deposition temperature, showed 
no toxic effect on mesenchymal stem cells nor a bactericidal effect on S. aureus, and the 
same has been shown for uncoated cp-Ti and SS316L specimens. However, the presence 
and distribution of agglomerates proved to be a decisive factor for good adhesion and 
retention of cells on the surface, while it did not show the same effect on bacteria. 

Yet the antibacterial properties were shown exclusively for alumina thin film deposited 
on cp-Ti at 260 °C, and it was concluded that due to the specific surface chemistry, 
probably increased surface energy, it has only an adhesive effect on bacteria.  
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3.5 Conclusions 

3.5.1 Study 3.1 – The effect of cp-Ti surface preparation on the 

protective properties of ALD Al2O3 and HfO2 films 

Considering the first hypothesis of the thesis, i.e. the smooth surface of cp-Ti substrate 
allows the formation of higher quality alumina and hafnia ALD thin films (in terms of 
surface protection and barrier properties) than the rough surface, it is proved correct.  

Both types of surfaces, rough and smooth, allow uniform deposition and complete 
coverage with both types of films, alumina and hafnia. According to PDP tests, both ALD 
thin films vastly reduce the corrosion current density of both ground and polished 
specimens. This would not be possible in the case of non-uniform ALD films. Yet alumina 
and hafnia showed slightly different properties. At the beginning of testing, alumina 
provides similar corrosion protection on rough and smooth surfaces, while hafnia showed 
differences in the degree of protection depending on the surface roughness. Therefore, the 
protective properties of hafnia are more affected by the surface roughness. 

Long-term EIS measurements during 40 days of immersion in Hanks’ solution at 37 °C 
provided further detail on the stability of films over a long period in simulated human body 
conditions. Both thin films exhibit a high capacitive character, with a broad region of linear 
increase in the impedance magnitude and large phase angle values. Alumina film on a 
smooth surface showed excellent stability throughout the whole immersion time, while on 
a rough surface, it showed a slight weakening in protective properties after 15 days. 
However, hafnia showed a significant difference in properties on a smooth and rough 
surface. On a smooth surface, it shows exceptional insulating properties continuously 
throughout the 40 days, while on a rough surface, it shows significant porosity resulting in 
passivation of cp-Ti through the pores of the film. It can be assumed that crystallites are 
easily formed on a rough surface due to the abundance of defects, and at their grain 
boundaries, the penetration of electrolytes to the substrate can easily occur. 

3.5.2 Study 3.2 – The effect of thickness of Al2O3 ALD films deposited 

on cp-Ti and SS316L on their protective properties 

In the second hypothesis, it was postulated that the thickness of ALD thin film is critical 
for providing barrier corrosion protection. Long-term electrochemical response confirmed 
that this hypothesis was correct. 

Electrochemical measurements on thinner alumina films, of ca. 60 nm and 20 nm, on 
cp-Ti and SS316L as substrates have shown that both ALD alumina thin films provide 
significant barrier protection reflected in significantly reduced current densities. However, 
after a few days of immersion, 20 nm thick alumina film failed, and it was unstable and 
susceptible to dissolution in Hanks’ solution at 37 °C, probably due to its insufficient 
thickness. The instability of thin films has been observed mainly for cp-Ti and less for the 
SS316L substrate indicating a difference in the protective properties of very thin alumina 
film when deposited on different substrates.  

On the other hand, 60 nm thick film has retained good barrier properties over the 
immersion period on both substrate types. Nevertheless, it was found that the repassivation 
of metal substrates plays an important role in assuring the protective properties of ALD 
thin films. Namely, the possibility of surface repassivation at high potentials indicates the 
presence of pores or defects in the film during anodizing of specimens. This behavior is 
especially evident for SS316L substrate due to its susceptibility to localized corrosion in 
chloride-containing solutions.  
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3.5.3 Study 3.3 – The effect of ALD multilayer structure Al2O3-HfO2-

Al2O3 deposited on cp-Ti and SS316L on their protective 

properties 

The third hypothesis of the thesis was that the protective properties of multilayer ALD 
thin films, obtained by combining alumina and hafnia, are improved compared to a single 
layer of pure alumina ALD thin film of the same thickness, on both substrates, SS316L 
and cp-Ti. This hypothesis was refuted.  

