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Abstract: Radio frequency (RF) sputtering is a potential medical device coating technology that is
commercializable; however, a suitable commercialized target for sputtering the hydroxyapatite (HA)
coating onto titanium medical devices is more important. Therefore, this study used three HA targets in
conducting sputtering experiments for HA films, which were manufactured in a laboratory by using
three different processes: cold pressing and sintering (CPS), hot isostatic pressing (HIP), and atmospheric
plasma spraying (APS). Subsequently, the sputtering performance of each type of target and the
properties of the HA films were assessed to develop an appropriate process for modifying the surfaces of
medical devices. The experimental results showed that the APS target, with a density of approximately
2.83 g/cm3, was suitable for use in HA sputtering. Additionally, the APS target could withstand a
high discharge power over 300 W, whereas the CPS target could nearly endure a power below 70 W.
The APS target, with Ca/P ratio of 2.401, consisted of a combination of HA, x-tricalcium phosphate
(«-TCP), B-TCP, and tetracalcium phosphate phases (TTCP). In addition to being able to perform at a
high sputtering power of more than 300 W, the APS target achieved a higher deposition rate than did
the CPS target. This study shows that the processing technology used for the APS target is a potential
method for applying HA sputtering for the surface modification of artificial aggregates.

Keywords: hydroxyapatite; sputtering target; medical device; atmospheric plasma spraying

1. Introduction

Hydroxyapatite (HA, Ca1o(PO4)s(OH),), also referred to as biological apatite, has a similar
composition to human bones, exhibits excellent bioactivity, and is crucial for the tissue/implant
osseointegration process used in manufacturing medical devices, such as fusion cages, implants for
dental roots, and hip joints [1-4]. HA plasma spraying [5-8] is one of the available surface modification
techniques for dental roots and hip joints. Regarding HA plasma spraying, a plasma spraying gun is
expensive, and plasma-sprayed HA coatings, which are typically 50-250 pum in thickness [7], might
contain non-crystalline phases and voids that can easily lead to disintegration between HA films and
aggregates, because the coating is susceptible to degradation in human body fluid.

Sputter-deposited HA thin film [9-17] exhibits favorable uniformity and does not easily fall off
the bone material because of the high adhesion strength between the aggregates and the film. Studies
concerning HA-sputtered titanium implant surface modifications have been reported for producing
the HA targets, such as cold pressing and sintering (CPS) [18,19] and hot isostatic pressing (HIP) [18].
Thus, this study was undertaken to conduct sputtering experiments for HA films by using two HA
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targets (CPS and HIP targets) with copper backs that were produced in a laboratory. The HA target
fabricated using the HIP technique led to cracks on the target due to the existence of residual stress
induced during the high-temperature processing (1200 °C). The maximum power of sputtering HA by
a CPS target is only about 90 W, resulting in low sputtering rate [18].

The objective of this paper is to develop a novel HA target process that could sustain long-term
sputtering processes on high power (>250 W) and not be broken during the bombardment process.
The considered technology, atmospheric plasma spraying (APS), has characteristics of high deposition
speed and allows the building of thick and dense deposits of high melting temperature materials.
It is then suitable for the manufacture of high-stability HA target technology. Subsequently, this
study assessed the sputtering performance of the targets and the properties of the HA films to
establish an appropriate process for HA sputtering targets, thus enabling the surfaces of SLA-like
implants to be modified. SLA-like is a surface modification technology for dental implants, similar to
Straumann Company’s SLA. The SLA process comprises sand blasting with a large grit (250-500 pum)
and acid-etched (SLA) implants by using both sulfuric and hydrochloric acid. This process results
in a specific surface roughness on titanium after the SLA process. We call it “SLA-like” because the
process is the same as SLA (sand blasting and acid etching) but the experimental parameters—for
example, the concentration of acid, reaction time, reaction temperature, and surface roughness—are
different. The entire surface of the implant has uniform micrometer-to nanometer-sized holes in it. Most
researchers were unaware of the correct and detailed parameters of the Straumann Company’s product.

