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Direct Laser Interference Lithography (DLIL) has shown to be a promising technique to chemically and physically
alter the surface of titanium. In this work, atom probe tomography analysis was performed on DLIL-treated ti-
tanium to obtain the chemical composition of the surface in maxima and minima interference positions. The
analysis revealed that a multilayer structure consisting of oxide/oxynitride is formed at both positions; however,
the chemical composition is altered differently between the two. The observed difference is believed to be due to

an uneven heating and temperature distribution, which is demonstrated by thermal simulations.

1. Introduction

Amongst a variety of laser techniques, Direct Laser Interference
Lithography (DLIL) has attracted great deal of attention. This is due to its
flexibility to modify various types of materials [1-5] and for creating
diversified surface topographies [6]. DLIL treatment can improve me-
chanical [7], optical [8] or biological properties [9,10] of surfaces, and
has therefore been of interest in various applications. The pulsed DLIL
method enables surface texturing with limited surface heating [7] and
can provide thousands of patterns in one step. For example, titanium is
melted only at the maximum intensity positions (constructive interfer-
ence) for a very short time and the molten material is then transferred
through Marangoni convection out to the interference minima positions
(destructive interference) creating characteristic periodic patterns
[11,12]. The mechanism behind the surface texturing and pattern for-
mation during DLIL processing strongly depends on the applied laser
fluence, which are either Marangoni convection (for moderate laser
fluences) or the recoil pressure (laser fluence exceeds the evaporation
temperature of the material [2,11,12]). It has previously been reported
that for the ns-pulses the structuring mechanism is based on Marangoni
convection [13]. It means that due to the local surface heating at the
interference maxima positions, severe temperature gradients occur on
the surface. The temperature gradient causes a tension gradient to
appear on the surface, which leads the flow of molten material at the
maxima toward the colder areas at the minima positions. If the amount
of molten material at the maxima position is enough to cover the whole
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distance to the minima position it results in a characteristic round-
shaped periodic pattern.

The physicochemical properties of the surface are among the most
important factors influencing bone anchoring of biomedical implants for
joint replacement [14]. In recent years, great effort has therefore been
put on the analysis of the chemical composition of the titanium surface
and its influence on the biological response [14-16]. In the case of ti-
tanium implants, the surrounding biological medium (for example
proteins and cells) will interact with the native titanium oxide, which is
composed mainly of TiO5 [17,18]. Lower oxide states are also present on
the surface and the thickness of the oxide layer is typically less than 10
nm [17,19]. It has been demonstrated that during any laser treatment,
the surface characteristics are influenced by varying the laser modifi-
cation parameters [9,20,21]. In addition, during DLIL treatment, uneven
heating and temperature distribution of the titanium surface, as caused
by the interference phenomenon, may lead to inhomogeneity of the
chemical composition and periodically modulated film thickness at the
intensity maxima/minima positions.

Although many studies have been performed examining the chemi-
cal composition of DLIL-modified titanium surfaces [9,22], work
assessing direct analysis of the oxides formed at the maxima/minima
interference positions is much less frequent. Studies show that the ni-
trogen content in the titanium reactive layer can be altered by changing
the working conditions of the laser [9,21]. Moreover, our previous
studies, using X-ray photoelectron spectroscopy (XPS), have revealed
presence of titanium oxides and nitrides/oxynitrides on DLIL-treated
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Intensity

Fig. 1. Scheme of the Direct Laser Interference Lithography DLIL.

titanium surfaces [7,23]. However, XPS, which is known for its high
surface sensitivity and low penetration depth, can only confirm the
presence of titanium nitride/oxynitride phases and not their spatial
distribution [9,24,23]. Also, spectroscopy in transmission electron mi-
croscopy (TEM) is also challenging in case of light-weight elements such
as oxygen and nitrogen and does not have sufficient chemical sensitivity
to accurately quantify their concentrations. Therefore, we have chosen
to use atom probe tomography (APT), which has the capability of
providing chemical composition analysis with high lateral resolution.
The use of APT has during recent years been broadened to the areas of
oxides analysis [25] and even bio-interfaces of titanium implants

a) Bottom of the groove

b) Top of the groove
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[26,27].
2. Materials and methods
2.1. Laser treatment

