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ABSTRACT: Right angle radio frequency magnetron sputter-
ing technique (RAMS) was redesigned to favor the production
of high-quality hydroxyapatite (HA) thin coatings for
biomedical applications. Stoichiometric HA films with
controlled crystallinity, thickness varying from 254 to 540
nm, crystallite mean size of 73 nm, and RMS roughness of 1.7
+ 0.9 nm, were obtained at room temperature by tuning the
thermodynamic properties of the plasma sheath energy. The
plasma energies were adjusted by using a suitable high
magnetic field confinement of 143 mT (1430 G) and a
substrate floating potential of 2 V at the substrate-to-
magnetron distance of Z = 10 mm and by varying the

Crystalline HA Film

Plasma Temperature
P at Room T ratue

=

Ti

IE3

16

)x 10"

fle)(m” eV’

sputtering geometry, substrate-to-magnetron distance from Z = S mm to Z = 18 mm, forwarded RF power and reactive gas
pressure. Measurements that were taken with a Langmuir probe showed that the adjusted RAMS geometry generated a plasma
with an adequate effective temperature of T, ~ 11.8 eV and electron density of 2.0 X 10" m™ to nucleate nanoclusters and to
further crystallize the nanodomains of stoichiometric HA. The deposition mechanism in the RAMS geometry was described by
the formation of building units of amorphous calcium phosphate clusters (ACP), the conversion into HA nanodomains and the
crystallization of the grain domains with a preferential orientation along the HA [002] direction.
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1. INTRODUCTION

Hydroxyapatite (HA), Ca;o(PO,)s(OH),"* is a biomaterial
that is commonly used in biomedical applications that involve
bone substitution and bone regeneration because of its
excellent biocompatibility, high bioactivity, and good osseo-
conductivity.>* Because biocompatible metals are poorly
bioactive, coating techniques with calcium phosphate have
been developed to improve the osseointegration of metallic
implants.>~'® The plasma spray technique is commercially used
to produce calcium phosphate coatings on titanium implants
because of its low cost and high deposition rates. However,
plasma spray deposition operates at a high temperature, which
occasionally induces the formation of secondary mineral phases,
such as tricalcium phosphate (TCP) and calcium oxide
(Ca0)."'~"* Additionally, the coating crystallinity and rough-
ness are not easily controlled during the deposition process. In
the past few years, significant efforts have been made to
improve plasma spray coating adhesion.'* Additionally, several
alternative coating techniques have been proposed that use
different deposition principles. The most common techniques
are biomimetics,'® sol—gel routes, *™*® electrochemical depo-
sition,"”"*™>" ‘and other possible chemical deposition pro-
cesses,”>>> as well as the physical deposition by pulsed laser
(PLD),*** jon beam deposition,”**” and radio frequency
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magnetron sputtering (RF-MS).**** The challenges for these
techniques are the control of the coating stoichiometry, the
coating adhesion to the implant surface and the formation of
amorphous phases during the deposition process, which require
a subsequent heat treatment at a high temperature. Latest
advances on calcium phosphates coatings produced by several
deposition techniques were recently reviewed by Surmenev and
Dorozhkin.**?!

Several studies have shown that the radio frequency
magnetron sputtering technique (RF-MS) has potential for
biomedical applications because it might produce nano-
structured coatings with low surface roughness and good
adhesion to the substrate.**® On the other hand, the
inadequate sputtering energy that is caused by the RF power
that is applied to the magnetrons and the gas pressure, as well
as the geometry of the sputtering system, inhibit the growth of
films with the correct stoichiometry.**™® These limitations
could be overcome by fixing the targets at the extremities of
two opposite magnetrons with parallel faces and by positioning
the substrate at a right angle with respect to the magnetrons.®
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This alternative geometry could generate deposition rates 50
times higher (1000 A/min) than those of the conventional
magnetron sputtering geometry. The right angle geometry was
adapted by Mello and our group®®** for the production of
hydroxyapatite thin films. These authors magnetically confined
the plasma and kept it away from the substrate surface (floating
substrate holder) to limit backsputtering effects.*® Under this
condition, more stoichiometric hydroxyapatite thin films could
be produced, thus revealing new possibilities for producing
biocompatible thin coatings for biomedical applications.
However, the conditions that are needed to produce controlled
and reproducible thin coatings using the right angle magnetron
sputtering (RAMS) geometry are not yet well-known due to (i)
the lack of studies on the thermodynamic properties of the
plasma that is produced by RAMS and (ii) the kinetics
mechanisms of a HA thin film growing over different substrates.
This work aims to obtain new information and propose
solutions concerning these two aspects. First, we analyzed some
thermodynamic parameters of the RAMS plasma, such as the
effective temperature (T,g), electron density (n,), and potential
(V) of the plasma edge, using Langmuir probe measure-
ments.*! Second, we analyzed the magnetic field flux (B) in the
sputtering chamber using magnetlc measurements that were
obtained with a Hall probe*” and were processed by a finite
elements method. Afterward, we showed how the thin film
structure depends on the plasma parameters that can be
adjusted by using a suitable high plasma magnetic field
confinement, adequate RF power and reactive gas pressure,
substrate floating potential, and by varying the sputtering
geometry, substrate-to-magnetron distance. Based on these
data, we propose a mechanism for thin film growth on substrate
surfaces, mainly metallic surfaces for biomedical applications.

