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Calcium phosphate films were prepared on titanium substrates by radiofrequency (RF) magnetron sputtering at RF powers from 75 to
150 W. Hot-pressed g-tricalcium phosphate (8-TCP) plates with a high density (>99.6%) were used as a sputtering target. The substrate was not
intentionally heated. The films consisted of amorphous calcium phosphate and oxyapatite (Ca;o(PO4)O) phases. The ratio of the oxyapatite
phase depended on the sputtering conditions of RF power, oxygen gas concentration in the sputtering gas (Co, ) and total pressure in the chamber.
The (002) preferred orientation of oxyapatite phase was observed. The deposition rate of films increased with increasing RF power and

decreasing Co,. The highest deposition rate was 0.143nm-s~! (0.515 um-h~1).
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1. Introduction

Calcium  phosphates such as  hydroxyapatite
(Cajp(PO4)s(OH),, HAp) and tricalcium phosphate
(Ca3(POy),, TCP) have been used as ceramic biomaterials?
with osteoconductivity?>™® and bioresorbability.”!? One of
their applications is coating for metallic implants. Many
experimental deposition processes have been investigated,
including plasma spraying, sputtering, pulsed laser deposi-
tion, dip coating, sol-gel and electrophoretic deposition.!?
Among these processes, the plasma spraying!>" has
advantages of high deposition rates with sufficiently low
cost, and then, titanium dental implants are widely coated
with HAp by using plasma spraying.”? The plasma-sprayed
calcium phosphate coatings, however, show poor adherence
to the metal substrate and nonuniformity which limits a
critical thickness to ensure complete coverage.

PVD (physical vapor deposition) can be a suitable
technique to obtain uniform and dense coatings of calcium
phosphates for metal substrates.”>->? Radiofrequency (RF)
magnetron sputtering has been used in wide areas for
coatings of thin films with excellent adherence to sub-
strates,* and applied to coatings of calcium phosphate films
on commercially pure titanium (CP-Ti)?*37-38:404 and o + B
type titanium alloys.33:3>364142:4547-50) Ty and its alloys are
known as biocompatible metals because of their low elastic
modulus, high corrosion resistance and the appropriate
combination of strength and ductility. Low processing
temperature is also an advantage of RF magnetron sputtering
for calcium phosphate coatings for Ti substrates because the
mechanical properties of the substrates will be degraded by
high processing temperatures.

Plasma-sprayed HAp targets have been commonly used in
sputtering for calcium phosphate coatings.?333:36:37:40.42)
Sintered HAp targets (relative density > 95%) were used
by Lo et al*” for calcium phosphate coatings in RF

*Graduate Student, Tohoku University

magnetron sputtering and pulsed laser deposition. Zeng et
al>? reported that the surface roughness of the coatings
depended on the density of the sintered HAp targets in the
range of the relative density between 65 and 90%. Besides
HAp targets, Yamashita e al.>® used targets in a CaO-P,0s5
glass system for calcium phosphate coatings by RF magne-
tron sputtering. However, no other materials have been
applied as the target for RF magnetron sputtering.

The composition and density of the target material should
be well controlled in sputtering to obtain highly adhered
coatings, particularly for calcium phosphate coatings. In the
present work, therefore, calcium phosphate films were
prepared on CP-Ti substrates by RF magnetron sputtering
using fully-dense hot-pressed S-TCP targets, and the effects
of the process conditions on phases in the films, preferential
crystallographic orientation and deposition rates were inves-
tigated.

2. Experimental

Calcium phosphate films were prepared on CP-Ti sub-
strates (JIS Grade 2) by RF magnetron sputtering (MS-320,
Universal Systems Co., Ltd.) using 8-TCP targets. The size
of the substrate was 10 mm x 10 mm x 1 mm. The substrate
was finally polished with an Al,O3 paste (0.3 um) and then
ultrasonically cleaned in acetone for 600s. The average
roughness of the substrate was less than 0.05um. B-TCP
powder (BTCP-100, Taihei Chemical Industrial Co., Ltd.)
was hot-pressed at 1273 K and 20 MPa for 7.2 ks in an argon
atmosphere. Before hot-pressing, S-TCP powder was ground
in an agate mortar to less than 4 um in average diameter. The
size of the target plate was 51 mm in diameter and 3 mm in
thickness. The relative density of the target was more than
99.6%. The target plate was brazed to a Cu backing plate
using an indium foil (0.1 mm in thickness and 99.99% pure,
Nilaco) at 523 K in air for 1.8 ks.

