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Abstract: Titanium dioxide (TiO2) thin films have been widely used in transparent optoelectronic devices
owing to their excellent optical properties also is used in photocatalysis, cosmetics, and many other biomedical
applications. However, a lack of studies was published on microstructure and adherence comparison of the
TiO2 deposited on both AISI substrates. In this work, TiO: thin films were deposited onto AISI 304 and AISI
316L stainless steel (SS) substrates via atomic layer deposition. Its heterostructure, morphology, and adhesion
were compared in both substrates looking for synergistic and multifunctional properties. Raman spectroscopy
mapping and X-ray diffraction using the Rietveld refinement method showed that the films are composed of
anatase and rutile phases in different percentages. Scratching tests were used to analyze the film adherence
and friction between a diamond tip and TiO2 film, showing well adhered in both substrates. In addiction the
results show an improvement of crystallinity around 82% for TiO2 deposited on AISI 304

Keywords: titanium dioxide; morphology; adherence; heterostructure; AISI304; AISI 316L; Atomic
Layer Deposition (ALD)

1. Introduction

Titanium dioxide (TiOz), or titania, is a chemically and biologically inert semiconductor that
appears in three allotropic forms: anatase, rutile, and brookite [1]. Titanium dioxide generates
electron-hole pairs when irradiated by a light source with energy equal to or greater than its band
gap (3.20 eV) [2]. These excitons react at the surface of TiO2 with surrounding water molecules to
form reactive species such as hydroxyl (*OH) and superoxide (®O2-) radicals, capable of
mineralizing a wide range of organic compounds [3], acting as a photocatalyst material. There have
been several papers reporting the disinfection of bacteria, viruses, and other pathogens by
photoactive titania [4-7].

The photoelectrochemical activity of TiO2 strongly depends on the phase composition of the film
[8]. Most research on photocatalysis has focused on anatase and rutile TiO: films. The most
thermodynamically stable phase at all temperatures and the most common natural form of TiO: is
rutile, but anatase TiO: films are more efficient photocatalysts than rutile TiO2 films [1]. Due to the
triangular arrangement of the oxygen ions' position on the crystal surface of anatase, the absorption
of organic compounds is favorable, an. Besides titanium ions' position, it creates a favorable reaction
condition with the organics absorbed in the surface [9]. However high photocatalyst efficiency of TiOz
depends on the rutile phase present in the film because rutile introduces mesoporosity and a wider
pore size distribution, which is propitious to the catalytic activity of TiO: film [9,10]. TiO: film with
anatase and rutile phases should have optimal photocatalytic activity [11].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In addition to photocatalyst properties, TiO2 has anti-corrosion properties that help protect
substrate surfaces [12]. For those reasons, using TiO: film in medical devices is of great interest
because it can actuate, inhibit bacterial strains' growth and protect metallic implants from corrosion.
Stainless steel is widely found in equipment, surgical instruments, prostheses, and implants in the
hospital environment. The stainless steel 304 presents exceptional mechanical properties, low cost,
and good corrosion resistance and can be used in sewer pipes to transport sanitary effluents and
medical devices [13,14]. In comparison, the stainless steel 316L is the main material for cardiovascular
stents, orthopedic prostheses, cranial fixators, and dental implants [15,16] due to its good
biocompatibility, excellent corrosion resistance, availability, easy processing, and high strength [17].

TiO: films can be produced via sol-gel, pulsed laser deposition, magnetron sputtering, metal-
organic chemical vapor deposition, laser cladding [18-21], or even can be used as a powder in some
applications [22]. The present work describes a parametric study of TiO2 deposition on 304 and 316L
stainless steel (SS) substrates via atomic layer deposition (ALD). The atomic layer deposition is an
advantageous technique that guarantees the control of the TiO: film thickness according to the
number of deposition cycles that no other deposition technique provides [7,23]. The TiO: films were
compared after deposition on 304 and 316L substrates to evaluate the film's structure, adhesion, and
composition phases (rutile, anatase, and brookite) according to different stainless steel compositions.

