Electrochimica Acta 366 (2021) 137431

journal homepage: www.elsevier.com/locate/electacta

Contents lists available at ScienceDirect

Electrochimica Acta

The effect of surface preparation on the protective properties of Al,Os n
and HfO, thin films deposited on cp-titanium by atomic layer

deposition

Ivan Spajic®P, Peter Rodic? Gavrilo Sekularac?, Maria Lekka€, Lorenzo Fedrizzi®,

Ingrid MiloSev &+

aJoZef Stefan Institute, Department of Physical and Organic Chemistry, Jamova c. 39, Ljubljana, SI-1000, Slovenia
b JoZef Stefan International Postgraduate School, Jamova c. 39, SI-1000 Ljubljana, Slovenia
¢ University of Udine, Polytechnic Department of Engineering and Architecture, Via delle Scienze 206, Udine, 33100, Italy

ARTICLE INFO

Article history:

Received 1 August 2020

Revised 2 November 2020
Accepted 3 November 2020
Available online 5 November 2020

Keywords:

Atomic layer deposition
Alumina

Hafnia

Cp-titanium
Chemical-mechanical polishing

ABSTRACT

Atomic layer deposition (ALD), a method that allows the formation of thin and conformal films on sub-
strates of interest, was employed to prepare thin films of alumina (Al,03) and hafnia (HfO,), with the aim
of protecting the surface of the commercially pure titanium (cp-Ti) used in biomedical applications. Prior
to deposition, cp-Ti specimens have been prepared in two ways - grinding and grinding followed by pol-
ishing. Such surfaces have been denoted as rough and smooth, respectively. The thickness, composition,
morphology and topography of alumina and hafnia films have been determined using ellipsometry, fo-
cused ion beam microscopy with energy dispersive X-ray spectroscopy, time-of-flight secondary ion mass
spectrometry and 3D profilometry. A homogeneous stoichiometric composition of alumina and hafnia was
obtained with a layer thickness of ca. 150 nm. The anti-corrosive properties of ALD thin films were mea-
sured in simulated body fluid solution, using electrochemical impedance spectroscopy (EIS) and potentio-
dynamic polarization curves. The roughness of the cp-Ti surface plays an important role in the protective
properties of these films, especially those of hafnia. In general, when deposited on a smooth surface, ALD
films with better anti-corrosive properties were obtained, as evidenced by EIS long-term, 40-day tests.
ALD films showed very low porosity, calculated from electrochemical parameters, and significantly lower
corrosion current densities, compared with those from bare cp-Ti specimens. Lower porosity and slightly
better protective properties were provided by films of hafnia. On the other hand, according to EIS long-
term tests, alumina retained slightly greater impedance values than hafnia. Since both alumina and hafnia
are biocompatible materials, this study confirms the possibility of their use to reduce the risk of failure
of medical implants made of cp-Ti, in the human body environment.

© 2020 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

gration, the ability of human bone cells to bond and grow quite
effectively on the surface of implant materials. The high ability to

Stainless steel, Co-Cr- and Ti-based alloys are the most common
metallic biomaterials used for biomedical purposes, e.g., implant
devices [1,2]. The main advantage of Ti and its alloys is their high-
est corrosion resistance, thanks to the highly stable passive film of
TiO, that forms spontaneously in the presence of oxygen on the Ti
surface [3]. Another feature necessary for biomaterials is biocom-
patibility, and Ti-based alloys have proved to be the most desirable
by this criterion [2,4]. Biocompatibility is also related to osseointe-
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be osseointegrated is a specific characteristic of the Ti-based al-
loys typically used in biomedical applications, such as Ti-6Al-4V
and Ti-6Al-7Nb and, in particular, of pure titanium. Again, this
is due to the protective passive film of TiO,, more precisely the
hydrated Ti peroxy matrix that constitutes an interface between
a Ti implant and living tissue [5-7]. Further, in order to be bio-
compatible, the mechanical properties, e.g., the Young’'s modulus,
of the metallic biomaterial, should be as close as possible to those
of the bone in order to avoid stress shielding [8]. Unfortunately, all
metallic biomaterials display the latter disadvantage, as they gen-
erally have too high a Young’s modulus. However, Ti-based alloys
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feature a lower Young's modulus, closer to that of bone than that
of stainless steel and of Co-Cr-based alloys [2,5]. The critical point
of Ti-based alloys and, especially, of pure Ti, is their susceptibil-
ity to wear due to friction or abrasive action when in contact with
other materials in an implant device [4,5]. This is also the reason
for the development of many Ti-based alloys, mainly for the pur-
pose of improving wear resistance and for reducing the Young'’s
modulus [2,9].

Technical Standard ASTM F67 [10] classifies commercially pure
titanium (cp-Ti) for medical applications into four grades, G1 to
G4, that differ in the proportion of trace elements (O, Fe, C, N
and H). The interstitial solutes, O and N, play a major role be-
cause they tune the mechanical properties of cp-Ti [11]. Due to
its limitations in mechanical properties, cp-Ti is used only where
direct wear contact is minimal, mainly in dental surgery, as non-
load bearing parts for some joints like the acetabular shell of the
hip, for bone fixation materials like nails, screws, nuts and plates,
housing devices for pacemakers, artificial heart valves etc. [5]. Al-
though it has excellent anticorrosive properties, cp-Ti sometimes
fails under the human body conditions. Bhola et al. in a compre-
hensive review [12] reported many in-vitro and in-vivo studies and
cases that pointed out the problem of galvanic coupling of cp-Ti
in contact with other metallic biomaterials that resulted in release
of Ti ions in the periprosthetic tissue. In addition, galvanic cou-
pling or cathodic charging may cause hydrogen to be evolved on
Ti surfaces, which may then penetrate and cause hydrogen induced
cracking in the titanium structure [12,13]. Fretting corrosion of ti-
tanium, related to its poor wear resistance, has often been reported
to lead to the release of titanium debris particles [14-18]. But if the
problem of corrosion or release of Ti ions is considered exclusively,
the atomic layer deposition (ALD) technique, which has hitherto
been seldom investigated, becomes an interesting solution to the
protection against corrosion of biomedical materials [19].

