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For the first time, the MOCVD technique has been used to
deposit carbonated hydroxyapatite onto Ti6AL4V substrates
using volatile monomeric (liquid) complexes [Ca(B-diketona-
te),(L)] and P(OEt);.

Metal organic chemica vapour deposition (MOCVD) has been
widely used to prepare coatings in the semiconductor industry and
has shown several benefits compared with other coating meth-
0ds.12 The key advantages of this technique include the ability to
modulate precursor concentrations during deposition to create
functionally graded coatings (FGC).2 Bioactive surface coatings
are becoming of increased importance for the development of more
biocompatible implants and biosensors. Calcium phosphate (CAP)
based coatings such as hydroxyapatite (HA) [(Cayo(PO4)s(OH)2)],
have been given much attention recently due their biocompatible
and bioactive properties and ability to bond to host tissues.3 The
Ca:P ratio of calcium phosphates and the substitution of ions into
the structure such as carbonate, fluoride, silicate, etc., can greatly
improve resorbability, bioactivity and osteoconduction.45.6 Several
methods have been used to coat bioceramics onto implants
including plasma spraying,” pulsed laser deposition,® ion beam
sputtering,® el ectrodeposition® and RF magnetron sputtering.1t In
many cases, the coatings can only be formed with a specific
composition and problems are encountered such as poor adhesion
of coatings onto the substrate. In aprevious study, Ciliberto and co-
workers used the polymeric solids, [Ca(tmhd),].. (where tmhd =
2,2,6,6,-tetramethylheptane-3,5-dione) and [P>Os].., respectively,
to deposit acalcium phosphate on an aluminasubstrate.12 Sincethis
study, there have been significant developments in the field of
volatile calcium precursors suitable for CVD. In particular,
complexes with the formula [Ca(f-diket)o(L)] (where 3-diket =
tmhd,3 1,1,1,2,2,3,3,7,7,8,8,9,9,9,-tetradecaf | uorononane-4,6-dio-
nate (tdfnd),24 1,1,1,2,2,3,3,7,7,7,-decafluoroheptane-2,4-dionate
(tdfhd)1> and L = monoglyme, diglyme, triglyme, tetraglyme,
heptaglymel], can be made with high purity and exhibit excellent
evaporation (sublimation) behaviour. Due to their low melting
points, these compounds are used as liquids in the CVD bubbler
system as they exhibit higher vapour pressures and more uniform
carry over rates compared with solids.

The first MOCVD deposition of a fluorine-containing carbon-
ated hydroxyapatite (CHA) coating using only volatile metal-
organic precursorsisreported herein. The coating was deposited in
a custom-built MOCVD apparatus using argon carrier gas in the
bubblers and precursors of [Ca(hfpd),(tetraglyme)] (CAT) (where
hfpd = 1,1,1,5,5,5,-hexafluro-2,4-pentadione) and tributlyphos-
phate (TBP), respectively. Deposition on 20 X 5 mm (125 um
thick) Ti6Al4V metal plates was conducted at ca. 600 °C. The
cooled substrate was then taken from the chamber and then one half
of the sample was sintered in air at 800 °C for 3 hours prior to
analyses. Fig. 1 shows a scanning electron microscope (SEM)
image of the ‘as deposited’ and sintered coating on the plate
surface. The ‘as deposited’ coating is characterised by cauliflower-
like nodules which have grown over the entire surface area of the
substrate. The average nodule size was found to range between 5-8

T Electronic supplementary information (ESI) available: experimental data.
See http://www.rsc.org/suppdata/cc/b3/b312855p/
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um (Fig. 1a). This suggests that CAP crystals are seeded on the
surface or gas phase and agglomeration of primary nuclei occurs.
At higher magnification under the SEM (< 1000), the cauliflower
nodules are shown to be made of tightly packed particles that form
agglomerates of ca. 1 um or smaller (Fig. 1b).

EDX analysis of the unsintered coating suggests a calcium/
phosphate ratio, Ca/P of 1.3. Fig. 1b shows the SEM image of the
specimen after 3 hours sintering. The coating underwent significant
shrinkage to form large agglomerates on the surface of the coating.
The largest particles are now about 2022 um whilst the smaller
particles average between 1-2 um in diameter (Fig. 1c). The pillar
structures noted in the unsintered images are no longer present and
closer inspection under SEM revealed that the smaller particles
have partially fused together (Fig. 1d). EDX analysisof the sintered
film suggested a Ca/P ratio of 1.71. EDX analysis also suggested
the presence of small quantities of fluorine in the coating.

