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We used femtosecond laser irradiation of titanium metal in an oxidizing environment to form a
highly stable surface layer of nanostructured amorphous titanium dioxide (TiO,). We studied the
influence of atmospheric composition on these surface structures and found that gas composition
and pressure affect the chemical composition of the surface layer but not the surface morphology.
Incorporation of nitrogen is only possible when no oxygen is present in the surrounding
atmosphere. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4752276]

INTRODUCTION

Femtosecond laser pulses provide a way to simultane-
ously structure and change the chemical composition of a
number of materials, including titanium.'~ Laser structuring
of titanium surfaces has been investigated because the topog-
raphy of the titanium surface contributes to its biocompati-
bility,* tribology, and hydrophobicity.’ Femtosecond lasers
have been used to produce a wide variety of surface struc-
tures on titanium including conical microstructures,® peri-
odic gratings,’” and nanoscale pores.®

Laser processing also makes it possible to insert nitro-
gen and oxygen atoms into titanium while creating surface
structures.”'® Experiments involving titanium surfaces irra-
diated by nanosecond lasers show that the surrounding gas
atmosphere can have a large impact on the surface chemical
composition and the surface morphology.'’

Because titanium, known for its durability, mechanical
properties, and stability, is used in many biomedical applica-
tions,'? the effect of laser irradiation on biocompatibility is
particularly important. While surface structures enhance cell-
adhesion,13 the chemical composition of structured titanium
surfaces also contributes to their biocompatibility. For example,
the biocompatibility of titanium is improved by a thin layer of
TiO, on the surface of a titanium implant.'* Nitridation of tita-
nium also has applications in biomaterials and microdevices
for improvements in wear resistance and hardening.'

Although a high degree of control over femtosecond
laser-formed titanium surface morphologies has been devel-
oped, the chemical composition of the resulting films has not
been studied in detail. In this work, we investigate the influ-
ence of oxygen and nitrogen gas composition on the surface
morphology, chemical composition, and stability of femto-
second laser irradiated titanium surfaces.

EXPERIMENTAL

Samples were produced by irradiating a 99.99% tita-
nium plate with a 25-33.33 Hz train of 100 fs, 805 nm laser
pulses from an amplified Ti:sapphire laser. The pulses have a
fluence of 2.5 kJ/m? and are polarized in the x direction (x-y
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axes shown in Figure 1).'*> The samples were mounted on an
x-y stage in a stainless steel chamber that was evacuated to
less than 0.1 Torr and then filled with a background gas. To
irradiate the sample, we raster scan in the x direction and
step in the y direction at the end of each row, uniformly
exposing each spot on the sample to 50 laser pulses.

Images of the samples were taken with a Zeiss Ultra55
scanning electron microscope (SEM) with a beam energy of
2keV. Elemental analysis was performed using x-ray photo-
electron spectroscopy (XPS), which we collected on a Sur-
face Science SSX-100 ESCA spectrometer. Ar' sputtering
was used for cleaning and depth profiling analysis at
2.7keV. Survey spectra were collected with an 800 nm spot
size at 1 eV per step and high-resolution scans with a 300 nm
spot size at 0.065 eV per step. We then performed XPS peak
fitting using Casa XPS, and peaks were fit with Shirley
background-corrected Lorenzian functions.

X-ray diffraction data (XRD) were collected on a Bruker
D8 Discover. The XRD experiments are performed on sam-
ples made from a 450 nm thick layer of titanium, evaporated
onto a glass slide to minimize background from the unstruc-
tured underlying titanium and then irradiated with the same
conditions detailed above. We collected Raman spectroscopy
on a Renishaw inVia microscope using an excitation wave-
length of 633 nm, produced by a 5 mW, s-polarized Helium-
Neon laser. The Raman spectra were recorded through a
50 x microscope objective, which was projected onto a ther-
moelectrically cooled, charged-coupled device (CCD) array
using a 1200 groove/mm diffraction grating.