2. Materials and Methods

2.1. TiO:z Film Deposition

The substrates used in this work were AISI 304 and AISI 316L. Samples with 10 mm diameter
and 1 mm thickness were cleaned in an ultrasonic bath for 15 min with propanone, then in
isopropanol for 15 min, and finally in ultrapure water for 15 min. The sample's surface was dried
before placing it in the ALD chamber reactor. The ALD reactor used to deposit TiO: film was a Beneq
Oy TFS-200 (Helsinki — Finland) with an automated system and in thermal operating mode. Titanium
tetrachloride (TiCls), purchased from Sigma Aldrich with 99.95% purity, was used as titanium
precursor; as oxygen precursor and oxidizing agent, ultrapure water (H20) was used; the precursors
were kept at a constant temperature of 24 °C, and no carrier gas was used. The deposition occurred
in 3 thousand cycles at 300 °C; in each cycle, a TiCls pulse of 250 ms was performed; then a 1-second
purge; a 250 ms of H20 pulse; and again a purge of 1 second. For background atmosphere control
and purge gas, nitrogen (N2) was used, with a purity of 99.998%, in a constant flow of 250 sccm.

2.2. Characterization

The deposited films were characterized according to microstructure, morphology, chemical
structure, and adhesion. The microstructure of TiO: film was evaluated by a Scanning Electron
Microscopy with Field Emission Gun (SEM-FEG) model Mira 3 from Tescan, located at LAS-INPE.
The surface morphology of the films was obtained using atomic force microscopy (AFM), located at
LPF-UNICAMP, in noncontact mode with a silicon nitride tip. The AFM images were analyzed with
the software Gwyddion v.2.58 for the thin film's root-mean-square (RMS) roughness.

The crystalline phase of TiO: films was studied by X-ray diffraction, and the film signature was
evaluated by Raman spectroscopy. Raman spectroscopy of the TiO: film was analyzed at Horiba
LabRAM HR system with an Ar laser (wavelength A =514 nm) located at LAS-INPE. The laser power
used was 25%, and the scan range was from 50 to 4000 cm, with three accumulations during 15
seconds each. To perform Raman mapping, an area of 22 um?(with 64 x 64 points) was scanned with
10% laser power using a 500 nm grid, and two accumulations during 5 seconds each were collected
all over the area. X-ray diffraction (XRD) was performed at a PANalytical Empyrean X-ray
diffractometer at LPP-ITA, with a copper x-ray source and Cu Ka (A = 1,5406 A) diffraction
monochromator. The mode 6-20 was used, from 10° to 90° with a 0,013° step; the time for each step
was 30 seconds. The Rietveld refinement method was used to analyze x-ray diffraction data and
establish the relationship of crystalline phases (rutile and anatase) present in the TiO: film. This
method simulates and adjusts the diffraction pattern calculated with the experimental pattern,
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minimizing the difference between the diffractograms, using the least-squares as an adjustment [24];
the HighScore software was used to analyze and quantify the phases [25]. To execute these
refinements of quantifying the phases was used the CIF (Crystallographic Information Framework)
files of anatase [26], rutile [27], and austenite [28] were used without changing the atomic positions.
Both films were scraped from both AISI substrates using a blade, and each film had the thickness
measured via FEG-SEM microscopy. In addition, the scratch test was used to evaluate the adhesion
of the TiO2 film on the AISI 304 and AISI316L samples. This analysis was performed in a tribometer,
model Ultra Micro UMT 2 from Bruker located at I[P&D-UNIVAP. Samples were attached to a
support, and the scratching was performed using a diamond tip (Rockwell C) with increasing load
from 0 to 5 N. The friction coefficient was evaluated between a diamond tip and TiO: film in an air
environment at 40% humidity. Images of the complete scratch track were captured, and the
adherence was analyzed according to the standard test method for adhesion strength and mechanical

failure modes(ASTM-C1624 — 05) [29].
3. Results

3.1. SEM and AFM

Figure 1la shows the SEM-FEG images of the TiO: thin film deposited on AISI 304. As the
magnification increases, Figure 1b shows the TiO2 AFM image; it can be seen that the film is smooth,
with a roughness of 4.35 nm, and densely covers the substrate. Also, it is possible to observe that the
film is composed of tiny grains with irregular shapes and different sizes around tenths of nanometers,
leading to a smooth surface.

e ] A ~ ~22.1 nm

OREEVSUE TSR  (b) AISI 304 +TiO, =

Figure 1. SEM-FEG images of TiO2 thin film deposited on AISI 304 with the magnification of (a) 80 kx
and (b) corresponds to AFM image of TiO: film surface.

