
Abstract A sol was spun on single crystal silicon

substrates at a spin-rate of 3000–5000 rpm followed

by a low temperature cure to form a stable sol–gel/

silicon structure. Good quality crystalline HA films

of thickness ~300–400 nm were obtained by anneal-

ing the sol–gel/Si structure in a conventional cavity

applicator microwave system with a magnetron

power of 1300 W, frequency of 2.45 GHz, and at a

low processing temperature of 425 �C for annealing

times ranging from 2–60 min. X-ray Diffraction and

FTIR analysis confirmed that the crystalline quality

of the thin films were comparable or better than

those heat-treated under the same processing condi-

tions (temperature and time) in a Rapid Thermal

Annealing (RTA) system. The RBS data suggests

a composition corresponding to stoichiometric

hydroxyapatite Ca10(PO4)6(OH)2, the major inor-

ganic component of bone. The results showed that

the HA film thickness decreases with increasing sol

spin-rate. The HA films showed good biocompati-

bility because little monocyte adhesion occurred and

hence no inflammatory response was activated in

vitro. The potential of microwave annealing for rapid

and low temperature processing of good crystalline

quality HA thin films derived from sol–gel is dem-

onstrated.

Introduction

Hydroxyapatite (HA) is widely preferred as the bio-

material coating of choice in both dental and ortho-

paedic implants due to its favourable osteo-conductive

and bioactive properties [1]. Sol–gel synthesis of HA

offers a viable alternative to the high temperature

thermal spray method, which is currently used for

biomedical applications [2]. It is difficult to control the

microstructure of HA coatings prepared by thermal

spraying [3]. Apart from the significantly lower pro-

cessing temperatures, the sol–gel method also gives

improved chemical homogeneity, better structural

integrity, and improved stoichiometry. This affords the

opportunity to form thin film coatings in a rather

simple process and the ability to coat complex shapes

[3, 4].

Sintering of sol–gel derived HA films under vacuum

environment is frequently required to avoid oxidation

of the supporting metal substrate, but at the expense of

the structural stability of the HA coating [3]. Micro-

wave heat treatment therefore becomes a viable option

because it is performed in air.

Microwave heating differs fundamentally from

conventional heating in that heat energy is generated

from within the material instead of originating from
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the outer surface [5]. As a result of this internal and

volumetric heating in the microwave process, the

thermal gradients and the flow of heat is opposite to

that in materials processed by conventional heating [5].

These characteristics of microwave processing, make it

possible to heat both small and large shapes very

rapidly and uniformly; to process materials at lower

surface temperatures; to reduce thermal stresses that

cause cracking during processing; to process materials

very rapidly (2–50 times faster than conventional pro-

cessing); to perform selective heating; to synthesize

new materials and microstructure; and to densify

materials at low temperature with minimum grain

growth (accelerated sintering) [5]. A comprehensive

list of the characteristics and advantages of microwave

processing is given in [5].

Recently, microwaves have been used to sinter

nano-sized HA powder compacts in a house-hold

microwave oven [6]. The microwaves coupled with the

low temperature, synthesized nanocrystalline com-

pound very effectively, and a sintered density as high

as 95–98% was obtained for sintering times ranging

from 5–15 min. In order to get similar densification in

gel cast samples, temperatures above 1000 �C were

required when ordinary furnace sintering was

employed [7, 8]. Fang et al. demonstrated that trans-

parent, pure phase hydroxyapatite ceramics (crystal

size ~0.2 lm) could be fabricated by microwave

processing at ambient pressure [9]. This was achieved

by using a fine crystalline hydroxyapatite powder

synthesized hydrothermally as starting material.

Compared to the microwave-induced sintering of

HA powder as mentioned above, the present work is

new because it describes the successful crystallization

of sol–gel derived HA thin films. The results of the

microwave-annealed samples are compared with those

of samples, which had been heat treated in a rapid

thermal annealing furnace. The primary focus of this

study is therefore to demonstrate that microwave

annealing can be used to obtain good quality HA films

at temperatures as low as 400 �C.

Experimental

The precursor sol was formed by mixing a hydrated

solution of N-butyl acid phosphate with calcium nitrate

tetrahydrate dissolved in 2-methoxyethanol. The stoi-

chiometric ratio of calcium to phosphorous in the

coating solution was made the same as in HA, namely

Ca:P = 1.67:1. The precursor sol prepared for this

study had a molar concentration of 0.15 M. Details of

the process can be found elsewhere [10, 11].

