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Abstract

The deposition of titanium oxides during titanium laser ablation in air has been experimen-
tally and numerically investigated. A titanium sample was irradiated by nanosecond pulses
from an Yb-fiber laser with a beam scanned across the sample surface for its texturing. As
a result, the hierarchical structure was observed consisting of a microrelief formed by the
laser ablation and a nanoporous coating formed by the reverse deposition from the laser
induced plasma plume. The chemical and phase composition of the nanoporous coating,
as well as the morphology and structure of the surface, were studied using scanning elec-
tron microscopy, atomic force microscopy, and X-ray microanalysis. It was found that the
deposit consists mostly of porous TiO, with 26% porosity and inclusions of TiO, Ti,O;,
and Ti,O;N. Optical emission spectroscopy was used to control the plasma composition
and estimate the effective temperature of plasma plume. The chemical-hydrodynamic
model of laser induced plasma was developed to get a deeper insight into the deposition
process. The model predicts that condensed titanium oxides, formed in peripheral plasma
zones, gradually accumulate on the surface during the plasma plume evolution. A satis-
factory agreement between the experimental and calculated chemical composition of the
plasma plume as well as between the experimental and calculated composition and thick-
ness of the deposited film was demonstrated. This allows a cautious conclusion that the for-
mation of condensed oxides in the plasma and their consequent deposition onto the abla-
tion surface are among the key mechanisms of formation of porous surface films.
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Introduction

Pulsed laser ablation is used to create micro- and nanoreliefs on metal surfaces. Differ-
ent surface patterns like craters [1], grooves [2], periodical structures [3], random topol-
ogy [4], and hierarchical reliefs can be obtained in this way. The hierarchical reliefs, i.e.,
microreliefs overlaid by nanoreliefs or by nanostructured coating were obtained on tita-
nium surfaces by many researchers [5-8]. Both micro- and nanostructured hierarchical
topology is of great importance in medical applications, e.g., for increasing a protein and
a cell adhesion to the surface of dental implants [9-12] or for reducing bacterial coloniza-
tion by adding antibacterial properties to the surface via special nanorelief [13, 14]. The
authors of these works emphasize that such nanostructured coatings have strong potential
for biological applications, particularly for titanium implants integrated into bone tissue.
The microrelief with a subcellular size is essential for anchoring bone cells to a titanium
surface, as demonstrated by Veiko et al. [15]. The cells “feel” the surface through integrins,
the nanoscale cell membrane receptors [16]. To make a cell to sense a foreign titanium sur-
face through the integrins, the surface must be coated with a biogenic substrate of attached
proteins with nanoscale dimensions. Thus, the microrelief equipped with nano-roughness
provides a closer contact and stronger bond of biogenic bone tissue to the non-biogenic
titanium implant.

One of the important features of laser ablation of metals is a back deposition of evapo-
rated atoms due to collisions in laser plasma. It was studied theoretically in several works
[17, 18] for ablation in vacuum. The situation is different for ablation in air because evapo-
rated metal atoms react with atmospheric gases (primarily oxygen) and reaction products
set back onto a substrate surface. For ablation of Ti, this leads to a formation of a thin
nanoporous layer of mainly titanium oxides that overlay the microrelief created by a laser
[15]. The presence of such a layer improves the biocompatibility of Ti implants and makes
such a version of local chemical vapor deposition (LCVD) process a promising technique
for medical engineering.

