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Influence of the Chemical Composition on the
Phase Constitution and the Elastic Properties of
RF-Sputtered Hydroxyapatite Coatings
Rony Snyders,* Etienne Bousser, Denis Music, Jens Jensen,
Stéphane Hocquet, Jochen M. Schneider
We have studied the influence of chemical composition on the constitution and elastic properties
of dense radio-frequency (RF)-sputtered hydroxyapatite (HA) coatings. The chemical composition
was modified by varying the RF sputtering power density (PD). As the PD was increased by 240%,
the Ca/P ratio measured by X-ray
photoelectron spectroscopy increased
from �1.51 to �1.82. X-ray diffraction
indicates phase pure hexagonal HA
except for the sample prepared at the
highest PD where CaO and Ca3(PO4)2
also form. Deviations from the stoichio-
metric Ca/P ratio result in reduction of
the elastic modulus. For Ca/P¼1.51�
0.02, the elastic modulus decreases by
�15%. Thismaybe due to incorporation
of Ca vacancies in the lattice, while for
Ca/P¼ 1.82�0.02, the average elastic
modulus decreases by �10% due to
formation of additional phases.
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Introduction

Calcium phosphates are suitable materials for biomedical

applications.[1] Especially in the case of hydroxy-

apatite, Ca5(PO4)3OH (space group P63/m, hereafter HA),

a lot of attention has been drawn due to the fact that it

mimics the mineral component of natural bone.[1] Major

drawbacks of HA are associated with the inadequate

mechanical properties of the bulk material. HA possesses a

low fatigue resistance and is brittle, inhibiting its usage as

implant in load-bearing applications.[2,3] Therefore, HA

coatings are usually deposited on a load-bearing implant,

mainly Ti and its alloys, in order to fulfill requirements for

loaded applications, such as total joint replacement and

dental root implant, by combining the mechanical
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strength of the bulk material and the biocompatibility of

the HA coating.[4] Since the first tests in 1985,[5] it has been

reported that HA coatings significantly enhance clinical

success of implants. Indeed, it has been suggested that,

with long implantation time, synthetic HA coatings can be

replaced by bone owing to a cellular degradation process of

HA coatings caused by osteoclastic activity.[6] This

phenomenon enables a bone remodeling response similar

to any other parts of the skeleton.

The most common commercial method to produce HA

coatings onmetallic implant substrates is plasma spraying

which allows for high deposition rates.[7] However, several

significant disadvantages are reported for this technique

such as poor adhesion of coatings on metallic sub-

strates,[8–13] alterations in HA structure and composi-

tion,[12,13] poor thickness uniformity,[12] and significant

porosity.[9–11] Consequently, new deposition processes

have been investigated including thermal spraying,[14]

pulsed laser deposition (PLD),[9,11,15] sol–gel,[16] and radio-

frequency (RF) magnetron sputtering.[11–13,17]

RF magnetron sputtering of HA has been investigated

for the last 15 years. The main advantages of this process

are the formation of adherent, uniform, and dense HA

coatings.[11–13,17–19] However, one of the drawbacks of this

technique is the formation of amorphous or, by using

higher sputtering power, only weakly crystalline HA

coatings. RF-sputtered coatings with high crystal quality

can be obtained by post-deposition treatment, such as

annealing,[11–13] hydrothermal treatment,[20] or laser

irradiation.[21]

The main limitation of RF sputtering of HA is the

possible alteration of the HA structure and composi-

tion.[11–13,18,19] Actually, the Ca/P ratios measured for

RF-sputtered HA films are often higher than the stoichio-

metric ratio of 1.67.[22] This has been reported to result in

the incorporation of Ca or CaO particles in the sputtered

films.[23] Other Ca-P-based crystalline phases such as

tricalcium phosphate, Ca3(PO4)2 (TCP),
[10,13] dicalciumpho-

sphate, CaHPO4 (DCP),[9] calcium pyrophosphate, Ca2P2O7

(SYN),[13] or tetracalcium phosphate, Ca4P2O9 (TTCP),[12]

have also been detected in HA films.