To examine the chemical composition of DLIL-modified titanium
selectively at the interference maxima and minima positions, a pulsed
Nd:YAG solid-state laser system with a wavelength of 1064 nm, a pulse
duration of 8-10 ns, and a pulse repetition rate of 10 Hz was used. A
dielectric beam-splitter was used to split the primary laser beam into two
beams, which were utilized to create a grooved pattern on the titanium
substrate. The laser surface functionalization was performed in air at-
mosphere with laser energy of approx. 400 mJ and 7 repetitions using
shot peened and acid etched pre-treated samples. The laser fluence was
set to approximately 350 mJ cm~2. The two different pre-treatments
(shot peening and acid etching) were applied to demonstrate that
DLIL is possible to perform on commercial implants, where such treat-
ments are commonly used to structure the surface [22,28]. The laser
treatment process is schematically presented in Fig. 1. As a result of the
performed DLIL, well-defined and symmetrical grooves with a depth of
1.0-1.5 pm and a period of 6-7 ym were formed, independently of the
topography after shot peening and acid etching [7,23,29]. This indicates
that DLIL can be used as the final surface modification step to create
specific surface topographies on existing commercial implants in order
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Fig. 2. SEM micrograph of the DLIL-modified titanium with detailed APT analysis providing the distributions of the elements, (a) intensity maximum of DLIL sample,

(b) intensity minimum of DLIL sample, Ti-containing ions are displayed in black.
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to induce the desired biological reaction. The dimension of the grooves
was selected based on previous reports, which have shown increased
osteoblasts alignment when they are in the range of 1-10 pm in width
[30,31] with varying depths [32]. The arithmetic surface roughness, Ra,
before and after DLIL were determined by optical profilometry and were
found to be 0.9 and 0.6 pm, respectively.

2.2. Atom probe tomography

Since the analyzed volume in a typical APT measurement is very
small (approximately 50 x 50 x 200 nm), a high precision is required
for the sample preparation. Hence, specimens including both the in-
tensity maximum and minimum positions of a laser-patterned surface
were prepared using a focused ion beam (FIB) lift-out technique with
subsequent ion beam tip sharpening in accordance with established
procedures [33,34]. In order to protect the surface before FIB prepara-
tion, a 200 nm thick gold-capping layer was deposited on the titanium
surface by magnetron sputtering. A 15 x 2 x 3 pm wedge was milled
out, using a monoisotopic °Ga™ beam operated at 30 kV acceleration
voltage, and retrieved with an Omniprobe needle from the bottom and
the top of the DLIL-modified titanium surface grooves. Slices of the
wedge were attached to prefabricated Si posts by means of Pt deposition.
Needle-shaped specimen were then prepared by milling annular patterns
with decreasing radii and beam currents, until the tip apex radii were
approximately 50 nm. Finally, a cleaning step at 2 kV and 8 pA was
performed. Atom probe analysis was performed using an Imago LEAP
3000X HR instrument operated in laser pulsed mode with green light (4
= 532 nm). The laser pulsing frequency was 100 kHz and the pulse
energy was 0.3-0.5 nJ. The tips were held at a base temperature of
approx. 50 K during analysis. Scanning electron microscope (SEM) mi-
crographs were used to estimate the evolution of the tip radii for the
reconstructions. The three-dimensional (3D) reconstructions were based
on SEM images of the tip geometry. Reconstructions were made using
the IVAS 3.6.6 software (Cameca, US). Five tips were prepared for each
position, out of which three reconstructions contained the investigated
region.

2.3. Thermal simulations

In order to investigate the thermal distribution on the surface during
of the laser-treatment, simulations of the thermal profile were carried
out.

Based on the 1st law of thermodynamics, expressed as continuity
equation of the heat flux, combined with Fourier’s law, one can derive
the heat equation:

or
Pergy = Q+V(xVT) (@]

where T = T(x, 2, t) is the temperature at a particular place in a space (x,
z) and time (t); p,c,, and « stands for density, specific heat capacity, and
thermal conductivity, respectively; Q is a term including the heat source
and the heat required to go through the phase change (melt/vaporize or
alotropic transformation) by the laser-treated material. The finite-
difference methods were used for solving these differential equations.
The following assumptions were made: (1) material’s properties are
constant (independent of temperature, phase and time); (2) there is no
radiation from the surface; (3) convection in the melt and outside ma-
terial is not accounted for; (4) the heat source has a Gaussian distribu-
tion (in time) and is generated by the absorbed material 5 peaks of the
laser interference pattern. The model description is elaborated in the
supplementary material.
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3. Results and discussion
3.1. Atom probe tomography