2. Materials and Methods

2.1. Manufacture of the Hydroxyapatite Target

In this study, sputtering experiments were conducted on the HA, which were produced using
three targets, each with a diameter of two inches, and were fabricated using CPS (Table 1), HIP (Table 2),
and APS (Table 3). A commercially-available HA powder (Sigma-Aldrich H0252, St. Louis, MO, USA)
was used as the target material in the CPS and HIP processes, because it compacts easily and has a large
particle size of approximately 100 um. An HA powder (XPT-D-703, Sulzer Metco, New York, NY, USA),
with a fine particle size of approximately 30 um, was used as the target in the APS process, because this
HA powder enables easy powder-feed flowing. The target used in the APS process was manufactured
by plasma spraying HA powder directly onto a copper backing plate (Figure 1). Conversely, the HA
compacts that were used for the sintered targets (used in the HIP and CPS processes) were bonded to
a copper backing plate by using silver-loaded epoxy resin and then, to complete the preparation of
these two targets, the compacts were cured at 250 °C for 30 min in air under a pressing load of 10 kg
(Figure 2).

Table 1. Processing parameters for the HIP target [18].

Process Parameter
Powder SIGMA Sigma-Aldrich H0252
Sintering Temperature 1100 °C
Post Heat Treatment 1000 °C at a set time of 2 h
Cooling Naturally in furnace
Adhesion Glue AB type Ag glue
Target Thickness 2 mm

Target Size 2 inches in diameter
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Table 2. Processing parameters for the cold pressing and sintering (CPS) target [18].

Process Parameter
Powder SIGMA Sigma-Aldrich H0252
Press Type

Hydpraulically pressing
Sintering Furnace

Tube type
Sintering Temperature 1050 °C in air environment
Heating Rate 3 °C/min
Sintering Duration 2h
Cooling naturally in furnace
Adhesion Glue AB type Ag glue
Target Thickness 2 mm
Target Size

2 inches in diameter

Table 3. Processing parameters for the APS target [19].

Process Parameter
Powder Sulzer Metco XPT-D-703
Environment In air
Flow Rate of Primary Gas (Ar) 50 L/min
Flow Rate of Secondary Gas (Hy) 14 L/min
Torch Current 660 A
Power 479 kW
Stand-off Distance 7.5 cm
Surface Speed 150 rpm
Transverse Speed 5mm/s
Flow Rate of Powder Carrier Gas (Ar) 3 L/min
Powder Feed Rate 10 rpm
Spraying Loop 120
Voltage 725V
Target Thickness 2 mm
Target Size 2 inches in diameter
Fixture
Cooling air\

e

Plasma jet
with HA powder

Copper
backing plate

Figure 1. Schematic representation of the atmospheric plasma spraying (APS) target manufactured
directly by plasma spraying hydroxyapatite (HA) powder onto a copper backing plate.
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Figure 2. Schematic representation of the sputtering HA targets for CPS and hot isostatic pressing
(HIP) targets.

2.2. Sputtering Procedure and Characterization of the Hydroxyapatite Films

Figure 3 shows a flowchart of this study. The processing parameters for the three HA targets and
sputtering conditions for the HA thin films were set based on previous studies [18,19]. All samples of
the HA films were deposited using an RF sputter (Kao-Duen R25A08, New Taipei City, Taiwan) onto
99.9999% pure silicon wafer substrates, each containing a target from each of the three types (CPS,
HIP, and APS), at a discharge power of 50-300 W (run at the set processing parameters, as shown
in Table 5). The HA powders and HA films with each of the three targets were characterized using
Fourier transform infrared spectroscopy (Fourier transform infrared spectroscope, FTIR, One FT-IR,
Perkin Elmer, Waltham, MA, USA; frequency range 4000400 cm ™!, resolution 8 cm~!) and energy
dispersive X-ray analysis (energy-dispersive X-ray spectroscope, EDS, 5-3400N, HITACHI, Tokyo,
Japan) according to the phase structure contents, molecular group contents, and Ca/P ratio calculation.
The X-ray diffraction patterns were measured using a Rigaku Multiplex Diffractometer (Rigaku, Tokyo,
Japan). The Rietveld-refinement analysis (with the HighScore Plus software, Version 4.7) was employed
to determine phases and ceramic crystallinities. Grain morphologies and Ca/P ratios of elements were
obtained by using a scanning electron microscope (SEM, JSM-6701F, JEOL, Tokyo, Japan) equipped
with energy-dispersive X-ray spectroscopy (EDS). Film thickness was measured using a scanning
electron microscope (FE-SEM, JSM-6701F, JEOL, Tokyo, Japan). Thermal expansion was analyzed
using a push-rod dilatometer (Netzsch DIL 402 C, Netzsch, Selb, Germany).