In this study we selected silicon (Si) as substrates for

the HA coatings. Si was selected (i) to facilitate the use

of the analytical techniques chosen and (ii) to obtain

geometrically configured titanium substrates via pho-

tolithographic patterning of silicon for follow-up

experiments involving a study of the response of os-

teoblasts to micro-topography in the HA/Titanium

system. Prior to the coating process the Si substrates

were cleaned in sequence with acetone, methanol and

de-ionized water for a duration of 5 min. The sol was

spun onto the cleaned Si substrates at spin-rates vary-

ing from 3000 to 5000 rpm for 10 s in air. The spun on

sol films will be referred to as the ‘‘deposited’’ films

through this report. The hygroscopic nature of the sol

precursor necessitates that the initial films be spun on

under relative humidity conditions of about 20–30%.

Immediately after deposition, the films were dried on a

hot plate at temperatures ranging from 50 to 250 �C for

times up to 60 min. Following the drying step, the films

were sintered in a cavity applicator microwave system

with a magnetron power of 1300 W, frequency of

2.45 GHz, and at a power level of 50% for times

ranging from 2–20 min. Throughout this report, the

post-drying anneal will be referred to as ‘‘sintering’’ of

the thin films. The microwave oven was fitted with a

Raytek Infra-red (IR) sensor with the capability to

measure the temperature over a range of –40 to

600 �C. Calibration of the temperature sensor showed

that the best temperature profile is obtained at a power

level of 50% because in this case the temperature

rapidly increases at a ramp rate of 10.8 �C/s over the

first 30 s and stabilizes at a maximum of about 425 �C

(Fig. 1). For the microwave system used in this study

the temperature could not be changed, therefore we
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Fig. 1 The temperature versus time profile for microwave
annealing at 50% power
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investigated the effect of time on the HA film prop-

erties such as thickness and crystallinity. For the time-

dependent studies the spin-rate was kept constant at

4000 rpm. For comparison purposes samples were also

sintered in a glow-lamp rapid thermal annealing

(RTA) furnace in an argon atmosphere. In order to

compare the results from the microwave sintering with

that from RTA, both anneals were carried out at the

same temperature (~425 �C) and time (between 2 and

20 min).

The X-ray diffraction (XRD) analysis used to

identify the HA phases was performed on a Philips

X’Pert MPD diffractometer using Cu Ka radiation at a

working voltage of 45 kV and filament current of

40 mA. A 1� glancing angle for the incident beam was

used to analyze the films. The scan speed was 0.015/s.

The obtained XRD spectra were compared with the

Joint Committee on Powder Diffraction Standards

(JCPDS) to identify the compounds [12]. The effective

crystal size of the HA thin films, which is inversely

proportional to the diffraction peak width was deter-

mined by using the Scherrer equation [13]:

Dð2hÞ ¼ 0:9k=D cosðhÞ ð1Þ

where D(2h) represents the peak width at half-maxi-

mum intensity, k is the wavelength for CuKa

(k = 0.154 nm), and D is the effective crystal size in

nanometers. Therefore, narrower peaks will indicate

increased crystallinity for the same area under the

curve.

Rutherford backscattering spectrometry (RBS)

using 2.0 and 3.0 MeV He+2 ions respectively, was used

to determine the film thickness and composition. The

thickness and composition values were obtained by

using the RUMP simulation program to simulate the

RBS data [14].

An IFS 66v/s Harrick GATR infrared spectrometer

using attenuated total reflectance (ATR) in transmis-

sion mode was used to perform the FTIR spectroscopy

analysis. The Fourier Transform Infra-red (FTIR)

system used a Mercury Cadmium Telluride (MCT)

detector. A background subtraction was performed by

subtracting the spectrum of an uncoated piece of sili-

con wafer from all specimen runs, each recorded

spectrum being the average of 1024 scans. The FTIR

chamber was evacuated to a pressure of 1 mbar to

minimize water absorption onto the films. FTIR com-

pared to XRD has three outstanding features that

make it a useful technique to study thin HA films [11].

Firstly, the absorption bands corresponding to the

phosphate and hydroxyl groups are sufficiently intense

to provide strong signals in very thin films; secondly,

the strong temperature dependence of the absorption

bands also provides evidence for the refinement of the

crystal structure even beyond the point where XRD

indicates that the HA structure is complete and thirdly;

FTIR measurements require surface areas of a few

square millimetres, while the area needed for XRD is

hundreds of times larger (~5 cm2).

