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Evidence of chemical reactions in the hydroxyapatite laser ablation plume
with a water atmosphere
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The expansion dynamics of the ablation plume generated by KrF laser irradiation of hydroxyapatite
targets in a 0.1 mbar water atmosphere has been studied by fast intensified charge coupled device
imaging with the aid of optical bandpass filters. The aim of the filters is to isolate the emission of

a single species, which allows separate analysis of its expansion. Images obtained without a filter
revealed two emissive components in the plume, which expand at different velocities for delay times
of up to 1.1us. The dynamics of the first component is similar to that of a spherical shock wave,
whereas the second component, smaller than the first, expands at constant velocity. Images obtained
through a 520 nm filter show that the luminous intensity distribution and evolution of emissive
atomic calcium is almost identical to those of the first component of the total emission and that there
is no contribution from this species to the emission from the second component of the plume. The
analysis through a 780 nm filter reveals that atomic oxygen partially diffuses into the water
atmosphere and that there is a contribution from this species to the emission from the second
component. The last species studied here, calcium oxide, was analyzed by means of a 600 nm filter.
The images revealed an intensity pattern more complex than those from the atomic species. Calcium
oxide also contributes to the emission from the second component. Finally, all the experiments were
repeated in a Ne atmosphere. Comparison of the images revealed chemical reactions between the
first component of the plume and the water atmosphere.1989 American Institute of Physics.
[S0021-897€09)06906-9

I. INTRODUCTION Here we use interferential bandpass filters to analyze the
distribution of emissive species along the plume in a water

Hydroxyapatite(HA) thin films are suitable bioactive atmosphere. The scope of this study is not only to discover

coatings for Ti implants in medical applications. Pulsed lasethe different dynamic behavior of the diverse species in the

ablation is an appropriate deposition technique due to thplume, but also to investigate the presence of chemical reac-

complex stoichiometry of HA. Results as obtained indicatetions with the water atmosphere.

that an atmosphere containing water is needed in order to

grow films with good propertiek;’ and although several gas Il. EXPERIMENT

mixtures have been tested, we have demonstrated that 100%

water is suitabl€.This motivated us to undertake a detailed A KrF excimer laser beaniLambda Physik LPX 205i,

study of HA laser ablation process in order to obtain deepe248 nm wavelength, 30 ns pulse durajiovas focused at an

knowledge of the phenomena involved and to optimize thencident angle of 45° through a 500 mm focal length Suprasil

deposition conditions. Therefore, a complete analysis wakns onto a HA target, leading to a fluence of 2.6 Jicfime

developed under high vacuum conditiBie in order to laser beam was partially intercepted by a mask in order to

characterize the process in the plainest environment. Thig"Prove the uniformity of the laser spot, which was 0.8 mm

study was then extended to a water atmosgt@ia similar ~ igh and 3.1 mm wide. The target was a 1.7 giquellet _

conditions to those normally used in the deposition experiifade from HA powder pressed at 200 MPa. The experi-

ments. In all cases the analyses were carried out through tigents were carried out in a high vacuum chamber evacuated

characterization of the light emitted by the laser generate ;ito_bg %turb%ﬂﬁlecﬁ!ﬁ‘r dp“.rt';f tot a base ptr%siureb of 5
plume by means of fast intensified charge coupled device mboar and then tiled with water vapor at 9.~ mbar.
Images of the ablation plume were taken in single-shot

(CCD) imaging and optical emission spectroscopy. These al., o\ ity'a gated CCD camefANIMATER-VI from ARP
lowed us to describe the dynamics and composition of th

| ) di ter at h In the f ?—rance} 288x 385 pixels, 8 bits dynamic range, intensified
piume 'E va:;:_uurg an mfa \r’lva er atmosphere. in F Orm;‘f)y a microchannel plattMCP), whose aperture was delayed
case, the distribution of the emissive species along t By a pulse generator that also triggered the laser shot. The

image, which gave the maximum intensity resolution. In ad-
dition, three bandpass filtet40 nm full width at half maxi-
3E|ectronic mail: pserra@fao.ub.es mum) centered at 520, 600, and 780 nm were placed be-
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FIG. 1. Series of images obtained from the plume generated by KrF laser ablation of a HA target in a water atmosphere for several delay times corresponding
to: (a) total emission(b) emission from neutral C&20 nn), (c) emission from neutral @777 nn), and(d) emission from calcium oxidé600 nm. The MCP
voltage is different for each image and in the gray scale, the darker levels correspond to the lower levels of intensity and the brighter ones to the higher ones.

tween the CCD and the imaging optics of the camera in ordeplot and found to be 2X410° m/s, a result very similar to the
to acquire images of the evolution of single emissive specieg.9x 10° m/s that corresponds to the case of ablation in
in the plume and, thus, to map their distribution along theyacuum under identical conditioRs.

plasma. Images recorded through the 520 nm filter are shown in
Fig. 1(b). This filter intercepts the emission line at 519 nm of
neutral calciun’~*? and the images as obtained reveal the