It has been demonstrated that the presence of CaO in HA

coatings reduces dramatically their biocompatibility since

CaO causes severe cytotoxicity and may therefore lead to

inflammation of the surrounding tissue.[24] On the other

hand, the other Ca-P-based phases, namely DCP, TCP, TTCP,

or SYN, present biocompatibility level comparable to the

one of HA but with lower osteoconductivity.[13] Phase

purity and stoichiometry of HA coatings can be tailored

with process parameters such as sputtering power,[12,13]

pressure,[13] sputtering gas composition,[25] or substrate

bias.[26]

Despite their importance, only few authors have focused

their attention on the mechanical properties of RF-
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deposited HA coatings. Recently, we reported the elastic

properties of pure and dense HA deposited by RF

sputtering measured by nanoindentation and compared

the results with our ab initio values. The results suggest an

experimental elastic modulus (E) of 147� 10 GPa which

deviates about 10% from the calculated one (132 GPa).[17]

Nevertheless, to the best of our knowledge, no systematic

reports on the relationship between synthesis conditions,

film composition and constitution, as well as elastic

properties of HA-sputtered films are available. Therefore,

the aim of this work is to evaluate the influence of the

composition on the constitution and elastic properties of

HA coatings. The experimental methodology employed to

reach this goal was to systematically modify the film

composition by varying the cathode power density.

We have found that the elastic modulus of HA exhibits

the maximum value close to the stoichiometric Ca/P ratio.

This value is consistent with previously reported ab initio

data.[17]
Methodology

Pure HA powder (total content of heavy metal <50 ppm)

was prepared by hydrothermal synthesis from calcium

and phosphorus salts. As the grain size of the powder was

too small to be compacted (1.70 mm), polyethylene glycol

(PEG; molecular weight of 2 kDa, Sigma–Aldrich), was

added as binder. PEG with a concentration of 2 wt.-% was

dissolved in ethanol and the resulting solution was mixed

with the HA powder. After ethanol evaporation, the

mixture was slowly compacted in a hydraulic laboratory

press at a pressure of 75 MPa and then relaxed, following

several decompression plateaus to allow the compacted

HA sample to eliminate stress. The sample was then fired

at 1 300 8C for 24 h in a furnace in air in order to consolidate

its structure. After cooling, the sample was cut in a

cylindrical shape with a 90 mm diameter and a 5 mm

thickness.

HA coatings were deposited on electrically grounded

silicon wafers by RF sputtering in a turbomolecularly

pumped chamber with a base pressure of approximately

4� 10�4 Pa (3� 10�6 Torr). Depositions were performed in

a pure Ar atmosphere at a pressure of 0.65 Pa (5 mTorr).

The RF power density (PD) was determined by dividing

the measured RF power applied to the sintered HA

target by the total target area and was studied in the

range of 1.0–2.4 W � cm�2. The target to substrate distance

was 8 cm. The resulting coating thickness was determined

by profilometry. With the aim to crystallize HA coatings,

they were annealed for 1 h at 550 8C in air, according to the

procedure proposed by Nelea et al.[10] Table 1 contains the

deposition parameters of HA samples as well as their

thickness and deposition rate.
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Table 1. Experimental conditions during hydroxyapatite depositions: RF power density, deposition rate, working pressure, and film
thickness.

RF power density Deposition rate Working pressure Thickness

W � cmS2 nm �minS1 Pa mm

1.0 0.7 0.65 2.06W 0.10

1.5 0.9 0.65 0.88W 0.10

2.0 2.5 0.65 0.74W 0.04

2.4 3.0 0.65 1.41W 0.07

170
Structural characterization was performed in a D8

Discover General Area Detection Diffraction System with

HI-STAR 1 024� 1 024 pixels 2D detector (Bruker-AXS Inc.).

Cu Ka radiation was used. The generator was operated

with an acceleration voltage and current of 40 kV

and 40 mA, respectively. The detector to sample distance

was 15 cm. The goniometer was equipped with a pinhole

collimator, a laser, and a camera for focusing on the area of

the sample to be measured. The incidence angle was 58
with a frame width of 328 and a measurement time of 240 s

per frame was employed.