Figure 2a shows the SEM-FEG images of the TiO: thin film deposited on AISI 316L. As the
magnification increases, Figure 2b shows the TiO2 AFM image; it can be seen that the film is smooth,
with a roughness of 15.93 nm, and densely covers the substrate. Also, it is possible to observe that the
film is composed of tiny grains with irregular shapes and different sizes around tenths of nanometers,
leading to a smooth surface.
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Figure 2. SEM-FEG images of TiO: thin film deposited on AISI 316L with the magnification of (a) 80
kx and (b) corresponds to AFM image of TiO: film surface.

Figure 3 shows two images obtained from SEM-FEG microscopy after a deliberate fracture from
AISI substrates. Figure 3a shows the TiO: film thickness removed from AISI 304 (a) 179.1 nm, and (b)
from TiO: film removed from AISI 316L 176.6 nm. This thickness corresponds to 3 thousand cycles
of deposition process at 300 °C as described in the methodology. Leem ]. and collaborators previously
studied the correlation of cycles and thickness of the TiO: film. They analyzed the correlation of TiO2
thickness using a typical sequence of TiCls pulse-purge-H20 pulse-purge around 300°C, and they
reported film thickness reduction when they inserted HCl in a typical sequence of TiCls pulse-purge-
H:O pulse-purge. They achieved a thickness of around 135 nm at 300 °C, compared with our results,
using only a typical sequence of TiCls pulse-purge-H20 pulse-purge around 300°C, we obtained 24%
higher for TiO2 on AISI 304 and 23% higher on AISI 316L is 176.6 nm [30].

(a)

" | D1=17662nm

D1=179.13 nm

Figure 3. SEM-FEG images with a magnification of 200 kx from TiO2 films deposited on (a) AISI 304
is 179.1 nm, and (b) AISI 316L is 176.6 nm.

3.2. Raman Spectroscopy

The TiO: film signature was evaluated by Raman spectroscopy. Figure 4 shows the Raman shift
plot of TiO: film deposited on AISI 304 and AISI 316L substrates compared to anatase and rutile
spectra. The Raman spectra of TiO: film on AISI 304 show the representative bands identified near
148 cm1; 200 cm 1,240 cm!, and 252 cmt; 399 cm-!; 451 cml; 519 et and 640 cm-!. The Raman shift of
TiO:2 film on AISI 316L shows the main bands centered on 146 cm-!; 200 cm-!, 238 cm! and 254 cm-!;
400 cm1; 449 cm’; 518 cm? and 639 cm. Analyzing the Raman spectra, the bands from 50 cm™ to 180
cm! correspond to the anatase phase centered at 152 cm™. The corresponding bands of anatase and
rutile phases were also shown by Evans and Sheel (2007) [8]. From 180 cm! to 300 cm™ the
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correspondent band in rutile is centered at 244 cm™ but appears in a wide band. The Raman spectra
in both films show three bands in this region, as also observed by Rossela et al. (2010) [11]. From 300
cm! to 440 cm”, the bands from TiO: films deposited on AISI 304 and AISI 316L correspond to the
anatase phase at 400 cm”, as observed by Hardcastle (2011) [31]. From 440 cm™ to 500 cm!, both
spectra show small bands centered near 450 cm, corresponding to the rutile phase, Rosselaet al.
(2010) [11]. From 500 cm™ to 580 cm™ appears, a band in both spectra corresponding to the main band
of anatase at 522 cm!, Hardcastle (2011) [31]. Also, the spectra of AISI 304 and AISI 316L show bands
from 580 cm™ to 800 cm! corresponding to anatase at 642 cm and do not correspond to the rutile
band at 616 cm!, Hardcastle (2011) [31].

— AISI 304 +TiO,
— AISI316L +TiO,
— Anatase
—— Rutile

=

S,

z
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v T v T T T J T v T v
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Figure 4. Raman spectra of TiO: film deposited on AISI 304 and AISI 316L substrates compared to
anatase and rutile specters.

Raman mapping was performed to evaluate the distribution of anatase and rutile phases on the
TiOz film deposited. Figure 5 shows the data collected on AISI 304+TiO2 sample. Anatase and rutile
phases can be identified and are evenly distributed all over the film, on the surface (2D images), and
in-depth (3D images). Figure 5a Optical microscope image of the scanned area with 22 um? Figure
5b Raman shift plot with anatase bands was identified and can be visualized in red, blue, and green
colors bar, for eyes direction. Figure 5c,d shows 2D, and Figure 5e—g shows 3D Raman mapping of
anatase. The bands are localized in the region of Raman shift plot (c) 135 to 175 cm! using (red bar);
(d) 380 to 420 cm using (green bar), and (e) 500 to 540 cm using (blue bar).