The ALD technique allows the formation of nanoscale coatings,
commonly referred to as thin films. Originally, it was known as
Molecular Layering; it was invented in Russia by Aleskovski and
co-workers in the 1960s [20]. The technique was then developed
further by Suntola and Antson in Finland in the 1970s under the
name of Atomic Layer Epitaxy, and was patented as a new tech-
nique for the growth of polycrystalline dielectric thin films with
unique characteristics [21]. Initially, this technique was reserved
exclusively for producing thin layers for thin film electroluminescent
displays. Later, research advances have expanded the use of ALD
technology from microelectronic applications (high-« dielectrics in
MOSFETs and DRAMSs) to various protective coatings, optical appli-
cations and photocatalysis [22]. The first article that considered ap-
plication of ALD thin films in corrosion protection was published
in 1999 [23]. The first proposal on the use of ALD thin films for
biomedical implants appeared in a patent from Argonne National
Laboratory in 2006 [24]. Due to the great interest in ALD tech-
nology, a variety of materials and deposition processes have been
developed in different fields of technology. However, up to now,
studies on ALD thin films as protective coatings on biomedical im-
plants have been focused mainly on only a few ceramic materials,
such as alumina (Al,03) [25,26] and zirconia (ZrO,) [27] as bioin-
ert materials, and as titania (TiO,) [28] and hydroxyapatite (HA)
[29] as bioactive materials. Despite the very high conformity and
uniformity of the ALD films in general [30-32], they have some
drawbacks that need to be investigated further to establish their
application as biomedical implants. For example, alumina tends to
grow as an amorphous film that provides good barrier properties
but can be chemically unstable and, even, soluble in corrosive en-
vironments [23,32,33]. On the other hand, titania tends to grow as
a polycrystalline film at temperatures above 150 °C and, although
this makes it chemically stable in a corrosive environment, its grain
boundaries constitute weak points at which penetration of corro-
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sive electrolyte to the substrate can take place [23,33]. For this
reason, the possibility of combining amorphous and polycrystalline
alumina and titania films to produce multilayer films with the de-
sired corrosion protection has been investigated [25,34,35]. Hafnia
(HfO,) and zirconia ALD thin films have been widely investigated
for dielectric applications as high-« materials [36]. However, al-
though they have the potential to be applied as protective thin
films on metallic biomaterials, they have, hitherto, been seldom
investigated for biomedical purposes [37]. For this reason, the pro-
tective properties of alumina and hafnia ALD thin films deposited
on cp-Ti as a substrate have been compared in this study.

The main aims were to investigate the electrochemical and mi-
crostructural properties of hafnia thin films prepared by ALD and,
then, to compare them with those of alumina ALD thin film. Haf-
nia, as a thin film obtained by electrochemical anodization, has
been reported to exhibit good biocompatibility and other proper-
ties required for biomedical applications [38]. Moreover, hafnium,
as a pure metal that is spontaneously passivated with hafnia, has
been investigated as an alternative for potential biomedical appli-
cations. It has shown very good biocompatibility as well as osteo-
genesis [39], but the main reason why hafnia thin film is interest-
ing for further research is that it is chemically stable, being highly
resistant to corrosive species [37], and that, unlike titania ALD thin
film, provides the possibility of forming an amorphous film [40] of
very low porosity and good barrier properties [37]. In addition, the
crystallinity of the amorphous hafnia thin film increases slightly,
up to ca. 10%, as the deposition temperature increases from 100 to
200 °C while, above 200 °C, it increases rapidly [40]. This increase
may vary, depending on the precursors used, the process pressure
and the substrate. In any case, this property of the hafnia ALD
thin film can be used to easily control the crystallinity and, con-
sequently, chemical stability and the barrier properties of the film.
ALD thin films have been characterized by various techniques to
elaborate their thickness, uniformity, morphology and topography
i.e. ellipsometry, scanning electron microscopy with energy disper-
sive X-ray spectroscopy (SEM/EDXS), focused ion beam (FIB) mi-
croscopy with EDXS, time-of-flight secondary ion mass spectrome-
try (ToF-SIMS) and 3D profilometry.

Special emphasis has been given to the role of substrate sur-
face roughness in the anti-corrosive or barrier properties of alu-
mina and hafnia thin films. Surface roughness is very important
for biomedical implant materials and can be a decisive factor in
osseointegration and also bacteria colonization [41]. Thus, micro-
roughness of the implant surface has been proved to promote in-
teraction of an implant with bone or tissue [42], while the high
degree of smoothness can be desirable, since it allows low friction
and good sliding in the contact between the implant components,
such as in the joint [43].

2. Experimental details
2.1. Metal substrates and chemicals

As substrate material, commercially pure titanium (cp-Ti), was
used, supplied by GoodFellow Ltd. (Cambridge, UK). The material
was grade 2, with a high purity of 99.6%, and had been subjected
to the annealing process. The as-received foil, 2.0 mm thick, was
cut into discs of 15 mm in diameter. The surface of the cp-Ti spec-
imens was prepared metallographically in two different ways, to
compare the effect of roughness on the ALD deposition. For met-
allographic preparation the LaboPol-20 machine, as well as all the
other equipment: grinding papers, polishing cloths and suspension,
were supplied by Struers (Ballerup, Denmark). The first group of
specimens was prepared by grinding, using 500-grit SiC emery pa-
pers, giving what is considered as a rough surface; the specimens
were denoted as Ti-500. The second group of specimens was pre-
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pared by similar grinding followed by polishing with silica suspen-
sion (OP-S) with SiO, particles, size 0.25 pum, with the addition of
chemical reagents, 30% H,0, and 25% NH4OH (Merck KGaA, Darm-
stadt, Germany), according to Struers protocol. This procedure is
known as chemical-mechanical polishing [44]. Specimens prepared
in this way were considered as smooth and denoted as Ti-OPS.
After metallographic preparation, both group of specimens were
cleaned in 99.6% ethanol (Merck KGaA, Darmstadt, Germany) us-
ing an ultrasonication bath Elmasonic P series (Elma Schmidbauer
GmbH, Singen, Germany) for 10 min, then dried with high pressure
nitrogen gas. To ensure uniform surface conditions, i.e. comparable
formation of a natural TiO, film, all the specimens were before the
deposition processes stored overnight (ca. 16 h) in a vacuum desic-
cator filled with commercial silica gel. Additionally, Si-wafers with
Si0, thermal oxide of 450 nm in thickness were used as perfectly
smooth and control specimens.

2.2. Atomic layer deposition procedures

The ALD thin films were deposited using a Beneq TFS 200
system (Beneq Oy, Finland). Two types of thin films were de-
posited on cp-Ti specimens prepared as described in Section 2.1.
Aluminium(Ill) oxide (Al,03 or alumina) was deposited using
trimethylaluminium (Al(CH3); or TMA, 99.99% PURATREM, STREM
Chemicals Inc.) as the precursor. Hafnium(IV) oxide (HfO, or haf-
nia) was deposited using tetrakis(ethylmethylamido)hafnium(IV)
(Hf[N(CH3)(CyHs)]4 or TEMAH, 99.99% PURATREM, STREM Chem-
icals Inc.) as precursor. For both types of thin films, Milli-Q water
(resistivity 18 MQ cm? at 25 °C, Billerica, MA) was used as the
oxidizing agent. The Al,03 films were deposited at 160 °C, and the
HfO, films at 180 °C, according to the procedures for 100 nm thick
films, as follows: in the case of alumina, the ALD cycle consisted
of a 0.35 s TMA dose, a 1 s N, purge, a 0.3 s water dose and a
1 s N, purge; in the case of hafnia, the ALD cycle consisted of a
0.5 s TEMAH dose, a 1 s N, purge, a 0.2 s water dose and a 1 s
N, purge. The number of deposition cycles was calculated using a
growth rate per cycle (GPC) of 1 A/cycle in the case of Al,05 film,
meaning that 1000 cycles would result in a 100 nm thick film. In
the case of HfO, film the GPC was 0.96 A/cycle, and 1050 cycles
were used to obtain ca. 100 nm thick film. However, the film thick-
ness may vary by a few tens of nanometres on different surfaces,
as shown below.