The films density has been evaluated by combining

time-of-flight energy-elastic recoil detection analysis

(Tof-EERDA)[27,28] using 40 MeV iodine ions and films

thickness measurements. X-ray photoelectron spectros-

copy (XPS) was used to measure the chemical composition

of theHA coatings. High-resolution spectra in the Ca2p and

P2p regions were recorded to obtain the Ca/P ratio. This

ratio was derived from peak areas using photoionization

cross-sections calculated by Wagner et al.[29]

Hardness (H) and reduced elastic modulus (Er) values

were determined by nanoindentation using a Hysitron

TriboIndenter instrument equipped with a Berkovich tip.

The data were processed using the Hysitron software

providing load–displacement curves corrected for thermal

drift and machine constants (frame compliance, trans-

ducer spring force, and electrostatic force constants).

Load–displacement curves were analyzed according to

the Oliver–Pharr method.[30] For each sample, H and Er
were obtained from 100 indentations with applied loads

from 100 to 10 000 mNwhile the penetration depth ranged

between 7 and 230 nmdepending on the sample thickness.

Nanoindentation curves with discontinuities due to crack

formation have not been considered. The Hysitron

TriboIndenter instrument was calibrated by nanoindent-

ing in a fused silica standard and fitting the area function

with a known reduced elastic modulus of 69.6 GPa. It is

widely accepted that, in order to render substrate effects

negligible, penetration depths should not exceed 10% of

the total coating thickness.[31] Therefore, the obtained H

and Er values are measured at nanoindentation depths

between �35 and �50 nm. Finally, the elastic modulus
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was calculated based on a Poisson’s ratio of 0.28

determined by ultrasonic method by Grenoble et al.[32]

Elastic properties of HA coatings were estimated

using ab initio calculations. Density functional theory[33]

was used within the Vienna ab initio simulation

package (VASP), where ultrasoft pseudopotentials are

employed.[34,35] The generalized gradient approximation

was applied in all calculations. The integration in the

Brillouin zone is done on special k points determined

according to Monkhorst-Pack. Reduced unit cells contain-

ing 22 atoms, i.e., one formula unit, were studied on a

mesh of 5� 5� 5 irreducible k points. Two configurations

were probed: Ca5(PO4)3OH and Ca4(PO4)3OH (1 Ca vacancy

per formula unit). The convergence criterion for the total

energy was 0.01 meV within a 495 eV cutoff. Atomic

positions and internal free parameters were relaxed. Full

structural relaxation was carried out at every volume.[36]

The energy–volume curves obtained were used to

calculate bulk modulus by fitting them to the modified

Morse functions.[37] Elastic moduli were estimated from

the bulkmodulus data using previously obtained Poisson’s

ratio.[17]
Results and Discussion

Table 1 contains the RF power density applied to the HA

target (PD), the deposition pressure (pT), the corresponding

deposition rate (RD), and the thickness of the deposited

coating. RD values range between 0.7 and 3.0 nm �min�1.

These values are relatively low when compared to other

published data.[12,25] As an example, van Dijk et al.

reported RD of about 5 nm �min�1 for 200 W RF power

applied to the HA target.[12] Nevertheless, in another work,

the same authors have reported a significant decrease in RD
when even small amount of O2 is present in the

discharge.[25] Actually, they have demonstrated that even

1% O2 in the sputtering gasmixture reduces the sputtering

yield of HA by 60%.[25] The low RD value measured during

our experiment could therefore be explained by the

presence of residual O2 or H2O.
DOI: 10.1002/ppap.200700112
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Figure 1 shows the evolution of the Ca/P ratio and of the

density of the films as a function of PD. The Ca/P ratio

increases from 1.51� 0.02 to 1.82� 0.02 as the PD is

increased, with a close to stoichiometric ratio of 1.71� 0.03

for PD¼ 1.5 W � cm�2. This dependence of the Ca/P ratio on

the PD has already been reported by van Dijk et al.[12]