The sputtering chamber was evacuated to a total pressure
less than 5 x 107*Pa, and then sputtering gas (Ar-O,
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Table 1 Deposition conditions.
RF power 75-150 W
Distance between target and substrate 45 mm
Total pressure 0.1-15Pa
Gas flow rate 33 x 1077 m?s7!
Sputtering gas Ar-0,

(Co,: 0-95%)

Substrate CP-Ti (Grade 2) plate
Substrate temperature <423K

Target hot-pressed -TCP plate

(relative density > 99.6%)

mixture gas) was introduced into the chamber. The target was
pre-sputtered for 1.2 ks before coating. The total gas flow rate
was kept at a value of 3.3 x 1077 m3-s~! and the oxygen gas
concentration in the sputtering gas (Cp,) was controlled
between 0 and 95% by adjusting the mixing ratio of Ar to O,
gas. The total pressure in the chamber was varied from 0.1 to
15Pa, and RF power was changed from 75 to 150 W. The
substrate was not intentionally heated, but the substrate
temperature was slightly increased during sputtering at most
about 423 K. Table 1 summarizes the deposition conditions.

The thickness of the film was measured by profilometry
(Alpha-step, KLA Tencor). The phase of the films was
identified by X-ray diffraction (XRD) with a low incident
angle (w-260 XRD, o = 1°). The crystal orientation of the
films was evaluated by 6-26 XRD. The infrared spectra of the
films were measured by a reflection mode Fourier transform
infrared (FTIR) spectroscopy (FT/IR-460Plus, JASCO). The
contents of Ca and P in the films were determined by
fluorescent X-ray spectroscopy (FXS, model920, Kevex) and
inductively coupled plasma atomic emission spectroscopy
(ICP-AES, ICPS8100, Shimadzu).

3. Results and Discussion

3.1 Target composition

Figure 1 shows a-26 XRD patterns of the surface of g-TCP
targets before and after sputtering for 630 ks compared with
that of the source S-TCP powder. All the reflections from the
target after sputtering for 630ks were indexed to S-TCP
structure. The ICP analysis for “annular race track”* of the
target surface revealed that the composition, Ca/P molar
ratio, was almost the same as that before sputtering. Boyd et
al.* applied hydroxyapatite (HAp) targets pressed at 10 MPa
for 7.2ks using a pressure filtration die assembly in RF
magnetron sputtering. They indicated that the HAp degraded
during sputtering with becoming hydroxyl ion deficient
forming other calcium phosphate phases and Ca(OH),
accompanying an increase in Ca/P ratio. Ozeki et al.®®
reported the decomposition of HAp changing to «-TCP, g-
TCP and CaO during sputtering when unsintered HAp
powder was used as a target material. In the present work,
however, the degradation of the target was not detected by
low-incident angle XRD and ICP-AES. The increase in target
density could be effective to avoid the increase in surface
temperature during sputtering, resulting in insignificant
change of phase and composition of the target surface.

2247
T N T T
After sputtering A A B—TCP
A :
A
& A2 A A AA
A
S |Before sputtering A
S A
:'? A A
2| 4 A M ADA AA
2 A

26 (Cu Ka)

Fig. 1 XRD patterns of S-TCP source powder, and the surface of hot-
pressed B-TCP target before and after sputtering for 630ks.
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Fig. 2 XRD patterns of film on a CP-Ti substrate and HAp powder as a
reference. (Co, = 0%, RF power = 150W, total pressure = 0.5 Pa,
deposition time = 18ks)

3.2 Phase and composition of films

Figure 2 shows o-260 XRD patterns of the film prepared at
Co, of 0%, RF power of 150 W and total pressure of 0.5 Pa
for the deposition time of 18ks. The XRD pattern of HAp
powder prepared by grounding a HAp body sintered at
1073 K in air was depicted as comparison. The XRD pattern
of the film except the reflections assigned to CP-T1i substrate
was almost the same as that of HAp powder. Figure 3
demonstrates the FTIR spectra of the film of Fig. 2 and HAp
powder. These spectra were measured by reflection and
transmission modes, respectively. A hydroxyl (OH™) stretch-



2248

Film

HAp powder

Transmittance (a.u.)

