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Abstract

Medical implants used in oral and orthopaedic surgery are mainly produced from titanium. Their biological behaviour, e.g.
osseointegration, essentially depends on both the chemical composition and the morphology of the surface. Modifications achieved
by excimer laser irradiation of titanium samples were investigated in order to improve their surface characteristics so as to facilitate
biointegration. To enlarge the effective interfacial area of bone—implant contact, holes were ablated by laser pulses of ns or sub-ps
length. During ns ablation, crown-like projecting rims formed around the borders of the holes. Ultra-short (0.5 ps) KrF excimer
laser pulses were successfully applied to avoid these undesirable formations. Since a smooth dental implant surface is necessary to
maintain a healthy connection with the soft tissues, laser polishing of samples was investigated, too. Irradiation with a series of ns
laser pulses resulted in effective smoothing, as measured with atomic force microscope. X-ray photoelectron spectroscopy analysis of
the laser-polished titanium surface revealed that laser treatment led to a decrease of the surface contamination and in thickening of

the oxide layer. X-ray diffraction measurements demonstrated that the original a-titanium crystal structure was preserved.

© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Dental implants are frequently applied to replace lost
teeth. A wide variety of materials have been used to
produce endosseous implants [1-3]. Titanium and its
alloys are currently the most commonly used dental and
orthopaedic implant materials, meeting the most im-
portant requirements [4-6]. The properties of titanium
and of its surface, which is covered by a native oxide
layer, are appropriate to allow its use as a biocompatible
material [7,8].

The long-term benefits of dental implants depend on
the responses of the different surrounding host tissues
(the alveolar bone, the conjunctival part of the oral soft
tissues and the gingival epithelium). As regards osseoin-
tegration, i.e. the formation of a direct connection
between the living bone and the surface of load-carrying
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implants, the important question arises as to how to
attain better integration by modification of the implant
surface morphology. Many authors have suggested
that the surface should be free from any contamination
[9-12]. Another important property of the implant
surface is its morphology [13]. The mechanical rough-
ness of the implant surface plays a significant role in
anchoring cells and connecting together the surrounding
tissues, thereby leading to a shorter healing period. The
area of contact can be enlarged by microstructuring the
implant surface. Rough titanium surfaces display
advantages over smooth ones, e.g. a shorter bone-
healing period [14-17].

The presence of a healthy gingival attachment on an
implant is also influenced by the surface characteristics
[18]. Connective tissues surrounding dental implants do
not become directly attached to the implant surface, but
merely adhere to it. For bioinert and bioactive implant
materials, a glycoprotein layer ensures the connection of
the collagen fibres to the implant surface. Although a
rough surface would be favourable for the epithelial
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attachment, the neck part of an implant has to be
polished in order to avoid pathogenic plaque accumula-
tion [19].

To increase the roughness of solid surfaces, a number
of laser-based techniques have been applied in recent
years [20]. Besides the prompt intense heating of the
surface, excimer laser illumination may further enhance
the sterilising effect in consequence of the high dose in
the UV range.

Recent studies on the laser machining of dental
implants revealed that an appropriate structure with
the least contamination could be achieved by means of
laser treatment [21,22]. After multipulse irradiation with
a focused Nd:YAG laser beam, a crown-like structure
formation was observed on the titanium surface [23].
The efficient oxidation of titanium through Nd:YAG
laser irradiation was reported in [24,25]. The importance
of these results lies in the fact that they involve laser
technologies for the processing of implant surfaces
which already have numerous industrial applications.
However, these techniques must be further improved,
since medical applications require high accuracy in both
mechanical and chemical characteristics.

The aim of the present study was to obtain results
relating to excimer laser modifications, such as the
polishing and structuring of titanium surfaces. The
thickness of the oxide layer and the changes in
the oxidation states of the laser-polished surface were
investigated by means of X-ray photoelectron spectro-
scopy (XPS). Structural changes caused in the crystalline
structure by rapid laser annealing were examined by
X-ray diffraction (XRD) measurements. Optical micro-
scopy, scanning electron microscopy (SEM) and atomic
force microscopy (AFM) was applied to visualise the
surface structures formed by local excimer laser ablation.