Multilayer thin films morphologically showed similar properties as single-layer alumina 
thin films, i.e. uniformity and no defects or cracks after deposition. However, the presence 
of hafnia as an interlayer seems to affect the structure of the thin film as more agglomerates 
that originate from hafnia have been observed than for single-layer alumina thin films.  

Electrochemical measurements reveal that multilayer structure does not significantly 
improve protective properties compared to single-layer alumina film of the same thickness, 
as would be expected considering better dielectric properties of hafnia. After 1 hour of 
immersion in simulated physiological solution, multilayer thin films provide significant 
barrier protection of the underlying substrates equally as single-layer alumina film on both 
substrates. 

After the long-term measurements of 30 days of immersion, multilayer thin film, equally 
as single-layer alumina thin film, retains good barrier properties as there is no increase in 
the current density values. A similar conclusion can be drawn from EIS tests. However, 
based on the reverse cycles of PDP curves tests at high potentials and SEM observations, 
it was concluded that there are significant differences in the protective properties of these 
films. Defects were detected in the multilayer thin film due to the hafnia middle layer and 
its tendency to form agglomerates during deposition. These defects enabled surface 
passivation and repassivation after the initiation of localized corrosion. However, in the 
case of the single-layer film, which is defect-free, sudden exposure of the substrate to high 
potentials resulted in progressed corrosion and relention of the film. This was observed 
only for SS316L specimens, similar to study 3.2, because cp-Ti is not susceptible to local 
corrosion under given conditions. 

3.5.4 Study 3.4 – Biocompatibility and antibacterial properties of Al2O3 

and HfO2 ALD thin films deposited on cp-Ti and SS316L 

The following hypothesis was postulated: alumina and hafnia ALD thin films have better 
biocompatibility and antibacterial properties than metal substrates SS316L and cp-Ti. 
Essentially, both hypotheses were refuted, with exception of only one thin film type where 
it has been proved correct.  

Biocompatibility of the surfaces of ALD specimens seems to correlate significantly with 
the morphology of their surfaces on a micro scale, primarily with the presence of 
agglomerates, while antibacterial properties show no correlation with surface morphology. 
Otherwise, the favorable surface morphology of implant materials, i.e. roughness on micro 
and sub-micro scale, has previously been shown to be an essential property for good 
interaction between implanted material and tissue [177].  

Regardless of the deposition temperature, ALD alumina and hafnia do not show a toxic 
effect on human mesenchymal stem cells nor a bactericidal effect on S. aureus. The same 
results were obtained for uncoated cp-Ti and SS316L specimens. Uniform ALD hafnia thin 
films deposited at 180 °C without agglomerates on the micro scale were shown to adversely 
affect cell adhesion and their development.  
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Bare cp-Ti and SS316L, and ALD thin films do not show antibacterial properties. 
However, they can show anti-adhesive properties to bacteria. The anti-adhesive effect may 
be due to increased surface energy conditioned by the presence of different chemical groups 
on the surface. This was the case for alumina thin film deposited on cp-Ti at 260 °C, as a 
significantly lower amount of adhered bacteria was shown compared to other surfaces. 
However, in the case of alumina thin film on SS316L at 260 °C, this was not the case. 
Therefore, the different nature of the substrate affects the growth and properties of ALD 
alumina thin films. 

3.5.5 Towards ALD films application in biomedicine 

Several points should be pointed out regarding the justification of applying ALD thin films 
on biomaterials for implantation. ALD thin films could offer an efficient solution for 
protecting cp-Ti and SS316L in some specific cases of high susceptibility of implanted 
biomaterials to corrosion. For instance, cp-Ti may be corroded when hydrogen peroxide is 
released around the implant site (see Section 1.3.2). ALD thin films could then offer a high 
level of protection by insulating the implant's surface from a dynamic biological 
environment. In addition, theoretically, it could be possible to use ALD thin films in 
implanted devices containing more metallic materials in contact, where there is a risk of 
galvanic corrosion (see Section 1.3).  