2. EXPERIMENTAL SECTION

2.1. Hydroxyapatite Synthesis and Target Preparation. The
synthesis of stoichiometric hydroxyapatite, HA, was performed by wet
precipitation (T = 90 °C, pH = 11.0 and 2 h of aging time) from
aqueous solutions of calcium nitrate (Ca(NO;),-4H,0) and
diammonium phosphate (NH,),HPO,. After aging, the precipitate
was separated by filtration, repeatedly washed with deionized boiling
water and dried in an oven at 100 °C for 24 h. After drying, the
powder was manually ground, and micrometric particles with 77 pm <
d < 210 ym were separated by sieving. Cylindrical tablets 35 mm in
diameter and 4 mm high were prepared by uniaxially pressing the HA
powder under S1 MPa. HA targets were produced by sintering the
tablets at 1150 °C for 2 h.

The XRD pattern of the HA target that was annealed at 1150 °C, as
shown in Figure 1a, exhibited peaks due to the high crystalline of HA
(ICDD N° 84-1998)." Typical peaks that are due to HA
decomposition phases, such as tricalcium phosphate (B-TCP) and
calcium oxide (CaO), were not detected. The cell parameters (a = b
and ¢)** were a = 0.94103 nm and ¢ = 0.68746 nm, close to those of
stoichiometric HA (a = 0.94166 nm and ¢ = 0.68745 nm, ICDD N°
84—1998).* The FTIR spectra of the targets were typical of HA with
the vibration modes of (PO,)* at 1088 cm™, 1016 cm™" and 964 cm™!
and the (OH)™ band at 3570 cm™

A second series of targets was prepared from calcium deficient
hydroxyapatite, DHA, following the same procedure as that for
stoichiometric HA. Because DHA was unstable against thermal
treatment at high temperatures, the calcinations at 1150 °C for 2 h
induced the decomposition of the structure into three calcium
phosphate phases: f-tricalcium phosphate (8-TCP), CaO, and HA, as
shown in the XRD patterns (Figure 1b).

2.2. Film Preparation by RAMS. The RAMS technique with the
right-angle geometry has been described in detail elsewhere.***” The
equipment that was used in this work had two radio frequency
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Figure 1. XRD (4 = 0.13775 nm) of the targets produced from (a)
stoichiometric hydroxyapatite and (b) calcium deficient hydroxyapatite
(DHA) showing the peaks of (f-TCP), CaO and HA phase.

magnetrons (13.56 MHz) with surface areas of S07 mm? These
magnetrons were positioned face-to-face to one another and
perpendicular to the substrate (Figure 2a). The magnetic flux, B,
that was measured midway between the magnetrons was 143 mT and
decreased to B =0 T at Z = 14 mm. In this configuration, a floating
potential substrate was positioned near in the region without the
magnetic field to active the deposition of CaP particles on the
substrate. A mixture of argon (Ar) and reactive oxygen (O,) was used
to produce the plasma in the sputtering chamber. Silicon (001)
substrates (121 mm?®) were used and ultrasonically cleaned with
acetone and deionized water for 15 min. Afterward, these substrates
were chemically treated with hydrofluoric acid (5% M) for 1 min to
remove the native oxide and then dried with ionized hydrogen gas at
high pressure. The RMS roughness of Si (001) substrates was 0.25 =+
0.05 nm. The substrate was rotated during film deposition to
homogenize the film thickness. The deposition rate for the fabrication
of thin films was calibrated using a thickness measurement, which was
calculated from the X-ray profile at a low angle (1° < 20 < 5°).%
Different series of coatings were produced, as shown in Table 1. The
first, second, fourth, and fifth film series were prepared with the
stoichiometric HA targets, as shown in Figure 1a, while the third series
was prepared with the calcium deficient hydroxyapatite targets, as
shown in Figure 1b. The HA thin film that was deposited on a Ti
coating (Figure 6) was fabricated using the fourth series conditions
that are listed in Table 1.

2.3. Plasma Characterization. The plasma was characterized with
a cylindrical Langmuir probe at different substrate holder positions, Z
(Figure 2a). The voltage (Vg) and current (I) values that were
obtained from the Langmuir probe were used in eq 1 to determine the
electron energy distribution function (EEDF), f(¢), at the edge of the
plasma.*' From f(e), the electron density (n,), average energy of the
electrons ((E)), and effective plasma temperature (T.s) could be
determined for each substrate position (Z) using eqs 1—4, where m is
the electron mass, e is the electron charge, A is the area of the
cylindrical probe tip (with radius R = 0.4 mm and length L = 3.5 mm),
V=V, — Vg, and V, is the plasma potential that can be calculated from
the maxlmum value (d1/dvy). ¥
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Table 1. Summary of the Film Fabrications with Different Deposition Variables