Hydroxyapatite powder

l

Characterization
XRD, EDS, FTIR

v v

A 4
Hot 1so§tat1c Cold pressing and Atmospher? plasma
pressing sintering spraying
Characterization Y
1. Ca/P ratio le— HA target
2. Phase composition
3. SEM
v Characterization
1. Ca/P ratio
Ss,lll,bStrafte 1 Sputtel‘lng ] 2. Phase composition
tlicon water 3. Thermal expansion
4. SEM

Figure 3. Flowchart of this study.
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3. Results and Discussion

3.1. Characterization of the Hydroxyapatite Powders

The peaks of the HA phase in the XRD patterns of two HA powders, which were obtained from
Sigma-Aldrich and Sulzer Metco (Figure 4), indicating that both of the powders exhibited a single
phase and fully-crystalline HA structures, but the XRD phase peaks that were obtained from the Sulzer
Metco powder were higher than those of the Sigma-Aldrich powder. The FTIR spectra (Figure 5) show
that both of the HA powders exhibited molecular groups associated with OH™ and POz* bands, but a
small quantity of the carbonate ion group (CO%‘) in the Sigma-Aldrich powder was incorporated into
the HA phase. The results of the XRD analysis indicated that the Sigma-Aldrich powder exhibited

a trace of the secondary species of the carbonate group, and the Sulzer Metco powder exhibited a
single-phase HA structure.
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Figure 4. XRD patterns of HA powders obtained from: (a) Sigma, and (b) Sulzer Metco. ICSD
(International Center for Diffraction Data): HA 98-001-2623.
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Figure 5. FTIR spectra of HA powders obtained from: (a) Sigma and (b) Sulzer Metco.
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3.2. Characterization of the Hydroxyapatite Targets

3.2.1. Phase and Composition

The XRD (Figure 6) and EDS (Table 4) of the three HA targets show that the HIP target with a
Ca/P ratio of 1.679 and the CPS target with a Ca/P ratio of 2.04 contained a similar HA phase structure.
In contrast to the XRD analysis, the crystalline phase of calcium phosphate in the APS target was lower than
the HIP and CPS targets (Figure 6a,b). Hence, the crystallinity of the HA material on the APS target was
lower than the HIP or CPS targets. The HA powder obtained from Sulzer Metco was plasma-sprayed onto
a copper backing plate to form the target (called APS) with a Ca/P ratio of 2.401 and a lower crystallinity
degree than that of the as-received HA powder from Sulzer Metco. The sharp peaks of the HA phase
in the XRD pattern library revealed that the main phase is purely HA (Figure 4). Figure 6b shows X-ray
diffraction patterns and Rietveld refinements with various phases (HA, TCP and TTCP) and crystallinities.
The accuracy criteria of goodness-of-fit (y?) is required to be less than 2. The Rietveld refinements confirm
a predominant HA phase in all ceramic targets. The crystallinity is defined by the intensity ratio of the
diffraction peaks and of the sum of all measured intensity, i.e., crystallinity (%) = 100 X Y Inet/ (L ltot —
Ybackground)- The crystallinities are about 59.4%, 56.0%, and 37.4% for CPS, HIP, and APS ceramic targets,
respectively. However, the XRD of the target shows that the crystallinity of the APS target is the lowest. By
contrast, the Ca/P of the thin-film could be controlled by different sputtering powers on the APS target.
The target was transformed, exhibiting a combination of various phases, such as crystalline and amorphous
HA, tricalcium phosphate («-TCP, 3-TCP), and tetracalcium phosphate (TTCP). When the temperature is
as high as 800 °C, the hydroxyapatite undergoes a nonhydroxylation reaction. When the temperature is as
high as 1050 °C, HA would degrade to 3-TCP and TTCP. If the temperature is as high as 1120 °C, 3-TCP
would transform to o-TCP [5,20,21]. In Figure 6b, the insets are SEM grain morphologies with Ca/P ratios
from the cross-sections of as-sintered ceramic targets. It shows that CPS and HIP had similar grain size
and APS’s grain size was much larger (So no grain size in the third image of Figure 6b).

