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Structural analysis of calcium phosphate coatings
produced by pulsed laser deposition at different
water-vapour pressures
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Calcium phosphate coatings have been produced by pulsed laser deposition (PLD)

at different water-vapour pressures. Rietveld refinement of X-ray diffraction (XRD) data

allows us to determine that the structure of these coatings is apatitic with carbonate

substitution for phosphate. The carbonate substitution decreases when the chamber

pressure is raised, a fact that has been corroborated by Fourier transform—infrared (FT—IR)

spectroscopy. Carbonate concentrations between 5 and 17 wt% have been calculated for the

crystalline samples. Amorphous coatings are produced at the lowest and highest pressures

due to the high carbonate concentration in the first case, and possibly to another type of

substitution (Mg2#, HPO2!
4 , P2O

4!
7 ) or the inherent kinetics of the PLD process, in the second

case.
1. Introduction
Hydroxyapatite (HA) coatings have been studied with
the objective of improving the fixation and osteointe-
gration of cementless orthopaedic and dental implant
devices [1], because their chemical composition and
structure are similar to the mineral phase of the bone.
HA belongs to the hexagonal system with a space
group P6

3
/m [2], characterized by a six-fold c-axis per-

pendicular to three equivalent a-axes at angles of 120 ° to
each other. The dimensions of the unit cell of HA [3] are
a-axis"0.9422 nm, c-axis"0.6880 nm ($0.0003 nm).
The HA structure allows the substitution of many ions
(K`, Na`, Mg2`, F~, Cl~, CO2~

3
, HPO2~

4
,2 ),

which introduce changes in the unit cell dimensions.
The commercially coated biomedical implant devi-

ces are commonly produced by plasma spraying,
a technique presenting problems caused by the degra-
dation of the coating and the poor mechanical bond
strength between the coating and the substrate. In an
attempt to obtain properties suitable for biomedical
applications, pulsed laser deposition (PLD) has been
developed as a coating technique for HA [4—6]. In
this work, the crystal structure of the coatings produc-
ed by PLD was studied, when the water-vapour pres-
sure in the deposition chamber was changed.
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2. Materials and methods
2.1. HA targets
Sintered HA discs were used as targets to produce the
calcium phosphate coatings by pulsed laser deposition
(PLD). The raw powder was uniaxially pressed at
81 MPa in a stainless steel die to form discs, and then
sintered in air at 1260 °C for 4 h using heating and
cooling rates of 2.5 °Cmin~1 in order to obtain targets
with a density of at least 95% of the theoretical density
of HA. The X-ray diffraction (XRD) and Fourier
transform—infrared spectroscopy (FT—IR) analyses of
the obtained targets were typical of HA with some
carbonate (CO2~

3
) substitution for phosphate (PO3~

4
)

and low content of hydroxyl (OH~) groups. X-ray
flourescence (XRF) measurements of the powder de-
termined that its calcium to phosphorus ratio was
1.70, and it presented traces of magnesium (0.27 wt%).

2.2. Pulsed laser deposition (PLD)
In the PLD technique, the laser beam of a Lambda
Physik LPX200 ArF excimer laser (wavelength
k"193 nm, 20 ns pulse length, 20 Hz repetition rate)
was focused on to a sintered HA disc, placed in a vac-
uum chamber filled with water-vapour, to achieve an
te, 256 Gray’s Inn Road, London WC1 8LD, UK
öteborg, Sweden.
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energy density of 0.8 J cm~2. The material ablated from
the HA disc was deposited on to a titanium substrate,
positioned parallel to the target at 4.5 cm from it, and
maintained at 455 °C at different water-vapour pres-
sures, obtaining coatings with a thickness of 0.83 lm,
as measured with a Veeco Dektak3 profilometer.

2.3. X-ray diffraction analysis (XRD)
XRD analysis of the coatings on titanium substrates
was carried out with a Siemens D-5000 diffractometer
in h—2h configuration, using CuKa radiation at 40 kV
and 30 mA. The coatings were scanned from 10°—60°
in steps of 0.02° 2h for 15 s, and rotated during the
measurement. These XRD spectra were compared
with the Joint Committee of Powder Diffraction Stan-
dard (JCPDS) files. The crystal structure of the cry-
stalline coatings was refined by the Rietveld method,
using the General Structure Analysis System (GSAS)
software [7].