2. Material and methods
2.1. Titanium samples

Titanium sample discs 1.25mm thick and 8 mm in
diameter were cut from commercially pure titanium rods
(CP grade 1, <0.12% O, <0.05% N, <0.06% C,
<0.013% H), used for the fabrication of dental
implants. Concentric scratches 0.1-2 um in depth were
observable on the surface of the machined samples.
Before laser treatment, all samples were cleaned ultra-
sonically in a distilled water—detergent mixture, and
then rinsed in pure distilled water and finally in absolute
ethanol.

2.2. Surface polishing with a ns ArF excimer laser

An ArF excimer laser (Lambda Physics EMG 201,
wavelength: 193 nm, pulse duration: 18 ns, pulse energy:

100 mJ) was used for polishing. A square aperture that
cut out the most homogeneous part of the beam was
imaged onto the surface of the samples by a fused silica
lens (f = 5cm). A 3.6mm? area on the sample disc was
illuminated by different series of laser pulses under
atmospheric conditions. The fluence at the sample was
monitored by calibrated energy measurement of a
reference beam, coupled out by a fused silica plate.

In the experiments concerning laser polishing, two
parameters were varied independently: the incident
fluence was varied in the range 1.5-5J/cm? by placing
neutral filters in the beam path, and experiments were
performed with 10, 100 or 1000 shots of excimer pulses.

2.3. Microstructuring

2.3.1. Nanosecond ArF excimer laser ablation

For the local ablation of titanium surfaces, a similar
set-up was used as in the case of the laser polishing
experiments. A copper grid was placed in the beam path
and its rectangular holes (0.29 mm? in area) were imaged
by a fused silica lens with a focal length of 4 cm onto the
sample surface. In this case a greater reduction of the
beam was applied, and therefore the local average
fluence was higher: 8.5J/cm?. 250, 500 and 1000 pulses
were shot for local ablation experiments.

2.3.2. Laser ablation with 0.5 ps KrF excimer pulses

Further microstructuring experiments were performed
with ultrashort pulses of a KrF excimer laser (wave-
length: 248 nm, pulse duration: 0.5ps, pulse energy:
10 mJ). This laser system was described in detail in [26].
The only difference from the former optical set-up was
that the titanium sample disc and the focal point of the
lens were situated inside a low-pressure (10 Pa) vacuum
chamber equipped with a transparent fused silica
(Suprasil) window. Vacuum conditions were necessary
because of the high power density, in order to avoid
optical breakdown in air. In these experiments, 1000
pulses with a fluence of 2.4 J/cm? were applied.

2.4. Microscopic investigations

The surface morphology of the samples was first
observed through an optical microscope (Nikon Opti-
phot 100S metallurgical microscope). High-resolution
secondary electron images were recorded with a scan-
ning electron microscope (Hitachi S-2400). For a better
visualisation of the structures in depth, all samples were
tilted at 75° in SEM. For quantitative surface roughness
determinations, AFM was applied (TopoMetrix Ex-
plorer TM, contact mode). The surface roughness
characterised by the mean roughness (R,) value was
determined by using TopoMetrix software. R, gives the
average deviation of the surface height relative to the
mean height.
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2.5. X-ray photoelectron spectroscopy

One side of the titanium disk was polished by
scanning over the whole surface area with laser pulses.
The scanning speed was synchronised to the repetition
rate of the laser, resulting in 10 overlapping laser shots
with a fluence of 3.5J/cm? This sample was used for
XPS and XRD investigations. The chemical composi-
tion of the titanium surfaces was studied by XPS. The
photoelectrons generated by Al K, primary radiation
(14kV, 15mA) were analysed with a hemispherical
electron energy analyser (Kratos XSAM 800). Binding
energies were normalised with respect to the position of
the C (1s) peak. The changes in the XPS spectra were
measured after 10min of Ar” bombardment, repeated
several times. Ar " was generated with an ion gun energy
of 3kV and the incident ion beam current density was
4pAjem?®. Bombardment for 10min removed about
10 nm from the surface of the material. Wide-range scans
and higher-resolution narrow scans of the main char-
acteristic peaks were recorded (Ti 2p, O 1s, and N 15).