Figure 5f shows the Raman shift plot with rutile bands identified; 2D and 3D Raman mapping
from (g) 220 to 260 cm! using (red-bar); (h) 430 to 470 cm™ using (green-bar) and (i) 595 to 635 cm!
using (blue)-bar.
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€) Anatase - Red region d) Anatase - Green region €) Anatase - Blue region
(from 13510 175 em™) (from 380 to 420 cm™) (from 500 to 540 cm!)

AISI 304+Ti0,

) Rutile - Red region h) Rutile- Green region i) Rutile- Blueregion
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Rutile

AISI 304+Ti0y

Figure 5. Raman Mapping of AISI 304+TiO2 film. (a) Optical microscope image of the scanned area
with 22 um? (b) Raman shift plot with anatase bands identified; 2D and 3D Raman mapping of
anatase bands from (c) 135 to 175 cm™. (red) (d) 380 to 420 cm™ (green) and (e) 500 to 540 cm™! (blue).
(f) Raman shift plot with rutile bands identified; 2D and 3D Raman mapping of rutile bands from (g)
220 to 260 cm™. (red) (h) 430 to 470 cm™! (green) and (i) 595 to 635 cm™ (blue).

Figure 6c,d shows 2D, and Figure 6e-g shows 3D Raman mapping of rutile deposited on the
AISI 316L+TiO2. Some details are explained hereafter: Figure 6a shows the optical microscope image
of the scanned area with 22 pm?2 Figure 6b Raman shift plot with rutile bands was identified and can
be visualized in red, blue, and green colors, and used color bars over the bands' position for eyes
direction. Figure 6c,d shows 2D, and Figure 6e—g shows 3D Raman mapping of the rutile phase on
TiO: film. The rutile bands were centered in specific positions as can be seen in the red bar band,
which was correlated with Figure (c) 135 to 175 cm™ (red); the green bar band that was correlated
with Figure 6d 380 to 420 cm”, and the blue bar band was correlated to Figure 6e 500 to 540 cm-.

Figure 6f shows the 3D Raman shift plot with rutile bands identified; from Raman mapping (g)
220 to 260 cm™ (red), (h) 430 to 470 cm™ (green), and (i) 595 to 635 cm™ (blue). Also, all bands are well
distributed in the analyzed area.
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Figure 6. Raman Mapping of AISI 316L+TiO:film. (a) Optical microscope image of the scanned area
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with 22 um?; (b) Raman shift plot with anatase bands identified; 2D and 3D Raman mapping of
anatase bands from (c) 135 to 175 cm™. (red) (d) 380 to 420 cm™ (green) and (e) 500 to 540 cm™! (blue).
(f) Raman shift plot with rutile bands identified; 2D and 3D Raman mapping of rutile bands from (g)
220 to 260 cm™. (red) (h) 430 to 470 cm™! (green) and (i) 595 to 635 cm™ (blue).

3.3. X-ray Diffraction

The results of the crystalline phase of TiO: films were evaluated by X-ray diffraction (XRD).
Figure 7 shows the XRD patterns of TiO: after treatments of the data with the Rietveld refinement
method [24]. According to the XRD results, it can be seen, in agreement with previous
characterization by Raman spectroscopy, that the TiO:2 films are formed by the anatase and rutile
phases. The XRD results of AISI 304 (Figure 7a show that the anatase phase corresponds to 3% of the
film, the rutile phase corresponds to 7.4%, and 89.6% is the austenite identified from AISI 304
substrate. In AISI 316L Figure 7b, the anatase phase corresponds to 0.8% of the film, while the rutile
phase corresponds to 1%, and 98.2% is austenite identified from the AISI 316L substrate.

The XRD and Raman results have not identified the brookite phase in the TiO: film; those results
show that the structure of the TiO: films deposited onto AISI 304 and AISI 316L indicates that the
crystalline phase of the film is composed of anatase and rutile phases.
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Figure 7. X-ray diffraction patterns of TiO: film deposited on (a) 304 SS and (b) 316L substrates after
refinement by Rietveld method.

