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1. Introduction  

Since it was discovered in 1945, barium titanate (BT) attracted much attention to researchers, 
becoming one of the most investigated ferroelectric materials due to good electrical 
properties at room temperature, mechanical and chemical stability and the easiness in its 
preparation. It is known that above the Curie temperature, the crystalline barium titanate 
has a cubic, perovskite-like structure as shown in figure 1. 
 

 

Fig. 1. Crystalline structure of BT material above Curie temperature 

Below the Curie temperature, the crystalline cell is suffering a series of changes: to 
tetragonal (at 1200C), from tetragonal to orthorhombic (at 00C) and from orthorhombic to 
rhombohedral (at –900C) in which the material has ferroelectric properties. 
Theories concerning the ferroelectric behavior of crystalline materials that have a perovskite 

structure pinpoint the important role played by the spatial oxygen arrangement having an 

ion in its center, to the ferroelectrical properties. Taking this into consideration it is easy to 

predict that a change in spatial alignment of the oxygen octahedra or a substitution of the 

central ion (B-site substitution) can modify the ferroelectric behavior of the material. Change 

in spatial alignment of the oxygen octahedra can be also made by (so called) A-site 

substitution, when an A-site ion is substituted with another ion. In the case of barium 

titanate, it has been found that substitutions can make the temperature of paraelectric to 

ferroelectric transition to shift towards lower or higher values and, in some conditions, the 

Ti
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temperature of dielectric constant maxima will be affected by the frequency of the applied 

field (relaxor behavior). An A-site substitution, for example substituting Ba2+ with Sr2+ or 

Pb2+, is responsible for shifting the temperature region in which the ferroelectric properties 

are present while the values of permittivity remain relatively large. This is good from the 

applications viewpoint because the possibility of shifting Curie temperature and the 

selection of the sector for the temperature dependence for dielectric constant and dielectric 

loss broadens the application area of these BT-based materials. The representative material 

in this class is (Ba1-x,Srx)TiO3 (BST), one of the most studied solid solution due to its stability 

and the wide range of possible applications that can use its electrical properties. 

A B-site substitution is also responsible of changing the degree of ordering in the solid 
solution resulting in a shift of Curie temperature and the appearance of the relaxor behavior 
when the local ordering of B-sites will make it favorable. In this category there is no widely 
studied BT-based material because their properties were comparable to other ferroelectric 
materials such as lead zirconate titanate (PZT), pure barium titanate, lead titanate or even 
barium strontium titanate. However, it has been found that small amounts of BaZrO3 or 
BaHfO3 included in BT can make it a candidate material for pyroelectric sensor, having 
electrical characteristics superior of those of lead lanthanum zirconate titanate (PLZT) or 
BST, materials that were commonly used for such applications.  
As mentioned earlier, (Ba,Sr)TiO3 (BST) solid solutions are one of the most investigated 
ceramic materials because the shift of ferroelectric phase transition towards lower 
temperatures can easily be controlled by adjusting the Ba/Sr ratio while maintaining 
acceptable high dielectric constants coupled with good thermal stability. Ba (Ti,Sn)O3 (BTS) 
solid solutions are another subclass of materials that can be used for specific application. For 
a given application, to achieve the desired properties in the BST or BTS system, 
compositional control should be considered along with the preparation method and/or 
deposition method in the final device structure. 
From many applications that can incorporate BT-based materials, here only optimization for 
two applications will be discussed in detail: dielectric bolometer mode of infrared sensor 
and embedded multilayered capacitor structures. Since the requirements for ferroelectric 
materials suitable for dielectric bolometer mode of infrared sensor and embedded 
multilayered capacitor structures are different, a good selection of ferroelectric material and 
fabrication method is necessary to ensure high quality ceramic layers for these applications. 
As a result, BTS thin films have been fabricated using metal-organic decomposition method 
as a suitable process to ensure good quality films for dielectric bolometer mode of infrared 
sensing applications. In the case of films for embedded multilayered capacitor applications, 
since the target require a low temperature fabrication technique, BST thick films have been 
fabricated using a relatively new deposition technique called aerosol deposition method, 
developed at National Institute of Advanced Industrial Science and Technology by Dr. 
Akedo, one of the coauthors of this paper, a fabrication method that allows fabrication of 
thick and dense ceramic layers at room temperature. 