pressure Ar pressure O, height (Z) dep. rate
series (mTorr) (mTorr) RF power (W) dep. time (min) (gmm) (nm/min) substrate
first 5 1 120 05,1,2,3 10 52 $i(001)
second s 1 120 s, 30, 60, 180 10 52 Si(001)
third N 1 120 15, 30, 45, 60, 90, 120, 150, 180 10 5.2 Si(001)
fourth S 1 120 5, 15, 25, 30, 45, 60, 75 13 3.0 Si(001)
fifth N 1 90, 100, 110, 120 180 10 52 Si(001)
2 (2me\* & transmission electron microscopy (STEM) with a JEOL 2100F
f(e) 7__(—) ey operated at 200 kV. High resolution images were analyzed using the
Al e dv ) Digital Micrograph software (Gatan), from which fast Fourier
o transforms (FFT) were obtained. TEM observations were made
he = [) f(e)de ) using the minimum dose to prevent sample damage.
() = = /°° of (e)de 3. RESULTS AND DISCUSSION
. /0 (3) 3.1. The RAMS Geometry and Plasma Character-
5 ization. In the RAMS geometry, shown in Figure 2a, the
Teff 3 (8 > ( 4)
2.4. Target and Thin Coating Characterization. The HA
targets and coatings were analyzed by X-ray diffraction (XRD) using
synchrotron radiation with an energy of 9 keV (4 = 0.13775 nm) at the
Brazilian Synchrotron Light Laboratory (LNLS, Campinas-Brazil).
The XRD patterns were recorded in the grazing-incidence X-ray
diffraction mode (GIXRD) at @ = 0.5° and with 20 varying from 8° to
55°, a step size of 0.025° and a scan time of approximately 35 min
(120000 counting light/step). The lattice parameters a = b and ¢ were
determined in accordance with the literature by Cullity.** The
crystallite mean size was determined by the Williamson-Hall
method.**
The vibrational spectra of the samples were obtained from a
Shimadzu AIM 8800 FTIR - Fourier transformed infrared
spectrometer that was connected to a microscope operating in the
attenuated total reflectance mode (ATR). The spectra were obtained
from a 432 pm X 332 pm area with the wavenumber varying from 750
to 4000 cm™" and with 150—300 scans per sample.
The elemental composition of the films was analyzed by X-ray
photoelectron spectroscopy using a SPECS PHOIBOS 100/150
spectrometer with a hemispheric analyzer operating at an X-ray energy
of 1486.6 eV from Al Ko radiation. In this work, we used a source of
polychromatic X-rays and a monochromator mirror with energy step e(eV)
of 0.02 eV (for high resolution). The polychromatic X-ray source used . o
(Al-Ka) of the Ag 3d;/, having fivhm = 08 ¢V while the fwhm of the L 8U"® 2. (2) SChe,mz l‘zlf ﬂthel‘RAMS System, deposition Chﬁ‘mb}fr
monochromator mirror was 0.5 eV. The peak fitting of the high showing the magnetic field flux lines and the substrate position in the
resolution measurement (by integrating the Ca, P and O peaks) was B=x O T regions. (b) Picture of the interior of the sputtering chamber
determined with the CASA-XPS software. The calibration energy that shzwmg the confined plafs ma glow at Iio W of RF power é‘m(} at Ar
was used was C 1s (284.6 V). The difference in the 2p;/, and 2p, and O, gas pressures o ,5 mTorr an 1 mTorr, resp e(':tlve y. (c)
levels for the phosphorus peak was A(2ps), — 2p1») = 0.84 €V, and Electron energy dlStI:lbuthIl func.tlon, f(€), as determined fro.m
for the calcium peak, the difference was A(2ps/, — 2p12) = 3.5 oy 8 Druyvesteyn fitting using the expgr%mental values of Vz—I (potential
The coatings topographies were analyzed by scanning probe source vs current) at different positions (Z) of the plasma sheath.
microscopy (SPM) using an INTEGRA NT-MDT and by atomic
force microscopy (AFM) using JPK Nanowizard instruments (JPK . s .
instruments AC}:,y C(}ermar)ly). T%leJ measurements were performe(a] in sar.nple holder (substrate) is maintained at a right angle to the
tapping and contact mode using a tip scanner with a radius of axis (_)f the two magnetFons. The magnet‘rons' are composed of
curvature of 10 nm. The calibration parameters, which were measured two insulated Cu coaxial tubes. The 1-in. diameter cathodes,
as the resonance frequency of the tip, phase, amplitude, and gain, were which contain NdFeB magnets (N40), are connected to a 300
varied for each sample. W, 13.56 MHz RF power supply that is coupled to a matching
The sample (fourth series, Table 1) that was used for the high network. The cathode produces a magnetic field flux (B) that
feSOhmzn tr;nshmi:Sion fileCtrol? mic(r;;}c}c;py iHRTEM) angl)’slii was confines the electrons, generating an Ar + O, plasma glow in a
repared with the focused ion beam technique using dual beam ; ; ;
FEI Nova 600 Nanolsb equipment. The process consised of (i) oy gion 2t the center of the cathodes, as shown in Figure
depositing Pt on the surface of the HA thin film, (i) making a small g h gBri 0T (Tesla) (Z = 1 P h S
cross section in the sample by sputtering layer-by-layer with a Ga ion region where 5 = . ( esla) ( ”. 4 mm), t uS Mminimizing
source, and (iii) leaving a small portion of the sample at most 100 nm the production of Ar" ions ‘and av91dlng a possible sputtering
thick (the thickness of the sample cut). effect on the films. Under this condition, the substrate could be
The sample that was prepared by FIB was analyzed using high positioned at the edge of the plasma sheath to maximize the
resolution transmission electron microscopy (HRTEM) and scanning energy that is delivered to the substrate surface.
9437 dx.doi.org/10.1021/am4020007 | ACS Appl. Mater. Interfaces 2013, 5, 9435—9445
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Table 2. Values of V,, n, (E), and T, at Different Z Positions Obtained from eqs 1—-4

