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Surface modification of medical implants is often required to improve their biocompatibility or, through bioac-
tive properties of the surface material, facilitate its intergrowth with the living tissue. Bioactive-glass coatings can
serve that purpose for the bone implants. We report a successful preparation of silicate-phosphate bioactive-glass
coating on titanium substrate using the pulsed laser deposition method and present the coating characterization
in terms of bonding configuration and chemical activity. The former was studied with high-resolution Raman
microspectroscopy and revealed the presence of structural units responsible for the material’s bioactivity. The
bioactivity was also tested directly, in vitro, by soaking the samples in the simulated body fluid and examining
the result with the Raman spectroscopy. The Raman spectrum, typical of hydroxyapatite was observed proving
that the bone-like-material formed on the coating’s surface.

PACS: 61.43.Fs, 63.50.Lm, 78.30.Ly, 81.15.Fg, 87.85.J−

1. Introduction

Bioactive glasses are a promising material for implant
technology due to their ability to react with physiologi-
cal environment and to form an interface layer of a bone-
-like material bonding them strongly, in vivo, to the bone
tissue [1–4]. This interesting feature of the bioglasses re-
sults from the presence of glass-network modifiers in their
structure, which through necessity of maintaining charge
balance break the integrity of the silicate network and
form weak bonds with terminal oxygens. The network
fragmentation enables partial dissolution of the glass in
the physiological fluids, which initiates a series of reac-
tions at the glass surface.

The network of the glass constitute the SiO4 tetrahedra
linked together at corners by bridging oxygens (BO). The
modifiers like Na2O, CaO, and K2O break the connec-
tions and their cations bond to the corner oxygens which
no longer bridge two neighbouring Si atoms and are thus
called non-bridging oxygens, NBOs. The amount and ar-
rangement of the NBOs determine the bioactivity of the
glasses.

The silicate network is commonly described in terms
of Qn(Si) structural units (see e.g. [5]), where Q denotes
the tetrahedral SiO4 unit and n is the number of bridg-
ing oxygens per tetrahedron, and thus Q4 represents fully
polymerized SiO4 network, Q3, Q2, Q1 units have respec-
tively 3, 2, 1 bridging oxygens and Q0 denotes isolated
SiO4 units with no bridging oxygen atoms. The presence
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and abundance of particular Qn units give the picture of
the network’s connectivity and can be determined with
high-resolution Raman spectroscopy.

Bulk bioglasses, despite their biocompatible and bioac-
tive properties cannot always be used as implants as they
are too brittle and exhibit low mechanical strength. To
overcome this drawback bioactive-glass coatings on other,
stronger materials are fabricated. The issues to be dealt
with in this case become: the preserving of the bioactive
qualities of the bulk glass in the glass coating and ensur-
ing of good adherence of the deposited layer to the sub-
strate. These can be achieved by the right choice of the
method and deposition parameters. Pulsed laser deposi-
tion (PLD) is one of the techniques feasible to produce
adherent and uniform films with controlled stoichiometry
[3, 6–8].

The studied material is a modification of the bioglass
45S5 first developed by Hench [9] and contains K2O in the
formula. The high-resolution Raman spectra for the glass
of this composition, not published before as far as we are
aware, are presented. The analysis of bonding configura-
tion crucial for the material’s bioactivity was carried out
for both the target and the PLD-formed coating. The in-
strument resolution was sufficient for the Qn components
to be resolved and their contributions determined.

This paper reports the formation and characterization
of silicate-phosphate bioactive-glass coating and presents
the results of in vitro bioactivity test.

2. Materials and methods

PLD method was used to form bioactive coating on the
Ti substrate. In the PLD process a high power pulsed

(502)



Bioactive Glass Coatings Synthesized . . . 503

laser beam is used to ablate the surface of a chosen target
and to force the emission of the target’s material in the
form of the so-called plasma plume. Upon expanding,
the plume reaches the substrate and deposits the mate-
rial onto its surface. The process parameters like laser
fluence, pulse duration, condition of the substrate, de-
termine the properties of the synthesized coating. The
adequate choice of the parameters allows for the coating
to retain the characteristics of the target, like its stoi-
chiometry and structure.