2.6. X-ray diffraction measurements

In order to compare the crystalline structures of the
laser-treated samples with those of the non-irradiated
materials XRD spectra were recorded, using Cu K,
radiation (4 = 0.154 nm). The XRD measurements were
performed with a Philips PW 1830 X-ray generator
(40kV, 25mA) with a powder diffractometer (PW 1877
Philips). The measured scan was taken between 26
values of 20° and 80°, with a step size of 0.02°.

3. Results and discussion
3.1. Surface polishing

3.1.1. Microscopic analysis of laser-polished samples

ArF laser polishing was performed by applying 10
laser shots at a fluence of 1.5J/cm?. The efficiency of the
polishing improved as the fluence was increased from 1.5
to 5J/cm?. As shown in the SEM micrograph in Fig. 1,
the small scratches at intervals measuring < 10 um, were
completely eliminated in the machined samples. Larger
structures were merely reduced in height, but not
completely removed, which resulted in a wavy surface
(Fig. 1b). Sample surfaces subjected to a higher number
of shots (100 or 1000) exhibited undesired waves, holes
and plate-like formations (Fig. 2).

The AFM surface topography pictures allowed a
quantitative analysis of the surface roughness, as shown
in Fig. 3. For the original machined samples, the
roughness was R, =256nm (Fig. 3a). The surface
roughness of the laser-polished samples irradiated with
10 laser pulses with a fluence of ~5J/cm? was

(10 pum|

Fig. . SEM micrographs of: (a) non-irradiated machined and (b) ArF
laser-polished titanium disk. The polishing was performed with 10
laser shots at a fluence of 3.5J/cm?.

Fig. 2. SEM micrographs of structures formed on titanium surfaces
illuminated with (a) 100 or (b) 1000 ArF laser shots at a fluence of
1.5J/em>.

significantly decreased, as revealed by the AFM micro-
graphs (Fig. 3b): R, =25nm. This value meets the
requirements described in [27], where it was demon-
strated that R,<88nm for a titanium surface is
optimum for the inhibition of plaque accumulation
and maturation.

Both the SEM and the AFM studies confirmed that a
titanium sample with R, < ~1pm can be effectively
polished by homogeneous, 3-5J/cm” fluence laser
illumination. Polishing can occur via several mechan-
isms. During the applied laser irradiation, the surface
material melts and evaporates. This was confirmed by
the appearance of laser-induced plasma during polish-
ing. Prior to resolidification, the molten surface can
become smoothed. Another mechanism is described in
[20]: the absorbed laser light heats the emergent sharp
peaks of the rough surface more efficiently than the
valleys, where the heat diffusion is more effective. The
result is more material removal on the hills, and finally
the surface will be smoother.

3.1.2. XPS measurement of the surface chemistry

The XPS survey spectra illustrated in Fig. 4 confirmed
the presence of oxygen, nitrogen and carbon on both
non-irradiated and laser-treated samples. These ele-
ments are typically observed on titanium implant
surfaces [28]. Trace amounts of phosphorus and
chlorine could also be detected as in [29,30]. The upper
part of Fig. 4 depicts spectra recorded without any Ar ™"
sputter, while the lower part presents spectra after
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R5=256 nm

Fig. 3. AFM surface topography images of: (a) non-irradiated and (b) ArF laser-polished titanium disk. The polishing was performed with 10 laser
shots at a fluence of 5J/cm? The surface roughness (R,) for the non-irradiated and the laser-polished surface was 256 and 25 nm, respectively.
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Fig. 4. XPS survey spectra of non-irradiated and ArF-laser polished
(10 laser shots at 3.5J/cm?®) titanium disks. Upper part: spectra
recorded without Ar™ sputter; lower part: spectra after 10 min of Ar*
bombardment.

10min of Ar" bombardment. In general, the laser
treatment altered the surface chemistry in only a few
respects. The substantial drop in the C 1s signal
demonstrates that the excimer laser illumination effec-
tively cleans the titanium surface. The C 1s signal
indicates the presence of carbonaceous contamination,
due to carbon-containing molecules remaining after
chemical cleaning or adsorbed later on air-exposed
surfaces [30,31].