The HIP target was a solid target and exhibited a satisfactory phase purity, as well as a density close
to the theoretical density of 3.1 g/cm3, because the HIP compact was manufactured and heat-treated
inside a closed steel mold under a certain high pressure and temperature in an argon environment.
However, an increased Ca/P ratio was observed in both the CPS and APS targets; this increase
may have been due to the evaporation of the phosphate group (PO4) during the high-temperature
fabrication process conducted in air.
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Figure 6. (a) XRD plot of the HA targets: HIP, CPS and APS. (ICSD (International Center for Diffraction
Data): HA 98-001-2623; tetracalcium phosphate (TTCP) 98-000-6142; «- tricalcium phosphate (TCP)
98-004-2597; B-TCP 98-007-6561; Dicalcium Phosphate Dihydrate (DCPD) 98-000-4706). (b) X-ray
diffraction patterns and Rietveld refinements of as-sintered ceramic targets (CPS, HIP, and APS). y?
is the goodness-of-fit of refinement. Three different phases (HA, TCP and TTCP) were identified
as indicated in different colors. The insets are SEM grain morphologies with Ca/P ratios from the
cross-sections of as-sintered ceramic targets.

Table 4. EDS results of the HA targets by HIP, CPS and APS.

Target Element k-Ratio ZAF at.% Ca/P Ratio
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3.2.2. The Performance of Hydroxyapatite Targets

This study employed three HA targets that were fabricated using the HIP, CPS, and APS processes
and used in sputtering HA films on silicon substrates. The sputtering conditions and parameters
were set as listed in Table 5 to assess the performance of these targets during the sputtering process.
The results showed that the HA target, which was manufactured using the HIP technique, exhibited a
high density of 3.1 g/cm?, close to the theoretical density for HA material (3.16 g/cm?), which led to
the presence of the cracks, even at a low power of 50 W after sputtering (Figure 7a), partly because
3 x internal residual stress was induced during the HIP process at a temperature of 1100 °C (higher
than the phase transition temperature of 1050 °C of 3-TCP, so phase decomposition occurs), and partly
because the cracks that originated during the sputtering process arose because of thermal expansion of
the CaP (Figure 7a). During the sputtering process, the plasma bombardment on the surface of the
target produced high temperatures, and the copper backing plate contact with cooling water forms
the low temperature interface. Thus, thermal expansion mismatch between the HA compact and the
copper backing plate during the sputtering process probably occurred. Figure 8 shows the thermal
expansion and ramping temperature for the three HA targets. Although the CPS target rapidly shrank
at temperatures over 1000 °C, it exhibited no breakages (Figure 7b) when sputtering was conducted at
a power below 70 W, possibly because the material has a high porosity and low density (1.43 g/cm?),
which alleviated stress and prevented cracking. However, the CPS target could not withstand a power
higher than 70 W. This effect can be attributed to the low strength and density of the compact. The APS
target exhibited nearly no change in dimensions (Figure 7c) and withstood a sputtering power of
up to 300 W without any breakages occurring. This result might be related to the low porosity and
density (2.83 g/cm?) of the APS target, which balanced the thermal expansion. Besides this, we have
checked the decreased thickness of the target as requested. After 1 h of sputtering at 300 W, the average
thickness of the APS target decreased approximately 15 pm. The total thickness of the APS target is
2 mm (Table 3). Hence, the target can be used for a long time.