2. Preparation and characterization of BTS thin films for dielectric bolometer 
mode of infraredd sensor applications 

One important characteristic for a material to be suitable for dielectric bolometer (DB) mode 
of infrared sensor applications is to have a large Temperature Coefficient of Dielectric constant 
(TCD). 
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From 1990, Ba(Ti1-x,Snx)O3 solid solution captured the attention of the researchers because of 
his stable ferroelectric properties in the vicinity of the Curie point that makes it a good 
candidate for specific applications. Because it belongs to a class of ferroelectric materials that 
show a diffuse phase transition (DPT) who have promising properties behavior that can be 
used for various applications such as sensors, actuators or high permittivity dielectric 
devices, this solid solution captured the attention of many research groups as a suitable 
active material. Investigation made with bulk Ba(Ti1-x,Snx)O3 samples revealed that, if 
BaSnO3 content is 30% or more, the solid solutions of Ba(Ti1-x,Snx)O3 have relaxor behavior 
(Mueller et al., 2004; Lu et al., 2004; Yasuda et al., 1996; Xiaoyong et al., 2003). Moreover, 
Yasuda and al. observed a deviation of the dielectric constant from the Curie-Weiss law 
(that is specific for relaxor ferroelectrics) even when BaSnO3 content is between 10 and 20%, 
but only in a narrow temperature region above Curie point, and a relaxor behavior for 
samples in witch the BaSnO3 content is above 20%. 
More recently, some authors see in Ba(Ti1-x,Snx)O3 a candidate to replace (Ba,Sr)TiO3 in 
microwave applications (Lu et al., 2004; Jiwei et al., 2004). Jiwei et al. showed that, in some 
conditions, tunability of a metal-ferroelectric-metal (MFM) structure could be as high as 54% 
at an applied field of 200 kV/cm and a frequency of 1 MHz. 
A more important indirect result has shown by Tsukada et al. where, from the dielectric 
constant versus temperature for a Ba(Ti1-x,Snx)O3 (BaSnO3 content of 15%) thin film with a 
thickness of 400 nm deposited by PLD on Pt/Ti/SiO2/Si, a value close to 11% at 250C can be 
calculated. 

2.1 Fabrication of BTS thin films by metal-organic decomposition process 

In the processing of the thin films, the goal is not only to reduce the cost and time in 
fabrication process but, more important, is to optimize the film properties for specific 
applications. Metal-organic decomposition process (MOD) has some advantages in 
comparison with other widely used deposition techniques: precise control of stoichiometry, 
high homogeneity, large area of deposition and simple equipment and process flow. 
However, one of the biggest problems implying this technique is that is not possible to 
fabricate crystalline thin films with epitaxial or columnar structure and that the density of 
the material is lower than the one obtained by other technique. High quality films can still 
be obtained by this process comparing with other techniques and, along with the 
advantages offered by MOD convinced many researchers to use it in their investigations. 
Liquid solution of BTS was prepared by mixing barium isopropoxide [Ba[OCH(CH3)2]2], 
titanium butoxide [Ti[O(CH2)3CH3]4] tin isopropoxide [Sn[OCH(CH3)2]4] and 1-methoxy-2-
propanol supplied by Toshima MGF. CO.LTD. 
The Ba(Ti0.85,Sn0.15)O3 (BTS) solution was deposited on Pt(240nm)/Ti(60nm) 
/SiO2(600nm)/Si substrates by spin-coating at 500 rpm for 5 seconds followed by another 20 
seconds at 2200 rpm. This step was performed in enriched N2 atmosphere (1-5 l/min flow) 
to avoid moisture, because the solution is highly hygroscopic. After spin coating, the film 
was moved quickly on a hot plate and dried at 2500C for one minute followed by 10 minutes 
drying into an oven at the same temperature in air. After drying, the BTS films were 
pyrolyzed at 4500C for 10 minutes into an oven in enriched O2 atmosphere (1 l/min 
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Fig. 2. Process flow of the BTS thin films prepared by MOD 

 

 