The biocompatibility of the HA coatings was eval-

uated in terms of monocyte adhesion. A live/dead cell

assay test was used to determine the monocyte adhe-

sion to the HA coating. The substrates were cleaned in

5 ml of acetone for 20 min. A further cleaning in a 5 ml

of 5% Alconox detergent and then in distilled water

followed this. Finally the substrates were rinsed three

times with PBS in a sterile environment and placed in

one of the six well plates. Monocyte cells were sus-

pended in 3 ml of suspension. The substrates were then

seeded with 1 ml of suspended monocyte cells. The

staining solution was prepared and provided 1 ml of

solution per 5 · 105 cells. Four microlitre of DiOC

stock solution was added to 1 ml of culture media. The

cells were incubated for 30 min. The substrates were

rinsed three times with PBS. Fluorescence microscopy

was used to scan for adherent monocyte cells. The

percentages of adherent cells were calculated.

Results

Figure 2 depicts the RBS spectra of the HA/Si struc-

tures, which were prepared from sol spun on at three

Fig. 2 The 3.0 MeV RBS spectra of HA thin films prepared
from a sol spun on at three different spin-rates and microwave
sintered at 425 �C for 20 min
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different spin-rates (3000, 4000, 5000 rpm, respec-

tively), dried and subsequently microwave annealed at

425 �C for 20 min. It is evident from the results that

thicker HA films are formed as the spin-rate is

decreased. At a spin-rate of 3000 rpm, the HA film is

not just the thickest, but it also appears to be slightly

non-uniform in thickness. The corresponding XRD

spectra of the HA/Si structures, prepared in the same

way as above are presented in Fig. 3. The peaks pres-

ent were identified as (002), (102), (210), (211), (300),

(202), (310), (222), (213), (321), (004), and (322) which

are identical to those of standard HA [12], indicating

the formation of an apatitic structure. Table 1 shows

the HA film thickness and effective crystal size as a

function of spin-rate for the samples annealed at

425 �C for 20 min. The (002) reflection was used in Eq.

1 to obtain the crystal size. The thickness was obtained

from RUMP simulation of the data presented in Fig. 2.

The data in Table 1 indicate that the spin rate affects

the HA film thickness but has no significant effect on

the effective crystal size.

Figure 4 shows the RBS spectra of the HA films

obtained from microwave annealing for 2 and 20 min,
respectively. The spin-rate for the deposited films in

both spectra was 4000 rpm. The RBS signals indicate

that the HA films are uniform in thickness. RUMP

simulation of the data confirmed that the ratio of Ca/P

is ~1.67, and the thickness of the films is ~350 nm.

Apart from a slight difference in peak height, there is

no significant difference between the samples annealed

at these times. It is therefore, clear that the annealing

time has no significant influence on the HA film

thickness.

Figure 5 shows the XRD spectra of the HA/Si

samples, which has been microwave annealed at about

425 �C for 20, 30, and 60 min, respectively. The peak
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Fig. 3 XRD patterns of HA thin films prepared from a sol spun
on at three different spin-rates and microwave sintered at 425 �C
for 20 min

Table 1 HA film thickness and effective crystal size as a
function of spin-rate for samples annealed at 425 �C for 20 min

Spin-rate
(rpm)

Thickness
(nm)

Effective crystal
size (nm)

3000 425.0 19.25
4000 350.0 19.13
5000 325.0 19.62

The data was obtained by applying Eq. 1 to the (002) reflection in
Fig. 3

Fig. 4 The 3.0 MeV RBS spectra of HA thin films microwave
sintered at 425 �C for 2 and 20 min, respectively. The sol was
spun on at 4000 rpm
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Fig. 5 XRD patterns of HA thin films prepared from a sol spun
on at a spin-rate of 4000 rpm and microwave sintered at 425 �C
for 20, 30, and 60 min, respectively
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labels are the same as that indicated in Fig. 3. For these

samples the sol was spun on at 4000 rpm for 10 s. By

annealing the samples for 20, 30 and 60 min, respec-

tively, the effective crystallite sizes (as determined by

using Eq. 1) were 19.13, 22.59 and 25.87 nm. The data

from the time-dependent studies therefore suggest that

the effective crystal size of the HA films increases with

annealing time.