Table 5. Sputtering conditions for HA films.

Process Parameter
Sputtering Time 60 min
Base Pressure 7.5 x 107° torr
Process Pressure 3.0 x 1073 torr
Ar Flow Rate 20 sccm
Working Distance 70 mm
Power 50-300 W

Figure 7. Images of HA targets after sputtering process: (a) HIP [18]; (b) CPS; and (c) APS.
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Figure 8. Thermal expansion analysis: (a) HIP; (b) APS; and (c) CPS.

3.3. Characterization of Hydroxyapatite-Sputtered Films

Additionally, because the HIP target breaks at low power, the deposition process is not stable,
as the cracked material falls onto the substrate during HA sputtering. Hence, this paper does not
deeply discuss the film characteristics of the HIP target. Figure 9 and Table 6, respectively, show
the SEM cross-sectional images and Ca/P ratios (determined using EDS) of the HA films sputtered
onto silicon substrates by using the CPS and APS targets. Because the silicon substrate is flat enough,
it could be used as a good substrate for measuring the thickness of the HA thin-film. When using the
CPS target in sputtering at a low discharge power of 70 W for a short endurable duty cycle of 60 min,
the film thickness was 34.7 nm, the deposition rate was approximately 0.578 nm/min, and the Ca/P
ratio (1.51) differed from that obtained when using the as-received target (2.04). When using the APS
target at 300 W for 60 min, the film thickness was 277.6 nm, the deposition rate was approximately
4.62 nm/min, and the Ca/P ratio (2.38) differed from that obtained when using the as-received target
(2.401). The decrease in the Ca/P ratio of the HA films sputtered using both CPS and APS targets may
be attributed to a higher sputtering yield of atoms (P) with a lower mass and binding energy than
those of Ca. Thus, the Ca/P ratio of the HA films is higher than the HA targets.

e

SEI 15.0kV X100,000 WD 10.6mm  100nm 3 15.0kV  X100.000 WD 11.0mm  100nm

Figure 9. SEM cross-sectional images of as-sputtered HA films onto silicon substrates: (a) CPS-70
W=60 min and (b) APS-300 W-60 min.
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Table 6. EDS results of the HA-sputtered films by CPS-70 W-60 min and APS-300 W-60 min.

Parameter Element k-Ratio ZAF at.% Ca/P Ratio
. . P 0.0257 1.735 1.07
CPS Film, 70 W-60 min Ca 0.1003 1167 1.62 1.51
APS Film, 300 W-60 min P 0.0317 1.693 5.37 2.38

The XRD patterns of the sputtered HA films (Figure 10) revealed that the film sputtered using the
CPS target did not exhibit a crystal structure, whereas the film sputtered using the APS target, of which
some peaks can be observed in the XRD plot, was partially crystalline. This was caused by the high
temperature that arose because of the high discharge power (300 W) of the APS target, easily facilitating
the crystallization of the calcium phosphate material. The distinct peak in Figure 10b indicated that
a trace of undesirable Cas5(SiO4),CO3 was incorporated into the film. This was likely caused by the
diffusion of silicon from the silicon substrate into the film. The Ca/P ratio of the film sputtered using
the APS target decreased to 2.32, which differed from the stoichiometric value of the HA structure
(1.67). This change occurred because amorphous HA appeared in the film. However, this Ca/P ratio
and the degree of crystallinity of the HA film may influence the promotion of the biological response
within the early healing stage after implantation [5,22-25]. Some studies have claimed that pure HA
is the most stable mineral and does not easily degrade in the body; therefore, it can increase the
success rate of implants through the use of a thermal spray coating. Schneider [24] and Heimann [25]
indicated that the degradation order in the biological environment is CaO >> ACP > x-TCP > 3-TCP
>> OHA/OA >> HA. Thus, for implantable bone materials with a thermal spray coating (thick film),
a pure HA thin film is desirable to avoid degradation and film cracking. By contrast, our thin-film
technology is based on the desire to promote the biological response within the early healing stage
after implantation, because the long-term success of dental implants largely depends on healing with
rapid osseointegration into the bone [26]. Thin films formed through the sputtering of an APS target
could result in a different degradation rate for CaP composition, and there would be no cracking issue,
as observed in the thick film process. Thus, our thin-film technology that features an APS target can
have a healing effect similar to the filling artificial bone powder.