2.3. Characterization techniques

The thicknesses of the ALD films were determined, using the el-
lipsometry method with an imaging ellipsometer Nanofilm_ep3se
(Accurion GmbH, Goettingen, Germany). The specimens were illu-
minated with a laser beam at a wavelength of 610 nm and the
measurements 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 mod-
eling software of Accurion. Measurements were performed on Si
wafers and on cp-Ti specimens in air. In the case of Si wafer the
model used was as follows: crystalline Si (100) as substrate, then
ca. 450 nm of deposited SiO, and the expected 100 nm of alu-
mina and hafnia, respectively. In the case of Ti-OPS specimens, the
model used was as follows: Ti metal as substrate, then 1-5 nm of
naturally formed TiO, and the expected 100 nm of alumina and
hafnia, respectively. However, in the case of the Ti-500 it was nec-
essary to consider a relatively high surface roughness when choos-
ing the model. Therefore, an effective medium approach was used
taking into account that there are no clear borders at the inner in-
terface between Ti and ALD film and at the outer interface between
ALD film and air at the top surface, but their mixtures. The model
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that showed the best fit with the measured results and the small-
est RMSE error was: Ti metal as substrate, mixture of Ti with alu-
mina or hafnia and then mixture of alumina or hafnia with air. In
this way, the thickness of the ALD films, alumina and hafnia, was
estimated as the sum of the thicknesses of the two listed mixtures.

The results of thickness obtained by ellipsometry were com-
pared with those obtained by depth profiles, using the ToF-SIMS
depth profiles and SEM-FIB analysis of the cross-section (vide in-
fra). It is noteworthy that the film thicknesses obtained by ellip-
sometry and the ToF-SIMS methods are based on measurement of
a certain property of the thin film, then compared with the theo-
retical model and with the standard material, respectively. In con-
trast, in the SEM-FIB method thickness is measured directly, which
gives much more reliable information.

3D surface imaging and the roughness of the prepared speci-
mens were determined, by the stylus profilometry method, with
a Bruker DektakXT profilometer. The radius of the stylus was
2 pum, and the applied force was 1 mg. 3D map resolution was
2 pm/trace and scanned on a surface area of 1 x 1 mm?. Data
were processed using Bruker Vision 64 and TalyMap Gold 6.2 soft-
ware to create 3D surface topography and to calculate the mean
surface roughness (S;) as the average of the measurements on
three different specimens. The parameter S, is used generally to
evaluate surface roughness of 3D profile, Eq. (1) [45].

X

L ’y
s,— 11 /|z|dxdy (1)
L
00

Two spectroscopic methods, ToF-SIMS and EDXS, were employed
with the aim of revealing the chemical composition of thin films.
Compositional depth profiles of the thin films were obtained using
ToF-SIMS 5 (IonToF, Germany). A pulsed Bi™ primary ion source of
30 keV and 1 pA was delivered over a 50 x 50 pm? area to analyse
the films. The pressure in the chamber was less than 10~ mbar.
Depth profiles were obtained by 02+ sputtering ion beams of 2 keV
and 545 nA over a 400 x 400 um? area in the case of alumina thin
films and by Ar* sputtering ion beams of 2 keV and 380 nA over a
400 x 400 pm? area in the case of hafnia thin films. Characteristic
signals related to the thin films, such as Al* and AlO* and Hft and
HfO™*, were collected during the analyses. Since the Si wafers were
used for ToF-SIMS analyses as substrates, signals from Si* or SiO*
were collected to determine the interface and thickness of the thin
films. The comparison of the etching rates of the standard mate-
rial, for which pure SiO, of known thickness was used, and the ex-
perimentally prepared ALD thin films deposited on a very smooth
surface such as polished Si, gives an approximate value of the thin
films thicknesses. Calibration of the ToF-SIMS instrument regarding
the etching rate is commonly performed on the SiO, standard be-
cause its etching rate was shown to be approximately the same as
for most metal oxide materials. Sputtering rates were determined
on SiO, standard using different types of ion beams with differ-
ent beam characteristics, as described above. Therefore, the sput-
tering rate determined on SiO, standard under the experimental
conditions used for sputtering alumina and hafnia was 0.2 nm/s
and 0.5 nm/s, respectively.

EDXS spectra were collected using an Oxford Instruments INCA
system. Morphological characterization was performed using two
types of scanning electron microscope (SEM), a JEOL JSM-7600 F
and a Carl Zeiss EVO-40. Only polished specimens, at the top sur-
face and at the cross-section sites, were used for the EDXS analysis.
For ALD thin films analyses, a minimal beam acceleration voltage
of 3 kV was used to avoid gathering information from the metal
substrate and to focus the analysis primarily on the ALD films (ca.
100 nm in depth of the ALD films). At some areas of interest, a
larger analysis depth of ca. 3 wm (achieved by a beam acceleration
voltage of 10 kV) was used to obtain information on both the thin
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Table 1
Chemical composition of the Hanks’ solution.

Components Concentration/ g L1
NaCl 8.0

KCl 0.40

NaHCO; 0.35

CaCl, 0.14

MgCl, - 6H,0 0.10

MgS0O,4 - 7H,0 0.06
NayHPO4 - 2H,0  0.06
KH,PO4 0.06
Glucose 1.0

film and the underlying substrate. Although EDXS analyses pro-
vided results as the relative atomic ratio between Al or Hf and O
atoms, they should be considered as being semi-quantitative, since
the EDXS instrument was not calibrated specifically for the alu-
mina and hafnia ALD thin films. The same conditions were used
for the cross-section analysis. In general, 3 kV beam acceleration
voltage was sufficient to obtain useful results.

SEM imaging was performed at beam acceleration voltages
from 1 kV to 5 kV using an ETD detector and upper (SEI) and
lower (LEI) detectors of secondary electrons (SE) to obtain insights
into the morphology of the surface. A CBS and a LABE detector
for back-scattered electrons (BSE) were used to get information
on the composition, since they provide a contrast between areas
with different chemical compositions. In addition to surface im-
ages, cross-section images were also taken to check the homogene-
ity and thickness of the films. Prior to SEM imaging and EDXS anal-
yses, one half of both specimens, alumina and hafnia coated cp-Ti,
were coated with a thin Pt protection layer and the other half with
a thin carbon layer to reduce the charging effect while acquiring
information from the surface.

Cross-section surfaces were obtained using a FIB FEI Helios 650
Nanolab instrument with Ga* as etching beam. Prior to analysis, a
1 pm 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.

Considering the nanometric thickness of the films, only pol-
ished specimens were investigated by ToF-SIMS, EDXS and FIB
techniques aiming to provide a very sharp interface substrate/ALD
film, and, consequently, more accurate and precise characterization
by individual technique than on the rough specimens.