Representative high-resolution Ti 2p spectra of non-
irradiated and laser-treated titanium samples after 10,
20 and 30min of Ar" sputtering are shown in Fig. 5.
The core level spectra after a single Ar” bombardment
are similar, with three characteristic peaks, at 464.7, 459
and 455.6eV. The positions of the Ti 2p,, and Ti 2p;),
peaks correspond to those measured in TiO, [32]. The
shoulder appearing at the lowest binding energy can be
assigned to Ti 2ps, in TiN [33]. This reveals that,
besides a thin TiO, layer, TiN impurities (probably
originating from the basic material [34]) are also present
on the sample surface. The presence of N was supported
by the concomitant increment of the N 1s peak during
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Fig. 5. High-resolution XPS spectra showing Ti 2p lines of non-
irradiated and ArF laser-treated titanium samples (after 10, 20 and
30min of Ar™ sputtering).

Ar” sputtering. This can also be seen from a compar-
ison of the curves corresponding to sputtering times of 0
and 10min in Fig. 5.

It is interesting to compare the spectra in Fig. 5 that
were measured after a second and a third Ar" sputter.
The spectrum of the non-irradiated titanium surface
includes peaks at binding energies of around 460 and
454 ¢V, corresponding to pure Ti metal [33,35], while
that of the laser-treated sample still exhibits the group of
three peaks indicating the oxidised state of titanium as
mentioned above, even after the second and third Ar™
bombardments. Consequently, laser-polishing thickens
the oxide layer at least 2-fold, which may favour the use
of laser techniques to achieve better osseointegration
[13].

3.1.3. XRD analysis

Rapid laser annealing by a series of ns laser pulses
may alter the crystalline structure of the implant in the
heat-affected zone. At room temperature the hexagonal
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o form of titanium is stable, while above 1158 K this
phase changes to cubic f-titanium. It is essential to
preserve the original crystal structure of the implant in
order to avoid stress formation in it. The changes in
crystal structure were followed by comparing the XRD
spectra of the non-irradiated and laser-polished probes
(Fig. 6). The XRD spectrum of the non-irradiated probe
mainly shows the peaks of w«-titanium [24,36], but the
peaks at 20 = 31.61°, 34.59°, 36.13°, 47.53° and 56.29°
demonstrate that other crystalline form(s) are present as
well. Diffraction peaks at 34.59° and 38.42° can be
attributed to surface contamination, since laser treat-
ment resulted in significant decreases in intensity of
these peaks. The XRD spectrum of the laser-polished
probe reveals the intensity characteristics of pure o-
titanium [37], indicated at the bottom of Fig. 6. The
origins of the non-g-titanium peaks in the non-
irradiated probes have not yet been clarified. The
increase in the peak measured at 38.42° for the non-
irradiated probe might possibly be assigned to the
strong diffraction at 38.48° originating from the (110)
plane of f-titanium, but this assumption cannot be true,
since other peaks characteristic of fS-titanium (e.g. at
55.54° and 69.60°) are completely missing from both
diffraction curves. Titanium oxides such as anatase or
rutile cannot furnish these non-o-titanium peaks either,
because other strong characteristic titanium oxide peaks
are absent from the spectra (e.g. the highest-intensity
peaks at 25.32° and 27.37°, respectively, for anatase and
rutile [36]). Diffraction peaks of crystalline nitrides or
carbides of titanium [38,39] can likewise not be
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Fig. 6. XRD spectra of non-irradiated and ArF laser-polished probes.
The relative intensities of pure o-titanium are indicated at the bottom.

correlated with these locations. These diffraction peaks
probably originate from crystalline forms of non-
stoichiometric titanium compounds, e.g. oxides, nitrides
or carbides, which were indicated by XPS. As X-ray
diffraction is a bulk technique, it is naturally not
possible to exclude with certainty the presence of a thin
layer of some other material with a crystalline or
amorphous structure. As concerns applicability, we
can conclude that laser treatment results in cleaning of
the surface and maintenance of the crystal structure of
the titanium probe in « form.

3.2. Microstructuring

3.2.1. Surface patterning by ns excimer pulses

Holes at a characteristic distance of about 25 um from
each other were successfully ablated into the titanium
surface by imaging a grid with ArF excimer laser pulses,
as revealed by the SEM images in Figs. 7a and b. The
surface was ablated locally at those sites where the fluence
exceeded the ablation threshold. Increase of the number
of pulses led to the ablation of holes with a higher aspect
ratio. At the same time, rims formed around the edges of
the holes as can be seen in Figs. 7a and b. After 250 shots
at a fluence of 8.5 J/cm?, the depth of the holes was about
10 um and the height of the rims was at most 8 um. From
the depth of the ablated holes, the effective evaporated
thickness proved to be approximately 40 nm per pulse.
Formation of the separate craters was possible because
the heat diffusion length (for a pulse duration of 18 ns this
is ~800nm for titanium) was shorter than the distance
between the holes.