On the other hand, SS316L, due to its sensitivity to localized corrosion, is an even 
better candidate for applying ALD films. From the corrosion point of view, the Cl ions are 
the most detrimental species for stainless steel since they can disrupt the passive film of 
SS316L and cause pitting corrosion [44]. Therefore, it seems that ALD films from various 
metal oxides could serve as adequate protection for some metallic materials or devices 
implanted into the human body. However, additional in vitro and in vivo studies need to 
be carried out, emphasizing long-term investigations to confirm or refute the safety and 
efficiency of different ALD films in the human body.  

In addition, it is important to note that there are some limitations when considering 
the main characteristics of ALD thin films and their application in medicine. Namely, ALD 
thin films made of investigated ceramic materials, alumina and hafnia, may meet the 
requirements of chemical stability and biocompatibility, but their mechanical properties 
cause limited application. Since ALD thin films are mainly deposited as thin layers, up to 
several hundred nanometers, their mechanical stability in interaction with other parts of 
the implant or body is questionable. Therefore, research on ALD thin films for biomedical 
purposes should be mainly related to applications that do not involve a mechanical load 
that could damage the thin film, e.g. for bioassays, biosensors, nano-porous and 
nanostructured biomaterials for the specific application, bio-templating, etc. [91], [96]. 
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Appendix A 

Electrochemical Techniques in 

Corrosion 

A.1 Introduction 

Since the corrosion reactions in practice are primarily electrochemical, the corrosion 
behavior of metals can be evaluated with electrochemical techniques. The three techniques 
commonly used for assessing the corrosion properties of metallic materials are monitoring 
corrosion potential, potentiodynamic polarization test, and electrochemical impedance 
spectroscopy [34]. These techniques use a potentiostatic circuit that includes an 
electrochemical cell equipped with three electrodes, as schematically shown in Fig. A.1 
[179]. The working electrode (WE) is the metal specimen, i.e. material under evaluation. 
The counter electrode (CE), or auxiliary electrode, is ideally a material that supports 
oxidation or reduction processes with reactants in the electrolyte but does not itself undergo 
corrosion, e.g. platinum or graphite. The reference electrode (RE) has a stable and constant 
potential relative to which the potential of the WE is measured, e.g. saturated calomel 
electrode (SCE) or standard silver-silver chloride (Ag-AgCl) electrode [34], [179].  

 

Figure A.1: Schematic illustration of potentiostatic circuit of a three-electrode 
electrochemical cell [179]. 
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A.2 Potentiodynamic polarization test 

In the potentiodynamic polarization (PDP) or linear sweep voltammetry (LSV) test, both 
cathodic and anodic reactions of the tested specimen are accelerated by applying 
overpotential from an external source. Usually, the initial potential is set in the cathodic 
range from the OCP, e.g., 200 mV, and then is increased over the OCP into the anodic 
region to a predetermined potential value or until the specimen corrodes. The applied 
overpotential on the specimen is changed at a constant rate, usually very slow, e.g. 1 mV/s, 
to keep the system in the steady state. During the application of the overpotential in both 
directions, the current of cathodic and anodic reactions is measured, which provides 
relevant information on the corrosion behavior of the specimen (Fig. A.2) [179].  

It is also common to implement cyclic PDP to evaluate metal susceptibility to pitting 
corrosion. In this case, at high potentials, when an increase in current occurs due to pitting 
corrosion, the potential scan is reversed, whereby the metal surface may be re passivated 
or not. An example of a cyclic PDP curve is shown in Fig. A.2 [3], [179]. The figure shows 
an example of a metal passivated in an electrolyte due to surface oxidation. Its OCP value 
is about −400 mV vs SHE (standard hydrogen electrode) [179]. As the potential in the 
anode direction increases, the current increases due to metal oxidation. The primary 
passivation potential (Epp), the point of critical corrosion current (jcc), is reached at the 
maximum current.  