plasma parameters center of magnetrons Z, =S mm Z, = 10 mm Zy =13 mm Z, = 18 mm
v, (V) =30 46 48 49 46
n, X 10" (m™3) 0.5 2.16 2.10 2.0 1.46
(E) (eV) 24.7 21.5 17.5 17.7 158.5
T (eV) 16.4 14.3 11.7 11.8 10.3
Scheme 17
Plasma edge Floating surface Substrate surface
Plas 1
asma Glow B~0T
©)
Particles
Low T, zone —
(PO) Py
Ca™
particles ; d A.‘ -
sputtered ® Oon) €4p€
High T zone lons Clusters Crystallite

“(a) Plasma glow (120 W of power and a gas pressure of S mTorr (Ar) and 1 mTorr (O,)) and plasma edge showing the different plasma potentials
(V,) at the different plasma sheath heights. (b) Region of the plasma edge visualizing the kinetic process of the ions and particles sputtered within
the plasma. (c) Illustration of the ions, clusters, and particles deposited on the substrate surface at early times and the formation of the HA phase.

From the Langmuir probe measurements, it was possible to
map the applied voltage (V) X current (I) function around the
plasma sheath region and to calculate the electron energy
distribution function, f(¢) (eq 1, section 2),*"* for different
values of Z, as shown in Figure 2c. The slight movement of the
function, f(€), to the left indicates an increase in cold electrons
(low energy) as the height Z increases, which slightly affects the
properties of the plasma. The plasma potential (V,), electron
density (n.), average electron energy ((E)), and effective
plasma temperature (Ty) at different Z positions were
obtained from eqs 2—4 (see section 2), as shown in Table 2.

3.2. Mechanism of Film Growth. From the plasma
parameters (T 1., and V,) that were calculated at different Z
(Table 2), it was found that the plasma potential increased with
Z. This phenomenon occurs due to the different charged
particles that were sputtered from the target. These particles
could be ions, clusters of atoms, radicals, nanoclusters, or
agglomerates®>*" that are transported to regions far away from
the plasma sheath (low temperature regions) (Scheme 1a). The
positive potential at the edge of the plasma sheath induces a
flow of negatives ions (O~ and radicals PO,>), which can be
very important for the recombination of charges close to the
substrate surface and to the stabilization of the film
stoichiometry (Scheme 1b). Another feature of the RAMS
system is the use of a substrate holder floating configuration,
which is maintained at a positive potential of approximately 2 V
and brakes the positive particles that reach the substrate surface
while avoiding a sputtering effect on the film. On the
nanometer scale, the temperature of the substrate surface
increases due to the impact of the particles (electrons, ions and
neutral particles) that arrive at the substrate with a Bohm
velocity and a kinetic energy on the order of T./ 2
Depending on their kinetic energy, particles may react with
the surface and diffuse into the substrate lattice.”'>** In a state
of thermal equilibrium between the plasma sheath and the
substrate surface, the temperature on the surface could be
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sufficiently high to favor the growth of a crystalline thin film
and to modify the film surface morphology.>* However, the film
growing process needs some deposition time to reach thermal
equilibrium*" which depends on the ion energy that is delivered
to the substrate surface and deposition time: the greater the
energy delivered to the substrate, the lower the deposition time
needed to achieve a steady state.

In the RAMS geometry, high values of T and (E) were
obtained for different regions of the plasma. In the center of the
magnetrons, the effective plasma temperature achieved a value
of T4 = 16.4 €V while the average electron energy was (E) =
24.7 eV. These energies were sufficiently high to promote the
dissociation of P—O (E ~ 6 V) and Ca—O (Ey,, ® S €V)
bonds leading the formation of ionic species.>*>> Within the
plasma sheath region around the position where the external
magnetic field was close to zero T, and (E) decreased to 11.7
and 17.5 eV, respectively, which are above the energy that is
required to produce a Posner’s cluster of [Cay(PO,),]; and to
crystallize hydroxyapatite (Scheme 1c) as shown in Table 2 and
represented in Scheme 1b. According to the work of Treboux
and group,®® the activation energy that is needed to form
Posner’s clusters from monomers, Ca;(PO,),, should be 4.3 eV,
while the energy that is needed to crystallize hydroxyapatite is
approximately 2.6 eV.>” This result showed that the initial
condition to crystallize hydroxyapatite is satisfied in the RAMS
geometry if the substrate is placed at the edge of the plasma
sheath region because the plasma temperature keeps the
deposited particles in a high energy state, thus facilitating the
mobility of the atoms at the substrate surface and leading to HA
precursor clusters at short deposition times.