2.4. Infrared spectroscopic analysis
Absorbance infrared spectra of the coatings on tita-
nium substrates were collected with a Bomem MB-100
Fourier transform—infrared (FT—IR) spectrometer in
reflectance with a spectral resolution of 4 cm~1.

3. Results and discussion
The XRD patterns of the coatings are shown in Fig. 1.
The coatings produced at 0.15 mbar show a broad
peak in the range where the main peaks of the apatitic
structure are located. At 0.30 mbar the structure of the
apatite is completely defined, with the (2 1 1) and (1 1 2)
reflections not resolved. When the pressure is in-
creased, the coatings become less crystalline, with the
reflections disappearing at 0.80 mbar.

The refined unit-cell parameters of the crystalline
coatings are presented in Table I. The a-axis of these
coatings is shorter than that of stoichiometric HA and
the c-axis longer. This distorsion of the unit cell can be
due to several factors:

(i) Ionic substitutions in the apatite lattice. The
accommodation of the lattice to receive a substituting
ion leads to the change in the unit-cell dimensions.

(ii) Residual stresses in the coating. Because the
coatings are very thin (0.83 lm) and are produced at
high temperatures (455 °C), some residual stress
can exist because of the different thermal expansion
coefficients of the substrate (titanium) and the apatite
coating [8].

The shortening of the a-axis and the simultaneous
lengthening of the c-axis is a typical effect of carbonate
substitution for phosphate in the apatite lattice [9].
This point is corroborated by the FT—IR spectra of
these coatings (Fig. 2), which clearly show the carbo-
nate bands at positions characteristic of substitution
for phosphate [10]: 873 cm~1 (m

2
vibrational mode),

and 1413 and 1454 cm~1 (m
3

mode).
When the deposition pressure is raised between 0.30

and 0.60 mbar, the a-axis length of the unit cell of the
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Figure 1 XRD patterns of the coatings produced by PLD at differ-
ent deposition pressures of H

2
O: (a) 0.80, (b) 0.60, (c) 0.45, (d) 0.30,

and (e) 0.15 mbar.

TABLE I Unit-cell parameters for HA [3] and the coatings pro-
duced at different deposition pressures

Pressure Unit-cell parameters
(mbar)

a-axis (nm) c-axis (nm)

0.30 0.9356$0.0002 0.6918$0.0001
0.45 0.9381$0.0002 0.6910$0.0001
0.60 0.9397$0.0003 0.6910$0.0002
Stoichiometric
HA 0.9422$0.0003 0.6880$0.0003

Figure 2 FT—IR spectra of the coatings produced by PLD at differ-
ent deposition pressures of H

2
O: (a) 0.80, (b) 0.60, (c) 0.45, (d) 0.30,

and (e) 0.15 mbar.

coatings increases, while the c-axis slightly decreases
(Table I). Although this change in the unit-cell dimen-
sions could be due to other factors, such as any other
substitution or the presence of residual stresses in the
coatings, it is commonly considered as a reduction of
the carbonate substitution in the apatite lattice [9, 11,
12]. In fact, the FT—IR spectra of the crystalline coat-
ings (Fig. 2) confirm this point, because the intensity
Selected paper from the 13th European Conference on Biomaterials



of the m
3

carbonate band at 1413 cm~1 diminishes
when the deposition pressure is increased.

Arends and Davidson [13] found a linear relation
between the extinction coefficient of the carbonate
band at 1413 cm~1 and the carbonate content for
different carbonated apatites. Using the molecular ex-
tinction coefficient obtained from this linear regres-
sion, the carbonate content of the crystalline coatings
produced by PLD has been estimated from the extinc-
tion coefficients of the 1413 cm~1 band in their FT—IR
spectra by the expression

E"E
.
ct (1)

where E is the extinction coefficient of the band,
E
.

the molecular extinction coefficient of carbonate,
c the carbonate concentration in the coating, and t the
coating thickness. The calculated carbonate contents
for the crystalline coatings produced by PLD, along
with the extinction coefficients of the 1413 cm~1 band,
are summarized in Table II.