The passive film takes on a protective role so that there is a sudden decrease in current 
due to its insulating properties. Then, the current reaches the plateau, i.e. a constant value 
called the passivation current (jpas). In the presence of aggressive ions, e.g. Cl‒ and [SO4]2‒, 
pitting or crevice corrosion or both are initiated and propagated at breakdown potential 
(Eb), along with oxygen evolution and electrochemical dissolution of the passive film. Since 
the current rises again due to corrosion (dashed curve), the reverse potential scan is applied 
in the vertex potential point (Ev). When the re passivation of the metal inside pits is 

 

Figure A.2: Schematic illustration of potentiostatic circuit of a three-electrode 
electrochemical cell [179]. 
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reached, the current drops again so that the dashed curve intersects the full line of the 
forward scan. This intersection point is named the pitting protection potential (Ep), which 
is considered the criterion for evaluating the material's susceptibility to pitting corrosion. 
If the potential never rises above this value, pitting is not expected to occur, i.e. the lower 
the resulting hysteresis loop, the lower the susceptibility of metal to pitting corrosion [3], 
[179]. 

In the case of some typical passivated metals, e.g. Fe, Cr, Ni, and in the absence of 
aggressive ions, metals can go into a trans-passive state where oxidation of a metal oxide 
to a higher oxidation state occurs. This process and OER are the reason for the increase 
in current in this area (Fig. A.2) [179]. However, for valve metals, e.g. Al, Ti, Zr, Hf, Ta, 
W, etc., the passive film can grow to a thickness of even several tens of micrometers, 
making OER difficult to occur [3]. 

The corrosion current density (jcorr), polarization resistance (Rp) and the corrosion rate 
are the values that are crucial for understanding corrosion of a particular metal. The 
corrosion rate is determined from the PDP curve using Tafel analysis (dot lines in Fig. 
A.2) in a narrow potential range around the OCP value [179], where the current linearly 
depends on the potential (50 to 100 mV from the OCP). 

A.3 Electrochemical impedance spectroscopy  

Electrochemical impedance spectroscopy (EIS) is a powerful tool in studying metals 
corrosion phenomena. Unlike the PDP technique, which uses only direct current (DC) and 
is destructive, EIS uses alternating current (AC) and can be considered non-destructive. 
This feature allows consecutive long-term tests of a metal specimen immersed in an 
electrolyte for the desired period. 

The technique involves the application of time-varying and small potential perturbation 
in the cathodic and anodic direction around the OCP of the specimen. The alternating 
potential perturbation takes place at different rates or frequencies. In most cases, it is 
applied over the frequency range from 104 to 10-3 Hz, i.e. from fast to slow perturbations, 
while the amplitude of each potential perturbation is constant and commonly less than 
10 mV. In this way, the corrosion system is not disturbed, i.e. a continuous in-situ 
measurement of the impedance behavior is enabled. The alternating potential perturbation 
is applied as a sinusoidal function, and as a result, the alternating current is measured 
(Fig. A.3) [179]. Both functions, dependence of potential and current on time, can be 
expressed according to Eqs. A.1 and A.2, respectively. 

 𝐸(𝑡) = 𝐸0 · sin (𝜔𝑡) (A.1) 

 𝑖(𝑡) = 𝑖0 · sin (𝜔𝑡 − 𝛷) (A.2) 

where E0 and i0 are amplitudes in potential and current, respectively; ω is the radial 
frequency (rad/s) and is equal to 2πf (where f is the frequency in Hz), and Φ is phase angle 
or phase shift in arc degrees (°).  

Fig. A.3 shows that the current is shifted by the value of Φ, i.e. the phase angle, which 
is obtained by analysis of the applied and the resulting sinusoidal signals. In addition to 
impedance, this quantity is used to describe the corrosion behavior of a tested metal. The 
impedance (Z) may be considered the resistance to alternating current, i.e. analogously to 
Ohm's law, R = U / I, it can be expressed as Z = E / i. However, since the division 
operation between sinusoidal functions is applied, imaginary numbers are included, and the  
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Figure A.3: The EIS technique uses the sinusoidal change of potential (full line) and the 
resulting change in alternating current (dash line). 

total impedance is divided into a real component and an imaginary one. Therefore, the 
general mathematical equations for impedance are shown in Eqs. A.3-A.6. 