3.2.1. Stoichiometry. A first series of films was produced
with low deposition times to determine the evolution of the
stoichiometry with increasing film thickness. Deposition times
of 30, 60, 120, and 180 s led to films with 2.6, 5.2, 10.4, and
15.6 nm thicknesses, respectively. XPS (Al Ka) high resolution
analysis was conducted for all thin films and showed a calcium-
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Figure 3. XPS spectra of the CaP film deposited for (a) 30 s (thickness of 2.6 nm) and (b) 180 s (thickness of 15.6 nm) showing the high resolution
spectrum of Ca 2p and P 2p peak fitting. The films were made at a deposition rate of 5.2 nm/min (Z = 10 mm) with a plasma power of 120 W and
gas pressures of S mTorr and 1 mTorr for argon and oxygen (T, = 11.7 €V).

to-phosphate ratio (Ca/P = 1.20 = 0.09 and O/P = 4.25 +
0.96). For the 2.6 nm thickness film (deposition time of 30 s),
the Ca 2p;,, envelope was fitted with two peaks as observed in
Figure 3a: (i) first peak was fitted as the orbital Ca 2p;,, =
348.3 eV and was attributed to the Ca—O binding energy from
Ca0;”® (ii) the second weak peak fitted as the orbital Ca 2p, 2
at 346.2 eV was attributed to the Ca—COj; binding energy due
to carbon species adsorbed form the air.*** The P 2p envelope
was fitted with one P 2p;/, component at 134.8 eV, which was
attributed to the P—O bindings in P,04.**® This result
justified the assumption of excessive amount of phosphorus
containing species and the low Ca/P that was found for the 30
s film. In addition, these results also reinforced the hypothesis
described in section 3.2 in which the high energy delivered by
RAMS plasma favored the production of free ions and small Ca
and P ionic species which diffuse across the high energy plasma
sheath toward the substrate surface. These ions reacted on the
film surface inducing the formation of Ca and P nanoclusters
such as CaO and P,Ogq in the early stage of the film growth. It
can be assumed that these complex clusters constituted the
primary film with amorphous compounds produced by RAMS
at the beginning of the deposition process. Furthermore, the
high values of T, and (E) still present within the plasma sheath
region (Z = 10 mm and Z = 13 mm) at this stage of the film
growth was an important factor to inhibit the deposition of

large nanoclusters at the substrate surface keeping the film
roughness at low levels (roughness < 4 nm).

As the deposition time increases, more energy is delivered to
the substrate, which may be used to reorganize the building
units®® into calcium phosphate domains, as illustrated in
Scheme 1lc. The nucleation of HA from amorphous Posner
clusters, (Ca;(PO,),);, that may coexist with CaO monomers,
was observed in ab initio calculations that were conducted by
Wang and by Gabin Treboux.>*® The change of the film
composition with the deposition time and the formation of the
first calcium phosphate building units® was detected in the
analysis of XPS spectrum of the film deposited for 180 s. The
fitting of Ca 2p and P 2p peaks, Figure 3b, showed that Ca
2p3,, and P 2p;, binding energy correspond to those of Ca—O
and P—O bonds in a calcium phosphate phase (347.8 and 133.8
eV respectively)."* Reinforcing the conclusions above, peaks
relative to Ca—O bonds in CaO (348.3 eV) and the P—O bond
in P,0O; (134.8 eV) were no longer present in those 180 s films.
The low Ca/P ratio (Ca/P = 1.2) may be attributed to the
nucleation of an amorphous calcium phosphates, ACP
(Cay(POy4)s_(HPO,),(OH),, Ca/P ratio varying from 1.15
to 2.2).

The final stage of the conversion of ACP to stoichiometric
hydroxyapatite was investigated by XPS with film deposited for
180 min (the second series of films prepared — Table 1). The
XPS measurements of samples were obtained using argon ion

dx.doi.org/10.1021/am4020007 | ACS Appl. Mater. Interfaces 2013, 5, 9435—9445
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Figure 4. XPS spectra of the HA film deposited for 180 min (thickness of 930 nm) showing (a) the full spectrum with slight etching by Ar ions and
the high resolution spectrum for the (b) C 1s, (c) O 1s, (d) Ca 2p, and (e) P 2p peaks. The film was made at a deposition rate of 5.2 nm/min (Z =
10 mm) with a plasma power of 120 W and gas pressures of S mTorr and 1 mTorr for argon and oxygen (T.; = 11.7 eV).