2.4. Electrochemical measurements

All electrochemical measurements were performed using a po-
tentiostat/galvanostat with electrochemical impedance modulus,
Autolab PGSTAT302N (Metrohm AG, Herisau, Switzerland), and
controlled by Nova 2.1.4 software. The standard configuration with
three electrodes was used with an Ag/AgCl (3 M KCI) electrode
(E =0.192 V vs. standard hydrogen electrode) as the reference elec-
trode and a carbon rod as the counter electrode. The specimen set
in a Teflon holder with an area of 1 cm? exposed to the electrolyte
solution served as a working electrode. All the potentials in the
text are given with respect to the Ag/AgCl electrode. With the aim
of simulating human body conditions, the electrochemical tests
were performed in an Autolab 400 mL corrosion cell thermostated
at 37 + 0.1 °C, with Hanks’ solution as the electrolyte with a pH of
7.4. Hanks’ solution is a recommended and well-known simulated
body fluid (SBF) solution (Table 1) [46]. All chemicals used for the
preparation of the electrolyte were of p.a. purity and were supplied
by Merck (Darmstadt, Germany) and Sigma-Aldrich (St. Louis, Mis-
souri, USA).
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Potentiodynamic polarization (PDP) and electrochemical
impedance spectroscopy (EIS) measurements were performed
on both bare and coated specimens. Polarization curves were
obtained using a scan rate of 1 mV/s, starting at —0.25 V vs.
open circuit potential (OCP) up to 4.0 V. Prior to measurements,
specimens were allowed to rest for 1 h at the OCP. The EIS mea-
surements were performed in the range from 100 kHz to 1 mHz
with an AC excitation voltage of 10 mV (rms), resulting in 7 points
per frequency decade. The measurements were carried out after
specific immersion times at the OCP: 1 hour, 1 day, 5 days, 15
days and 40 days.

Electrochemical parameters (corrosion potential, Ecorr, COrrosion
current density, jeorr, and polarization resistance, Rp) were deter-
mined from PDP curves in order to evaluate the electrochemi-
cal porosity of ALD films on differently prepared cp-Ti surfaces.
The polarization resistances were calculated using the Stern-Geary
equation (Eq. (2)).
jCOl’l’ 23 ° (|ba|+|bc|) ° jCOI’l’
where B is the Stern-Geary constant, and b, and b. are the slopes
of the anodic and cathodic branches of the Tafel plots. For un-
coated substrates, the value of jcorr Was determined as the inter-
section of tangents to cathodic and anodic branches. For coated
substrates, the jcorr value was determined as the intersection of the
tangent to the anodic branch and the line through the Ecor.

There are several methods for calculating thin film porosity (P)
[47] but, in electrochemistry, mainly the simple Eq. (3), introduced
by Tato and Landolt, is used [48]. This equation corresponds to the
ratio of the polarization resistances of the bare (Rp) and coated
substrates (Rp,aip)-

Ry
p.ALD

Later, this equation was complemented, in the study by Liu and
co-workers, to Eq. (4) [49], and used in many recent papers
to describe the porosity of physical and chemical vapor depo-
sition (CVD) films to be used as protection against corrosion
[37,47,50,51]. The total porosity of the coating (P) determined us-
ing Eq. (4) takes into account other electrochemical parameters:

p_ R 10-(

RpAp
where AEq is the difference in the corrosion potentials between
the bare and coated cp-Ti surfaces, AE=|Ecorr - Ecorr,aipl, and ba
refers to the anodic Tafel slope of the bare cp-Ti substrate. In the
present work, P was calculated using both equations, Eqs. (3) and
(4).

The data of PDP curves presented for the coated specimens
have been smoothed (using the FFT filter in Origin®) in order to
remove the high level of noise detected for such low current val-
ues, close to the detection limit of the equipment.

Rp =

P= -100 3)

AEcorr
ba

) .100 (4)

3. Results and discussion
3.1. Surface morphology

The 3D surface profiles of ground (Ti-500) and polished (Ti-
OPS) specimens were obtained using the profilometry method. Dif-
ferences in roughness, expressed as S, values, of ground and pol-
ished specimens, were relatively high. The range of S; was 200 nm
in the case of ground specimens, while polished specimens, with
very smooth surfaces, had S, values in the range of 10 nm, i.e. one
order of magnitude smaller (Fig. 1a-f).

As has been proved previously, the main feature of the thin
films grown by ALD is that they follow, almost perfectly, the to-
pography of the substrate surface [31,32]. This property stands out,
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Sa=0.0114 um

Fig. 1. 3D surface profiles of differently prepared bare and coated specimens of cp-Ti and their roughness values (S,) 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. Arrows in polished specimens denote the spots from which the SiO, particles were removed.

especially for certain films such as alumina, which tend to form an
amorphous structure with a smooth surface [23,32]. Some other
films, such as hafnia, show the possibility of forming a certain
amount of polycrystalline structure, which can result in an in-
crease of roughness due to the growth of facets on the crystal-
lites [37,40]. Here we observed that both ground (Fig. 1a-c) and
polished (Fig. 1d-f) surfaces retained their roughness after depo-
sition of the two ALD thin films since the S, 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 [40]. Moreover, the roughness, after deposition
of both thin films on ground surfaces, was slightly decreased, con-
firming a smoothing effect [52,53]. Some irregularities (tiny bumps
noted by arrows in Fig. 1d-f) were noticed on polished surfaces.
It will be shown below that these features, caused by the removal
of Si0, particles during sample preparation, could theoretically be
a trigger for crystallite or agglomerate formation, in particular for
hafnia.
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Fig. 2. SEM images of ground and polished cp-Ti surfaces from the a) secondary electrons (LEI detector) and b) backscattered electrons (LABE detector) showing the mor-
phology 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 x and beam acceleration voltage 5 kV.

Comparison of the SEM images of the ground and polished cp-
Ti surfaces shows a significant difference in the surface morphol-
ogy (Fig. 2). Ground specimens exhibit a rough surface with ran-
dom longitudinal scratches (Fig. 2a and b). In contrast, surface can
be polished very well using the method described in Section 2.1, so
that grains can be clearly seen in the SEM image (Fig. 2c and d).
The microstructure is typical of coarse-grained titanium, with rela-
tively large grains of several tens of micrometres. This means that
the mechanical properties of cp-Ti were not affected by machining
processes, as occurs in cases of severe plastic deformation, which
was reported to lead to the breakdown of the coarse grains into
ultra-fine or nano-sized grains [54-56]. H,0, and NH4OH added
to the OP-S polishing suspension improve the removal rate of the
ground titanium surface thus producing a reproducible, mirror-like
surface appearance [44,57,58]; however, the surface can slightly
differ in degree of polishing due to different removal (etching) rate
and/or grain orientation. This may consequently produce a non-
perfectly smooth surface at grain boundaries. The polished speci-
mens combined action of H,0, and exhibit increased hydrophilic-
ity of the surface [59], which is necessary for uniform growth of
ALD films [60].