 𝑍 = |𝑍| · (cos𝛷 + 𝑗 sin𝛷) (A.3) 

 𝑍𝑅𝑒 = |𝑍| cos 𝛷 (A.4) 

 𝑍𝐼𝑚 = |𝑍| sin 𝛷 (A.5) 

 𝑍 = 𝑍𝑅𝑒 + 𝑗 𝑍𝐼𝑚 (A.6) 

where |Z| is the so-called impedance magnitude and is equal to the ratio of E0 and i0, ZRe 
is the real component, and ZIm is the imaginary component of impedance. 

The electrochemical cell is modelled by an equivalent electrical circuit (EEC), with each 
element corresponding to an electrochemical, chemical, or physical process taking place in 
the cell. The simplest EEC for metals immersed in an electrolyte is shown in Fig. A.4. Rp 
is the polarization resistance, and Rs is the solution resistance between the tested specimen 
and the reference electrode. The capacitance (Cdl) is associated with the 
specimen/electrolyte interface, i.e. it represents the double-layer capacitance formed upon  

 

Figure A.4: Equivalent electric circuit of a metal/electrolyte interface. 
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immersion of metal in an electrolyte. The process of progressive corrosion is described 
specimen/electrolyte interface, i.e. it represents the double-layer capacitance formed upon 
immersion of metal in an electrolyte. The process of progressive corrosion is described with 
an inductive element, but this does not occur commonly in the case of medical materials 
and is not shown here. 

As the frequency of applied potential varies, the final result may be presented as the 
dependence of impedance magnitude logarithm (log|Z|) and phase angle on frequency 
logarithm in Hz ( so-called Bode diagram in Fig. A.5 a) [179]. EIS data may also be 
plotted in the complex plane as ZIm versus ZRe, i.e. imaginary versus a real component (so-
called Nyquist plot in Fig. A.5 b). Herein, it is possible to obtain a relationship between 
resistive, which is attributed to the real component, and capacitive behavior of the tested 
specimen, which is attributed to the imaginary component [179].  

Bode plots have advantages in that the impedance magnitude and phase angle are 
shown as explicit functions of the frequency, which is the independent experimental 
variable. The Nyquist plot allows three relevant parameters to be determined directly, the 
resistance of solution (Rs), the polarization resistance (Rp), and capacity (C), which is 
calculated using the frequency at the apex of the semicircle as it is shown in Fig. A.5 b 
[179].  

 

Figure A.5: Different EIS data presentations; a) Bode plot and b) Nyquist plot. 
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Appendix B 

Morphology of the Hafnia Film 

B.1 Source of Agglomerate in Hafnia Thin Film 

Regarding the significant presence of agglomerates in hafnia film with a thickness of about 
150 nm on cp-Ti (Fig. 3.4 b), the question arose whether agglomerates are exclusively the 
result of irregularities on the surface of the substrate. 

Investigating the morphology of the hafnia film formed on the perfectly smooth surface 
of the Si-wafer, it is concluded that the formation of these agglomerates and crystallites 
can also be the property of the hafnia itself, as it has also been reported [129]. Fig. B.1 
presents the cross-section of the hafnia film of ca. 100 nm in thickness deposited on the 
Si-wafer, which is factory-coated with a layer of SiO2 of ca. 500 nm in thickness. Since the 
surface of the SiO2 substrate is perfectly smooth, there are no sites on the surface that 
could serve as a trigger for the formation of these agglomerates as in the case of the Ti-
OPS surface. However, on the surface of the hafnia film, these agglomerates can be observed 
as bright areas to approximately the same extent as on the hafnia film formed on the cp-
Ti substrate (Fig. 3.4 b).  

 

Figure B.1: SEM image of the hafnia ALD thin film deposited on the Si-wafer substrate on 
the cross-section site. Si-wafer is factory-coated with a SiO2 layer of ca. 500 nm in thickness. 
Magnification was 100,000×, beam energy 5 kV and electrical current 50 pA. 

It should be noted that the cross-section on the Si-wafer was not obtained by the FIB 
method but by a mechanically brittle fracture, and therefore the bright line representing 
the SiO2/HfO2 interface looks very curved. It is a perfectly smooth surface or interface on 
Si-wafer specimen, but because it was broken mechanically, it gives a false impression that 
the interface is rough. 
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B.2 Crystallinity in the HF260 Thin Film 

Determination of the proportion of crystalline phase in the hafnia thin film deposited on 
cp-Ti at 260°C (Ti-HF260) was performed by integrating the XRD spectrum surface (Fig. 
B.2 a) and the HfO2 crystal phase-related peaks in the film (Fig. B.2 b). From the 
obtained surface values, the content of the crystalline phase was estimated at about 10% 
(Eq. B.1). 