etching to remove any impurities adhered on the film surface.
The energy and time that were used in this treatment were low
(1 keV and 2 min) to avoid Ar ion implantation, which may
affect the film stoichiometry. The full scan of the film
(deposited at 180 min) presented typical peaks at binding
energy that corresponded to Ca 2p, P 2p, and O Is, as shown in
Figure 4a. The peak fitting for 180 min films over the carbon C
1s region (Figure 4b) have shown binding energy of C 1s =
284.6 eV (organic species), used to adjust the spectra® and the
C 1s = 288.8 eV which was attributed to C—O bindings in
carbonate ions (CO,*).*® The high resolution peak O 1s
(fwhm = 2.2 eV), Figure 4c, was fitted with two energies: (i) O
Is = 531.3 eV for the oxygen binding energy from the
phosphates groups (PO,)*, OH™ groups, and CO;> groups,
which are inseparable by peak fitting routine, and*” (ii) O 1s =
530.4 eV,” which was attributed to the contributions of O;, Oy,
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and Op; bindings to Ca; and Caj in the hydroxyapatite
structure.®> In addition, that O 1s 5304 eV has also
contributions from the CO;* groups bonded to Ca sites at the
film surface. Following with the 180 min film analyses, the
Figure 4d shows the Ca 2p peak fitting. The energy of Ca 2p;,
= 347.3 eV was established for all Ca—O bindings: over the Ca;
and Cay sites at the HA atomic structure, for the Ca—Ca and
Ca—OH bindings at the hydroxyapatite Cay sites.””*"% The
energy of Ca 2p;,, = 346.2 eV was recognized as the Ca bonded
to the oxygens from the carbonates groups (CO,) at the film
surface.***¥°! Finally, the P 2p was fitted with two binding
energy for the P 2p,, peak (Figure 4e): (i) the P 2p;,, = 133.1
eV was established to the phosphor bonded to the oxygens in
the (PO,)* groups, in the hydroxyapatite structure;*”¢" (i) and
the P 2p,,, = 132.2 eV (Figure 4e) was attributed to other weak
phosphor bonds,** probably from organic species at the surface.
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The Ca/P ratio that was estimated by XPS (Ca/P = 1.68 +
0.08) was very close to the HA stoichiometric value (Ca/P =
1.67), indicating that the Ca/P ratio of the film increased with
deposition time and with film thickness. The CaO phase that
was identified by XPS in thin films deposited for 30 s was not
present in the thick films, as will be shown in the next section.
These results reinforce the proposal that the transformation of
ACP into HA nanodomains requires additional energy, which
was continuously delivered to the primary cluster units by
particle bombardment. The work by Lu and group66 showed
the dependencies between different calcium phosphates
(octacalcium phosphate (OCP), tricalcium phosphate (TCP),
and HA) using the ratios of the areas of the second peak
satellite O (1s);; with respect to the total area of the oxygen
spectrum in XPS. In our case, the ratio was (O(ls)g/O(ls)wtal)
= 0.067, similar to that in the work by Lu et al.®® which was
0.066. This result further confirms the strong similarity between
the stoichiometry of a film 930 nm thick that is made by RAMS
and that of a standard powder HA sample.*®

3.2.2. Film Structure. The identification of the mineral
phases that formed at the beginning of film crystallization was
only possible with grazing-incidence X-ray diffraction (GIXRD)
using synchrotron radiation. The GIXRD patterns of the fourth
series of calcium phosphate films (Table 1) with deposition
times less than and equal to 30 min, as shown in Figure Sa,

Intensity (a.u.)

26 ()

Figure 5. GIXRD (4 = 0.13775 nm) patterns at a grazing incidence of
@® = 0.5° for the films that were fabricated with thicknesses and
deposition times of (a) 90 nm, 30 min; (b) 135 nm, 45 min; (c) 225
nm, 75 min; and (d) 540 nm, 180 min. The HA thin films were made
at a deposition rate of 3 nm/min (Z = 13 mm) with a plasma power of
120 W and gas pressures of S mTorr and 1 mTorr for argon and

oxygen.

exhibited a very broad region around 20° < 20 < 30°,
confirming that the film is possibly composed of an amorphous
phase in the first minutes of deposition. The first sign of
crystallization was observed in the films that were deposited for
30 min (90 nm thickness) by the presence of a weak peak at 20
= 29.160°, which corresponds to the HA (300) plane. This
narrow peak was superposed on the broad signal in 20° < 20 <
30°, confirming the presence of crystalline HA nanodomains at
the first stage of deposition.””®® As the deposition time
increased, the broad region quickly decreased, while the main
HA peaks appeared and increased in intensity, as shown in
Figure Sb. After 75 min of deposition (225 nm thickness), as
shown in Figure Sc, the film exhibited a GIXRD polycrystalline
pattern. All of the indexed peaks coincided with the hexagonal
(P6,/m) HA phase (ICDD N° 84-1998)." Additionally, no

9441

other amorphous calcium phosphate phases or crystalline CaO
were detected, reinforcing the hypothesis that HA nano-
domains formed from ACP/CaO complexes.

The calculated (a = b = 0.945 nm, ¢ = 0.692 nm) unit cell
parameters for the film that was deposited at 180 min, with a
thickness of 540 nm (Figure 5d), were higher than those of HA
crystallized in an aqueous media (a = b = 0.942 nm, ¢ = 0.688
nm), indicating the existence of strains**”% which are also
commonly found in thin film structures. However, these defects
did not disrupt the highly crystalline long-range order that was
obtained from RAMS deposition. The ratio between the
crystallite size that was obtained from GIXRD (73 nm) and the
film thickness (540 nm), as shown in Figure Sd, was much
higher than that of films produced from improved magnetron
sputtering (MS) systems, in which this ratio was 0.03.”° This
experiment demonstrates that the energy and minimum time of
deposition can be precisely tuned to grow nanocrystalline and
crystalline HA films at 30 and 75 min (with a deposition rate of
3 nm/min (Table 1)) for a medium with an effective electron
temperature and electron density of T = 11.8 €V and n, = 2.0
X 10" m™,

To check the amorphous or nanocrystalline nature of the
films at the first stage of deposition, a high resolution
transmission electron microscopy (HRTEM) analysis was
conducted using a 45 nm thick film (Table 1), which exhibited
a typical amorphous GIXRD pattern. As described in section
2.4, HRTEM analysis was only possible because the sample was
prepared with the focused ion beam (FIB) technique. The film
thickness favored FIB preparation because it avoided an
aggressive implantation of Pt ions throughout the entire
thickness of the CaP film. The sample that was prepared by
FIB, as shown in Figure 6a, was a multilayer that was composed