Nevertheless, based on statistical analysis of the data, the

authors reported only a weak correlation between

sputtering power and films composition. The Ca/P ratio

values measured for our films range from 1.51 to 1.82 and

hence include the stoichiometric value of 1.67. For most of

the RF-sputtered HA films, a Ca/P ratio larger than 1.67 is

reported.[12,13,18] The Ca excess is attributed to numerous

mechanisms such as Ca[12] or CaO[9,12] incorporation in the

growing films, preferential resputtering of P from the

growing film, and more efficient scattering of P atoms

compared to Ca atoms by the residual gas and Ar.[12] It has

been reported that the discharge power, working pressure,

sputtering gas composition, substrate bias, and annealing

conditions influence strongly the Ca/P ratio.[12,13,23,25,26]

The Ca/P ratio of RF-sputtered HA coatings decreases to

close to the stoichiometric value when working pres-

sure[13] and discharge power[12] are decreased and when

the annealing temperature is increased.[23] In the latter

case, the Ca/P ratio decrease is accompanied by appear-

ance of undesired phases such as CaO and TCP.

On the other hand, it has also been demonstrated that

incorporation of a small quantity of O2 in the discharge

leads also to a decrease in the Ca/P ratio.[25] The

comparatively low Ca/P ratio values measured in the

present work can be related to the relatively low working
Figure 1. Density and Ca/P ratio as a function of the RF power density
The unfilled diamond symbol corresponds to previously published d
stoichiometric HA.[17] The horizontal line indicates the stoichiometric
and the stoichiometric HA density of 3.15 g � cm�3.[22]
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pressure and power density used and to the presence of

residual oxygen-containing gas in the chamber: With

5% O2 in the gas mixture and for similar experimental

parameters (PD¼ 0.8 W � cm�2, pT¼ 0.39 Pa (3 mTorr), and

RD¼ 1.5 nm �min�1) to the ones used in the present work

(PD¼ 1.0–2.4 W � cm�2, pT¼ 0.65 Pa (5 mTorr), and RD¼
0.7–3 nm �min�1), Nelea et al. have measured Ca/P ratios

of about 1.73–1.78.[10] Since the deposition rate and Ca/P

ratio values reported by Nelea et al. are comparable to the

data presented here, it is reasonable to assume that this is

due to the presence of residual oxygen-containing gas

during sputtering. This is consistent with the RD data

analysis. Additionally, it is known that materials with a

large affinity to residual gas form reaction products on the

cathode surface[38] aswell as during alumina,[39] strontium

titanate,[40] and boron suboxide[41] growth.

XRD diffractograms of HA coatings after annealing

procedure are presented in Figure 2 together with the one

of the HA target. Contrary to the one of the target,

diffractograms of annealed films present a strong (000l)

preferential orientation (with the c-axis perpendicular to

the substrate surface) characteristic of HA films deposited

by RF magnetron sputtering.[12] The diffractogram of the

target aswell as the ones of samples with Ca/P ratio values

�1.74� 0.03 are consistent with the diffraction lines of

hexagonal HA, h-HA (JCPDS card No. 9-0432). The

diffractogram of the sample with a Ca/P ratio value of

1.82� 0.02 differs from all other samples due to the

appearance of diffraction lines at 21.968, 28.948, 33.028,
37.248, and 39.828. Except for the one at 37.248, most of

the diffraction lines could also be attributed to h-HA.
applied to the HA target.
ata for pure, dense, and
HA Ca/P ratio of 1.67[18]
Nevertheless, other possible

Ca-P-based phases such as b-TCP

(JCPDS card No. 9-169) and CaO

(JCPDS card No. 37-1497) could

also match with these new lines.

Both of these phases have already

been observed in RF-sputtered HA

films.[10,13] Unfortunately, due to

the presence of h-HA, CaO, and TCP

diffraction lines in similar 2u

regions, it is not straightforward

to deduce the phase composition

of this sample only from the

corresponding diffractogram.

The formation of CaO, may be

due to partial decomposition of

HA during the sputtering process,

results in an increase in the Ca/P

ratio of the films, while formation

of TCP results in a decrease in the

Ca/P ratio since the stoichiometric

Ca/P ratio for this phase is 1.50.