Infrared spectroscopy was employed to provide

information on the composition and chemistry of the

thin films in terms of the functional groups present. It

was also used to characterize the crystal structure of

the coatings. This technique proved to be more

effective in analyzing the crystallinity of submicron

thin films than conventional X-ray diffraction. The

FTIR data together with the band designations for the

HA/Si samples spun at 4000 rpm and microwave

annealed at 425 �C for 2 and 20 min, respectively are

presented in Fig. 6. The major FTIR absorption bands

in HA can be attributed to PO4, CO3, OH, and H2O

[15]. The phosphate stretching bands, v3 (triply

degenerate) are located in the vicinity of 1000 cm–1

and the v4 (triply degenerate) absorption bands, cor-

responding to the bending motion in the phosphate

ion are near wave number 600 cm–1. The intensity of

the bands near 1000 and 600 cm–1 is higher for the

samples annealed for 20 min than at 2 min. It has

been shown that vibrations due to the presence of the

carbonate ion (CO3
–) in sol–gel derived HA formula-

tions are normally located at 1450 and 850 cm–1 [16].

Within the detection limits of the instrument no sig-

nificant contributions from CO3
– could be detected in

the samples. The very low-intensity bump at 850 cm–1

(Fig. 6) may suggest the presence of an insignificantly

small amount of carbonate. It has been reported that

these bands disappear at higher temperatures because

the carbonate converts to carbon dioxide (CO2) and

leaves the film [11, 17, 18].

To compare the effectiveness of the microwave

annealing to induce crystallization of the sol–gel de-

rived HA, samples were also sintered using rapid

thermal annealing (RTA). In Fig. 7, the XRD pattern

for the deposited samples is compared with those sin-

tered with microwaves and rapid thermal annealing for

20 min. The peak labels are the same as that indicated

in Fig. 3. By comparing the spectrum of the as-pre-

pared sample with the annealed ones, it is evident that

both annealing techniques caused crystallization of the

HA coatings. Both the microwave and RTA annealed

samples match the standard HA peaks [12]. The

effective crystal size of the microwave annealed sample

is 19.13 nm compared to 17.58 nm for the RTA

annealed sample. Figure 8 shows the v4 PO3�
4 absor-

bance spectral region (500–650 cm–1) for the HA

samples annealed with microwave radiation and RTA,

respectively for 20 min. This data was also used as a

measure of the crystallinity of the samples sintered by

both techniques. The peak heights A and B and the

trough height C relative to the baseline were used to

express the crystallinity in terms of the so-called,

‘‘splitting factor’’ (SF).

The biocompatibility of the HA films was evaluated

in terms of monocyte adhesion to the HA substrate.

Live/dead assays revealed that monocytes did not ad-

here to the HA coating. This is depicted in the fluo-

rescent microscopy images in Fig. 9a–d. The images
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were taken from the same area; and demonstrated that

the wash removed almost all the monocytes. Figure 10

shows the extent to which monocyte adhesion has

taken place and is obtained by counting the adherent

cells in the captured images. Thirty minutes after

monocyte suspension, the pre-washed surface had an

average of eight monocytes per image. Fewer mono-

cytes were floating after the PBS wash with 28%

remaining. Very few monocytes were left on the dry

surface with 10% remaining.

Discussion

Bornside et al. [19] divide the spin coating process into

four stages: deposition, spin-up, spin-off and evapora-

tion, although evaporation may accompany each of the

other three stages as well. During spinning a film ar-

rives at its final thickness after sufficient evaporation

has occurred, at which stage the film has become so

thin and viscous that its flow stops [20]. Meyerhofer’s

spin coating model separates the spin-off and evapo-

ration stages, and gives the final thickness as [21]

Hfinal ¼ ð1� qAi/qAÞð3ge/2qAix
2Þ1=3 ð2Þ
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Fig. 8 Infrared absorbance spectra of HA thin films sintered at
425 �C for 20 min using microwave radiation and RTA heating,
respectively. Only spectra of the v4 PO3�

4 region are shown

Fig. 9 Fluorescent
microscopy images (a–d)
indicating that a PBS wash
removed most of the
monocytes

Fig. 10 A graph of the number of adherent monocytes counted
in the captured images. Fewer monocytes were floating after PBS
wash
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where qA is the mass of the volatile solvent per unit

volume, qAi its initial value, and e the evaporation rate,

x the angular velocity and g the viscosity. From Eq. 2 it

follows that the dependence of the HA film thickness

on the spin-rate is reflected through the angular

velocity (x); since H � (1/x2)1/3, when the other fac-

tors are held constant. The higher the spin-rate the

larger the angular velocity and hence the thinner is the

film. Our results supported the theory, because

the thinnest HA films were obtained at spin-rates of

5000 rpm. Lopatin further showed that for spin rates

>3000 rpm, there is little decrease in the film thickness.