HA Film
% 45 nm

Figure 6. (a) Image obtained by scanning transmission electron
microscopy (STEM; bright field imaging) for the sample that was
prepared by FIB showing the CaP thin film region with a thickness of
45 nm between the Ti and Pt films. (b) HRTEM of the CaP thin film
showing many HA crystalline nanodomains. The thin film was
fabricated at 120 W of RF power, Z = 13 mm, a deposition rate of 3
nm/min, and gas pressures of S mTorr and 1 mTorr for argon and
oxygen, respectively.

of (i) a Ti film produced by an e~ beam and deposited over Si,
(ii) a 45 nm thick CaP coating, and (iii) a Pt film deposited by
a Ga ion source. The HRTEM image in Figure 6b shows that
the CaP layer was composed of crystalline nanodomains (%2
nm) coexisting with highly disordered regions. The interplanar
spacing (0.163, 0.173, 0.183, 0.213, 0.215, 0.222, 0.226, 0.229,
0.272, 0.277, and 0.281 nm) of these crystalline nanodomains
was compatible with HA.*> This evidence revealed that the
broad peak that was observed in the 20° < 26 < 30° region of
the GIXRD pattern was due to a mixture of amorphous and
very small crystalline nanodomains. The coexistence of the
amorphous and crystalline phases reinforced the hypothesis
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that the energy that was delivered by the plasma (T = 11.8
eV) induced first the formation of ACP clusters and then their
rapid transformation into HA crystalline nanodomains.

3.2.3. Dependence on Target Stoichiometry. The influence
of the target stoichiometry on the composition of the films that
were produced from the RAMS geometry was also investigated.
For this investigation, a third series of films was deposited from
multiphase targets that were constituted by HA, TCP and CaO.
Surprisingly, a crystalline HA phase was always formed, as
shown in the GIXRD patterns of Figure 7a. The existence of
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Figure 7. GIXRD (4 = 0.13775 nm) patterns at the grazing incidence
of ® = 0.5° (over) and FTIR spectra (under) of the films that were
fabricated with a deposition time of 180 min: (a) thin film without
thermal treatment and (b) thin film with thermal treatment at 800 °C
for 2 h. The thin films were made at Z = 10 mm with a plasma power
of 120 W and gas pressures of S mTorr and 1 mTorr for argon and

oxygen.

amorphous phases, such as CaO or other calcium phosphate,
was discarded because the GIXRD pattern of the same film
after thermal treatment at 800 °C for 2 h in an argon
atmosphere did not exhibit any additional crystalline phases
besides HA, as shown in Figure 7b. The GIXRD and FTIR
analyses confirmed the proposition in the preceding sections
that the formation of HA is mainly dependent on the correct
tuning of the plasma temperature in the region where the
magnet field is B~ 0 T (Z = 10 mm, T4 = 11.7 €V).

3.2.4. Film Morphology. The film morphology during the
early growth stage was evaluated using atomic force microscopy
(AFM) measurements (fourth series of films, Table 1). For §
min of deposition time, the film surface was covered by short
particles with diameters varying from 40 to 370 nm (Figure 8a).
The particle diameter distribution exhibited a Gaussian
behavior with a maximum of approximately 115 + 15 nm.
The root-mean-square (RMS) roughness of 1.2 + 0.4 nm was
higher than the substrate roughness (0.25 #+ 0.05 nm) and
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Figure 8. AFM images of the films taken in the tapping mode: (a) S
min and (b) 75 min of deposition time. (c) Histograms of the particle
diameters as determined from the AFM images for different deposition
times (deposition rate of 3 nm/min). The plasma conditions were 120
W of power, Ar and O, gas pressures of 5 mTorr and 1 mTorr,
respectively, and position Z = 13 mm (T4 = 11.8 eV).

smaller than the film thickness (15 nm), suggesting that a thin
layer of calcium phosphate clusters had already formed beneath
the deposited particles at S min of deposition (Table 3). Figure
8b,c shows that the particle size distribution moved to higher
diameters as the sputtering time increased. The growth of these
HA crystalline domains was induced by the indirect increase of
the temperature on the substrate surface, which was produced
by the ions from the plasma sheath. Figure 8c also shows that
the mode that was centered at low particle diameters remained
for long deposition times, suggesting that small particles
continued to form on the film surface during the whole
deposition process. However, the particle growth did not affect
the surface roughness, which remained constant, even for high
film thicknesses, as shown in Table 3.

3.3. Plasma Glow Temperature Effect. The substrate
position Z influenced the plasma glow properties (T.g 1., and
V,) and consequently the deposition rate (particle flow on a
wall). As shown in Table 2, T varied slightly from 11.7 to 11.8
eV (n, = 2.0 X 10" m™) when Z increased from 10 to 13 mm.
Therefore, the deposition rate changed from 5.2 to 3.0 nm/min
when Z increased from 10 to 13 mm; this can be adjusted by
monitoring the substrate position Z. Figure 9a,b shows that an
increase in Z (decrease in the deposition rate) decreased the
mean size of the HA grains and their surface crystallinity (as
also shown in Figure 9a,b).

