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Abstract

The microwave synthesized hydroxyapatite (HAp-Ca10(PO4)6(OH)2, 35 nm) was implanted with 30 keV nitrogen ion (Nþ) with

fluences of 1� 1015, 1� 1016 and 1� 1017 ions/cm2. The samples were characterized by GIXRD (Glancing Incidence X-ray Diffraction)

and atomic force microscopy along with measurement of resistivity, permittivity, ac (alternating current) conductivity, photolumines-

cence, wettability and in vitro bioactivity. Implantation did not cause any appreciable change in crystallite size and lattice parameters.

The ion implanted samples revealed enhanced permittivity, ac conductivity, photoluminescence and average pore size (50%), whereas

there was a significant decrease in resistivity, surface roughness, and wettability. The in vitro bioactivity and protein absorption were

found to improve on nitrogen ion implantation.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The main inorganic mineral constituent of bones and
teeth is HAp, which belongs to the family of apatites.
HAp is considered as an ideal material for hard tissue
replace‘ment due to its biocompatibility and high thermal
stability [1]. Bulk HAp is used as bone cement, protein
adsorbent, gas sensors and as a chromatographic agent [2].
There are some limitations on using metallic implants with
HAp coating as it causes inflammation, integration pro-
blems and mishandling [3]. The surface properties of
implant materials such as surface roughness, surface
potential, and wettability play a vital role in binding to
the living cells [4]. The surface of the implant materials can
be modified by treatments such as laser irradiation [5],
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electron [6], plasma and ion implantation [7] and irradia-
tion [8]. Ion beam implantation is employed to modify the
surface of solid thin films [9] and polymers [10,11]. Low
energy ion implantation provides selective surface modifi-
cation and thereby enhances the osseointegration, cell
adhesion, proliferation and haemocompatibility [12,13]
without affecting the bulk properties of the materials.
Further, ion implantation could be used to modify the
surface chemistry and regulate the depth of penetration
and the dose. The swift heavy ion (SHI) irradiation on
HAp had enhanced the in vitro bioactivity [8–14]. Pelletier
et al. studied the effect of high energy (1–1.5 MeV)
implantation of nitrogen and argon ions to improve the
mechanical properties of HAp thin film [15]. Irradiation of
low energy argon ion (0.6–1.2 kV) and high energy oxygen
ion (2 MeV) lead to enhanced luminescence, wettability,
bioactivity and cell adhesion [16,17].
Here we report the effect of low energy nitrogen ion

implantation on microwave synthesized HAp and qualitatively
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Fig. 1. The XRD pattern of pristine, 1HAp, 2HAp, 3HAp samples.
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discuss the role of implantation in tailoring resistivity, permit-
tivity, ac conductivity and photoluminescence, less wettability
and in vitro bioactivity.

2. Materials and method

Nanocrystalline HAp was synthesized by microwave
synthesis technique using analytical grade reagents of calcium
nitrate tetrahydrate (Ca(NO3)2.4H2O, Merck), diammonium
hydrogen phosphate ((NH4)2.HPO4, Merck), and ammonia
solution (MERCK). 0.6 M diammonium hydrogen phos-
phate was dissolved in deionized water and the pH of the
solution was adjusted to 10 using ammonia solution. 1.0 M
calcium nitrate tetrahydrate was added drop by drop to
diammonium hydrogen phosphate solution with continuous
stirring and pH of the solution was maintained at 10. The
solution was further stirred vigorously for 2 h at room
temperature at constant pH-10. Subsequently the precipitated
solution was subjected to microwave irradiation (household
microwave oven �900 W and 2.45 GHz) for about 30 min.
The white precipitate was washed with deionized water and
dried in hot air oven at 80 1C.