The number of publications devoted to synthesis and applications of titanium dioxide
shows nearly exponential growth since 2000 reaching twelve thousand in 2020 [19]. This
demonstrates the high interest in this material. Regarding the methods based on laser abla-
tion of Ti in oxygen-containing atmosphere, there are two groups of experimental works.
In first, the influence of laser parameters and ambient conditions on physical and chemi-
cal properties of formed nanoporous layers and microreliefs is investigated. For example,
Fathi-Hafshejani et al. [20] studied the effect of laser pulse duration between 5 and 2000 ns,
pulse energy, and repetition rate on the formation of different phases of titanium dioxide.
They have shown that longer pulse widths, slower scan speeds, and higher laser powers
lead to the formation of the rutile phase, while shorter pulse widths, lower laser powers,
and faster scan speeds result in the formation of anatase TiO,. The works from the second
group are focused on the dynamics of laser induced plasma plume and not on the deposi-
tion process. For example, Burakov et al. [21] investigated the spatial-temporal distribution
of molecules in laser titanium plasma and showed that the formation of TiO molecules was
due to the reactions between Ti atoms in the ground and metastable states and oxygen mol-
ecules. Parigger et al. [22] and Woods et al. [23] modeled a system of bands of TiO in laser
plasma; they demonstrated experimentally that the lifetime of titanium monoxide molecule
in laser plasma is about 100 ps. Itina et al. [24] developed a hybrid continuous-microscopic
model of laser induced plasma plume expanding into a low-pressure gas atmosphere. The
continuous, fluid dynamic part described the early, dense plasma plume stage and set the
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initial conditions for the later, rarefied stage that was modeled by the atomistic direct simu-
lation Monte Carlo (DSMC) method. The physical system was the titanium or aluminum
substrates ablated into an oxygen atmosphere; a point of interest was mixing the ablated
material with ambient gas. Chemical reactions were not included in the model.

To the best of our knowledge, there are no works, in which a relationship between the
parameters of the laser plasma plume (i.e., density, temperature, and geometrical shape)
and properties of the nanocoating redeposited back on the irradiated surface was investi-
gated in detail. That is, the mechanisms of formation of nanostructures from laser induced
plasma and their physicochemical properties are studied rather poorly, as well as a relation-
ship between the chemical composition of the deposit and the conditions inside the plasma
plume and the laser parameters. This problem can be solved quite effectively using com-
puter simulations based on a physical-chemical model, which describes the formation and
expansion of laser induced plasma plume, plasma chemistry, and processes on the target
surface. However, such a complex model is not yet fully developed.

Many models of chemically active laser induced plasma have been proposed, but they
are focused rather on specific aspects of the process than on the process in its wholeness.
To name a few, Casavola et al. [25] developed a 2D fluid dynamic and chemical model to
simulate laser induced ablation of titanium into atmospheric air. Titanium, titanium oxides,
and other species were included into the chemical model to calculate the equilibrium
composition of the plasma using a statistical thermodynamic approach based on partition
functions. The mass flow from the ablation surface to plasma was introduced phenomeno-
logically based on experimental data; however, no reverse mass flow was considered. Yan
et al. [26] investigated the nanosecond laser ablation of titanium using a 2D axisymmet-
ric plasma model combined with a thermal model of surface heating and material trans-
port through a Knudsen layer. The change in the surface morphology was investigated as
a function of laser fluence, although neither plasma chemistry nor redeposition of material
on the ablation surface were considered. Morozov et al. [27] studied a back-flow of laser
ablated material onto the ablation surface or a substrate using the test particle Monte Carlo
method. Ablation of carbon into a low-pressure nitrogen atmosphere was modeled using
a hard spheres approximation. A 100% sticking probability for adsorption of particle was
assumed, no chemistry was considered. In contrast, chemistry was a central part of the
model developed by Tsalikis et al. [28] who used a hybrid kinetic Monte Carlo (KMC)
method for simulating silicon film growth in the process of plasma-enhanced chemical
vapor deposition (PECVD). The KMC code was executed first to calculate a large set of
chemical reactions and get an initial condition for the atomistic Monte Carlo code that opti-
mized the structure of the film. However, PECVD usually assumes steady deposition con-
ditions that are far from those in transient laser induced plasmas.

The goal of this work is, using a combination of experimental and theoretical methods,
to study the key processes, which are responsible for deposition of titanium oxides from
titanium laser induced plasma onto the ablation surface under atmospheric air conditions.