FT-Raman and FTIR spectroscopy were performed on the
sintered specimens. (Figs. 2 and 3, respectively). The Raman
spectrum for our coating shows similarities to that for commercial
hydroxyapatite and human bone mineral, respectively. Phosphate

Fig. 1 As deposited coating at (a) low magnification, (b) >x1000
magnification and sintered coating at (c) low magnification, (d) <1000
magnification.
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Fig. 2 Raman spectrum for (a) sintered CVD coating, (b) deproteinated
human bone mineral and (c) commercia HA (Plasma Biotol P120).
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Fig. 3FTIR spectrum of (a) sintered CV D coating, (b) deproteinated human
bone mineral and (c) commercial HA (Plasma Biotol P120).

peaks observed in the region 953-444 cm—1 were clearly defined
and identified; a symmetric phosphate stretch at 953 cm—1, an
asymmetric phosphate stretch at 786 cm—1 and phosphate bends at
702 cm—1 and 444 cm—1, respectively. In comparison, the Raman
spectrum of synthetic hydroxyapatite (reported by Rehman et al.)18
shows peaks at 952, 774, and 436 cm—1, respectively. The Raman
spectrum of our coating also revealed apeak at 610 cm—1, whichis
due to the metal oxide (M-O stretches) of the substrate. The FTIR
spectrum of the coating revealed sharp peaks due to phosphate
bends at 1096 and 1044 cm—1 (v3), and 605 and 566 cm—1 (v,),
respectively. A further peak at 982 cm—1 suggested the presence of
aphosphate symmetric stretch (v;). These peaks are comparable to
the FTIR spectral datareported by Rehman et al .19 on bone, HA and
calcium apatite in which phosphate bends were observed at 1040
cm—1 (vg) and 629, 603 and 567 cm—1 (all three v,), respectively,
and a phosphate symmetric stretch (v;) was observed at 961
cm—1

Tadic et al. reported that the characteristic splitting of the peaks
at phosphate bend (v3) and asymmetric stretch (v,) peaksindicates
a degree of crystalinity within the specimen.20 A similar
observation was made in our coating. The presence of carbonate is
suggested by the peaks at 1417 and 860 cm—1, which are associated
with the COg3 (v3) and (vy) vibrational modes, respectively. These
peaks are comparable to the reference spectrum of bone that shows
carbonate bending (vs) and asymmetric stretching (v2) pesks at
1417 and 873 cm—1, respectively. The FTIR spectrum of the
coating also revealed a peak at 3538 cm—1 and peaks between
2947-2853 cm—1, which are likely to be due to hydroxy and CH
stretches, respectively. The C—H bands could be due to organic
residues, which have not been completely removed as a result of
mild sintering. By changing the heating conditions or through
possible addition of additional gases such as moist air, it may be
possible to reduce or eliminate such impurities. The deposition of
carbonated calcium hydroxyapatite via the MOCVD method
represents a new method for producing bioceramic coatings from
liquid or volatile molecular precursors.

The coating has a cauliflower-like agglomerated structure and
composition with some similarities to human bone mineral. The
coating also contains fluorine impurity, which could ultimately
improve the biocompatibility of the coating. The MOCVD process
has potential to add other beneficia dopants, e.g. Na, Mg or F by
addition of co-reagents in the gas phase to produce coatings with
specific biological properties. Further studies are currently under-
way into introducing such elements and evaluating their biological
properties.
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Notes and references

¥ Simultaneous thermal analysis (STA) data for CAT revealed that the
compound melted at 120 °C and sublimed intact between 170-300 °C to
give 99% loss of initial mass. However, in the bubbler, it sublimed at a
lower temperature of 125 °C. The TGA plot for the phosphate precursor
showed complete sublimation between 125-190°C.

The custom-built MOCV D apparatus consists of three mgjor sections; (i)
aprecursor delivery and mixing system (ii) a deposition chamber, and (iii)
an exhaust outlet. The deposition chamber was a cold wall-reactor system
and the supply carrier gas used was Argon. TBP was used as obtained
(Aldrich Chemical Co.) and CAT was synthesized in house from calcium
carbonate (Aldrich Chemical) and HFPD (Fisher Scientific Chemicals)
using a modified method to that reported for similar compounds.17 For each
experiment, commercialy available 125 um thick Ti6AlI4V meta plates
(Advent Research Materials) were fastened to tungsten electrodes and then
heated to 600 °C by resistant heating. The temperature was calculated by
comparing the colour of the glow against a metallographic colour chart. 30
ml of CAT and TBP, respectively, were placed in the respective bubblers
and heated to 125 °C using two 450 Watt electromantles. Prior to operating
the reactor, the deposition chamber was flooded with argon to create anon-
oxidative environment. The outer-rig was kept at 130 °C to prevent
condensation of precursors. The flow rates were fixed at 16.6 ml s—1 for
CAT and 12.5 ml s~ for TBP, respectively. The vaporised precursors were
forced through a flow mixer to encourage blending. The coatings were
analysed under a JEOL 6300 SEM with INCA Energy 300 Microanalysis
EDS system. Sintered specimens were analysed on a Raman spectrometer
(Nicolet 910 spectrophotometer equipped with an Nd:YV Q4 near-infrared
laser) and a FTIR spectrometer (Nicolet 800 spectrometer employing a
MTech Photoacoustic (PAS) cell for sampling).
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