XPS data show an increase in the
www.plasma-polymers.org 171
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Figure 2. HA target diffraction pattern and evolution of the
diffraction pattern of the films deposited for RF power density
(PD) from 1.0 to 2.4 W � cm�2. The diffraction pattern of the target
is shown for comparison.

172
Ca/P ratio as a function of PD (Figure 1). This result suggests

that the Ca-P-based phase incorporated in the sample

presenting is CaO or a mixture of CaO and TCP.

A detailed analysis of the Ca2p3/2 XPS line did not

reveal significant modifications as the Ca/P ratio was

varied. The binding energy and the full width at

half-maximum values of the Ca2p3/2 line have been

measured to be 347.3� 0.1 and 2.5� 0.1 eV when

increasing the Ca/P ratio from 1.51� 0.02 to

1.82� 0.02, respectively. These data are characteristic

for HA.[42] Therefore, from XPS data, we did not observe

any evidence for the formation of other bonds than the

ones corresponding to HA. This observation is in

apparent contradiction with the conclusion drawn from

XRD results. Nevertheless, these data can merely be

understood by considering that the binding energy of
Plasma Process. Polym. 2008, 5, 168–174
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CaO is �347.3 eV,[43] and hence very close to the 347.5 eV

corresponding to HA.[42] Overlapping of the two compo-

nents in the Ca2p3/2 spectra of sample containing

additional Ca-based phases is therefore likely.

The measured elastic modulus values of the coatings as

a function of the Ca/P ratio are shown in Figure 3. The

elastic modulus increases from 131� 11 to 163� 5 GPa as

the Ca/P ratio is increased from 1.51� 0.02 to 1.74� 0.02. A

further increase in the Ca/P ratio to 1.82� 0.02 resulted in

a decrease in the average elastic modulus of �15%.

As already discussed in the introduction, themechanical

properties of HA coatings depend on many parameters

such as density, phase composition, crystallinity, and

composition. Many studies on this subject are available in

the literature but to the best of our knowledge, none of

them are related to RF-sputtered HA films. For instance,

Kweh et al. investigated the mechanical properties of

plasma-sprayed HA coatings by Knoop and Vickers

indentations.[44] Varying the particles size, spray distance,

and annealing the deposited coatings at different tem-

peratures, the authors have prepared HA coatings obtain-

ing E values ranging between 10 and 32 GPa. They

attributed this large scattering to microstructural defects

(thermalmicrocracks, voids, etc.) present in the coatings. In

an other work on plasma-sprayed HA coatings, Wen et al.

have shown by nanoindentation experiments that the

coatings, made of crystalline and amorphous regions,

which possess significantly different E (�83 vs. �128 GPa

for amorphous and crystalline compounds, respectively),

showing that crystallinity plays also an important role in

the mechanical properties of HA.[45] Mechanical properties

of PLD-deposited HA coatings have also been investigated

by Nelea et al. again by nanoindentation.[9] Studying the

effect of ultraviolet (UV) irradiation assistance on the

PLD process, the authors have measured an increase in E

values from �120 to �180 GPa when UV irradiation was

employed. They attributed this phenomenon to a sig-

nificant densification of the films due to higher excited

species bombardment and, overall, to a partial transfor-

mation of HA into other Ca-P-based compounds such as

TTCP, DCP, and CaO.

In the present work, the density of the deposited

coatings has been evaluated by combining Tof-EERDA and

thickness measurements (Figure 1). The data show that,

the here-studied power density variation did not affect the

density of the films significantly. The measured density is

within �15% of the bulk density value of HA (3.15

g � cm�3).[22] Therefore, we assume that the observed

evolution of the elastic properties is only due to the

power density-induced changes in the composition and

constitution. The origin of the relatively large standard

deviation of the density data may be associated with the

difficulty to precisely define the interface between the

coating and the silicon wafer in the Tof-ERDA spectra and
DOI: 10.1002/ppap.200700112
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Figure 3. Evolution of the elastic modulus (E) and hardness (H) as a function of the Ca/P
ratio value of the HA films. The unfilled diamond symbol corresponds to previously
published data for pure, dense, and stoichiometric HA.[17] Acceptable HA stoichiometric
Ca/P ratio region ranges between Ca/P¼ 1.67 and 1.74,[18] which is marked in the figure by
vertical lines.
to the scattering of the thickness measurement due to

thickness inhomogeneity and surface roughness.