Experimental Technique

An YD fiber laser is used for ablation of the Ti grade 2 samples. The schematic of the exper-
imental setup is shown in Fig. 1 along with the illustration of the ablation process accom-
panied by chemical reactions and redeposition of material. The laser beam is focused by an
f-theta objective and scanned across a sample surface using a galvanometric scanner. The laser
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Fig.1 Schematic representation of the experimental setup (left) and process of ablation and redeposition
(right)

wavelength is 1064 nm, pulse duration is 100 ns, beam radius 25 pm, pulse energy 58-300 pJ,
repetition rate 60 kHz, and beam scanning speed 50-100 mm/s. The laser fluence and irradi-
ance are 3—-15 J/em? and (0.3-1.5) x 10® W/cm?, correspondingly. The surface is scanned line-
by-line with the distance between the lines of 30 pm. Such an operational mode provides the
formation of a microrelief covered by a nanoporous layer of titanium oxides.

The temperature and composition of the plasma are determined from plasma emission
spectra. Two miniature fiber-fed spectrometers are used: (i) Avantes ULS4096CL-EVO with a
spectral range 190-1090 nm and resolution 0.5 nm to detect spectral bands of molecules with
a high signal-to-noise ratio; and (ii) Avantes ULS-2048L 3-channel spectrometer with a spec-
tral range 205-707 nm and spectral channel resolutions of 0.08, 0.13 and 0.12 nm to detect
titanium ionic and atomic lines. The exposure time of the spectrometers is 10 ms and the spec-
tra are averaged over 625 laser pulses to provide a high signal-to-noise ratio.

A scanning electron microscope (SEM) FEI Helios 660 in the electron and ion opera-
tional modes is used to study surfaces of structured specimens. A scanning transmission
field-enhanced emission microscope (STEM) Tecnai G2 F20 is used to determine the phase
composition of the deposit in a high-resolution TEM and electron diffraction analysis modes.
The X-ray diffraction (XRD) analysis was performed using an ARL X’TRA diffractometer
with the Bragg—Brentano focusing geometry and the following operational parameters: Cu-Ko
radiation at A=1.5406 10\, a 0.02° step size, 30°-132° 20 range, and 1 s exposure time. Phase
identification was performed using the databases [29, 30]. A detailed description of the sam-
ple preparation and phase compositional analysis can be found elsewhere [15]. Morphology of
a single ablation crater is studied by an atomic force microscope (AFM) Nanoeducator.

Phenomenology of Ablation and Deposition and Plasma Model

Under the action of laser radiation, the titanium target melts and heats beyond the vaporiza-
tion point that causes intense surface vaporization. A pool of molten material forms on the
ablation surface. Due to the diffusive character of heat dissipation in material bulk, a size of
the pool is limited to a size of the focused laser beam during first 10’s ns 100’s ns after the
laser pulse. Plasma forms above the target surface and expands supersonically. This creates a
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recoil pressure that leads to additional removal of material in the form of fine-dispersed liquid
droplets. The recoil pressure also displaces the melt to edges of the ablation crater forming a
ridge there. As the plasma cools down, chemical reactions start: first in the plasma periphery
and later in plasma volume. Condensed products of the reactions return to the ablation surface
being carried by a hydrodynamic flow. If ablation occurs in air, the titanium vapor interacts
primarily with oxygen to produce titanium oxides of different stoichiometry in both gas and
condensed phases. The production of oxides higher than TiO can also occur on a sample sur-
face where the adsorbed TiO molecules can additionally oxidize.

Modeling the processes involved in this phenomenological description is a difficult task.
In the model presented in this paper, as a first approximation, the laser-matter interaction is
disregarded, and the model includes only the plasma plume expansion, chemical reactions,
condensation, and accumulation of condensed species on the target surface. A zero time of
the model corresponds to a time when the plasma plume has already been formed with a pre-
scribed shape, temperature, and density. The thermodynamic and geometrical parameters for
the initial plasma plume are taken from experiment.

A sequence of modeled events is the following. The plasma initially consists of titanium
atoms, ions, and electrons. As it expands, titanium vapor reacts with molecules in the sur-
rounding air. Some reactions lead to a formation of condensed species, a fraction of which set-
tles on the target surface. Another fraction reflects from the surface and returns to the plasma
plume. As time progresses, the condensed species accumulate within a surface area that is
denoted as the deposition spot. The diameter of this spot is roughly ten times the size of the
initial plasma.

