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ABSTRACT 
One of the primary goals for these studies was to fully understand the effects of the electromagnetic 
field on porosity so as to control more effectively the microstructures of these ceramic materials.    
The effect of microwave energy at 2.45GHz was evaluated for two different ceramic materials: 
fully stabilized zirconia and silica aerogel.  In the case of the zirconia, low porosities (< 10% total 
porosity) were obtained within 20 min of soak time at 1300oC for microwave-processed samples, as 
compared to 23% total porosity in samples processed conventionally. Isothermal sintering runs 
performed at 1200oC and 1300oC showed a significant reduction in porosity with soak time in the 
case of microwave-processed samples as compared to the conventionally processed samples. 
Monolithic silica aerogel samples were produced by using a sol gel process and dried under critical 
conditions. These samples received a thermal treatment at ambient pressure in air for 30 min at 
predetermined temperatures using a conventional furnace and a single mode microwave oven.  
Differences in pore volume and surface area were observed throughout the thermal process ranging 

KEYWORDS:  Ceramics, Controlled Porosity, Microstructural Evolution, Sintering, Refractories 

INTRODUCTION
The effect of microwave energy at 2.45GHz was evaluated for two different ceramic materials: 
fully stabilized zirconia and silica aerogel.  The primary goal in each case was to understand the 
effects of the electromagnetic field on porosity so it may be used more extensively in developing 
ceramic materials with designed microstructures. Numerous reports on the advantages of 
microwave over conventional heating have been cited in the literature [1-6]. For instance, Janney et 
al [2] have reported a 100o oC reduction in sintering temperatures. Goldstein et al [4] achieved 
fully sintered samples (5 mol% yttria-zirconia) using microwave hybrid heating (MHH) at 
temperatures as low as 1200o

results in density, homogeneity in microstructure, and uniformity in mechanical properties for a 
MHH sintered Al2O3 as compared to a conventionally sintered Al2O3.  In addition, a substantial 
reduction of time was reported when compacts of amorphous silica gel particles were sintered [7], 
and a different pore size distribution were obtained when porous silica gels were dried using 
microwaves [8]. 

EXPERIMENTAL PROCEDURE 
Zirconia
Commercially available 8 mol% yttria stabilized zirconia (8YZ1) powders produced through a 
hydrolysis process in the form of spray dried granules were used for this study.

Green pellets (or unfired pellets) were fabricated using uniaxial pressing followed by isostatic 
pressing. Four grams of as-received powder were poured into a uniaxial mold of 12.5 mm diameter 
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and 70 mm height, and subjected to a pressure of 37 MPa. The pellet formed uniaxially was 
transferred to isostatic bags and further pressed to 172 MPa. The resulting pellets were cylindrical 
in shape with a diameter of ~ 11.2 mm and a height of ~ 13.2 mm. 

The 8YZ green pellets were sintered at a constant heating rate of ~ 20oC/min using both microwave 
hybrid and conventional heating techniques.  For microwave hybrid heating, a susceptor was made 
by mixing 2 wt% partially stabilized zirconia with 98 wt% alumina cement. This susceptor 
absorbed microwaves at a power level of 1500 W and supplies heat to the sample at a rate of 
20oC/min to 1200oC. Heating beyond 1200oC was performed by increasing the power level to 2100 
W while maintaining a constant heating rate by on/off switching of power.  The conventional 
sintering runs were performed in a high-temperature industrial batch furnace2. Temperature 
measurements for all sintering runs were monitored using an R type thermocouple. A feedback 
controller maintained a constant heating rate of ~ 20oC/min for all the sintering runs.  

Aeorgel
Microstructural evolution in silica aerogel was observed in samples produced by the hydrolysis and 
polycondensation of acid-catalyzed tetramethylorthosilicate3.  Drying of the silica gel was 
performed using a critical point dryer.  After drying, each sample received a thermal treatment in a 
conventional furnace or in a microwave oven. 

The conventional fournace used was similar to the one described before for the 8YZ pellets.  The 
microwave system was a hybrid single mode oven operating at 2.45GHz and using a TE103 resonant 
cavity.  A microwave hybrid heating system was used with the silica aerogel due to its extremely 
low dielectric loss (~ 0.1) at 2.45GHz when it is at room temperature.  Basically, microwaves were 
used to heat up a susceptor material and produce a conventional heating effect on the sample.  
When the sample increased in temperature, its dielectric loss increased and it became a microwave 
absorber.  In addition, because the distribution of the electric field (E) in this cavity was known, the 
sample was placed in a position where E was at a maximum, and the susceptor was in a position 
where E wass lower than that of the sample.  In this way, the sample experienced an E of larger 
magnitude and was more likely to absorb higher power. 

RESULTS AND DISCUSSION 
Zirconia
The results obtained by adopting microwave sintering were compared to those of conventional 
sintering in Figure 1. It can be observed from Figure 1 that percent open porosity decreased with 
increasing temperature. Also, microwave processed pellets exhibited a lower porosity when 
compared to a conventionally processed pellets.  