The interaction between cp-Ti and the mixture of H,O, and
NH40H during the polishing allows successive chemical dissolu-
tion and oxidation of the titanium surface. Enlarged SEM image
of grains on cp-Ti surface is presented in Fig. 3a and the corre-
sponding EDXS analysis of different spots on the surface is given
in the table in Fig. 3b. Surface is covered by a titanium oxide layer
as the main constituents of the surface are titanium and oxygen.
Some longitudinal sites are slightly richer in oxygen (spectra 1 and
3). Note that at smaller magnification these spots are observed as
black lines in Fig. 2c and d. The formation of oxygen-rich areas can
be related to the literature data reporting that the action of H,0,
and NH4OH reagents during polishing results in the formation of

Ti peroxide [59,61,62] and, even, the formation of superoxide [59].
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 [59,61,62]. However, from the aspect of researching
the barrier properties of ALD thin films, it is not of great impor-
tance, since the entire cp-Ti surface is covered with ALD film any-
way.

At some spots on ground specimens residues of SiC particles
embedded in the surface were observed (white arrows in Fig. 2a
and b). In the case of polished specimens, however, several other
features were evident (Fig. 2c and 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 treatments. These par-
ticles can also be embedded in the surface, as reported [63]. The
polishing processes predominantly remove the embedded SiC par-
ticles originating from the emery papers or of SiO, particles orig-
inating from the polishing suspension. Only some isolated parti-
cles were detected on the specimen surface (Fig. 3c). Several un-
related particles, ascribed to contamination, were also detected on
the surface, although very rarely. The much smaller SiO, 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 ultra-
sonic cleaning, SiO, particles were removed effectively from the
surface, but dents and holes of regular circular shape remained at
such spots (Fig. 3d). These features are noted by arrows on 3D sur-
face profiles in Figs. 1d-e.

On coated samples, the dents and holes represent the sites, i.e.
defects and edges, where agglomerates are formed during ALD pro-
cess and could affect the growth of the ALD films and cause the
formation of crystallites [40]. This is investigated further by SEM
analysis. Agglomerates of nanometre size (denoted by white ar-
rows) can be observed clearly over the entire surface (Fig. 4a and
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Spectrum Ti (at %) O (at %)
1 925 7.5
2 933 6.7
3 92.8 7.2
4 943 5.7

Fig. 3. a) SEM image of polished cp-Ti surface, recorded using the back-scattered electrons (LABE detector), magnification was 2000 x, and b) chemical composition de-
termined by EDXS analysis on numerated spots in SEM image in a). SEM images showing the morphology of c) embedded SiC particles in the Ti-OPS surface coated with
alumina, recorded using the secondary electrons (LEI detector); magnification was 2300 x, and d) of the site of the removed SiO, particle, recorded using the secondary
electrons (SEI detector); magnification was 22,000 x . The beam acceleration voltage was 5 kV for all presented images.

Fig. 4. SEM images recorded using secondary electrons (standard ETD detector), of a) alumina and b) hafnia thin films deposited on the Ti-OPS surface. Magnification was
10,000 x and 50,000 x (insets) and beam acceleration voltage 2 kV. White arrows denote ALD agglomerates or crystallites, black arrows denote larger contaminant particles,
and black circles denote irregular features grown on oxygen-rich sites of the substrate (Fig. 3a,b).

b). This is much more noticeable in the case of the hafnia thin film
(Fig. 4b), where the amount of very small agglomerates present on
the surface was very large compared with that of alumina (insets
in Fig. 4a). Accordingly, it has been concluded that the agglomer-
ates are related mainly to tendency of hafnia to form a certain pro-
portion of the crystalline phase in the film. As these features are
not crucial herein, they are described a bit more in details in the
Supplemental material; these issues will be investigated further in
our next study. Contaminant particles formed due to transport and
sample handling are denoted with black arrows (Fig. 4). Irregular
features, several micrometres of length, were observed throughout

the surface (denoted using black circles). They are formed on both
alumina and hafnia thin films but were more visible on the former
due to the less ALD agglomerates present. We believe that these ir-
regular features are related to the growth of ALD films on oxygen-
rich sites and/or grain boundaries, as described in Figs. 2 and 3a,b.

3.2. Chemical composition and thickness
The interfaces between ALD thin films and polished Si sub-

strates can be clearly observed on the compositional depth pro-
files obtained by the ToF-SIMS technique. Due to the high level of
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Fig. 5. Compositional depth profiles with 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 of Hf* and HfO*. Characteristic signals of Si substrates are Si* and SiO* ions.

smoothness of the polished Si wafers, this border is sharp enough
to allow the estimation of the thin film thickness as described in
Section 2.3. Signals for Al* and AlO* for alumina (Fig. 5a) and Hf*
and HfO™ for hafnia thin film (Fig. 5b) are shown. Sit and SiO*
were used as the signals of the substrate. The ToF-SIMS depth pro-
filing is a very useful method for analysing thin films, but the ratio
of different ion intensities does not provide quantitative informa-
tion on thin film [64]. Thus, due to the large variation in ionization
probabilities between different chemical elements and compounds,
SIMS can only be considered as a qualitative method. In the com-
positional profiles the difference is obvious. Al, as a relatively light
element, can be very easily ionized in Al,03 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, in the HfO, compound (Fig. 5).

When considering the thickness of ALD thin films we cannot
rely solely on the GPC and number of cycles because on substrates
of different chemistry and roughness the ALD films can have a
different growth rates and different densities or compactness. A
thickness of 100 nm was expected according to the recipe de-
veloped previously on perfectly polished Si wafer samples. How-
ever, it has been proven in this study that on the polished cp-
Ti the thickness can vary significantly and deviate from the ex-
pected one. Also, shortcomings of different methods when deter-
mining the thickness were detected and reliable thickness results
were only obtained by direct measurement using SEM analysis at
the cross-section site, which is described below.

In order to estimate the thicknesses of ALD thin films, the time
at which an intensive increase in Sit signal occurred was taken as
the indication that the interface has been reached (Fig. 5). Etch-
ing rates were ca. 0.2 nm/s for alumina and ca. 0.5 nm/s for hafnia
thin films, as described in Section 2.3. Based on the obtained pa-
rameters, the thickness of the ALD thin film can be calculated as
a product of the time at which interface with silica substrate is
reached and the etching rate (Fig. 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 large deviation
from the expected thickness of 100 nm. This is because the ALD
alumina thin film is amorphous, unlike the SiO, standard which is
crystalline, so that specific calibration of the ToF-SIMS instrument
should be performed using a standard of amorphous alumina film

of exactly known thickness. A more suitable standard should also
be taken for hafnia thin film. The similar problem with ALD thin
films was observed in another study, where the glow discharge
optical emission spectroscopy technique was used for estimating
thickness [34].