The collected powder was pressed into circular pellets
(8 mm diameter and 1 mm thickness). After annealing of
pellets at 200 1C for 2 h, the samples were subjected to ion
implantation. Implantation was carried out at the AMSS,
IGCAR, Kalpakkam using 150 kV accelerator. 30 keV
nitrogen ions were implanted with a charge state of 1þ on
HAp with fluences 1� 1015, 1� 1016 and 1� 1017 ions/cm2

and these samples will be referred to as 1HAp, 2HAp and
3HAp, respectively. The ion beam current of about 300–
400 nA was maintained during implantation. The dimension
of the ion beam implanted area was 12 mm� 12 mm. The
projected range of nitrogen ions in hydroxyapatite was
145.4 nm calculated by using the stopping and range of ions
in matter (SRIM –version 2008).

GIXRD analysis was performed on the samples using the
STOE diffractometer having Cu Ka (0.1540 nm) radiation with
a fixed glancing angle of 11. The slit width of 0.3 mm was used
with a scan speed of 0.051/min. It was operated at maximum
voltage of 40 kV/40 mA. Resistivity was measured using four
probe setup. Real part of relative permittivity and ac con-
ductivity of the samples were measured from complex impe-
dance measurement done in a frequency (f) range of 0.1 Hz to
1MHz using Alpha—a high performance frequency analyzer
from Novo control Technologies. The Photoluminescence
studies were done using Horiba Jobin Yvoun spectrofluorom-
eter at an excitation wavelength of 325 nm.

The surface morphology of the sample was analyzed by
atomic force microscopy (AFM, NT-MDT-SOLVER PRO
EC system) and scanning electron microscopy (F E I Quanta
FEG 200—High Resolution Scanning Electron Microscope).

Wettability was determined by measuring the contact
angle with a sessile drop of deionized water (5 ml) deposited
on the sample surface at room temperature (27 1C).
Euromex optical microscope with inbuilt color charge
coupled device (CCD) camera was used for the wettability
study. For every fifteen seconds up to 3 min a profile
photograph of sessile drop wetting was taken and contact
angles were analyzed using imageJ software.
Simulated body fluid (SBF) was used to check the in vitro

bioactivity. Chemical reagents were dissolved in the order
NaCl, NaHCO3, KCl, NaHPO4.2H2O, MgCl2.6H2O,
CaCl2.2H2O, Na2SO4, Tris buffer and 1 M HCl in deio-
nized water. Subsequently, HCl was used to adjust the pH
of the solution to 7.4 at 37 1C [18]. Then the samples were
immersed in 20 ml of SBF for a period of three weeks and
the solution was renewed once in two days.
3. Results and discussion

The implanted ion loses its energy through interactions
with electrons and atomic nuclei of HAp. The projected range
of 30 keV Nþ ions into the pellet was 145 nm. The electronic
and nuclear energy losses were calculated as 0.821 keV/nm
and 0.684 keV/nm, respectively using SRIM-2008 program
[19]. In this circumstance, electronic energy losses play a
predominant role compared to the nuclear energy loss.
3.1. GIXRD

The GIXRD pattern of pristine, 1HAp, 2HAp and
3HAp samples was as shown in Fig. 1. All samples showed
the presence of pure phase of HAp and the peak positions
were in good agreement with JCPDS data (09-0432). The
crystallite size and lattice parameters were determined
using the software, MAUD (Material Analysis Using
Diffraction) (Table 1). There was no significant change in
crystallite size, lattice parameters and unit cell volume on
Nþ ion implantation (Table 1). The defects formed due to
implantation could occupy interstitial positions and there-
fore might not considerably modify the crystallite size,
lattice parameters and unit cell volume [14].
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3.2. Resistivity

The resistivity of pristine, 1HAp, 2HAp and 3HAp was
94� 103, 47� 103, 31.33� 103 and 23.5� 103 Om, respectively
(Fig. 2). There was 75% decrease of resistivity in 3HAp when
compared to pristine. As nitrogen ion fluence augment,
resistivity decreased, possibly due to the production of defects
in the sample. The resistivity was tailored by Nþ ion
implantation and could lead to non linear resistivity versus
ion fluence. Even though the defects were at 145 nm as
calculated using SRIM-2008, the surface chemistry might have
been modified. During Nþ ion implantation, there was a
possibility of generation of O2� and Hþ ions due to localized
Fig. 3. (a) The real part of relative permittivity (e0) as a function of frequency

conductivity as a function of frequency for (a) Pristine, (b) 1HAp, (c) 2HAp

Fig. 2. Measurement of resistivity versus ion doses.