Fig. 2 presents the surface morphology and the 3D reconstruction of
an APT analysis obtained from the bottom (maximum intensity position)
and top (minimum intensity position) of the groove. For both intensity
positions two distinct layers were observed in the surface region with
different stochiometric compositions. A clear N-rich layer was observed
between the oxygen layer (O-rich) and Ti-metal in the APT 3D recon-
structed volume. As we are not able to retain crystallographic infor-
mation from the APT reconstructions of the N-rich layer, we cannot
determine the exact phase structure. Isoconcentration surfaces at the
bottom of the groove were set to 36 at.% of oxygen and 10 at.% of ni-
trogen content in O-rich and N-rich regions, respectively. At the top of
the groove these two were 31 at.% of oxygen and 14 at.% of nitrogen.
The selection of these parameters consisted of creating the largest
possible continuous layers containing O and N atoms. The APT analysis
shows that there is a significant difference in the stoichiometric chem-
ical composition between the two regions, which probably is a result of
the uneven temperature distribution at the irradiated surface. In the O-
rich layer for both intensity positions, the measured Ti/O ratio is close to
1 and with the presence of nitrogen. In the N-rich layer at the bottom of
the groove, N levels do not exceed O levels, suggesting some kind of
oxynitride phase at this intensity position. At the top of the groove, the
content of oxygen is lower compared to the nitrogen, which content did
not exceed 25 at.%. This is interesting, since as stated by Wang et al. [35]
the formation of a N-rich layer may highly influence the surface prop-
erties of the modified titanium substrate.

Laser surface texturing is a non-equilibrium process due to the
extremely fast heating and cooling rates [36]. The laser induced tem-
perature may significantly exceed the melting point of the substrate.
Melting of the titanium results in an interaction of the liquid phase with
the components of the air — oxygen and nitrogen. There are several
studies describing light element insertion into titanium during laser
processing [20,21,37-39]. Torrent et al. [20] showed that at 1064 nm
wavelength there is higher efficiency for N insertion. Lavisse et al. [39]
concluded that shorter pulses duration favours the insertion of nitrogen
into the titanium substrate. Additionally, authors’ claim [39] that the
amount of light elements (oxygen and nitrogen) inserted into titanium
increased with an increased laser fluence. A recent experimental study
on laser treated titanium presented an oxygen enriched layer at the
outermost surface, while nitrogen diffusion-enriched zone existed
beneath the O-rich layer [38] which is quantitatively similar to our APT
results. The formation enthalpies of TiN and TiOy are —338 and —944
kJ/mol, respectively, indicating greater thermodynamic stability of the
oxides [40]. However, according to Zeng et al. [38] during laser pro-
cessing of titanium, TiN appears prior to oxides [38]. This, since tita-
nium nitride is more stable compared to titanium oxide at elevated
temperatures (>2350°C) as provided by Ti-N and Ti-O phase diagrams
[38]. Titanium oxide (TiOs3) is thus formed during the cooling process as
a result of solidification of the pre-existing liquid titanium or the reac-
tion between TiN and O [38]. Oxygen atoms diffuse into the TiN lattice
and replace nitrogen atoms and forms a thin TiO5 layer near the surface.
Otherwise, in order to insert N into the substrate there must be a plasma
which dissociate nitrogen and the substrate must be melted. The inser-
tion of nitrogen also requires the presence of reactive N in the plasma
[21]. A higher diffusion coefficient of nitrogen in the titanium oxide and
slower dissolution in the titanium substrate compared to the oxygen,
causes that nitrogen to accumulate near the interface metal/oxide
[21,37]. The smaller enthalpy of titanium oxides compared to nitrides
indicates that oxygen diffusion into the metallic substrate is limited and
therefore oxides are formed near to the uppermost surface [41].

During DLIL treatment, heating/melting of the titanium surface is
very localized, and the temperature is highest at the interference max-
ima [3]. Both the oxidation and nitridation processes that are taking
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Fig. 3. 1D concentration profiles of Ti, O, and N ranging from the oxide layer into the bulk titanium as obtained from the APT 3D reconstruction, (a) maximum
intensity position, (b) minimum intensity position, (c, d) schematic representation of the depth of chemical composition changes.