A framework for the hydrodynamic part of the model is described by Shabanov and Gor-
nushkin [31, 32] and the chemical part by Gordon and McBride [33]. In brief, plasma is in
local thermodynamic equilibrium, LTE. The hydrodynamic flow is modeled via a system of
Navier—Stokes equations, which include a surface source and sink to account for material
removed by vaporization and accumulated on the surface as a deposit. The chemical part is
based on the equilibrium model, which is embedded into the hydrodynamic code.

It should be emphasized that during first 10’s ns after the breakdown the laser induced
plasma may not be at LTE [34]. But later, when the characteristic time of the hydrody-
namic flow becomes longer than the characteristic time for chemical reactions, the plasma
approaches the equilibrium state. Establishing chemical equilibrium is fast in the atmospheric
plasmas; the dense collisional environment makes LTE a reasonable assumption there [35].

Chemical equilibrium is solved by the minimization of the Gibbs free energy. The plasma
is assumed axisymmetric; the cylindrical coordinates are used to solve the hydrodynamic
equations. The material transport between the plasma and the ablation surface and other theo-
retical details are provided in the accompanying paper [36]. As far as the authors know, it is a
first attempt to use a combined hydrodynamic-chemical model to study a chemical composi-
tion of condensed titanium oxides redeposited on the ablation titanium surface from a nano-
second laser ablation plasma in atmospheric air.

Results and Discussion
Properties of Plasma Plume and Surface Coating

Plasma emission spectra obtained at different laser fluences are shown in Fig. 2. In a short-
wavelength range of 330-440 nm (Fig. 2a), only emission lines of titanium atoms and ions
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are observed. In a long-wavelength range of 560-880 nm (Fig. 2b), strong bands B-X,
A-X, and E-X systems of titanium monoxide TiO are identified [35]. A threshold for the
appearance of molecular bands is about 3 J/cm? (see the inset in Fig. 2b), the same as for
the appearance of titanium lines. The bands of TiO appear at a late stage of plasma evolu-
tion; the emission lifetime of this molecule is about 10 ps [37]. For the highest tested flu-
ence of 15 J/cm?, bremsstrahlung continuum dominates the spectrum at early times [38].
The continuum emission adds to the line discrete spectrum that forms later. The main emit-
ting species are the titanium atoms and ions and titanium monoxide molecules.

The average temperatures of laser induced plasmas corresponding to different laser flu-
ences are calculated by the Boltzmann plot method [39]. A relation In(Al/g.Ay) = —E, /kT
is used, where [ is the line integral intensity, A is the wavelength at a line center, A, is the
Einstein coefficient for spontaneous emission, and g, and E, are the degeneracy and energy
of the upper transition state. The parameters A;, g;, and E, are taken from [40]. Figure 3a
shows the spectral fragments with titanium lines marked, which were used for the construc-
tion of the Boltzmann plots. Figure 3b shows the Boltzmann plots constructed for plasmas
obtained at laser fluences between 4.5 and 15 J/cm? that corresponds to the average plasma
temperatures between 6700 and 7000 K.

Figure 4 shows the SEM images of the titanium surface obtained by ablation of the pure
titanium target at different laser fluences and effective exposure times. The effective expo-
sure time is a product of the number of laser pulses delivered to the surface and the pulse
duration. An increase in the laser fluence from 5 to 15 J/cm? at a fixed effective exposure
time of 0.1 ps leads to agglomeration of nanosized oxide particles on the exposed surface
(Fig. 4a). An increase in the exposure time from 0.5 to 15 ps at a fixed fluence of 5 J/
cm? leads to the formation of a quasi-homogeneous volumetric nanorelief (Fig. 4b) with a
denser particle arrangement in comparison with the fixed exposure time/ fluence increase
situation.