The PLD deposition was carried out in the vacuum
chamber at the base pressure of 10−6 mbar, at room tem-
perature. The laser used was the Q-switched Nd:YAG,
operating at 1064 nm with pulse duration 10 ns, repeti-
tion rate 10 Hz and fluence 15 J/cm2.

The target used in the process was a melt-derived
bioactive 42S5.2 Na-K glass of composition: 42.34 wt%
SiO2, 23.06 wt% CaO, 11.50 wt% Na2O, 17.47 wt% K2O,
5.63 wt% P2O5; Ca/P molar ratio equal to 5.18. The
substrate was a chemically etched, polycrystalline tita-
nium plate. Ti was chosen as, together with its alloys,
it is considered to be well tolerated by living organisms
and widely used as a material for implants. The target–
substrate separation was 4 cm.

The morphology of the synthesized coatings was ex-
amined with the Raman spectroscopy technique. The
bonding configuration of the film and the target was de-
termined as the method is well suited for studies of the
Si–O groups in glass. The spectra were collected us-
ing high resolution, confocal Raman micro-spectrometer
Almega XR of Thermo Electron Corp., equipped with the
CCD camera for a position sensitive detector. The chosen
laser beam wavelength was 532 nm, objective magnifica-
tion 50×, and a pinhole aperture 25 µm. The spatial and
spectral resolution were 1 µm and 2 cm−1, respectively.

3. Results and discussion

The PLD-deposited material covered evenly the Ti
substrate, however some round particles, a kind of
droplets, a few micrometers in diameter, also formed on
the coating’s surface. This is rather typical of the PLD
process and often reported in the literature e.g. [6, 7].
Both the flat layer and the droplets were examined with
the Raman micro-spectroscopy and their spectra com-
pared with that of the glass target, Fig. 1.

The major features of the Raman spectra of the silicate
glasses are the bands associated with asymmetric and
symmetric stretching vibrations of the silica network in
the region 850–1200 cm−1 and the bands assigned to the
bending and rocking modes around and below 600 cm−1.
The former region is of the main interest as it provides in-
formation on the glass-network connectivity and, related
to it, material’s bioactivity.

The distribution and intensity of the Qn components
are related to the contribution of SixOy units in the struc-
ture and thus to the glass properties. To find these com-
ponents we deconvoluted the spectrum in the spectral re-
gion 700–1300 cm−1 using curve-fitting procedure. The

Fig. 1. Raman spectra of the glass target (a) and the
coating (b, c). The spectrum (b) was obtained for round
particles on the coating’s surface.

Fig. 2. Components of Si–O–Si stretching-region enve-
lope of the Raman spectra, resolved by the curve-fitting
procedure: (a) bioglass target, (b) particles on the sur-
face of the PLD-deposited bioglass coating, and (c) bio-
glass coating.

Gaussian shape line was chosen as the most adequate for
this amorphous, disordered structure. The spectra were
baseline corrected prior to the procedure. The results are
presented in Fig. 2 and in Tables I and II.
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TABLE I
Raman band positions extracted from spectra deconvolution.

Bioglass–target Bioglass coating–particles Bioglass coating Assignment
Raman shift [cm−1]

864 860 856 Q0

898 898 884 Q1

937 935 939 Q2

974 972 976 P–O–P stretching
1010 1008 1009 O–P–O stretching of P2O5

1036 1035 1040 BO in all SiO4 units
1064 1063 1071 Q4 Si–O–Si = 120◦

1095 1095 1091 Q3

1140 – – Q4 Si–O–Si = 160◦

TABLE II

Relative abundance of the Qn species estimated from the
integrated intensities of the respective Raman bands.