Electrochemistry data were collected using a CH Instru-
ments Electrochemical Analyzer CHI600D. We used a
three-electrode setup with the untreated and treated titanium
surfaces individually isolated as the working electrode, a
BASi Ag/AgCl reference electrode, and a Pt coil counter
electrode. The electrochemical cell was filled with an elec-
trolyte, BioWhittaker Hanks’ balanced salt solution, which
was purged with argon for 60 min before use. All measure-
ments were performed at room temperature.

Reflectivity measurements were taken with a Hitachi
U-4100 spectrophotometer with a BaSO, integrating sphere.

© 2012 American Institute of Physics
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FIG. 1. Scanning electron micrographs of titanium metal surface before
(untreated) and after laser irradiation in the ambient gases shown, with a
total pressure of 100 Torr in each case. The air mixture consists of a 1:4 ratio
of Oz:Nz.

RESULTS AND DISCUSSION

SEM images of the films irradiated with a total atmos-
pheric pressure of 100 Torr (Figure 1) show laser-induced
periodic surface structures (LIPSS)16 that do not vary with
the atmospheric composition of oxygen and nitrogen. The
lines of the grooved pattern are oriented along the y direc-
tion, perpendicular to the laser polarization. This grooved
pattern of the LIPSS is expected for near-damage-threshold
laser fluences and multiple laser pulses.'” The formation of
LIPSS on metals has been attributed to the interference of
the incident laser light with excited surface plasmon polari-
tons.'® Varying the total pressure of oxygen and nitrogen
between 0.01 and 500 Torr does not change the surface mor-
phology of the titanium structures. The same surface struc-
tures are visible after irradiation with 1, 10, or 50 laser
pulses, regardless of the chemical composition of the back-
ground atmosphere.

Fourier transformations of the periodic surface struc-
tures confirm that samples formed in different atmospheric
conditions all have a periodicity of 268 * 15 nm. The perio-
dicity of the surface grating formed from the interference
between the incident laser light and excited surface plasmon
wave is A/n, where A is the wavelength of the incident light
and n is the index of refraction.'® The index of refraction
of titanium at 805nm is 2.883, producing a periodicity of
279.2nm, in agreement with the measured periodicity of
268 = 15nm.

The XPS spectra in Figure 2 show that the ambient gas
composition and pressure affect the chemical composition,
and hence the physical properties, of the titanium surface
structures. Surfaces irradiated in atmospheres containing only
oxygen show significant amounts of only titanium and oxygen
with more oxygen incorporated than in the untreated films.
The films were measured after argon sputtering to remove sur-
face atoms and reveal subsurface composition. The chemical
shift of the Ti 2p peaks, shown in Figure 2(b), can be used to
identify the oxidation state of the titanium atoms. The sample
structured in 100 Torr oxygen has Ti 2p;,, and Ti 2p,,, peaks
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FIG. 2. (a) XPS of untreated titanium and laser-structured samples. The
samples were Ar" sputtered for 10 min immediately before measurement.
(b) High resolution XPS of the Ti (2p) region of untreated and laser-
structured titanium. The samples were Ar" sputtered for 20min before
measurements.

at 458.7 and 464.6eV, respectively, which correspond to
Ti*", the oxidation state found in TiO,.%°

TiO, forms as a native oxide on titanium metal, so we
compare our results to an argon sputtered, untreated titanium
sheet. The untreated titanium control has Ti 2p;, and Ti 2p;»
peaks at 453.8 and 459.8 eV, which correspond to metallic ti-
tanium and confirm that the argon sputtering treatment is suf-
ficient to remove the native oxide layer. The O:Ti ratio for a
film structured in 100 Torr O, is 2.3 before argon sputtering
treatment and 1.9 after 10 min of sputtering, which shows that
the sputtering differentially removes oxygen atoms. To quan-
tify the bulk reduction caused by the argon ion sputtering, we
also compared the laser-oxidized samples to a sputter depos-
ited TiO, thin film. The sputter-deposited TiO, film is slightly
more reduced following the argon sputtering treatment than
the TiO, films formed by irradiating in oxidizing atmospheres
after the same treatment. This may indicate that the sputter de-
posited TiO, film is thinner than the irradiated films. This ob-
servation, combined with the predominant Ti** oxidation
state, shows that laser irradiation of titanium metal in an oxi-
dizing atmosphere forms a surface layer of TiO,. Due to the
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bulk reduction caused by sputtering, it is difficult to quantify
the presence of additional titanium oxidation states in the
laser-structured samples. While predominantly TiO,, it is pos-
sible that the samples also contain smaller amounts of the less
oxidized Ti,O5 or TiO.