A similar study was performed by Fathi-Hafshejani [20] in controlled oxygen atmos-
phere; they showed that not only the relief but also the phase of TiO, depends on param-
eters of the laser scan: the longer pulse width, slower scan speed, and higher laser power
led to the formation of rutile phase, while shorter pulse width, lower laser power, and faster
scan speed resulted in the formation of anatase TiO,. Surface morphology was studied
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Fig.2 a Emission spectra of laser plasma in spectral range 330-440 nm; b emission spectra of laser plasma
in spectral range 560-880 nm
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Fig.3 a Fragment of titanium plasma spectrum with labeled lines used for construction of Boltzmann plots;
b Boltzmann plots corresponding to different laser fluences

(a)

Fig.4 a SEM images of titanium surface after laser ablation at fluences 5, 10, and 15 J/cm2; b SEM images
of titanium surface after laser ablation at fluence 5 J/cm? (irradiance 5.1 x 107 W/cm?) and effective expo-
sure times of 0.5, 1, and 15 ps

by Lee et al. [6] for a nanosecond ablation of titanium with a UV laser; the morphology
varied significantly with a laser travel speed, from the groove-like structure with a width
of ~5-10 ym and depth-to-width ratio of 4.6 for a low, 10 mm/s, scan speed to the shallow
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wave-like structure with a width of ~ 11-20 um and a depth-to-width ratio of 0.3 for a high,
300 mm/s, travel speed.

The X-ray diffraction analysis was performed for the near-surface layer (several microm-
eters) of the sample, which was processed by scanning the laser pulses at a fluence of 5 J/
cm? and effective exposure time of 1 ps. As can be seen from the obtained XRD spectrum
(Fig. 5), there are several intense peaks that belong to o-Ti and p-Ti [41]. They come from
the titanium substrate underlying the deposit material. The attribution of these and other
peaks is verified using many previously reported data [12, 42—45].

The composition of the deposit strongly depends on experimental conditions. For exam-
ple, Landis et al. [46] textured titanium with a 805 nm Ti:sapphire femtosecond laser at a
0.25 J/cm? fluence (2.5 X 10'? W/cm? irradiance) in oxygen and found, based on Raman
spectroscopy, that the deposit consisted of predominantly amorphous TiO, with small
inclusion of Ti,0;. Kfenek et al. [12] ablated titanium with a 200 ns laser (1064 nm) at a
fluence of 24 J/cm? (irradiance of 1.2 x 10® W/cm?) and reported crystalline fractions of
hongquiite (>35%), a-Ti (15-20%), Ti,O; (10-15%), Ti;0 (15-20%) and minor anatase
and rutile (together 5%). It is, however, unclear how to interpret this percentage composi-
tion obtained from the spectrum, which contains peaks of both the deposit and the sub-
strate. Regarding the qualitative composition of the deposit, our results coincide with that
in [12, 42]. Considering the peak intensities on the X-ray diffraction spectrum, we suggest
that the main components of the deposited material are TiO, and TiO with impurities of
Ti;05 and Ti,O5.

For a more detailed study of the structure and composition of the titanium alloy sur-
face after laser ablation, a spherical microparticle covered by nanoporous material was
chosen. Figure 6a presents the magnified SEM image of the laser-produced hierarchical
relief which is obtained using a fluence of 5 J/cm? and irradiance 5.1 x 10" W/cm?. Using
the focused ion beam (FIB) thinning, a thin foil containing a spherical microparticle (see
the inset in Fig. 6a) with a sprayed protective platinum layer was cut in the SEM column
(Fig. 6b) and examined by TEM (Fig. 6¢). The STEM image in Fig. 6¢ shows that the
upper layer of the microparticle has the porous structure with a pore size of about 500 nm.
This layer, which extends from the green to blue dashed lines in Fig. 6¢, according to high-
resolution TEM analysis and electron diffraction analyses (Fig. 6d), consists of agglomer-
ated rutile nanoparticles of about 5 nm in diameter (Fig. 6a). The lower porous layer, which