Table 1

Crystallite size, lattice parameter and volume of the unit cell of pristine,

1HAp, 2HAp, 3HAp.

Sample Crystallite size

(70.98 nm)
Lattice parameter (Å) Volume of

unit cell (Å)3

a c

Pristine 36.61 9.429 6.886 530.2

1HAp 34.82 9.443 6.893 531.6

2HAp 36.98 9.431 6.886 530.4

3HAp 36.66 9.431 6.886 530.4
heating. As ion fluence enhances, resistivity was significantly
diminished due to the influence of the conducting ions (O2�

and Hþ ) in the material [20,21].
3.3. Permittivity and ac conductivity

The variation in the real part of relative permittivity (e0)
as a function of frequency for pristine and implanted
samples was shown in Fig. 3(a). The sample exhibited a
frequency-dependent real part of relative permittivity and
was found to decrease with increase in frequency. The
enhancement of magnitude of permittivity at lower fre-
quency may be due to the raised ionic polarization.
At higher frequency, permittivity might have reduced due
to the lagging of dipole oscillation and further the space
charge did not sustain with the applied electric field. The
formation of mobile thermal defects at high temperature
and the proton conduction transported along the OH�

chain could lead to a raise in permittivity [22–24].
The ac conductivity of the samples was as shown in

Fig. 3(b). The ac conductivity, enhanced gradually with
increase in frequency. At lower frequency, the observed low
conductivity of the samples could be due to the sluggish turn
around of the ions with the electric field. At higher frequency,
the ac conductivity was found to be enhanced in the implanted
sample, possibly due to the intricate arrangement of conduct-
ing ions and proton skipping along c-axis linking O2� anion
or OH� [25,26]. The enhanced ionic polarization of Nþ ion
implanted samples may increase the calcification and miner-
alization of bone tissues at the fracture site and subsequently
lead to a faster rate of bone growth [27].
3.4. Photoluminescence

The photoluminescence (PL) of the samples excited at
wavelength lex¼325 nm was as shown in Fig. 4. The
wavelength of the emitted light was in the range of 400 nm
to 600 nm and emission peaks at 456 nm and 554 nm were
observed for all the samples. The PL spectrum of pristine was
broad with a band gap energy of 2.72 eV (Fig. 4(a)) possibly
for (a) Pristine, (b) 1HAp, (c) 2HAp and (d) 3HAp samples. (b) The ac

and (d) 3HAp samples.



Table 2

AFM analyses of the pristine and implanted samples.

Sample Average roughness

(71 nm)

Average pore size

(71 mm)

Pristine 160 1.90

1HAp 85.03 4.27

2HAp 97.93 2.79

3HAp 80.21 2.07
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due to the deep energy level in the sample. On Nþ ion
implantation, the intensity of PL spectrum was enhanced,
without any change in the band gap energy as shown in
Fig. 4(b–d), due to the increase in defect’s energy levels,
recombination of electron and hole pair and diffusivity of Nþ

ion [28,29]. Yang et al. reported red luminescence attributed to
the charge transfer transition in the material [30]. The
enhanced photoluminescence of the implanted samples might
help in the fabrication of a biosensor for in-situ monitoring of
new bone growth [31].

3.5. Atomic force microscope and scanning electron

microscope

The surface topography of the pristine and implanted
samples was as shown in Fig. 5(a–d). The surface roughness
Fig. 5. AFM 3D images of (a) Pristine, (b) 1

Fig. 4. Photoluminescence of (a) pristine, (b) 1HAp, (c) 2HAp and (d)

3HAp samples.
and the average pore size of the pristine sample were
100 nm and 1.90 mm, respectively. There was a decrease in
average roughness on implantation compared to the pris-
tine (Fig. 5(a–d), Table 2). At lower fluence, the average
HAp, (c) 2HAp and (d) 3HAp samples.