As shown in Figure 2(a), titanium surfaces irradiated in
a nitrogen atmosphere contain titanium, oxygen, and nitro-
gen. The amount of nitrogen does not decrease with argon
sputtering, showing that it is incorporated into the titanium
lattice. By integrating the area under the peaks, we found
that the N:Ti ratio is 0.34. The samples formed in only nitro-
gen have Ti 2p;, and 2p,, peaks at 454.1 and 460.0eV,
0.2eV higher than the untreated titanium control. The
expected binding energy for Ti in TiN is 1.4 eV higher than
the measured values. Previous studies of non-stoichiometric
titanium nitride films with low nitrogen incorporation show
Ti binding energies 0.3-0.4 eV above metallic Ti, similar to
our samples.'" Analysis of nitrogen incorporation as a func-
tion of nitrogen pressure incorporated during irradiation
shows a slight decrease in nitrogen incorporation with
decreasing nitrogen pressure. Nitrogen is only incorporated
into the titanium lattice when surface structures are created,
implying that the laser fluence necessary for nitrogen incor-
poration is above the melting threshold.

Titanium samples irradiated in 80 Torr N, and 20 Torr
0O,, a composition approximating air, show incorporation of
oxygen but not nitrogen. These samples also show the same
Ti 2p peak placement as the sample irradiated in only oxygen,
indicating the formation of TiO,. We find that the presence of
0.1 Torr of oxygen in the chamber prevents the incorporation
of nitrogen into the sample. The preferential formation of
TiO, over TiN can be explained by considering the relative
heats of formation (Agy) of the bulk materials. While the for-
mation of both structures is exothermic, the heat of formation
of TiO, is Agy = —944.0kJ/mol, while the formation of TiN is
less favorable at Ay = —337.7 kJ/mol.'**!

We analyzed the crystal structure of the resulting films
using both Raman spectroscopy and XRD. XRD of the
unstructured titanium film in Figure 3 shows the characteris-
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tic peaks of a-Ti with a strong (002) peak at 20 =38.3° and a
smaller (103) reflection peak at 70.6°. This structure is
expected for evaporated titanium films.** The laser struc-
tured samples do not show additional peaks that would indi-
cate the presence of crystalline TiO, or TiN. We would
expect peaks at 20 =25.3° and 48.2° for anatase TiO, or at
27.5° and 54.3° for rutile TiO,.>’ The structured films do
have a small Ti (002) peak, which can be attributed to the
underlying unstructured titanium.

Raman spectroscopy confirms the amorphous nature of
the structured films. As shown in Figure 4, the samples
structured in oxygen or air to form TiO, display a single
broad peak at 240cm ™' with a smaller broad hump around
450cm™~". The broad spectrum is consistent with an amor-
phous semiconductor. The peaks may be due to the presence
of Ti,O3 because crystalline Ti,O5 has peaks at 269, 302,
347, and 452 cm L2 Spectra of few nm thick oxidized tita-
nium films display similar broad peaks that have been attrib-
uted to a thin layer of Ti»03 > These peaks indicate the
presence of Ti,Oz species within the predominant TiO,
shown in the XPS spectra. The presence of less oxidized spe-
cies may be caused by preferential ablation of lighter oxygen
atoms during laser irradiation. The absence of peaks at 447
and 612cm ™! indicates that rutile TiO, is not present; simi-
larly, anatase TiO, would lead to peaks at 144, 197, 399,
515, and 639 cm_l, which are not observed.