Fig.5 XRD analysis of the A
titanium surface after laser A Ti
ablation at fluence of 5 J/cm? < TiO, (rutile)
(irradiance 5.1 x 10’ W/cm?) and B TiO, (anatase)
effective exposure time of 1 ps. O Ti,0,
The spectrum contains Ti, TiO, V Ti0q
(rutile and anatase), TiO, Ti,O;, @ Tio
and Ti;O5 peaks
Q | "

o Jgo | 2ot o
35 40 45 50 55 60 65 70 75 80 85
20 (Cu-Ka)
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extends from the blue to red dashed lines in Fig. 6¢, has the columnar texture and consists
of both rutile and anatase. The analysis reveals that the nanoporous coating is made of two
layers differing in the content of TiO, and phase and morphology of the pores. The main
component of the deposit is TiO,. The deposit, in turn, lies on a layer of a non-porous
grained material that consists of TiO (Fig. 6e). The main volume of the microparticle is
occupied by the non-porous grained TiO. The close inspection of the STEM image reveals
a transitional layer between the TiO interior and TiO, exterior of the microparticle that dif-
fers from them by contrast; it extends from the red to yellow dashed lines in Fig. 6f. This
non-porous layer consists of Ti,O; and contains a thin layer of Ti,O;N as described in
Veiko et al. [15].

This result is consistent with that of Kienek et al. [12] who analyzed the sub-pm accre-
tions developed on the surface of pm-sized round shape particles by the HRTEM and elec-
tron diffraction and found that the accretions contained crystalline rutile, anatase, brookite,
Ti;O4, TiO and Al,O5 nanoparticles. The round shape of the particles was explained by the
rapid solidification of ejected hot liquid drops, however, it remained unexplained how such
the complex composition of the particles could be formed.

The porosity of the oxide coating is evaluated from the STEM image. After processing
the image with software (Fig. 7a), a ratio of white to black pixels is calculated. The poros-
ity is estimated at about 26%. The same image is used for evaluation of an average height
of the oxide coating; it is found to be 1.60+0.35 pm («=0.95, t,=1.697).

The mass of titanium ablated in a single pulse is evaluated by measuring a crater vol-
ume by AFM. The scan of the crater created by the 15 J/cm? laser pulse is shown in Fig. 8.
The crater volume is equal to a difference between the full crater volume and a volume of

g Tio,
nanoporous laye

| : (012)
& (104)
(110)|

non-
porous

Fig.6 SEM images of titanium sample after laser processing: a top view of the structured surface; the inset
shows a magnified view of the spherical microparticle covered by the nanoporous coating; b cross-section
of the spherical microparticle after FIB thinning; ¢ STEM image of the microparticle; d high-resolution
image of the nanoporous coating; e magnified view of the central cross section of the microparticle f mag-
nified view of the transitional layer between the nanoporous exterior coating and non-porous interior mate-
rial of the spherical microparticle; the insets show a Fourier transform scheme. Rutile nanoparticles have a
size of about 5 nm (Color figure online)
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Fig. 7 a Evaluation of porosity and average height of oxide coating from the STEM image; b 3D profilom-
etry of the laser-produced relief
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Fig.8 a 2D AFM scan of ablation crater; b corresponding crater profile

the ridge at a crater edge (Fig. 8b). The mass evaporated by a single pulse is estimated at
about 5 ng.

Simulation of Chemical Composition of Plasma Plume and Deposited Layer

The initial plasma plume consists of pure titanium surrounded by atmospheric air at 1 bar
pressure. The air is approximated by three components, N,/O,/Ar="78/21/1. A list of con-
sidered chemical species is given in Table 1. The TiN molecule was excluded from the
simulation as it was not found in the deposit.

In the HD simulation, titanium vapor enters the plasma from a hot surface at a rate
of Ing/ps. The vapor comes from a surface spot having an area equal to the area of the
focused laser beam, 2 x 107> cm?. The spot temperature is set to the boiling temperature
of titanium, 3560 K, while the rest of the surface is kept at the room temperature of 300 K.
The initial plasma shape is semi-ellipsoidal with semi-axes 25 pm and 50 pm along the
lateral and vertical directions, correspondingly. The 5-ng ablated mass is uniformly distrib-
uted over the volume with a density of 0.076 g/cm?>. The initial plasma temperature is set to
7000 K as suggested by experiment.