 𝑥𝑐 =
𝐴𝑐

𝐴
=

832.8

8384.9
= 0.1 (B.1) 

where, xc is the portion of the crystal phase, Ac is the area formed by the three crystal 
phase-related peaks, and A is the area under the entire XRD spectrum. 

 

Figure B.2: SEM image of the hafnia ALD thin film deposited on the Si-wafer substrate on 
the cross-section site. Si-wafer is factory-coated with a SiO2 layer of ca. 500 nm in thickness. 
Magnification was 100,000×, beam energy 5 kV and electrical current 50 pA. 

However, it should be noted that the determination of the hafnia crystal phase content 
in this simple way can only serve as a rough estimate because, as shown in Fig. B.2 b, 
the peak for (020) crystal plane partially coincides with the peak for Ti at 2Θ on 35°. Thus, 
the obtained crystallinity estimate should be reduced, and it can be roughly assumed that 
the crystallinity content is between 5 and 10%. 
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Addendum  

Alumina (Al2O3), as an amorphous passive film spontaneously formed on metallic 
aluminum is thermodynamically stable in the pH range from 3.9 to 8.6 and in a wide range 
of potentials in aqueous solutions, as presented in E vs. pH Pourbaix diagram for aluminum 
[1]. Therefore, aluminum is protected against corrosion in these conditions. However, 
during long-term immersion in the simulated physiological solution, we observed instability 
and dissolution of alumina when deposited as thin film of 20 nm (see sections 3.2.3.1 and 
3.3.3.1). To further explain this unexpected result, we herein relate it to similar 
observations in the literature. 

Abdulagatov et al. investigated the possibility of using ultra-thin ALD alumina and 
titania films to protect copper against corrosion in water at the temperature of 90 °C [2]. 
They reported on the solubility of ALD alumina of 200 Å under the tested conditions 
resulting in insufficient protection of copper. Correa et al. investigated the chemical 
stability of alumina and titania in water and different aqueous solutions at room 
temperature, as-deposited and after thermal treatment at different temperatures [3]. They 
also reported on the instability of alumina when deposited as a 50 nm thick film in pure 
water, as-deposited and after annealing at 450 °C, while at higher annealing temperatures, 
alumina was stable. Since they were focused on the change in roughness due to the 
degradation of ALD alumina thin films, they used AFM measurements. They proposed 
that ALD alumina thin films in pure water undergoes hydration with a dynamic 
dissolution/precipitation process, which causes an increase in surface roughness. In 
addition, they state that hydration of amorphous alumina can result in crystallization into 
bayerite and gibbsite, polymorphs of aluminum hydroxide, increasing the volume of 
deposit, as investigated here [4].  

 Therefore, when we consider the properties and stability of alumina obtained by the 
ALD method, we cannot equalize it with spontaneously formed passive aluminum-
(hydr)oxide on metallic aluminum [5], nor with crystalline alumina, which is a very 
chemically stable material [6]. Further, as reported, ALD alumina thin films may contain 
relatively high residual C and H atoms from the precursor, primarily if TMA is used [7]. 
This fact certainly affects the chemical stability of alumina when it is deposited by the 
ALD method. Moreover, residual atoms, primarily H, are more pronounced the thinner the 
deposited film. This is a consequence of the incomplete reaction with water and the 
retention of ‒OH groups in the alumina structure. However, residual ‒OH groups, with a 
longer deposition time when growing thicker films, are available for further oxidation, i.e., 
a complete reaction between TMA and water, as reported here [8]. Therefore, thinner 
alumina films tend to retain more residual ‒OH groups, while thicker films are more like 
pure alumina due to the longer ALD process. This also explains why the 20 nm alumina 
thin film showed apparent instability after a few days of immersion in Hanks' solution at 
37 °C, while the thicker film of 60 nm remained stable throughout the 30-day immersion 
period. 
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