In Fig. 3, the a unit-cell parameter is represented as
a function of the carbonate content in carbonated
apatites produced in aqueous solution as obtained by
Legeros et al. [9] and Nelson and Featherstone [12].
For comparison, the data obtained for the coatings
produced by PLD are included. These data follow
better the behaviour of the carbonated apatites pro-
duced in aqueous solution than that of the carbonated
apatites produced at high temperatures, a sensible

TABLE II Extinction coefficients and calculated carbonate con-
tent of the crystalline coatings produced at different deposition
pressures

Pressure E
1413

CO
3

content
(mbar) (wt%)

0.30 0.686 17.0
0.45 0.443 9.9
0.60 0.236 5.3

Figure 3 Unit-cell parameter a versus CO
3

content: (L) [9], (K)
[12], and (m) coatings produced by PLD.
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result if one considers that the processing atmosphere
in PLD was water vapour and the substrate temper-
ature was 455 °C, far below the temperature (1100—
1200 °C) used for producing them [12]. Nevertheless,
the c-axis deviates from this behaviour at high pres-
sures, probably due to other possible substitutions.

Studies made by Legeros et al. [9, 14] demonstrated
that the presence of carbonate in the apatite disturbs
its crystallization and, at high carbonate contents, the
material becomes amorphous. Therefore, the distur-
bance observed in the structure of the coating produc-
ed at 0.15 mbar (Fig. 1) can be explained by the high
carbonate content of these coatings when the pressure
is decreased.

Nevertheless, the reason for the disruption of the
crystalline structure present in the coatings produced
at high pressures (above 0.60 mbar) is not so clear. At
these pressures, the growth rate increases and the
Ca/P ratio falls below the stoichiometric HA value
[15]. The following substitutions could account for
the compositional change:

(a) Magnesium substitution for calcium also pro-
motes the formation of amorphous calcium phos-
phates (ACP) [14], even more if combined with pyro-
phosphate. Traces of magnesium were found in the
coatings using energy-dispersive X-ray spectroscopy
analysis (EDS), but being at the detection limits it was
not possible to make a comparative study between the
coatings.

(b) Pyrophosphate (P
2
O4~

7
) incorporation leads to

ACP [14]. Although in the infrared spectra of the
coatings produced at 0.30 and 0.45 mbar (Fig. 4)
the pyrophosphate absorption bands at 720 and
930 cm~1 can be discerned, they disappear for the
coatings produced at high pressures.

(c) Substitution of HPO2~
4

ions for phosphate in-
troduces a high disturbance in the apatite structure
[16]. These radicals give an absorption band at
864 cm~1, which is too close to the m

2
band of the

carbonate ion at 873 cm~1 in the FT—IR spectra of
these coatings to allow a more accurate analysis.
A less-well resolved shoulder at 865 cm~1 can be
observed (Fig. 4).

On the other hand, at a certain surface temperature,
there is a maximum number of species having enough
mobility to build up a well-structured crystalline unit
cell. If the growth rate is increased by raising the
deposition pressure, more species than this maximum
number impinge the surface, and therefore do not
have enough time to order themselves at the surface,
leading possibly also to an amorphous coating, as
found at 0.8 mbar.

Further experiments and other analytical tech-
niques are being incorporated in order to assess which
of these hypothesis is the correct one.

4. Conclusions
1. The crystal structure of the coatings produced by

PLD is clearly dependent on the deposition pressure
of water vapour.

2. A minimum pressure of water vapour is neces-
sary to obtain a crystalline coating.
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Figure 4 HPO2~
4

, and P
2
O4~

7
absorption bands in the FT—IR

spectra of the coatings produced by PLD at different deposition
pressures of H

2
O: (a) 0.80, (b) 0.60, (c) 0.45, (d) 0.30, and

(e) 0.15 mbar.

3. The unit-cell parameters are disturbed as a con-
sequence of substitutions.

4. At low pressures the coatings are amorphous
when the deposition pressure is decreased, due to the
high carbonate content, substituting the phosphate.
Comparison of the unit-cell deformation of these coat-
ings due to the carbonate incorporation with results
obtained for other techniques to produce carbonated
apatites powder, indicates that PLD, although being
a vacuum technique, produces material more similar
to that obtained by an aqueous technology than to
that achieved by a high-temperature one.

5. Coatings again become less crystalline above
0.80 mbar. Several hypotheses have been suggested,
but additional work is needed to determine the ulti-
mate reason for this last effect.
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