Condensed particles, which form within a boundary layer at the interface between the
plasma and the surface are assumed to have a sticking probability of 0.2, a reasonable num-
ber suggested by the literature [28, 47]. Those particles, which do not adsorb at the surface,
reflect from it, and are carried away by the hydrodynamic flow. The value of 0.2 for the
sticking coefficient can be a parameter of the model, which is found from the fitting of the
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Table 1 Species participating in equilibrium calculations

Gaseous species

Atoms and ions Ti, T*, Ti", Ar, Art, N, N*, N, 0, O*, 07, N,, N,*, N,7, N3, O,, 0,*, O,,
03

Nitrogen oxides NO, NO*, NO,, NO,~, NO,, NO,", N,0, N,0%, N,05, N,0,, N,O;

Titanium oxides TiO, TO*, TiO,

Condensed species

Titanium and titanium oxides Ti(a), Ti(b), Ti(L), TiO(a), TiO(b), TiO(c), TiO(L), TiO,(cr), TiO,(L),
Ti,05(I), Ti,O5(L), Ti;O5(a), TizO5(b), Ti;Os(L), Ti,O,(cr), Ti,O4(L)
Titanium nitrides TiN(cr), TiN(L)

calculated and measured thickness of the deposit. The condensed species accumulate on
the surface during the entire plasma lifetime that is the computational time.

Figure 9 a and b show the composition of the plasma gaseous species. The hot plasma
core consists of mostly atomic and ionic species and strongly bound molecules of titanium
oxide and nitrogen. Closer to periphery, in a zone of strong mixing with air, the number of
molecular species increases while the number of elemental species decreases. The higher
titanium oxides, TiO,, Ti;05, and Ti,O,, form here in both liquid and crystalline phases.

Figure 9, ¢ and d show the mass deposited on the sample surface by the 20th and 230th
ns of plasma evolution. Each point on the plots corresponds to a total mass accumulated on
a surface layer between r and r + Ar where Ar is the spatial discretization step. Calcula-
tions are interrupted at the 230th ns because beyond this point the deposition of material
nearly stops. Figure 9d shows that the most active zone of production of condensed tita-
nium oxides lies between 0.05 and 0.20 mm whereas a zone of formation of liquid tita-
nium is above the molten pool between 0 and 0.025 mm (note the logarithmic scale on
the y-axis). Such the distribution of the deposit produces a non-uniform coating around
the ablation crater. In a scanning ablation mode, when many deposition spots overlay, the
thickness of the deposit increases, and porosity develops due to non-uniformity of the sin-
gle-pulse deposition.

Comparison of Simulation and Experiment

The yield of the deposition of TiO, per a pulse can roughly be estimated from the data
in Fig. 9d. It is also possible to estimate a height of the deposit that is obtained in a scan-
ning ablation regime using the instrumental settings given in the experimental section. A
method to estimate the height of the deposit is illustrated in Fig. 10.

The deposition spot is defined as a circle around the ablation crater, inside which the
mass of the deposit exceeds 0.1 pg. From Fig. 9d, the radius of the circle is 200 pm. The
amount of material deposited during the scan is determined by the intersection of multiple
deposition spots as shown in Fig. 10a. The distribution of the thickness of the single-pulse
deposit within the deposition circle is shown in Fig. 9b. It is a 2D version of the mass dis-
tribution shown in Fig. 9d. The thickness of each concentric layer is calculated via &;=p/p
where £; is the height of the deposition layer between radii r; and r,,;, p;=m;/nr;Ar is the
mass surface density inside this layer, and p is the density of the titanium dioxide (the
deposit).
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Fig. 9 Equilibrium composition of gaseous plasma species at 20 ns (a) and 230 ns (b) of plasma evolution;
¢ condensed species accumulated on the surface by 20th ns (¢) and 230th ns (d) of plasma evolution
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Fig. 10 a Illustration of the deposition in the scanning laser mode: a and b are the distances between craters
in x and y directions; v; is the laser scan speed, and r is the radius of the deposition spot; b thickness of the
single-pulse deposit; the scale in the color bar is in pm