Ellipsometry was taken as the second method for thickness
evaluation. Like ToF-SIMS, it also gave non-reliable results at least
for cp-Ti specimens. So, in the case of coated Si wafer, the thick-
ness values were generally around 100 nm, but in the case of
cp-Ti specimens this was not the case. 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. However, the obtained root-mean-square-error (RMSE)
values were 0.870 for alumina and 0.960 for hafnia, which indi-
cates that the model does not fit good enough to the measured
data, i.e. the obtained results may deviate from the actual thick-
ness, which were significantly greater than 100 nm, as eventually
determined at the cross-section of the thin films, using the FIB
method (Fig. 6). By this method, the thickness of ca. 160 nm was
measured for alumina (Fig. 6a) and ca. 150 nm for hafnia (Fig. 6b)
thin films. These values were determined by taking into account
the correction of the measured distance at the known angle of the
electron beam. Note that the measured thickness may vary from
site to site by a couple of nanometres due to the presence of ag-
glomerates on the surface of the ALD films, especially in the case
of hafnia. Fig. 6a and b are representative regarding the thickness
of these ALD films, but do not show clearly the presence of ag-
glomerates noticed especially in the case of hafnia film. Several
further details are provided in Supplemental material (Figs. S1-
S4) on films deposited on cp-Ti (Ti-OPS) and Si wafer substrates.
However, a full characterization of the growth processes of differ-
ent ALD films requires a more detailed study, which is beyond the
scope of the present article.

Accordingly, the presented results emphasize that great care
must be taken when determining the thickness, because evaluation
based on a comparison of a certain property of the analysed and
standard materials or of a theoretical model can result in an incor-
rect result, depending on the congruity of the analysed material
with the selected standard material or theoretical model, respec-
tively.
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Fig. 6. SEM image, obtained by secondary electrons, of the ALD thin films on the cross-section sites of a) alumina and b) hafnia deposited on the polished cp-Ti surface.

Magnification was a) 50,000 x and b) 80,000 x and beam acceleration voltage 2 kV.
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Fig. 7. SEM images, obtained from backscattered electrons (CBS detector), 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.

Regarding the rough surfaces, the specimens were not subjected
to the FIB/SEM investigation to determine the thickness. Although
ellipsometry cannot offer the exact thickness values, it can be used
for relative thickness estimation, i.e. to estimate a ratio between
thicknesses of ALD films on the smooth and rough surfaces, i.e.
on the Ti-OPS and Ti-500 surfaces. Taking into account the sur-
face roughness as described in Section 2.3, the thicknesses of both
ALD films were up to 10 nm greater than those on smooth sur-
faces, 115 nm (£ 1 nm) for alumina and 116 nm (£ 1 nm) for
hafnia. However, the RMSE values  again showed a discrepancy
between the measured data and the model, namely 0.578 for alu-
mina and 1.575 for hafnia. Accordingly, we can only assume that
the real ALD films thicknesses on the Ti-500 are somewhat thicker
than those on the smooth Ti-OPS. This is also expected because
ALD method tends to form thicker deposits on rough surfaces as
proved here [37]. However, the precise thickness of these films is
not the most important piece of information in this study, because
it will be shown by electrochemical measurements that although
having similar thicknesses, alumina and hafnia can exhibit differ-
ent barrier properties on rough surfaces. It should be noted here
that the ability of ellipsometry to measure the thickness of thin
films on rough surfaces is highly questionable due to the depo-
larization of mirror-like reflected light [65]. Therefore, ellipsometry
as a fast, efficient and non-destructive method was used only 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. 7) and at the cross-section available to FIB
(Figs. 8 and 9). EDXS analysis confirmed the chemical composition
of both thin films (Fig. 7). Besides the pronounced peaks for O,
and for Al and Hf, respectively, the strong peaks for C are also visi-
ble originating from the carbon thin films deposited to prevent the

charging effect of the specimens, as explained in Section 2.3. Al-
though this technique was not calibrated for the ALD thin films
and should thus be considered as 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:0 is 1:2, as is expected
for the stoichiometric ratio in hafnia (Fig. 7).

The FIB method allowed a cross-section of the thin films to be
obtained and, subsequently, the EDXS analysis at the cross-section
to be carried out (Figs. 8 and 9). In addition to the chemical com-
position, this provided very important information concerning the
films’ structure. SEM images show that both ALD films were com-
pact and uniform, with no deformation sites or cracks (Figs. 8b
and 9b). This visual information can be very clearly confirmed by
EDXS analyses. No cracks or unexpected atoms were present in the
thin film regions, but only Al, Hf and O atoms. EDXS mapping im-
ages confirmed the chemical composition (Figs. 8b and 9b). The
observed overlapping of the signals of certain elements with oth-
ers, especially for the hafnia thin film, is a consequence of contam-
ination of certain layers with elements from adjacent layers during
etching with Ga ions. However, it can be observed that ALD films
follow the substrate surface, so there is no indication of delamina-
tion.

As already discussed in Section 3.1, EDXS revealed certain char-
acteristics of the polished cp-Ti surface that are related to the ef-
fect of the combined action of H,0, and NH4OH (Fig. 2c and 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. 9). According to EDXS mapping analysis, these spots
were found to be enriched in Ti and O atoms, indicating enhanced
formation of passive TiO, film. As the second explanation, the pos-
sibility of thermally induced spreading of Ti peroxide during heat-
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Fig. 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 x; beam acceleration voltage was 2 kV.

Fig. 9. SEM (BSE) images 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.

ing in the ALD chamber must be considered. Namely, since ran-
dom sites enriched in oxygen on the uncoated polished surface
(Fig. 3a and b) are ascribed to the formation of Ti peroxide, its
growth and spreading could occur at increased temperatures be-
fore 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 and can help in the healing process
after inflammation [61,62], its role under ALD thin film is negli-
gible. But, what is more important in this study is that formation
of oxide/peroxide below the ALD film does not affect the unifor-
mity and compactness of the ALD films, as confirmed by the SEM
investigation (Fig. 6).

3.3. Electrochemical properties

Potentiodynamic polarization (PDP) curves recorded for ground
(Ti-500) and polished (Ti-OPS) bare cp-Ti samples following im-
mersion of 1 h and 40 days at the open circuit potential (OCP) in
Hanks’ solution are presented in Fig. 10.

10

After 1 h of immersion, the current density increased expo-
nentially from the corrosion potential up 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 TiO, prevailed and continued up to 2.5 V and 2.8 V,
when the current density increased due to oxygen removal from
the layer [66,67]. According to the study that used XRD and XPS to
characterize the passive layer on Ti-20Nb-10Zr-5Ta alloy as well as
on pure Ti [68], the layer formed at lower potentials (up to 1 V)
consists of a disordered mixture of amorphous Ti oxide and sub-
oxide, i.e. TiO, and Ti;03. On increasing the potential, it is com-
pletely transformed into a higher valence oxide, i.e. TiO,. It can be
concluded that the same process occurs here (Fig. 10), i.e. at 0 V
and —0.2 V the passive film was transformed into amorphous TiO,
which provided a broad, passive plateau of the current density.
The formation of the crystalline TiO, passive film was reported
to occur at higher potentials of ca. 5 V [66,69] and to be associ-
ated with breakdown of the passive film, but it was not observed
here.
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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. Porosity was calculated, using Eqs. (3) and (4), from electrochemical parameters.