) ) spatial distribution of the excited state of this emissive spe-
Images of the expansion of the HA ablation plume gen-

erated by KrF laser irradiation under a 0.1 mbar water atmo-

Ill. RESULTS AND DISCUSSION

sphere for delay times after the laser pulse up touslare 20 3.0

shown in Fig. 1a). They show two emissive components & 15 a) " el b) *
reported in detail elsewhefé? The first has a hemispherical < < 20

expansion front and corresponds to the development of a2 1.0 2 4

shock wave due to the confinement of some of the ablated® K 1.0

species in the plume leading edge by the background atmo- 9

sphere. The second, almost indistinguishable, appears as 0.0 il o0t

small tenuous spot close to the target surface which is be- 00 05 10 15 20 0 1 2 3 4 5
lieved to arise from backscattering of a fraction of the spe-
cies in the plumé3 The position versus time of the expan-
sion front of the first component in the plume, assumed as
10% of the intensity maximuris shown in Fig. 2a). A
potential expressioiR=At“ has been chosen to fit the ex- 20 3.0
perimental points, wher® is the position of the leading
edge\t is the time, and\ and « are the parameters of the fit.
The parameters of the fit were=1.3 cmjus* and «=0.6.
Although the dynamics of a spherical shock wave is de-
scribed by a potential expression like the former one with
a=0.41*the fit carried out here does not correspond to such
behavior since it corresponds to several experimental points
prior to the whole development of the shock structure. The
position of the leading edge of the second component of the N ) _ _
plume versus time is also shown in Figa2 The experimen- FIG. 2. Plots of the position vs time of the leading e_dg(_e of the (r@ta_nd

. . . . _second componer(tx) corresponding to(a) total emission,(b) emission
tal points are well aligned, which means that the expansiofom neutral Ca520 nm, (c) emission from neutral @777 nm, and (d)
took place at constant velocity. This was calculated from themission from calcium oxidés00 nm.

Time (ps)

15 °
2.0

1.0

Position (cm)
Position (cm)

1.0

0.5
{

+

0.0 e

*‘I-
0.0 02 04 06 08 1.0 0 1 2 3 4
Time (us)

Time (ps)

Downloaded 15 Jun 2010 to 161.116.168.169. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 85, No. 6, 15 March 1999 P. Serra and J. L. Morenza 3291