The calculated thickness of the deposit created on a 1000 x 1000 pm? scanning area is
shown in Fig. 10 for two scan speeds: 10 cm/s (experimental) and 180 cm/s (hypothetical).
The distance between the craters in the y-direction is 30 pm for both the cases whereas
in the x-direction it is only 1.7 pm for v, =10 cm/s (Fig. 11a) and 30 pm for v; =180 cm/s
(Fig. 11b). The large overlap of the deposition spots with diameters of 400 pm leads to
a creation of the 2.3 pm-thick layer of TiO, at the scanning speed of 10 cm/s. The fine
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structure of this layer is shown in the inset in Fig. 11a. Separate craters cannot be dis-
cerned; only shallow trenches are seen in the y-scan direction. This picture is consistent
with the SEM image shown in Fig. 7b; the similarity of the patterns is apparent. The pre-
dicted thickness of 2.3 pm is also close to the average deposit thickness of 1.60+0.35 pm
measured in experiment. At a higher (hypothetical) speed of 180 cm/s (Fig. 11b) the depo-
sition layer is more than 10 times thinner, only 0.14 pm in height, but single craters are
clearly discerned. This example demonstrates that various surface patterns can be created
by varying the scan speed. From the insets in Fig. 11 a, b one infers that the porosity of the
deposited layers is a consequence of a non-uniform mass distribution across the overlap-
ping deposition spots.

To resume, the developed model reproduces the main features of the obtained experi-
mental data, namely, (i) the composition of the plasma plume in the model (Fig. 9a, b)
coincides, for measurable species, with that found by spectroscopy in the real plasma
(Fig. 2). In both cases, the major plasma components are titanium atoms and ions, titanium
monoxide, and atmospheric species. (ii) The model correctly predicts one major compo-
nent of the deposit, the crystalline TiO,. The discrepancy occurs for TiO and minor com-
ponents: instead of Ti;05 and Ti O, in the model, the minute amounts of TiO, Ti,O5, and
Ti,O4N are detected in experiment. This can be explained by the absence of Ti,O;N in the
database (Table 1), disregarding chemical kinetics, and, possibly, imprecise initial condi-
tions. (iii) The model yields the value for the thickness of the deposit that is close to the
experimental value.

Conclusions

The paper demonstrates that the intense nanosecond laser ablation of titanium in air leads
to the formation of a thin nanoporous layer deposited on a substrate surface from an
expanding ablation plume. The layer consists mainly of titanium dioxide with 26% poros-
ity. A hierarchical microrelief covered by the 2 pm-thick, porous deposit oxide layer is

(@) (b)

=]
_.
pm

0.14+0.01

0
1000
1000
¥, -
7
/77 o 0 * \L

Fig. 11 a Layer of TiO, deposited onto an area 1000 x 1000 um? at the scan speed 10 cm/s; b the same at
the scan speed 180 cm/s. The insets show the fine structures on tops of the deposits
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produced by scanning the laser along parallel lines separated by 30 pm. For better under-
standing of the deposition process, the computer simulation of the process is performed
using a fluid dynamic plasma model coupled with the equilibrium chemical code.

Based on the experimental observations and model simulations, the following qualita-
tive picture of the deposition of titanium oxides under nanosecond laser ablation of tita-
nium in air can be proposed. The plasma plume created by the laser pulse with the initial
temperature of ~7000 K and density ~0.08 g/cm?® rapidly expands and cools down. Chemi-
cal reactions in the hot plasma zone result in formation of strongly bound molecules of
titanium monoxide, whose spectral lines are observed in the experiment. In a due course of
the plasma expansion and cooling, TiO, molecules form in a colder peripheral plasma zone
where Ti and TiO species actively mix with surrounding air. The phase composition of
TiO,, which is localized near the surface during the plume expansion, consists of gaseous,
liquid, and crystalline species. A fraction of these species adheres to the cold surface at a
certain lateral distance from the center of the irradiated spot and form a nanoporous layer
observed in the experiment. Overall, it can be concluded that the deposition of condensed
metal oxides from plasma to the ablation surface is among the most important mechanisms
of formation of nanoporous oxide films on metal surfaces. The results reported here allow
for the deeper understanding of this mechanism. The experimental method studied has a
potential to be developed into a useful technology that can find applications in medicine,
photonics, and other fields.
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