®HA

VCaS(SiO4)2C03
5
«

= a. CPS film (70 W - 60 min
g
R

v
b. APS film (300 W - 60 min
L 4
* * L
20 25 30 35 40 45 50

20 ()

Figure 10. XRD plot of as-sputtered HA films: (a) CPS-70W-60 min, and (b) APS-300W-60 min.
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Although the CPS targets were adopted to run at 70 W for a period of 60 min without breaking,
the APS target exhibited a higher density, longer lifetime, higher disposition rate, and higher discharge
power limit, as well as enabled fabricating films with a higher relative crystallinity, compared with
the CPS target (Figure 10b). After the phase composition was identified through XRD, only the CaP
films formed at a higher sputtering power and longer sputtering time revealed HA and monocalcium
phosphate anhydrate (MCPA) patterns from the APS target. Thin films formed by sputtering APS
target could yield a different degradation rate for CaP composition within the early healing stage
after implantation. Because the Ca/P ratio could be controlled by different sputtering power for APS
target (Figure 11). The range of the Ca/P ratio could be controlled from 1.47-2.38 by regulating the
sputtering power of the APS target. Ca/P ratio (especially Ca/P ~1.67) is one of the most important
factors in the biomedical applications of the HA thin films. Even the crystallinity of the APS target is
the lowest, but it could suffer a high sputtering power and get a wide range of the Ca/P ratio on HA
film. Therefore, the APS process employed in this study can potentially be applied in manufacturing
HA targets used for sputtering in the surface modification of medical devices.

23 Sputtering times for 60min
225 ® ®
E
= 2 ®
".E
~ 175

L5

0 50 100 150 200 250 300 350

Discharge power (W)

Figure 11. Ca/P ratio of the thin-film at different sputtering power by APS target.

4. Conclusions

This study investigated the performance and properties of three targets that were prepared using
CPS, HIP, and APS, and determined a suitable process for fabricating the target for HA-sputtered
films. The experimental results revealed that the APS process is a promising method for fabricating HA
sputtering targets that exhibit long lifetimes and high deposition rates. Furthermore, the APS target
withstood a high discharge power of 300 W during sputtering and facilitated the fabrication of an HA
film with crystalline. Conversely, the HIP target was easily broken during sputtering, even at a low
sputtering power of 50 W and, therefore, was not suitable. The HIP and the CPS targets exhibited a
pure HA phase, whereas the APS target contained a mixed phase of HA, a-TCP, 3-TCP, and TTCP,
as well as a crystalline and amorphous HA phase. The films sputtered at a power of 70 W by using the
CPS target exhibited a thickness of 34.7 nm and were deposited at a rate of about 0.58 nm/min, whereas
the films sputtered at a power of 300 W by using the APS target exhibited a thickness of 277.6 nm
and were deposited at a rate of about 4.62 nm/min. These results prove that the APS process has the
potential to be applied in manufacturing HA targets used for sputtering in the surface modification
of medical devices. Because the thin film formed by sputtering of a APS target can yields a different
degradation rate for CaP composition (HA, MCPA) within the early healing stage after implantation,
it can avoid the collapse of the coated film, such as thick film formation during the thermal spray
coating technology. When the phase composition was identified through XRD, only the CaP films
at a higher sputtering power and longer sputtering time revealed HA and monocalcium phosphate
anhydrate (MCPA) patterns from the APS target. Even the crystallinity of the APS target is the lowest,
but it could suffer the highest sputtering power and get a wide range of the Ca/P ratio from 1.47 to 2.38
at different power. Therefore, the APS process employed in this study can potentially be applied in
manufacturing HA targets used for sputtering in the surface modification of medical devices.
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