Fig. 6. Average pore size versus ion doses.
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pore size was enhanced considerably. Subsequently, as the
ion fluence increases, the average pore size seems to be
decreased due to the local heating leading to the melting of
the surface [32]. The variation of average pore size versus
ion doses was shown as in Fig. 6. The reduction in surface
roughness of Nþ implanted samples, observed could be
due to the sputtering of atoms on the surface in addition to
the ion induced surface diffusion [33].

The pristine sample revealed homogeneous smooth sur-
face (Fig. 7(a)). At low fluence (1HAp), elongated pores
were observed (4.27 mm) (Fig. 7(b)). Agglomerated particles
(3 mm) were revealed on the surface of 2HAp (Fig. 7(c)).
At higher fluence (3HAp), the surface became textured as
shown in (Fig. 7(d)). The variation in surface morphology
Fig. 7. SEM micrograph of (a) pristine, (b) 1

Fig. 8. Different wettability states of (a) pristine,
of the Nþ ion implanted sample might be due to sputtering
of atoms and thermal fluctuation in the HAp matrix [33].
3.6. Wettability

Wettability of the sample was determined by measuring
the contact angle (Fig. 8(a–d)). The contact angle of
pristine was 30731, revealing a hydrophilic surface. The
1HAp, 2HAp and 3HAp exhibited weak hydrophilic sur-
face with respective contact angles of 74731, 81731 and
68731. The increase in contact angle of the Nþ ion
implanted samples could be due to the changes in surface
roughness, pore size and polar component of surface
HAp, (c) 2HAp and (d) 3HAp samples.

(b) 1HAp, (c) 2HAp and (d) 3HAp samples.



Fig. 9. SEM micrograph of the SBF soaked sample with HAp layer deposited on the surface of (a) pristine, (b) 1HAp, (c) 2HAp and (d) 3HAp samples.

Fig. 10. EDX spectra shows the elemental composition measured on SBF tested (a) pristine and (b) 3HAp sample.
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energy, surface chemistry for the reduction in wettability.
[34–36] The pristine exhibits, better wettability than the
implanted sample and could assist DNA absorption, due
to the presence of phosphate groups in the backbone of
DNA. The weak hydrophilic surface of the implanted
sample might favour the absorption of proteins (Bovine
Serum Albumin) that contain hydrophobic part which
could easily attach to the hydrophobic implanted surface [37].

3.7. In vitro bioactivity

The surface of SBF soaked samples in Fig. 9(a–d).
At higher fluence, spherical and agglomerated apatites
were formed on the surface. The EDX spectra confirmed
the enhanced apatite deposition at a higher fluence (3HAp,
Ca/P¼2.23) compared with pristine (Ca/P¼1.9) (Fig. 10
(a and b)). On implantation, the bioactivity of the samples
were increased, possibly due to the improved surface
charge and surface energy compared with the pristine
and the samples implanted at low fluences [34]. It was
reported that oxygen ion irradiation on hydroxyapatite
enhanced the in vitro bioactivity due to the increase in
negative surface charge which attract calcium ion and
make the surface layer positive changed. This in turn
attracts phosphate ions leading to the deposition of an
apatite layer [14,17,37].
4. Conclusions

The effect of implanted nitrogen ion on microwave
synthesized nano crystalline HAp was investigated.
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The low energy implantation did not cause any change in
crystallite size and lattice parameter on implantation. The
Nþ ion implantation leads to decreased resistivity and
surface roughness. The enhanced permittivity and ac
conductivity of implanted samples might improve bone
fracture healing and the rate of bone growth. The photo-
luminescence of ion implanted samples was increased. The
decreased wettability of implanted samples could help in
the absorption of proteins (BSA). The in vitro bioactivity
was enhanced by low energy ion implantation. The
porosity of the samples could be engineered by this
method. Hence this technique is the best tool to modify
the surface and tailor the properties such as electrical,
photoluminescence, protein absorption and bioactivity of
the biomedical implants.
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