Qn Bioglass-
-target

Bioglass coating–
droplets

Bioglass
coating

Q0 0.14 0.18 0.21
Q1 0.05 0.07 0.03
Q2 0.70 0.62 0.51
Q3 0.11 0.13 0.25

The ratio of non-bridging oxygens to bridging oxygens,
Si–O–NBO/Si–O–Si, calculated as the sum of Q0, Q1,
Q2, Q3 contributions over the number of BO contribu-
tions (BO+Q4) was found to be 2.3, for both the target
and droplets and 3.5 for the amorphous coating. This
points to the higher depolymerization of the silica net-
work in the PLD glass coating with respect to the tar-
get. This result is contrary to that obtained by Zhao
et al. [7] who reported the ratio to decline in the coating
as compared with the target. In the droplets we found
the ratio to be the same as in the target, possibly because
some of the Si–O–Si were restored due to melting during
ablation process or the droplets were in fact bigger par-
ticulates ablated from the target and deposited onto the
substrate without losing their integrity.

The resolution of the stretching envelope into compo-
nents revealed that all Qn structural units were present
in our glass, apart from bands assigned to P–O bonding,
both in the target and the coating. Following [10] we
assess the relative abundance among the Q0, Q1, Q2, Q3

species (corresponding to isolated SiO4, Si2O6−
7 , Si2O4−

6 ,
Si2O2−

5 , respectively) by determining the contributions of
the integrated intensities of the respective Raman bands
(Table II). It can be seen that the structure is dominated
by the Q2 units in both the target and PLD-deposited
coating. The Q2 units represent chains of metasilicates
(Si2O4−

6 ) and high abundance of this species is character-
istic of highly bioactive glasses. The fraction of the Q2

units is only slightly smaller for the PLD coating than

that for the target (the Q0 and Q3 are higher instead)
but it is still decidedly dominant among the other Qn

species. From this it can be inferred that the glass formed
in the PLD process retained the bioactive properties of
the target glass.

Fig. 3. Raman spectrum of hydroxyapatite formed on
the glass coating soaked in SBF (as measured, no base-
line correction).

The bioactivity test was carried out in vitro by soaking
the sample in the commercial simulated body fluid (SBF)
for a few days at room temperature and examining the
sample surface with the Raman micro-spectroscopy. The
representative Raman spectrum is shown in Fig. 3 and
was found to be that of hydroxyapatite (stoichiometric
formula (Ca10(PO4)6(OH)2) (see e.g. [11, 12]). It con-
tains two relatively strong bands at 952 cm−1 (PO4 ν1

vibration) and 1076 cm−1 (PO4 ν3 vibration) and two
phosphate bands in the range 400 to 500 cm−1 (due
to ν2) and 550 to 650 cm−1 (ν4). The broad band around
3500 cm−1 on the fluorescent background is due to OH
stretching. No glass lines are present in the spectrum in-
dicating that the thickness of the apatite layer is greater
than 2 µm (confocal depth resolution of the used micro-
scope).

The presence of the apatite layer on the surface of the
coating proved that the desired chemical reaction with
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the SBF did take place and that the coating preserved
the bioactive properties.

4. Conclusions

In the reported PLD process, the bioactive glass which
was transferred from the target to the Ti substrate re-
tained its bioactive properties. The proportion of non-
-bridging oxygens to bridging oxygens, Si–O–NBO/Si–
O–Si ratio, considered to be the factor determining the
bioactivity of the glass has risen in the coating, indicating
that the coating’s chemical activity may be even higher
than that of the target. All Qn components (i.e. Q0, Q1,
Q2, Q3, and Q4) were found to be present in our samples,
i.e. in the glass target, the coating and the droplets, the
Q1 being very small and Q2 the most significant in all.
Some redistribution of the SixOy species occurred in the
coating with respect to the target, namely the abundance
of the Q0 and Q3 components (corresponding to 4 and 1
NBO, respectively) increased at the expense of Q2 com-
ponent (2 NBOs). Thus there were more isolated SiO4

tetrahedra and Si2O2−
5 units in the coating. The contri-

bution of the Q2 unit representing the metasilicates, or
Si2O4−

6 chains, remains the most significant in the coat-
ing, as it is in the target and the droplets. The results
point to the high degree of depolymerization of the sil-
ica network in the glass coating and high abundance of
non-bridging oxygens resulting in high bioactivity of the
glass. The findings were further supported by the results
of the in vitro bioactivity test.
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