The sample structured in nitrogen resulting in non-
stoichiometric TiN has broad Raman peaks at 240cm ™',
300cm ', and 550 cm ™. These are the expected peak posi-
tions for non-stoichiometric TiN; the lower-frequency peaks
are attributed to acoustic phonons and the high frequency
peak at 550 cm ™' is attributed to optical phonons.?® The
peak positions are very similar to those observed for non-
stoichiometric TiN formed by ns-laser irradiation of titanium
in a nitrogen environment.”” The Raman spectrum for the
unstructured titanium film shows no significant peaks as
expected.

Electrochemical stability tests performed in a solution
used to simulate biocompatibility'® demonstrate the stability
of the TiO, films and their suitability for biological implants.
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FIG. 3. XRD of the untreated titanium and laser-structured samples. The
films display only the (002) and (103) peaks expected for evaporated
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FIG. 4. Raman spectra of the untreated titanium and laser-structured sam-
ples, collected from an excitation wavelength of 633 nm.
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FIG. 5. (a) Open circuit measurements before and after laser irradiation col-
lected at room temperature in a solution to simulate biocompatibility, meas-
ured vs. NHE. (b) Current density changes of untreated and laser-structured
samples at 494 mV (vs. NHE).

For metal-based films, a high open circuit potential (OCP)
indicates increased stability against oxidation. After 2 h of sta-
bilization, the samples irradiated in 100 Torr O, and 80 Torr
N,/20 Torr O, have open circuit potentials of 0.199V and
0.092 V (vs. normal hydrogen electrode, NHE),?® respectively
(Figure 5(a)). Both oxidized samples have a higher OCP than
the titanium plate, which has an OCP of —0.044 V, indicating
their higher stability against oxidation. On the other hand, the
sample structured in nitrogen shows lower stability against
oxidation than the titanium plate with an OCP of —0.061 V.
We also measured the stability of the samples by apply-
ing a potential difference of 494mV (vs. NHE), which is a
standard benchmark for dental implant stability. Lower cur-
rent densities are indicative of higher stability against chemi-
cal reactions such as ion release, and thus a higher stability of
the oxidized films. As shown in Figure 5(b), we observe an
immediate decrease in current when the potential is applied,
indicating the formation of a passivation layer. The current of
the laser-irradiated films stabilizes after about 10 min, and the
oxidized films formed in both air and oxygen stabilize at cur-
rent densities of 86 nA/cm? The titanium nitride films stabi-
lize at a higher current density of 150 nA/cm?® The
unstructured titanium surface has the highest current density

J. Appl. Phys. 112, 063108 (2012)

o
o

untreated

o
"
I

o
NN
|

reflectance
o
w
I

0 | | |
0 500 1000 1500

wavelength (nm)

2000

FIG. 6. Reflectivity of samples measured with a spectrophotometer with an
integrating sphere.

of 220 nA/cm® and takes longer than the irradiated films to
stabilize, indicating that the passivation layer forms more
slowly.

Because the surface morphology does not depend on gas
composition and pressure, the chemical composition of the
surface can be changed independently of the surface mor-
phology. Our findings are in contrast to earlier published
work, showing a strong dependence of the surface morphol-
ogy on gas composition and pressure when titanium is irradi-
ated with nanosecond pulses below the ablation threshold."!
(The chemical composition of the surface structures was not
investigated.) As Figure 6 shows, the reflectivity of the sam-
ples irradiated by femtosecond pulses does depend on gas
composition—untreated titanium and surfaces irradiated in
nitrogen and oxygen all have different reflectivities. Our
work thus shows that femtosecond laser irradiation makes it
possible to create films of varying chemical composition and
optical properties while maintaining consistent surface
structures.

In conclusion, we form nanostructured TiO, and non-
stoichiometric TiN films by femtosecond laser irradiation of
titanium in oxygen and nitrogen, respectively. We demon-
strate that oxygen and nitrogen are incorporated in these
films when the laser fluence exceeds the ablation threshold.
Furthermore, laser-formed TiO, is more stable than
untreated titanium in biologically relevant solutions, making
femtosecond laser-formed TiO, a good candidate for bio-
medical devices.
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