Figure 2 is a plot of porosity vs. soak time at two different temperatures 1200oC and 1300oC. It was 
observed that, at 1200oC, the microwave-processed pellets showed a drastic decrease in porosity 
(50% to 10%) with increase in soak time from 20 to 100 min (Figure 2a). A similar set of 
experiments performed in a conventional furnace at 1200oC resulted in a slow decrease (50% to 
40%) in porosity values from Figure 2a. 
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Fig. 1. Effect of processing technique and temperature on porosity in 8 mol % yttria-zirconia. 

Fig 2. Effect of processing technique and time on porosity in 8YZ: (a) 1200oC and (b) 1300oC.

Aerogel
Different stages of microstructural evolution were observed from 600 to
microwave oven and a conventional furnace.  Pore volume (Vp) and surface area (SA) evolution as 
a function of temperature under conventional heat treatment are shown in Figure 3.  The percent 
differences in Vp and SA between the conventional and the microwave treatments are presented in 
Figure 4.  In this figure, the conventional parameter was used as a standard for comparison.  If this 
parameter is bigger than the microwave parameter, then the bar shown is seen as positive. The main 
factors that influenced these changes in microstructure were analyzed. 

Fig.3. Pore volume and surface area evolution in a conventional oven. 



Fig. 4. Percent differences in SA and Vp between conventional and microwave heat treatments. 

CONCLUSIONS
It can be concluded that the porosities obtained for a microwave-processed zirconia were different 
that those achieved in a conventional process. It was also observed that, at lower temperature 
(1200oC), microwave processed samples showed a more significant effect on porosity with respect 
to soak time than the conventional process. 

The data presented on silica aerogel shows that there was a substantial difference between SA and 
PV in samples processed in conventional and microwave heating be
Moreover, the differences tended to increase in

microwave influence on the material studied. 
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ABSTRACT 
SnO2:Nb(Nb concentration : 0~3.0 at.%) thin films were coated on quartz glass substrates by 

sol-gel method. After coating, the films were sintered by microwave heating with and without 
susceptor. In microwave heating, lower resistivity was obtained as compared with that processed 
by conventional heating, especially, the lowest resistivity in this research was achieved by 
microwave direct heating. Remarkable grain growth was observed as compared with 
conventional heating case. It was possible to reduce the resistivity of SnO2:Nb thin films by 
sol-gel method and microwave processing in sintering process.  

INTRODUCTION
Optically transparent oxides tend to be insulator due to their wide energy band gap. However, 

transparent conducting oxide (TCO) have both high optical transparency in the visible region and 
high electrical conductivity. TCOs are applied to optoelectronic devices such as transparent 
electrodes for flat panel displays1,2) or touch panels3). SnO2, in a representative of TCOs, is used in 
applications as front electrodes of solar cells and energy efficient windows4,5) on account of their 
cost effectiveness and chemical and environmental stability.  
Non-doped SnO2 usually exhibits low electrical conductivity because of its low carrier 

concentration. It has been reported that SnO2 exhibits high conductivity by doping with Sb5+

(antimony doped tin oxide:ATO)6,7). However, it is undesirable to use antimony in industrial 
applications because of its toxicity. We have selected niobium as dopant3,8) to SnO2 in place of 
antimony. It has a similar atomic radius to tin and is easy to take penta-valent state. It is expected 
that Nb acts as a donor in SnO2.
TCO films are deposited by physical vapor deposition (PVD) in many cases. TCO films 

deposited by PVD possess high conductivity. In industrial process, sputtering is adopted because it 
is easy to obtain high conductivity and to deposit uniformly. But necessity of highly vacuum 
techniques and low utilization efficiency of sputtering targets become problems to deposit thin 
films by PVD. 
In recent years, sol-gel method is focused because it is easy to coat the films. But TCO films 

coated by sol-gel method have low conductivity9) as compared with those deposited by PVD. It is 
possible to improve conductivities by controlling sintering atmosphere strictly10). However, it is 
demanded to achieve high conductivity by a simple process.  
In microwave heating, substances are directly heated via microwave-substance interaction. 

Therefore microwave heating supplies non-equilibrium reaction field having unique features such 
as rapidly heating, selective heating and high thermal efficiency. It is considered that thermal 
non-equilibrium reaction leads to generate lattice defects which become source of free carriers in 
semiconductors. By applying microwave processing for sintering, it is expected to improve the 
conductivities of TCO thin films coated by sol-gel method. 
In this study, SnO2 thin films with various Nb concentrations were coated by sol-gel method and 

sintered by microwave heating. Electrical and optical properties of the films were measured in 
order to investigate the effects of microwave heating for TCO thin films coated by sol-gel method. 



EXPERIMENTS 
SnO2 sol and Nb2O5 sol (Taki chemical co., ltd. Japan) were used as starting materials and mixed 

them in Nb concentration of 0~3.0 at.% (0 Nb/(Nb+Sn) 0.03). SnO2:Nb thin films were coated 
on quartz substrates (10x10x1t) by spin coating using these mixture sol. For sintering by 
microwave heating, we adopted susceptor heating and direct irradiation. In microwave heating 
experiments, heating rate, temperature, and keeping time were fixed by PID control. Samples were 
thickened to repeat coating and sintering one after another. Microwave heating equipment 
(SMW-099, Instrumentation co., ltd. Japan), which allows the electromagnetic field to be focused 
by turning three-stub turners, was used. For characterization, FE-SEM (JEOL JSM 7000F) and 
van der Pauw method (Biolad HAL5500PC), UV-vis(JASCO V-570) are used. Film thickness was 
measured by FE-SEM observation of the cross section.    