3.4. Scratch Test— Adherence Film Evaluation

Figure 8a,b contains photomicrographs obtained via SEM of the start and end of the tracks
formed after the scratch test on the AISI 304+TiO2 sample. The end of the track, in Figure 8b, indicates
an adhesive failure with gross spallation according to ASTM C1624-05 [29] in part of the film.
However, a more detailed analysis of the SEM image makes it possible to identify the existence of
TiO:2 particles covering the substrate in the delamination region, showing that the substrate is not
exposed at the end of the scratching test.

The friction coefficient of TiO: film deposited on AISI 304 can be observed in Figure 8d; the value
is related to friction between a diamond tip and the TiO2 film under a progressive load till 5N. The
friction behavior plot curve indicates that the film has well adhered to the substrate once the friction
coefficient does not show a considerable variation on the length of the track and presents an average
of around 0.2+0.05; the same value was found in previous work in our group around 0.19, £0.05 as
can be seen in Radi et al. (2018) [32].

In Figure 8e,f, SEM images of the start and end of the track, respectively, are shown. The end of
the track indicates a cohesive failure by prow deformation in the TiO: film, according to Radi et al.
2018 [32]; the track image was compared with the friction coefficient plot and normal force as a
function of time obtained from the interaction of the diamond tip with the TiO: film on AISI 316L
substrate during the scratch test. The friction coefficient, in Figure 8h, started near 0.30 and ended
near 1.10. The adherence value of the coating was derived from the Fz value, where the film failure
occurred without substrate exposition (Lc1), which was found to be 2.4 N.
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The TiO: film on AISI304 has a higher amount of anatase and rutile phases than the film on AISI
316L substrates, as indicated by XRD results. Also, Zalnezhad et al. [14] described previously that the
crystal structure of anatase (tetragonal) and the crystal structure of rutile is very similar, except that
the octahedra share four edges in rutile instead of four corners in anatase, favoring the formation of
chains, making the rutile structure more densely packed than anatase.

SEM - Start of track AISI 304+TiO, SEM - End of track

Scratch track

COF

Time (8)

SEM - Start of track AISI 316L +Ti 02 SEM - End of track
e)

Scratch track

] COF
zz, 1 Lel 14
0 |
2 h) [
| 0.8
|
“‘ I
04
|
-6 |
0

Time (s)

Figure 8. Scratching analyses from the critical load (Lcl) and friction coefficient (COF) values obtained
in the scratch test of TiO: film deposited on AISI 304 and AISI 316L samples. Photomicrographs
correspond to SEM images of AISI 304+TiO:z from (a) the start and (b) the track's final. In (c), the total
scratch track of AISI 304+ TiOz with 10 mm length. The plots have left the normal force, in the black
line, from 0 to (-5) N. The negative values were due to force direction, and the total time was 100
seconds. The friction coefficient (COF) was plotted in a blue line. (d) Corresponds to AISI 316L+ TiO2
plot. Two photomicrographs correspond to SEM images of AISI 316L+TiO2 from (e) the start and (f)
the track's final. In (g), the total scratch track of AISI 316L+ TiO2 with 10 mm length. (h) Corresponds
to AISI316L+ TiOz plot of COF in blue and Normal force in black lines.
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4. Conclusions

This study shows that TiO: films deposited by atomic layer using a cycle of a typical sequence
of TiCls pulse-purge-H20 pulse-purge at 300°C and three thousand cycles produce a heterostructure
composed of anatase and rutile phases. A more crystallinity percentage was obtained on AISI 304,
which presented 7.4% of anatase and 3% of rutile. On the other hand, the AISI 316L presented just 0.8
anatase and 1% of rutile. The Raman spectra confirmed the heterostructure in both TiO2 samples and
showed that anatase and rutile are evenly distributed in the film. The adherence was better for TiO:z
deposited on AISI 304, which kept the same friction coefficient average of around 0.2 and no evidence
of cracks. On the other hand, the TiO2 deposited on AISI 316L presented a critical load (Lc1) without
substrate exposition around 2.2N. The TiO: film presented in this work had a thickness 24% higher
than the literature for TiO2 film on AISI 304 and 23% for TiO: film on AISI 316L. Finally, the results
show an improvement of crystallinity around 82% for TiO2 deposited on AISI 304.
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