Fig. 3. TG-DTA analysis results of the BTS MOD-solution 

flow). Spin-coating / drying / pyrolyzing sequence was repeated another 4 times before 

annealing in enriched O2 atmosphere (1 l/min flow) for 10 minutes was performed. The 

BST15 thin films were annealed at 6000C, 7000C, 7500C or 8000C. The deposition and heat 

treatment were repeated 20 times before a final annealing was performed for 20 minutes in 

O2 enriched atmosphere. The schematic representation of the deposition steps is shown in 

Figure 2. Differential thermal analysis (DTA) and thermo-gravimetric analysis (TG) (Figure 

3) were used to determine the thermal decomposition behavior of the BTS solution and to 

select the appropriate temperatures for drying and baking. DTA curve shows an 

endothermic peak at 1030C corresponding to solvent evaporation point and two exothermic 
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peaks at 350 and 3700C, temperatures that correspond to precursor decomposition and 

formation of BTS compound. The TG curve showed that the total mass of the investigated 

liquid decreases rapidly at the beginning, the solution loosing almost 94% of its mass at 

1800C and slowly loosing more, reaching -97% at 3800C. The weight loss is insignificant 

above 3800C. 

According to TG-DTA results, a drying temperature over 1800C and a baking temperature 
over 3700C are necessary. A drying temperature of 2500C and baking temperature of 4500C 
were selected to ensure full solvent evaporation in short time and to minimize as much as 
possible the stress and defects caused by a further weight reduction during annealing and a 
rapid complete precursor decomposition and BTS formation. 
The thickness of the BTS15 films obtained by this process was about 360nm. 
After BTS thin films preparation was completed, Pt/Ti electrodes were formed on the film 
by RF sputtering to make BTS capacitors. After completion of BTS capacitor fabrication, for 
films annealed at 7000C, a post electrode-forming annealing was performed at temperature 
varying from 200 to 3500C in air and at 3000C in high vacuum for 60 minutes. 
In order to obtain high quality films suitable for DB-mode of infrared sensing applications 
(high values of TCD), the BTS thin film properties have been studied for different fabrication 
conditions and the results were used to optimize the deposition conditions for improved 
BTS thin films. The influence of annealing temperature and postannealing treatment on 
physical and electrical properties of the fabricated BTS thin films was investigated aiming an 
increase in TCD values near room temperature.  The temperature of maximum permittivity 
for the fabricated BTS thin films was found to be near 130C. 

2.2 Annealing and postannealing treatment effect on BTS thin film properties 

The annealing effect on the properties of the fabricated BTS thin films has been checked first 
in order to optimize the fabrication conditions.  
 

 

Fig. 4. XRD patterns of the BTS thin films annealed at different annealing temperatures 

In Figure 4, XRD patterns of the films annealed at temperature ranging from 6000C to 8000C 
are showed. The films annealed at 6000C are still amorphous but for films annealed at 7000C 
and higher, crystal structure has been detected. The films have strong (110) peaks 
suggesting that the crystalline BTS films have a preferential orientation along (110) 
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direction. The other peaks, assignable to a cubic perovskite type structure, are also present 
but their intensities are much smaller than the intensity of (110) peak. The preferred 
orientation and intensity ratios among the peaks revealed little distinct differences among 
these films as a function of annealing temperature. The average grain size was estimated 
from the half-width of the x-ray diffraction peak using Scherrer’s formula to be in the 33.3 – 
50 nm range. 
For films fabricated at annealing temperatures of 700, 750 and 8000C, leakage currents, C-V 
and temperature dependence of capacity (and through it, the permittivity dependence) were 
measured and analyzed. Except the temperature dependence of capacity, the other electrical 
measurements were performed at room temperature, well above the temperature of 
maximum permittivity. 
The leakage current measurements showed that the films annealed at 7500C have a higher 
leakage current than films annealed at 7000C and 8000C (Figure 5). The reason for this 
behavior is still not clearly understood. Because films with small leakage currents are 
desired the films annealed at 7500C cannot be considered suitable for DB-mode infrared 
sensing applications. For this reason the attention was focused on the films annealed at 
7000C and 8000C. 
 