RESULTS AND DISCUSSION
Fig.1 shows electrical resistivity of SnO2:Nb thin 

films sintered by conventional heating or 
microwave heating as a function of Nb 
concentration. In the case of microwave heating, 
lower resistivities were obtained as compared with 
conventional heating. Resistivities of these films 
show dependence on Nb concentration, showing a 
minimum at 1.0 at. %. Carrier concentration is 
expected to increase by increasing Nb 
concentration. However, it is possible to have a 
minimum resistivity by scattering of the career that 
originates in ionic impurities or segregation of Nb.   
As-coated and pre-heated samples by electric 

furnace could not be heated by microwave 
irradiation without susceptor. However, it was 
found that pre-heating by susceptor above 300  enables to heat by microwave direct irradiation 
without susceptor. It was thought that the cause of heating depends on the improvement of 
conductivity. Accordingly, we compared microwave direct irradiation, susceptor heating, and 
conventional heating in term of resistivities and surface structures. 

Fig.1 Resistivity of SnO2:Nb thin films 
sintered at 800  as a function of Nb 
concentration. 
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Fig.2 shows surface structures of SnO2:Nb thin films. In cases of microwave heating, remarkable 
grain growth was observed at film surfaces as compared with conventional heating. Especially, 
grain growth is much enhanced by direct microwave irradiation.  
To investigate the cause of these phenomena induce by microwave irradiation on electrical 

properties and surface forms, we tried to heat the films rapidly by putting them into an electrical 
furnace heated at 600 . However grain growth and decrease of resistivity were not observed in 

Fig.2 Surface structures of SnO2:Nb thin films (Nb 0.50 at.%) sintered at 600  in air.
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this experiment. These results suggest that the grain growth and the decrease of resistivities were 
not caused by rapid heating but should be explained by the microwave effects. Johnson11) and 
Meek12) proposed that driving force for atomic diffusion would rise by temperature gradient  
between grain surface and grain inside, when assuming that electric field concentrates on grain 
surface under microwave electromagnetic field. Rybakov et al13)., offered the model which the 
driving force would occur by drift of lattice defects originated in electric field to suppose that the 
lattice defect is charged particles. It is thought that the grain growth took place by these driving 
forces under microwave electromagnetic field. The degree of grain growth might be changed by 
the presence of susceptor because the susceptor shields microwave partly. The improvement of 
resistivities by microwave irradiation was caused by improvement of mobility originated in grain 
growth and the increase of carrier concentration by the enhancement of dopant solvation. 

Fig.3 shows optical transmittance spectra of SnO2:Nb thin films sintered by microwave direct 
irradiation in air and the inserted graph shows absolution coefficient ( 2) vs. photon energy (h ).
The absolution coefficient ( ) was calculated using the measured transmittance and reflectance 
spectra and the optical band gap energy can be obtained by extrapolating the linear region of 2 14).
Transmittance spectra indicate that all the SnO2:Nb thin film coated in this research has high 

transparency. Inserted graph clearly shows the blue shift of the optical band gap energy of 
SnO2:Nb thin films with increasing Nb 
concentration. This shift of optical bad gap 
energy is known as Burstein-Moss shift. 
Burstein-Moss shift15)-17) explains that blue 
shift of optical band gap of degenerate 
semiconductors is caused by increase of free 
carrier concentration occupying conductive 
band.
Fig.4 shows Nb concentration dependence 

of resistvities of SnO2:Nb thin films sintered 
by microwave direct irradiation in O2, air or 
N2 atmosphere. At Nb 1.0 at.%, sintered in air, 
the lowest resistivity in this research (2.5
10-3 cm) was obtained. This value is lower 
than SnO2:Nb thin films deposited by 
sputtering3). By sintering in O2, resistivities 
increased as compared with others. Kikuchi 
et.,al3) reported that oxgen vacancies act an 
important role for the carrier generation for 
SnO2:Nb thin films and concentration of 
oxygen vacancies may increase because of 
large distortion of SnO2 lattice included by 
doping of Nb5+. So SnO2:Nb thin films 
sintered in O2 have lower conductivity 
because of low carrier concentration induced 
by the generation of oxygen vacancies. In 
addition, grain size of SnO2:Nb thin films 
sintered in O2 were smaller than those of 
sintered in air or N2. Because diffusion of 
atoms take place through defects, this 
tendency supports that there are scanty 
oxygen vacancies in SnO2:Nb thin films 
sintered in O2.

Fig.3 Optical transmittance spectra of SnO2:Nb
thin films sintered by microwave direct 
irradiation in air. 
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Fig.4 Resistvities of SnO2:Nb thin films sintered 
by microwave direct irradiation in O2, air 
or N2.
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