The maximum elastic modulus value is obtained for a

close to stoichiometric Ca/P ratio. The reduction of the

elastic modulus from 154� 5 to 131� 11 GPa with the

decrease in the Ca/P ratio value may be understood by

the insertion of point defects in the HA cell, namely Ca

vacancies in the structure to accommodate the deviation

from the stoichiometric Ca/P ratio. A similar effect of

vacancy insertion on the elastic properties of Ti4AlN3 has

been published by Music et al.[46] The authors showed,

using ab initio calculations, that N vacancy formation

in Ti4AlN3 leads to a decrease in the bulk modulus by 10%.

In order to support this assumption,we have estimated the

bulk modulus (B), which is proportional to the elastic

modulus, of a reduced stoichiometric HA unit cell (22

atoms) and of the same unit cell with one Ca vacancy (21

atoms) by ab initio calculations. These two configurations

correspond to Ca/P ratio values of 1.67 (stoichiometric) and

of 1.33, respectively. The value obtained for the stoichio-

metric cell deviates from the data calculated for a complete

HA cell by �20%,[17] and by �14% from experimental

data.[31] The removal of one Ca atom causes a decrease in B

by �10% from 102 to 90 GPa. This result is consistent with

the experimentally observed decrease in the elastic

modulus. Hence, it is likely that the formation of Ca

vacancies is responsible for the decrease discussed.
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For Ca/P ratio value higher that the

stoichiometric one, the elastic modulus

decreases from 154� 7 to 139� 13 GPa.

This phenomenon may be attributed to

the appearance of other phases in the

film which has been observed by XRD

(Figure 2). Based on XRD results, the

possible additional phases for this

sample are CaO and TCP while the

increase in Ca/P ratio for this sample

suggests that CaO or a CaOþ TCP

mixture may be formed. Nevertheless,

from the elastic modulus data, introduc-

tion of a phase presenting a lower

elastic modulus than h-HA is expected

and yet CaO has a higher elastic

modulus than the one of h-HA. Actually,

recent first-principle calculations have

revealed that the independent elastic

constants C11, C12, and C44 for CaO are

215.13, 66.94, and 77.82 GPa, respec-

tively.[47] Bulk (B), shear (G), and elastic

(E) modulus can be obtained as follows:
B ¼ 1

3
ðC11 þ 2C12Þ (1)
1

G ¼

5
½ðC11 � C12Þ þ 3C44� (2)
9GB

E ¼

Gþ 3B
(3)
Using Equation (1)–(3), an elastic modulus of 180.2 GPa

can be estimated within the isotropic approximation.

Therefore, TCP for which E has been measured to be 115

GPa,[48] is likely to be present in this sample.

From the complete set of results (chemical composition,

constitution, and mechanical properties), it is reasonable

to assume that the sample with a Ca/P ratio value of

1.82� 0.02 prepared using the highest PD (2.4 W � cm�2)

may actually be composed of a mixture of h-HA, CaO, and

TCP.
Conclusion

In this work, we have established the correlation between

the target power density-induced changes in the chemical

composition, the corresponding constitution, and elastic

properties of RF magnetron-sputtered dense HA films.

Varying the Ca/P ratio from 1.51� 0.02 to 1.82� 0.02, we

have observed evidence suggesting the formation of CaO

and Ca3(PO4)2 for the highest Ca/P ratio value. The
www.plasma-polymers.org 173
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maximum values of the elastic modulus are obtained for

the stoichiometric compound. The reduction in elastic

modulus observed when the Ca/P ratio is decreased may

be understood by the insertion of Ca vacancies in the HA

lattice, while the reduction of the average elastic modulus

measured as the Ca/P ratio is increased to 1.82 is consistent

with the constitution data. These results are significant for

the application of HA films in load-bearing applications.
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