 

Fig. 5. Leakage current for BTS films annealed at different temperatures 

The investigations of the temperature influence on the dielectric loss (Figure 6) revealed that 
the dielectric loss increases with increase in annealing temperature. Moreover, the dielectric 
loss for films annealed at 8000C shows large temperature dependence compared with films 
annealed at 700 and 7500C. On the other hand, the films annealed at 7000C have the 
dielectric loss very little affected by the increase in the annealing temperature. 
In Figure 7, temperature dependence of capacitance for films annealed at 7000C and 8000C 
has been plotted. The variation of capacitance for BTS samples annealed at 7000C is more 
pronounced than for the samples annealed at 8000C. 
Reviewing the results obtained after physical and electrical properties in becomes clear that 
annealing at 7000C is more suitable in obtaining BTS thin films with good properties for DB-
mode of infrared sensor applications. 
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Fig. 6. Dielectric loss vs. sample temperature for BTS films annealed at different 
temperatures 

 

 

Fig. 7. Capacitance vs. sample temperature for BTS films annealed at 7000C and 8000C 

The effect of postannealing temperatures on physical and electrical properties of BTS thin 
films was investigated keeping in mind that the films should be suitable for DB-mode of 
infrared sensor. The annealing temperature has been set to 7000C as a result of annealing 
temperature effect investigations performed earlier. After the top-electrode deposition, a 
postannealing treatment has been performed at temperatures of 200, 300 and 3500C in air 
and at 3000C, in vacuum for 60 minutes. The results of the investigations made on BTS 
samples are summarized in Table 2. 
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Table 2. Postannealing effect on physical and electrical characteristics of BTS thin films. 
Leakage densities are given for an applied voltage of 10V 

Only some electrical properties are affected by the treatment. Polarization in P-E hysteresis 
loops is increasing with the increase in postannealing temperature (not shown here). This 
can be explained considering the fact that a postannealing treatment is improving the metal-
ferroelectric interface. The effect of oxygen diffusion during postannealing treatment should 
not be neglected while considering improvement in polarization. However, as we will show 
below, increase in polarization due only to improvement in film surface due to reduction in 
oxygen vacancies by oxygen diffusion from air cannot fully explain the tendency. 
Analyzing the results summarized in Table 2 it can be seen that the current leakage of the 
BTS samples is the most affected by postannealing temperature being smaller for films 
postannealed at 2000C. It can be observed that increase in postannealing temperature will 
not further improve the leakage currents of the samples. Y. Fukuda et al. (Fukuda et al., 
1997) reported that, by increasing the postannealing temperature in the case of (Ba,Sr)TiO3 
thin films deposited on Pt/SiO2/Si or SrTiO3 substrates, the diffusion of the oxygen from the 
postannealing atmosphere is decreasing. Our results suggest the same effect by increasing 
the postannealing temperature because the leakage current, even if it is better than that for 
as-deposited samples, is increasing by increasing the annealing temperature. 
Figure 8 is showing the I-E1/2 characteristics of the leakage current for BTS samples 
postannealed at 2000C and 3500C along leakage current for samples that were not 
postannealed. The leakage behavior for samples postannealed at 3000C is not shown to 
avoid overlay in the graphic because it shows almost the same behavior as samples 
annealed at 3500C. It can be seen in the figure that postannealing treatment decreases 
Schottky leakage currents. The Schottky currents can be described by (Sze, 1981; Fukuda et 
al., 1998): 

 ( ) ( )* 2 1/2
intexp / exp /BJ A T q kT q E kTα= − Φ  (2) 

 ( )
1/2

/ 4 iqα πε=  (3) 

where *A  and BΦ  are the effective Richardson constant for electrode emission and the 

Schottky barrier height between cathode and the ferroelectric thin film, T is the temperature 

in Kelvin, intE  is the electric field at the interface and iε  is the dynamic dielectric constant of 

the ferroelectric media. 
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Fig. 8. J-E1/2 characteristics of the leakage current for BTS samples, as-deposited and 
postannealed at 2000C and 3500C (Schottky currents) 