It was shown that in fact, the thickness stays almost

constant and thinner films are only formed if a sol of

lower molar concentration is used [11]. The formation

of stable sol–gel spun films demonstrated that a degree

of polymerization occurred during film formation.

However, the requirement of a heating step immedi-

ately after spinning implied that the degree of poly-

merization of the film is low, and thus the heating step

serves to further polymerize the film [11]. The results

suggested that the HA thickness is not influenced by

the sintering time which implies that the polymeriza-

tion step during film formation is an energy activated

process.

The RBS results show that the films consist mainly

of the elements P, Ca, and O. RUMP simulation of

the data suggested a composition corresponding to

stoichiometric hydroxyapatite Ca10(PO4)6(OH)2, the

major inorganic component of bone [22]. From Fig. 4

the drop in the peak heights of the O and Ca in the

RBS spectra is believed to be due to the formation of

pores as a result of the evaporation of organics during

the annealing steps and/or due to micro-cracks in the

films [3, 23]. Once a sol–gel derived solid is formed

during the drying step it still contains residual water

from the condensation reactions and other molecules

contained in the initial solution. It is therefore neces-

sary to process the solid at elevated temperatures to

drive off the excess volatiles and liquids to obtain the

desired structure. Water strongly absorbs 0.195 and

2.45 GHz microwaves and, thus it is very efficiently

heated at these frequencies [5]. It is also well known

that microwave drying is particularly effective in

removing low water contents (< 5%) via volumetric

heating. It is therefore anticipated that microwave

annealing may be a more efficient way to remove

residual water from the thin films.

The XRD results for the films that were microwave

sintered at 425 �C revealed that significant crystal

growth occurred within the first 20 min, whereas after

this period growth is much slower (Fig. 5). The XRD

results of the microwave-annealed samples show

sharper peaks and greater peak heights compared to

those, which had undergone RTA heat treatment, and

therefore suggest enhanced grain size as well as crys-

tallinity. Within the detection limits of the instruments

used (FTIR and XRD) other crystalline phases such as

CaO, and tricalcium phoshate (TCP) or amorphous-

calcium phosphate could not be detected in any of the

samples annealed by both methods. Some of these

compounds are undesirable due to their fast dissolution

in vivo.

Generally the v3 PO3�
4 (900–1200 cm–1) and v4

PO3�
4 (500–650 cm–1) spectral regions are used as the

index of crystallinity, perfection, and ordering for bone

[24]. In this study these contours were used to evaluate

the crystallinity of the HA thin films. For the 20 min

microwave anneals, the v3 band at 1028 cm–1 is more

intense and sharper than that for the 2 min. This

behaviour indicates that the samples microwave-an-

nealed for the longer times have a better crystalline

structure. This result was also confirmed by the data

obtained from the v4 band.

Termine and Posner [25] used infrared studies of

bone apatite to define the so-called ‘‘percent crys-

tallinity’’ in known concentrations of synthetic

amorphous and crystalline apatites to express crys-

tallinity. The ‘‘percent crystallinity’’ is measured as a

peak-splitting function calculated as a ratio of the

areas above and below the double peak of the

phosphate anti-symmetric bending frequency (v4) at

approximately 550–650 cm–1 [15]. The greater the

separation or split of the double peak the better is

the crystallinity. Weiner and Bar-Yosef [26] defined a

‘‘splitting factor (SF)’’ as a measure of crystallinity.

The SF is calculated by summing the heights of the

peaks A (601 cm–1) and B (576 cm–1) and dividing

this value by the height of the trough C between

them (Fig. 5). All the heights are measured relative

to a common baseline. Therefore, the splitting factor,

is given by

SF ¼ Aþ B

C
; ð3Þ

where A and B are the peak heights and C is the trough

height relative to the baseline [26].

Based on the data presented in Fig. 5, splitting fac-

tors of 3.83 and 3.48 were calculated for the HA sam-

ples annealed with microwave and RTA, respectively.