OH" stretching

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber, v/ cm-

Fig. 3 FTIR spectra of film and HAp powder.

ing band was observed at 3570cm™! in the HAp powder,

while no OH™ band was detected in the film. It is known
that HAp (Ca;o(PO4)s(OH),) would lose hydroxyl
ions and transform to oxyhydroxyapatite (OHAp,
Ca;o(POy4)6(OH),_»,O,,, [: vacancy, X < 1) or oxyapatite
(OAp, Ca;o(PO4)sO0) at high temperatures.>>® The XRD
patterns of these apatites are almost identical.’” The coating
film obtained in the present work could contain the OAp
phase because of the similar XRD pattern to HAp and the
lack of hydroxyl bands in FTIR spectra. Since the B-TCP
target contained no hydroxyl group, the OAp phase might be
formed in the films. It has been reported that no hydroxyl
bands in FTIR spectra were detected in as-sputtered
amorphous calcium phosphate film by RF magnetron
sputtering using an HAp target,?3-36:4044

Gross et al.’™® reported the formation of OAp phase after
crystallization of plasma-sprayed calcium phosphate film,
and the OAp and HAp phases could be identified using the
(00]) peaks in XRD patterns. In the present work, however,
no shift and separation of (00l) peaks were observed in
Fig. 2. Therefore, the change of the lattice constant due to
dehydroxylation reaction represented by eq. (1) could be too
small to detect.

20H™ = 0* +V + H,0, )

where V represents the vacancy of OH™ site in the HAp
structure.

Figures 4(a) and (b) show «-260 XRD patterns of the films
prepared at the total pressures of 0.5 and 5 Pa, respectively,
for the deposition time of 18 ks. (Cp,: 0%). In addition to the
reflections of the OAp phase, the broad peak at around 30°
was observed at lower RF powers. The broad peak could
exhibit the formation of amorphous calcium phosphate
(ACP) phase. Table 2 summarizes the values of Ca/P molar
ratio in the films prepared at Cp, of 0% and the total pressure
of 0.5 Pa. The Ca/P values were close to that of OAp (1.67)
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Fig. 4 XRD patterns of films prepared at total pressures of (a) 0.5 Pa and
(b) 5Pa. (Co, = 0%, deposition time = 18ks)

Table 2 Values of Ca/P molar ratio in the films prepared at Co, = 0% and
total pressure of 0.5 Pa for the deposition time of 18 ks.

RF power
Method
I5W 100 W 150 W
FXS 1.81 1.76 1.65
ICP-AES 1.65 1.81 1.57

and higher than that of the target material, g-TCP, (1.5).
Lower mass atoms should be more scattered by plasma than
atoms with higher mass atoms.”” Therefore, it might be
understood that the films of Ca/P molar ratio higher than that
of the target were obtained. The RF power dependence of
Ca/P molar ratio was different between the results obtained
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Fig. 5 Effect of oxygen gas concentration in the sputtering gas (Co,) and RF power on the phase in films at total pressures of (a) 0.5 Pa and

(b) 5Pa. (deposition time = 18ks)

by FXS and ICP-AES measurements as shown in Table 2.
Interactions of Ca with titanium substrates at the initial stage
of the deposition might relate to the difference.

Figure 5 demonstrates the effects of Cp, and RF power on
the phase of films prepared for the deposition time of 18 ks.
The films obtained in the present work consisted of OAp and
ACP depending on Cp, and RF power. It is understood that
the kinetic energy of sputtered atoms or clusters would
transformed into the energy for crystallization in RF magne-
tron sputtering.’” The kinetic energy of argon ions could
increase with increasing RF power and Co, at a specific RF
power*” and with decreasing total pressure.>® The increase
in kinetic energy of argon ions would cause the increase in
kinetic energy for sputtering the target, and then the atoms or
clusters could arrive at the substrate with higher kinetic
energy accelerating the crystallization.