Ecorr | V vs Ag-AgCl  |AEcon| | V vs Ag-AgCl  jeorr [ A-cm™ R, [ Q-cm?  P[% (Eq. (3))  P[% (Eq. (4))
Ti-500 ~0.561 - 4.7 x 1078 8.0 x 10° - -
Ti-OPS ~0.421 - 14 x 10°8 26 x 106 - -
Ti-500/alumina  —0.549 0.012 2.3 x 1011 3.3 x 108 0.24 0.20
Ti-OPS/alumina  —0.445 0.024 3.5 x 1011 2.2 x 108 1.18 0.80
Ti-500/hafnia -0.352 0.209 2.0 x 1011 6.3 x 108 0.13 0.05
Ti-OPS/hafnia ~0273 0.148 1.1 x 101 18 x10°  0.14 0.01
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Fig. 10. Potentiodynamic polarization curves of bare ground and polished, Ti-500
and Ti-OPS, specimens recorded in Hanks’ solution after 1 h and after 40 days of
immersion at the open circuit potential. dE/dt = 1 mV/s.

There are notable differences in the values of electrochemical
parameters measured after 1-hour immersion for Ti-500 and Ti-
OPS (Fig. 10). Ti-OPS had about three times smaller jcorr, three
times larger Ry and 0.1 V more positive Ecorr than the Ti-500 spec-
imen (Table 2). One of the reasons for this is the improved pas-
sivation of Ti-OPS due to chemical-mechanical polishing [61,62],
as explained in Section 3.1. The other reason is the possibility of
forming a less protective passive film on Ti-500 surface due to the
stresses in the film on the rough surface; a similar feature has
been investigated [70]. The appearance of stresses in the passive
film would certainly make the metal more sensitive to the attack
of corrosive species from Hanks’ solution. Thus, Ti-OPS shows bet-
ter corrosion resistance under simulated conditions of the human
body per se.

After 40 days 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. 10). This indicates that, after prolonged
immersion, the oxide film in both cases 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 pres-
ence of the Ti-peroxide gel, as well as to the formation and con-
tinuous growth of the mixture of oxides and suboxides in the pas-
sive film during 40 days. The increase in the current density was
completely halted at potentials below 1 V. At more positive poten-
tials the long-immersed Ti-OPS specimen showed the same char-
acteristics as that after 1 h of immersion, i.e. the passive film was
completely transformed into TiO,. 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 PDP curves was similar as at the beginning of immersion. So,

1

on the Ti-500 specimen, which was initially not covered by the Ti-
peroxide gel, a disordered passive film was formed during 40 days,
due probably to stresses present in the film on the rough surface,
making it an inadequate insulation barrier for establishing a con-
stant current density as was the case of Ti-OPS.

A significant reduction of jeo values is evident for all ALD-
coated cp-Ti specimens following immersion for 1 hour at the OCP
(Fig. 11). Alumina coated cp-Ti specimens showed much smaller
Jjeorr» by ca. three orders of magnitude, compared to uncoated spec-
imens (Table 2). The Ry values increased accordingly. 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 values of
the Ecorr, suggesting that the alumina does not show specific elec-
trochemical activity (Fig. 11a), as expected regarding the ability of
the ALD technique to form very conformable and dense ceramic
thin films [31,32,37].

Unlike the thin films with alumina, those with hafnia showed
a positive shift of Ecor after deposition on both Ti-500 and Ti-OPS
specimens, of 0.2 V and 0.15 V respectively (Fig. 11). The hafnia
ALD thin films have very rarely been investigated for anti-corrosive
purposes. It was reported that hafnia provides a more negative
Ecorr than the substrate (Cu specimen) [37], as opposed to the re-
sults in the present study. Here it was shown that hafnia, as a
high-«x gate dielectric material, provides additional electrical insu-
lation of the cp-Ti surface and thus very good barrier properties.

Porosity calculated from electrochemical parameters using
Egs. (3) and (4) are given in Table 2. Hafnia generally shows
lower porosity than alumina thin films regardless the equation
used (Table 2). This difference in porosity between hafnia and alu-
mina is particularly highlighted in the case of the Ti-OPS specimen,
which can also be inferred from the PDP curves (Fig. 11). Hafnia
reduced the value of jcor;y by more than three orders of magnitude
in the case of Ti-500, and even more in the case of the Ti-OPS
specimen (Table 2). The R, values increased accordingly, reaching
values in the range of GQ-cm?. Since the values of R, and AE
(AE=|Ecorr - Ecorr,aLp|) are the basis for the calculation of porosity,
the changes of these parameters are reflected in the final values
(Table 2). Moreover, porosity is calculated in relation to the param-
eters of uncoated specimens, which means that polished samples
generally have larger Rp values. The AE for HfO, coated samples
is broader, consequently, the porosity will differ considerably de-
pending whether Eq. (3) or Eq. (4) have been taken for the calcula-
tion (Table 2). All these factors result in different trends in porosity
for alumina and hafnia coated samples. For alumina, the porosity
is higher for polished samples regardless the equation used. This
apparently higher porosity may be related to the fact that both
alumina coated samples exhibit similar R, values so the relative in-
crease compared to uncoated substrate is smaller for polished sam-
ple (as P is calculated as ratio of R, of bare and coated samples).
Also note that alumina grows as an amorphous film and is difficult
to crystallize, regardless of the surface irregularities [32]. Hafnia
tends to be denser (or less porous) on the polished cp-Ti surface
if the porosity is calculated taking into account the AE, i.e. using
Eq. (4). In contrast, no difference in calculated porosity concerning
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Fig. 11. Potentiodynamic polarization curves for bare and ALD coated cp-Ti specimens recorded in Hanks’ solution after 1 h of immersion at the open circuit potential: a)

ground, Ti-500, specimens and b) polished, Ti-OPS, specimens. dE/dt = 1 mV/s.
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Fig. 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.

the surface roughness was observed if AE was excluded, i.e. using
Eq. (3). Note also that the absolute Rp values for hafnia deposited
on polished surface are higher than on rough surface (opposite to
results for alumina), which indicates good protection properties, as
will be shown below using EIS data.

As PDP curves showed that the investigated ALD films on
ground and polished cp-Ti surfaces have excellent barrier prop-
erties and low porosity, the following step was to perform long
term EIS measurements to monitor their barrier properties for a
longer period of time (40 days). The uncoated cp-Ti specimens ex-
hibited a significant difference in impedance and phase angle val-
ues during 40 days (Fig. 12). Unlike the Ti-500, which showed a
slight decrease in the protective properties of passive film as the
phase angle decreased in the mean frequency range (Fig. 12a), the
Ti-OPS specimen showed a continuous increase in impedance as
well as phase angle values (Fig. 12b). Thus, the Ti-OPS exhibited
better anti-corrosive properties at the beginning of the test than
the Ti-500, but also showed a continuous improvement of anti-
corrosive properties. This is predominantly due to the progressive
growth of the oxide layer [3,71], but also there is also a certain
effect of formation of phosphate precipitates from the Hanks’ so-
lution on the surface [72,73]. Therefore, the chemical-mechanical
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pre-treatment of the cp-Ti surface can improve the passivation pro-
cess significantly in Hanks’ solution and/or increase the suscepti-
bility to precipitation of phosphate species. Mechanical treatment
alone, i.e. grinding, did not significantly improve the long-term
passivation process and anti-corrosive properties. The EIS results
(Fig. 12) can be correlated to PDP curves after 40 days immersion
(Fig. 10); there is a partial improvement of anti-corrosive proper-
ties due to the increase in Ecorr in the case of Ti-500, but jeorr Was
even slightly larger and a plateau of current density was not es-
tablished at potentials above 1 V. This indicates that the protective
properties of the passive film on Ti-500 were poorer than in the
case of Ti-OPS specimen.