cies along the plume. The intensity pattern is almost themages. They become very intense after s and finally
same as in Fig. (B), corresponding to the total emission, develop a shock front with the intensity maximum in the
excepting emission from the second component of thdeading edge for delay times of about 1.®. Therefore, it
plume, absent in Fig. (b), as observed under vacudim!  seems that the strong emission in the front does not arise
The position of the leading edge of the emission pattern ofrom the confinement of calcium oxide in this region by
Ca versus time is shown in Fig(l8. The parameters of the interaction with the background atmosphere, as suggested
fit were found to beA=1.2 anda=0.6, values very close to previously? since such collisional confinement appears ear-
the ones corresponding to the total emission of the plumdier in Ca images. So, the hypothesis of chemical reactions in
Therefore, calcium neutrals remain confined by the backthe plume front? seems to be more probable, but only more
ground atmosphere in the shock front of the plume. accurate analysis can confirm this. Regarding the analysis of
Images obtained with the aid of a 780 nm filter arethe dynamics of the emissive calcium oxide, plots of the
shown in Fig. 1c). They correspond to emission from neu- position versus time of the leading edge of the emission pat-
tral oxygen since they intercept the triplet at 777 nm. Thesgern corresponding to G@, are shown in Fig. @). The
images present several important differences with respect t@sult of the potential fitting i®A=1.2 cmjus* and «=0.6,
the ones from Ca. The intensity maximum does not appear adentical to the case of Ca. The fitting corresponds to all the
close to the leading edge of the first component as it did irexperimental points but the shock wave did not develop until
the case of Ca. This reveals that the confinement of oxygeabout 1.2us, a longer delay than that corresponding to Ca.
by the background atmosphere is weaker than in the preced+erefore, although the behavior of each species is different,
ing case. If the series in Figs(ld and Xc) are compared, the their dynamics are the same. This suggests that calcium ox-
coincidence in the position of the maxima of Ca and O patide radicals arise directly from calcium atoms, possibly
terns can be noticed. This means that the confinement of bothrough synthesis and, thus, they follow the same expansion
species holds in the same area, but oxygen diffuses beyortynamics as the precursor species. Similar processes leading
that front, inside the water atmosphere, and calcium doew the formation of molecular radicals in the ablation plume
not. It can be easily understood since an oxygen atom ikave been described for other material& Finally, the ex-
considerably lighter and smaller than a calcium one, whictpansion of the C&, component close to the target surface
enhances a higher level of diffusion of the first one inside thevas also studied. From the plots in Figdp, it appears that
vapor. Furthermore, there is emission from neutral oxygen inhe expansion takes place at a constant velocity of 2.3
the area close to the target surface, in the second componextl0® m/s, similar to that of the second component of the
of the plume, in contrast to what happened with Ca and irplume. Therefore, the dynamics and composition of the sec-
the same way as in vacuuthimages of O look darker than ond component in the plume is the same in vacuum and in a
those of Ca and they are full of “dark spots.” This is due to background atmospheté.This behavior could be under-
the low intensity of the triplet at 777 nfi.The dynamics of stood in terms of a shielding effect: Species in the second
the expansion of the emission pattern of O has been analyzedmponent would not interact with the background gas since
from the plots of the position of the leading edge versus timehey would be shielded from the water atmosphere by spe-
[Fig. 2(c)]. The experimental points are quite well aligned cies in the first one.
for delay times before 700 ns. In this case, a straight line isa In order to establish whether the reaction in the plume
better fit than a potential expression. The fit results in a veteading to CO, involve the atmosphere, ablation experi-
locity of expansion for the leading edge of X@0*m/s.  ments were repeated under 0.1 mbar Ne. The atomic mass of
Under the same fluence conditions in vacuum, the velocity oNe is very close to the molecular mass of water, which
the O pattern was 1:810* m/s!! This indicates that a por- would result in the same mechanical effects in the develop-
tion of the oxygen component diffuses inside the vapor with-ment of the shock front, but it is a nonreactive gas. Images
out interacting with it. In the second component of therecorded without and through the available filters at a 0.1
plume, the signal-to-noise ratio is too low to determine thembar Ne atmosphere have been depicted in Fig. 3. Pictures
position of the expansion front of the oxygen close to thecorresponding to the total emission of the plume and to the
target surface and, thus, to analyze its dynamics. Ca and O emissiofiFigs. a)—1(c)] are similar to those
Images recorded through a 600 nm bandpass filter arebtained in water vapor. Only some differences in the shape
shown in Fig. 1d). This filter intercepts a 10-nm-wide por- and intensity hold and thus, it can be inferred that the me-
tion of the second emission band of the orange system afhanical effect of Ne on the plume expansion is similar to
calcium oxide (C;:Oy).m‘12 The analysis of this species is that of water. On the other hand, images corresponding to
especially interesting since the recorded spectra have r&a O, emission are different. The complex behavior in the
vealed that the intensity of emission from the orange systerfirst plume component observed in water vapor is not repro-
is much higher in a water atmosph&réhan in vacuunt! A duced in the Ne atmosphere. In this case, only a very low
spherical front develops after 400 ns but it does not correeontribution to intensity in the first component is present for
spond to an intensity maximum, that is, to a shock wave. Adelay times shorter than 800 ns. Otherwise, the contribution
any time, the maximum remains close to the target, in théo the second plume component of that species remains un-
second component of the plume, in contrast to what hapehanged with respect to the case of a water atmosphere.
pened with calcium and oxygdfrigs. Xb) and Xc)]. After  Therefore, considering that the confinement effect has been
600-700 ns the intensity distribution changes and some locébund to be the same in water vapor and Ne, it is evident that
maxima appear along the plume surfglight areas in the the chemical reactions assumed before take place between
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FIG. 3. Series of images obtained from the plume generated by KrF laser ablation of a HA target in a Ne atmosphere for several delay times corresponding
to: (a) total emission(b) emission from neutral C&20 nn), (c) emission from neutral @777 nn), and(d) emission from calcium oxidé600 nm. The MCP
voltage is different for each image and in the gray scale, the darker levels correspond to the lower levels of intensity and the brighter ones to the higher ones.

the species in the plume and the water atmosphere, leading txygen have been attributed to differences in size and mass
the formation of excited calcium oxide in the first plume of their atoms. The low signal-to-noise ratio prevented analy-
component. The next step in this analysis would be adsis of contribution to the second component of the plume.
dressed to clarify the role and importance of these molecular Emission from calcium oxide radicals has been identi-
radicals in the thin film synthesis and only further and morefied in both components of the plume. The intensity pattern
complex experiments could give a definitive answer to theseorresponding to the contribution to the first component has
guestions. been found to follow a complex evolution in time. The de-
tailed analysis of its dynamics has revealed chemical reac-
tions in that region leading to the formation of those molecu-
lar species and their further confinement in the shock front.
The expansion dynamics of the HA laser ablation plumeOnce more, the contribution to the second component has
in a 0.1 mbar water atmosphere has been analyzed by meapsen found to be the same as in the vacuum case, suggesting
of fast intensified CCD imaging. The presence of two emisshielding in the motion of the second component due to the
sive components has been identified for delay times up to 1.first one.
us. It has been found that the first component develops a Finally, the comparison of HA ablation in a water atmo-
shock wave due to the confinement of the species in thgphere with ablation in a Ne atmosphere has revealed that the
leading edge of the plume, whereas the dynamics of the seprocesses leading to the formation of calcium oxide radicals
ond component has been found to be the same as under higkise from chemical reactions between the first component of
vacuum conditions. the plume and the background water atmosphere and not
The dynamics and distribution along the plume of someamong the species confined in the high density shock front.
emissive single specigreutral calcium, neutral oxygen, and
calcium oxide radicajshas been studied by the same tech-ACKNOWLEDGMENTS
nigue with the aid of bandpass interferometric filters. This
study has revealed a strong confinement of calcium atoms i
the front, leading to the formation of the shock wave, and the
absence of these atoms as emissive species in the seco%
component of the plume. . ) N _ _
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