3.3 Preferential orientation

Figure 6 shows the 6-20 XRD patterns of the films
prepared at the RF power of 150 W and the total pressure of
5Pa for the deposition time of 18ks. The intensity of (002)
peak (20 =25.9°) increased with decreasing Cp,. The
preferred orientation of a specific (#'k'l') plane for the OAp
phase in the films was evaluated by Lotgering factor F(h'k'l’)
as given by egs. (2) and (3).>”

Fawny = L= Fo 2

(R = = @
1K

L S 5

Y nkn

where I(hkl), I(Wk'l'), P and P are the diffraction intensity of
(hkl) plane, that of oriented (h'k’l') plane, the ratio of intensity
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Fig. 6 XRD patterns of films prepared at total pressure of 5Pa and RF
power of 150 W for the deposition time of 18ks.

summation for the experimental data and that of JCPDS data,
respectively. ' = 1 and F = 0 mean perfectly oriented and
non-oriented faces, respectively. Figure 7 shows the values
of F(002) of the OAp prepared at the RF power of 150 W,
which were calculated by using the diffraction intensity of
XRD patterns in the 26 range between 20° and 45°. The
values of F(002) decreased with increasing Cop, at the total
pressure of 5Pa, while F(002) was almost independent of
Co,, almost unity, at the total pressure of 0.5 Pa. It is well
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150W.

known that HAp exhibits the anisotropy of reactivity with
human saliva® and mechanical properties.®’*? Therefore,
the preferred orientation of OAp films should be controlled
for the biomedical applications. Several researchers studied
the preferred orientation in calcium phosphate films on Ti
substrates by sputtering.>*3%30 Although the (002) preferred
orientation was mentioned in literatures, the relationship
between the preferred orientation and the deposition con-
ditions in RF magnetron sputtering has not been reported so
far. The present work revealed that significantly (002)
oriented OAp films can be obtained at lower total pressure
and Cop, conditions.

3.4 Deposition rate

Figures 8(a) and (b) represent the effect of RF power on
the deposition rate of films at the total pressures of 0.5 and
5Pa, respectively, for the deposition time of 18ks. The
deposition rate increased with increasing RF power. The time
dependence of the deposition rate was shown in Fig. 9 at Cp,
of 0%, RF power of 100 W and total pressure of 0.5 Pa. The
deposition rate became constant after about 3.6 ks. The effect
of total pressure on the deposition rate is shown in Fig. 10.
The deposition rate showed maxima at the total pressure of
1 Pa at Cp, of both 0 and 20%. The highest deposition rate in
the present work was 0.143nm-s~! (0.515um-h™").

The increase in deposition rate of calcium phosphates
using RF magnetron sputtering has been reported in the range
of total pressures between 0.26 and 2.6 Pa by van Dijk et al.>®
The number of the argon ions increases with increasing total
pressure. Then, they concluded that the deposition rate could
be increased by the increase in sputtering yield. On the other
hand, they also mentioned that the deposition rate would
saturate or decrease at further higher pressures due to
collisions of argon atoms before arriving at the substrate.’¥
The trend of Fig. 10 could be in agreement with the
explanation by van Dijk et al.>®
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deposition rate of films at total pressure of 0.5 Pa and RF power of 150 W.

Figure 11 shows the Co, dependence on the deposition rate
of films. The deposition rate decreased sharply with increas-
ing Co,. It was reported that the deposition rate decreased
drastically by adding 1% O, to the sputtering gas.*? It is
known that high energy electrons also contribute the
deposition in RF magnetron sputtering. Since O, would
catch electrons to ionize O atoms as called “electron
scavenger”, the increase in Cp, causes the decrease in
deposition rates as demonstrated in Fig. 11.

4. Conclusions

Calcium phosphate films were prepared on commercially
pure Ti substrates by RF magnetron sputtering using hot-

2251

pressed B-TCP targets. The following results were obtained.

(1) High density (>99.6%) B-TCP targets should be used to
avoid the composition change of the target during RF
magnetron sputtering.

(2) The films consisted of amorphous calcium phosphate
and/or OAp phases. The OAp phase was detected in the
conditions at higher RF powers and Cp, and lower total
pressures.

(3) The (002) preferred orientation of OAp was significant
at lower total pressures and Co,.

(4) The deposition rate increased with increasing RF power
and decreasing Co,, showing maxima at the total
pressure of 1Pa. The highest deposition rate was
0.143nm-s~! (0.515 um-h™1).
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