A fifth series of films was prepared to test the quality of the
thin films that were produced by RAMS, which is highly
dependent on the applied RF power level. This parameter also
directly influences the plasma temperature and plasma density,
which control the flux of the sputtered particles and the
deposition rate. The GIXRD patterns of films that were
produced with the RF power varying from 90 to 120 W showed
peaks that were due to a single crystalline HA phase, as shown
in Figure 10. The diffraction patterns also revealed a strong
preferential orientation along the apatite (002) direction “c”,

especially for the 90 W RF power. The crystallite size increased
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Table 3. Root Mean Square (RMS) Roughness of the Films That Were Produced at Different Deposition Times®

deposition time (min) S 15
thickness (nm) 15 45
RMS roughness (3 ym X 3 ym), (nm) 12 + 04 33 +09
RMS roughness (1 ym X 1 ym), (nm) 1.3 + 06 1.8 + 0.8

samples substrate
25 45 75

75 135 225

1.2 +£ 0.7 38 +19 44 + 1.6 0.25 £ 0.0
1.5+ 14 1.7 £ 09 1.7 £ 09 0.25 + 0.0

“The roughness was determined by AFM in the contact mode. The films were produced at 120 W of RF power, Ar and O2 pressures of S mTorr and

1 mTorr and position Z = 13 mm, respectively.

aznf 2

Substrate

Intensity (a.u.)

Figure 9. GIXRD (4 = 0.13775 nm) patterns at the grazing incidence
of ® = 0.5° (over) and AFM images of the film surfaces (under) at
same deposition time of 60 min and at different effective temperatures
of the plasma for (a) T = 11.7 eV (deposition rate of 5.2 nm/min,
film thickness of 312 nm, Z = 10 mm) and (b) T.; = 11.8 eV
(deposition rate of 3 nm/min, film thickness of 180 nm, Z = 13 mm).
The plasma was made at 120 W of power and at Ar and O, gas
pressures of S mTorr and 1 mTorr, respectively.

from 63 to 124 nm when the RF power increased from 90 to
120 W, indicating that the film crystallinity is directly
dependent on the energy of the sputtered particle and on the
physical properties (temperature, density and potential) of the
plasma. The ratio between the crystallite size of the film (124
nm) and its thickness (930 nm), as shown in Figure 10d, was
similar to that of the films that were made in the fourth series
(films at 180 min of deposition time, Figure Sd). The
dependence of the crystallinity on the RF power was confirmed
by FTIR analyses. The positions of the PO,> (964, 1019, and
1087 cm™') and OH™ (at 3570 cm™"') bands became broader as
the RF power decreased, suggesting an increase in the HA
structure disorder.

This fifth series of films was also used to investigate the
influence of the RF power on the morphology of the films.
AFM images, which were taken in the tapping mode, showed
that the crystalline films that were deposited for 180 min with
the RF power varying from 90 to 120 W exhibited a grain
structure with a maximum roughness of 8 nm (area of 100
um?), as shown in Figure 11lab. The RMS roughness (R,)
increased from 4.7 to 8.4 nm (area of 100 ym?) over the range
of 90—120 W and saturated afterward. The most probable
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Figure 10. GIXRD (4 = 0.13775 nm) patterns at the grazing incidence
of ® = 0.5° (over) of the films that were made with different RF
powers of (a) 90 W, (b) 100 W, (c) 110 W, and (d) 120 W. FTIR
spectra in the region of hydroxyl and phosphate (under) of the films
made at (a) 90 W, (b) 100 W, (c) 110 W, and (d) 120 W RF powers.
The deposition time (180 min), gas pressures (argon at S mTorr and
oxygen at 1 mTorr), and position Z = 10 mm were constant.

particle diameter, D,,, was 250 + 50 nm for RF powers in the
range of 90—100 W. For a higher power, the particle size
distribution moved to larger D, values, as shown in Figure 11c.

3. CONCLUSIONS

The magnetron sputtering system with two opposite magnet-
rons, RAMS, that was developed in this work generated a
plasma, RF forwarded power of 120 W and argon and oxygen
pressures of S mTorr and 1 mTorr, respectively, with adequate
energy of T.¢~ 11.8 €V and electron density of n, = 2.0 X 10'°
m™ to produce a hydroxyapatite nanocoating at room
temperature. Using this thermodynamic condition, it was
possible to deposit crystalline HA films, at room temperature,
on silicon substrates with thickness varying from 254 to 540
nm, crystallite mean size of 73 nm, and RMS roughness of 1.7
+ 0.9 nm. The physicochemical characteristics of the
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Figure 11. AFM topographic images of the HA films for an RF power
of (a) 90 W and (b) 120 W. (c) Histograms of the particle diameters
D, for the samples with different powers supplied to the magnetrons.

hydroxyapatite coating revealed a higher sensitivity to the
RAMS conditions than to the composition of the targets. By
tuning the geometry and energy of the plasma besides the
substrate-to-magnetron position (Z = 10 mm) relative to the
magnetic field (B = 143 mT) and a substrate floating potential
(2 V at Z position), it was possible to control and adjust the
nanocoating stoichiometry and crystallinity. XPS measurements
on films deposited for 30 s indicated that CaO and P,Ojq
species were deposited in the initial stage of the sputtering
process. The deposition time was an essential parameter in
delivering the necessary energy to transform these primary
species into amorphous calcium phosphate building units,
induce particle growth and the subsequent transformation
into HA crystalline grain domains. These results suggested that
the fabrication of high-quality nanostructured HA coating
functionalized for biomedical applications by the magnetron
sputtering technique is only possible if the main characteristics
of the plasma are known and controlled.
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