The calculated SF data therefore indicate that the

microwave annealing results in a better crystalline

quality HA film than the RTA results. This conclusion

is in agreement with the data obtained from the XRD

analysis.
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The final crystalline state of the films is dictated by

the microstructural changes that occur during pro-

cessing of the samples [11]. Processing involves three

critical stages, namely, (i) gellation, to form a semi-

rigid structure as a result of polymerisation of the spun-

on sol (spinning step); (ii) amorphisation or formation

of a porous structure from the gel, during the drying

step or removal of excess solvents; and (iii) densifica-

tion and crystallization, which occurs during the sin-

tering step. This step involves the elimination of the

porous structure and removal of any residual organics.

It has however, been shown that spun-on films sub-

jected to increased drying temperatures, that is,

accelerated aging before the sintering step, exhibited a

significantly lower crystallization growth rate [27]. This

effect however, becomes less significant at higher sin-

tering temperatures. The reason for the reduced crys-

tallization growth rate is because cross-linking of the

molecules occurs during the drying stage, and a con-

densed and stiff phosphate structure (P–O–P bonds) is

formed from the condensation reaction of the H3PO4

molecules in the hydrated precursor sol [27]. As the

drying temperature increases the rate of cross-linking

also presumably increases. When HA is formed the

network must be re-arranged to form the apatite

structure, with calcium and hydroxyl ions arranged in

the channels formed between the columns of the

phosphate ions [27]. The activation energy for the

breakage of the P–O–P bond ranges from 83.7 to

167.4 kJ/mol [28], and is a function of the position of

the bond and environmental factors. Elevated sintering

temperatures are therefore required to break the P–O–

P bonds in order to form HA. It is believed that the

barrier to formation of crystalline HA at lower tem-

perature is the need to break the P–O–P bonds in the

amorphous precursor structure.

In this study it was found that the films were not

completely dry after spinning at rates 3000–5000 rpm

and the films tended to form droplets if left at room

temperature for a few minutes. In addition to this, films

dried at temperatures < 250 �C or for short times

appeared hazy, which was due to the presence of tiny

droplets on the surface. However, even at higher dry-

ing temperatures and longer times, the films turn hazy

while being dried under conditions where the relative

humidity is more than 30%. Films dried at ~250 �C for

60 min and under relative humidity conditions of

< 30% had mirror-like surfaces. According to Lopatin

et al. [29] the droplets are composed of solvent that has

not been driven off, and form when the cooling film

contracts and forces the solvent to the surfaces.

If the evaporation is not rapid enough, gellation may

not be completed at the end of the spin cycle; resulting

in the film not being rigid enough to withstand the

tensile forces that results in droplet formation. It is

believed that the hygroscopic nature of the solvents

makes the spinning process very sensitive to the

humidity conditions; in the sense that at high humidity

levels the evaporation process is slowed-down. High

relative humidity levels therefore contribute to the

inhibition of the gellation step and hence could prevent

the formation of a sufficiently rigid gel structure.

Therefore, higher drying temperatures (~250 �C) were

used to ensure the formation of stable films prior to

sintering. This was, however done at the expense of

obtaining small grain size HA films during sintering.

To evaluate the quality of the microwave sintered

HA, the coatings were subjected to a biocompatibility

test in vitro. The HA thin films were stable in the

biological environment in which they were tested.

Fluorescence microscopy used to scan for monocyte

adhesion indicated that the HA coatings did not cause

an inflammatory response. Due to electrochemical

changes, the HA coating would resist macrophage

induction and active oxygen species, which normally

results from phagocytosis caused by an inflammatory

response [30]. A reduction of the active oxygen species

would increase resistance to deleterious corrosion of

metal implants.

This paper forms part of an ongoing study, which

investigates HA thin film properties such as porosity

and morphology, as well as modelling the sintering

mechanism of microwave annealing of sol–gel derived

coatings. Meek [31] suggested that microwave fields

and power density are significantly intensified in the

porous regions of a ceramic material. When dense

regions begin to form, the microwave field begin to

decouple from these regions and couple more strongly

with the regions of low density and low relative

dielectric constant. This property of microwave

annealing will also be exploited to obtain uniformly

densified HA thin films.

Conclusion

Sol–gel-derived HA thin films of good crystalline-

quality have been obtained by microwave annealing in

a cavity applicator system (1300 W, 2.45 GHz) at a

temperature of about 425 �C and power level of 50%.

XRD and FTIR confirmed that the phase of the

hydroxapatite corresponds to that of standard HA.

When compared with the results from RTA, the

microwave-annealed samples showed a better crystal-

line quality. It has been demonstrated that micro-

wave annealing offers an alternative method over
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conventional heating for short times and low temper-

ature processing, and improved microstructure of HA

films.
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