In nature, the holes resemble the drilled patterns made
by other pulsed laser sources (e.g. Nd:YAG lasers)
operated at longer wavelengths [23]. The temperature
distribution in metals is determined mostly by the heat
conduction and not by the wavelength-dependent
absorption. The absorption penetration depths at 193,
248 and 1064 nm are 13.5, 12.7, and 253.3 nm, respec-
tively. These values are 1-2 orders of magnitude smaller
then the above-mentioned heat diffusion length. It is
common in these techniques that the ablation occurs via
extensive evaporation and melting. In the applied

Fig. 7. SEM micrographs at different magnifications of ablated holes
formed in a titanium surface after 250 shots of the ArF excimer laser.
The fluence applied was 8.5J/cm?.
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fluence range, plasma is formed and the underlying
molten layer is propelled out as a radial hydrodynamic
flow due to the high recoil plasma pressures. During this
process, rims are formed at the edges [23]. This is an
inconvenient effect, since the rims may break away from
the implant surface during the implanting procedure and
contaminate the surrounding biological tissues.

3.2.2. Surface patterning by sub-ps excimer pulses

The debris-free processing of holes with high aspect
ratios, which are commonly produced in the short-
wavelength excimer laser ablation of specific polymers
and ceramics, cannot be reproduced in the case of metals
with relatively high thermal conductivities. Similarly as
in drilling with ns length pulses of Q-switched Nd:YAG
lasers, at an excimer pulse duration of 18ns, the heat-
affected zone is defined by the thermal diffusion length
and not by the absorption penetration depth of the laser
light. In this case the molten depth may approach 1 pm
and the melt flows out from the high-pressure zones of
high-temperature laser plasma. One possibility to over-
come the problems of rim formation is to decrease the
extent of heat diffusion. The application of 0.5 ps laser
pulses allows a heat diffusion length of 4.3 nm. In this
case the absorption penetration depth will determine the
precision of laser processing. A number of authors have
investigated the pulse duration requirements for the
melting- and burr-free drilling of metals [20,40—44]. The
highest process efficiency and hole quality can be
achieved by using sub-ps pulse durations. On repetition
of the surface patterning experiments with a 0.5 ps KrF
excimer laser, rim formation could be eliminated
completely, as illustrated in the SEM micrograph in
Fig. 8. The laser fluence here was 2.4J/cm? and 1000
shots had to be administered.

Fig. 8. SEM micrograph of ablated holes formed in a titanium surface
after 1000 shots of the 0.5 ps KrF excimer laser. The fluence applied
was 2.4J/cm?.

The coherence properties of the applied 0.5 ps laser
system led to less accurate imaging of the mask pattern
on the sample surface. The topography of the ablated
structure practically reproduces the intensity distribu-
tion in the image plane, which is distorted by
interference phenomena. Accordingly, the ablated holes
do not possess sharp and well-defined borders. The
aspect ratio of the holes is sufficient for the required
purpose, since the contact interface of the osseointegrat-
ing tissues was enlarged significantly.

4. Conclusions

The chemical composition and morphology of the
titanium surface were modified by excimer laser proces-
sing. Effective polishing was achieved by homogeneous
illumination with ns laser pulses in the 3—5 J/cm? fluence
range, as revealed by SEM and AFM studies. Carbo-
naceous contamination was removed, as indicated by
XPS and XRD measurements, demonstrating that
polishing with an excimer laser cleans the surface of
titanium. The XRD data confirmed that the laser
polishing process did not alter the original crystalline
structure, while the XPS measurements proved that
pulsed laser oxidation in air resulted in an increased
thickness of the surface oxide layer.

Holes about 20 um diameter and 10 pum in depth with
rims around the edges were ablated into the titanium
surface with pulses of ns ArF excimer laser. To avoid the
formation of these fragile rims, we applied an excimer
pulse duration of 0.5 ps, whereby the melting- and rim-
free ablation of titanium was attained.
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