The results of EIS measurements on alumina (Fig. 13) and hafnia
(Fig. 14) coated specimens indicate impedance values significantly
higher than those of the bare specimens. The critical impedance at
the lowest frequency of 0.001 Hz (|Z|gg01 H,) Were taken as val-
ues to be considered when evaluating the protective properties of
these films (Fig. 15). |Z|g.001 n, Of alumina coated Ti-500 was neg-
ligibly higher after 1 h of immersion than that of Ti-OPS but, af-
ter immersion of 40 days, this difference was more noticeable and
was 0.2 order of magnitude in favor of the Ti-OPS (Fig. 13). For
alumina coated Ti-500, the |Z|g g1 n, decreased up to the 10th day
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of immersion and then remained constant. What is also particu-
larly noticeable is the phase angle drop after 15 days in the case of
the Ti-500. This indicates the weakening of the film (Fig. 13a). In
contrast, alumina coated Ti-OPS show stable impedance and phase
angle values over 40 days (Fig. 13b). The alumina ALD thin film
therefore retains its barrier properties slightly better on the pol-
ished cp-Ti surface.

In the case of hafnia coated specimens, this difference be-
tween Ti-500 and Ti-OPS was much more pronounced (Fig. 14).
The |Z|p001 H, after immersion for 1 h was greater by more than
one order of magnitude in favor of the Ti-OPS and, after immer-
sion for 40 days, this difference was reduced (Fig. 15). This is due
to a progressive increase in the impedance and phase angle val-
ues over 40 days in the case of Ti-500 (Fig. 14a). In fact, the re-
sponse of impedance in these Bode diagrams looks very similar to
that of the progressive passivation of bare polished metal surface
(Fig. 12b). It can be concluded that the changes in Bode plots re-
flect the passivation of the cp-Ti surface through the pores of the
film. The calculated porosity of the hafnia thin film is very low, i.e.
0.05% (Table 2), but it still appears to allow the additional passi-
vation which is noticeable when considering the increase in phase
angle during the immersion for 40 days (Fig. 14a). Unlike on the
Ti-500, the hafnia on the Ti-OPS specimen showed much greater
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stability. The almost constant and very high impedance and the
phase angle values over immersion for 40 days, are in accordance
with its smaller porosity of only 0.01% (Fig. 14b, Table 2).

To summarize, both alumina and hafnia thin films on cp-Ti
specimens exhibited high and stable |Z|ggg1 n, values, even after
40 days of immersion in Hanks’ solution. However, differences ex-
ist regarding the substrate preparation (Fig. 15). Alumina thin film
showed relatively good stability over immersion time, but with a
continuously falling trend, especially when deposited on Ti-500.
Hafnia thin film showed very good stability with continuously high
|Zl0.001 Hz values only on the Ti-OPS. Comparison of the |Z|go01 H
for films on the Ti-OPS shows that alumina retained larger values
but tended to fall slightly over 40 days, while hafnia had lower
values but retained these with no indication of decay (Fig. 15). The
superior behavior of hafnia is also indicated by the high and con-
stant values of phase angles of —88°, even after 40 days immersion.

4. Conclusions

The ALD technique has been used as a means of depositing
alumina and hafnia thin films on cp-Ti surfaces. The study had
three main aims: (i) to characterize the thickness, composition and
structure of deposited thin films, (ii) to characterize their electro-
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chemical and corrosion properties in Hanks’ simulated body fluid
solution and (iii) to compare their properties as functions of the
roughness of the substrate prior to deposition.

The uniform and very smooth surface of cp-Ti can be achieved
only by using the silica suspension (0.25 um gradation) and suit-
able chemical reagents or etchants (H,0, and NH4OH). Thanks to
this procedure the surface is passivated, probably in the form of a
Ti-peroxy gel, providing better corrosion protection than that of a
ground surface with a naturally formed passive film. Both ALD thin
films, alumina and hafnia, applied on rough and smooth cp-Ti sur-
faces, completely cover and perfectly follow the topography of the
substrates. Therefore, the mean surface roughness after deposition
on either ground or polished surface changes negligibly.

Potentiodynamic polarization curves show that both ALD thin
films reduce significantly the corrosion current density of both
ground and polished specimens, immediately after immersion in
the electrolyte. Alumina provides similar corrosion protection of
both rough and smooth surfaces while hafnia shows a notably
greater reduction of corrosion current density on the smooth sur-
face. In addition, unlike alumina, hafnia shows a certain electro-
chemical activity since it shifts the corrosion potential to ca. 0.2 V
more positive values, thus appearing to inhibit the anodic reac-
tion. EIS measurements show that both thin films when immersed
in Hanks’ solution for 40 days, exhibit, in general, a high capaci-
tance character, with a broad region of linear increase in magni-
tude of the impedance and large values of phase angle. However,
the variations in impedance response are dependent on the type of
film and substrate pre-treatment. For alumina deposited on ground
cp-Ti, the impedance magnitude at 10~3 Hz (|Z|g001 nz), Which is
taken as reflecting the barrier properties of the film, decreased un-
til the 10th day of immersion and then remained constant. The
reduction of |Z|pgg1 n. i less for alumina on polished cp-Ti sub-
strate and the film retains very high impedance values throughout
the immersion period. On the other hand, EIS measurements of the
hafnia thin film showed that it has excellent insulating properties
on the polished surface, showing impedance values in the range
of GR-cm? and a phase angle of —88° throughout the 40 days.
However, on the ground surface, hafnia thin film shows increased
electrochemical porosity, probably resulting in passivation of the
Ti surface through the pores of the thin film. We assume that this
may be related to the different proportion of crystallinity of hafnia
grown on the ground and polished surface, with the former show-
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ing a larger content of crystalline phase, due to the irregularities
present at the surface.

Regarding the ALD method itself, it was concluded that for the
same ALD recipe, the thickness of alumina and hafnia thin films
can vary significantly depending on the substrate. This depends on
the chemistry of the surface, i.e. its reactivity for ALD reactions,
but also on the uniformity of the surface because it is already
known that ALD films on unordered surfaces tends to form less
compact and consequently somewhat thicker films than it would
be expected. Thus, the ALD recipe used here for 100 nm thick films
resulted in significantly thicker films of ca. 160 nm in the case of
alumina and ca. 150 nm in the case of hafnia.

The two techniques which in theory allow the determination of
thickness, ToF-SIMS and ellipsometry, proved to be insufficient us-
ing the methodology applied. The only reliable result was obtained
using the SEM analysis of the cross-section of the ALD film pre-
pared by FIB method.
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