place during melting of the titanium are diffusion dominated. In com-
parison between the two interference positions it is evident that there is
a higher oxygen content at the bottom of the groove, which probably is
due to the higher operating temperature allowing higher diffusion times
of O atoms into the layer. The differences in content of the individual
elements in the N-rich layer strongly depends on the diffusion process
and operating temperature. These findings provide additional necessity
to analyze the chemical composition in these layers and how it is
affected by the different laser intensities. Fig. 3 presents a comparison of
one-dimension (1D) concentration profiles for the minima/maxima in-
tensity positions on the DLIL-treated sample. Interestingly, there is a
difference in the thickness of detected double layer system between two
analyzed positions. For the maximum intensity position, changes in the
chemical composition occurs roughly in the range of 25 nm (Fig. 3c),
while for the intensity minima the corresponding range is only for 10 nm
(Fig. 3d). The differences in the observed range and oxygen/nitrogen
content originates from the DLIL treatment, which likely is the result of
the interference phenomenon. The range/thickness of the oxide/oxy-
nitride layer is greater in the laser maxima (bottom) as a result of much
higher temperature operating in these positions compared to in the
minima (top). Molten material from the bottom of the grooves is relo-
cated toward intensity minima regions where temperature is much
lower. At minima intensity positions molten material is cooled faster
which significantly reduce diffusion rates of nitrogen and oxygen. A
similar effect has also been observed in other studies on DLIL-treated
(otherwise known as Direct Laser Interference Patterning — DLIP) ma-
terials such as steel and pure aluminum [42,43]. Although, the reported
results from the literature are obtained on other metallic materials, the
conclusions and correlation between intensity and layer thickness are
rather similar with our APT results.

According to the literature, the presence of nitrogen in the titanium
oxide layer or a multilayer structure of the titanium oxide/nitride
formed on the DLIL-treated titanium may influence surface properties,
such as wettability [44-46] as well as corrosion passivation in biological
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Fig. 4. Temperature evolution for maxima (Tyy, solid line) and minima (Tysp,
dashed line) interference positions obtained from thermal simulation of Ti
surface during laser treatment (0.35 J cm’z, 8 ns pulse duration) at the surface
(z = 0.00 pm, red lines) and at a depth of z = 2.00 pm (blue lines). The laser
pulse intensity distribution in time is, schematically, presented (dotted grey
line). The melting temperature (Ty,) and phase transition temperature (Ty_p)
are also shown in the figure.

solutions [47-49]. Presence of oxygen and nitrogen in titanium lead to a
much stronger effect of solution strengthening compared to the basic
alloying elements [50] which may also affect the mechanical properties
of such surfaces, and thus the tribological properties.
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3.2. Thermal simulations

To determine the temperature distribution of the DLIL-modified ti-
tanium and to confront our APT experimental measurements, thermal
simulations for the applied laser setup were performed. Fig. 4 presents
the simulated temperature at the maxima (Tyax) and minima (Typ)
interference positions during one laser shot at the surface (z = 0.00 pm,
red lines) and at a depth of 2 pm (blue lines).

The surface of the DLIL-modified titanium is locally melted at the
maxima interference region and temperature reaches >2380°C. At the
minima intensity temperature is >1200°C and remains below the
melting point (Ty,) but higher than the temperature needed for phase
transition. The temperature of phase transition (Ty_p, a—p) is still
reached at depth of 2 pm at the maxima interference regions (>882°C).
This result is in good agreement with our previous study [7] and exis-
tence of a 1.5 pm thick continuous layer consisting of lamellar grains in
laser modified samples. The characteristic shape of the lath-like grains is
typical for Ti cooled from the f stability region or higher temperatures.

Our thermal calculations showed that at the maxima intensity posi-
tion temperature reaches the transient nitridation curve at >2350°C.
However, as identified in the APT measurements, the N-enriched phase
for both positions is a mixture of oxygen and nitrogen phases and not a
pure TiN phase. Laser processing, due to the high heating/cooling rates,
is a non-equilibrium process, thereby occurring phases may differ from
these anticipated by phase diagrams. Nonetheless, periodically altered
surface film thickness and inhomogeneity of chemical composition after
DLIL treatment must be taken into consideration during intentional
tailoring of the surface topography on commercially available implants.

4. Conclusions

This study demonstrates that APT is a suitable technique for
analyzing the chemical composition and its changes both laterally, to see
the effect of minimum and maximum interference intensity, as well as in
depth of DLIL-modified titanium. The APT measurements clearly
demonstrate that for both intensity positions, two separate layers are
formed having an oxygen-rich layer on the top followed by a nitrogen-
rich layer underneath. The thickness of the double layer depends on
the local laser intensity at the surface, which varies periodically as a
result of interference. Uneven temperature distribution, as shown by
additional thermal simulations, on the titanium surface during DLIL
treatment creates inhomogeneity in the chemical composition and
periodically modulated film thickness. It is believed that an uneven
temperature distribution on the titanium surface during DLIL treatment
creates inhomogeneity in the chemical composition. In the context of the
biomedical applications, DLIL surface treatment allows for intended
formation of specific surface topography on pre-modified titanium as
well as modification of surface chemistry without any additional steps.
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