In figure 8 it can be observed that the first part of the I-E1/2 characteristics can be plotted with a 
straight line, suggesting that the leakage is mainly due to Schottky currents. Moreover, the 
plotted lines seem to be almost parallel to each other. Similar result has been obtained by 
Fukuda while investigating the effects of postannealing in oxygen ambient on leakage 
properties of (Ba,Sr)TiO3 thin film capacitors (Fukuda et al., 1998). Because the plotted lines are 

parallel, all parameters except BΦ  in the equation (2) are almost equal in all cases. Increase in 

Schottky barrier and, thus, decrease in the leakage can be explained considering the oxygen 
that was diffused during postannealing treatment. Since, a correlation between the oxygen 
vacancy in the film and the diffusion coefficient can be made (Fukuda et al., 1997; Fukuda et 
al., 1998), an increase in the Schottky barrier can be explained by decrease in the oxygen 
vacancy concentration at the metal-ferroelectric film interface. 
Focusing the attention back to table 2, it can be seen that TCD is highest for samples 
postannealed at 3000C reaching 5.6% at 250C. Even if the leakage behavior for samples 
postannealed at 3000C and 3500C is almost similar, we expect a difference in oxygen vacancy 
concentration due to different oxygen diffusion coefficients.  
In order to understand how postannealing at 3000C is improving the value of TCD, the 
postannealing treatment has been performed in air as well as in high vacuum conditions. In 
this way the effect of presence of oxygen in the postannealing atmosphere can be better 
understood. Physical and electrical properties (especially leakage current and TCD versus 
sample temperature) were again investigated but this time the attention has been focused 
into noticing any particular differences among samples. 
Post-annealing after electrode deposition in air or vacuum was found to have little effect on 

the BTS XRD peaks, indicating that the crystalline structure is not changed after the post-

annealing. AFM observation (not shown here) revealed a root-mean-square (RMS) 

roughness of 1 to 3 nm. 
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The chemical change induced by the postannealing in films was obtained after XPS 
investigations (Figure 9). The attention was focused upon the chemical shifts that were 
clearly visible in the samples. The peaks were carefully calibrated using the Pt peaks and 
viewing the carbon peaks for confirmation. 
 

 

Fig. 9. XPS spectra for BTS thin films as-deposited and postannealed at 300oC for 1 hour in 
vacuum and air. 

 

 

Fig. 10. TCD vs.film temperature for BTS thin films as-deposited and postannealed at 300oC 
for 1 hour in vacuum and air 
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The exact binding energy of an electron depends upon the formal oxidation state of the atom 
from which it was extracted and local chemical and physical environment. The 
postannealing after electrode deposition was performed in air as well in vacuum to study 
the influence of diffused oxygen to the chemical properties of the near-surface layer of the 
BTS thin films. For postannealed films in vacuum or air, the Ti peaks are shifting towards 
higher binding energies than Ti peaks for as-deposited films. The presence of O2 in the air 
can explain why the Ti peaks for the sample postannealed in air are shifting more than the 
Ti peaks for the sample postannealed in vacuum. Chemically speaking, the presence of O2 in 
postannealing atmosphere causes oxygen diffusion into the BTS thin films that will be 
responsible for the reduction in concentration of the oxygen vacancies near the surface, 
increasing the oxidation state of the Ti, causing the shift of the Ti peaks position towards 
higher binding energies in XPS investigations. 
An important electrical measurement is the investigation of the temperature dependence of 

the capacitance (i.e. dielectric constant). Figure 10 shows the TCD behavior for BTS thin 

films as-deposited and postannealed in air and vacuum. The films post-annealed at 300oC in 

air have TCD values reaching more than 5.4 %/K at 250C and 11 %/K at 200C, which is very 

high compared with similar reported values for TCD. The improvement in TCD values 

makes the BTS thin film very promising for realizing highly sensitive dielectric-bolometer 

mode of infrared sensor. 

2.3 DB-mode of infrared sensor using BTS thin films as active materials 

Because of the principle of operation, a dielectric-bolometer mode is expected to offer high 

sensitivity compared with other detectors (Noda et al., 1999; Balcerak, 1999; Radford et al., 

1999; Noda et al., 1999). This aspect, along with other advantages offered, such as chopper 

free device and low operation voltages are good reasons to consider the DB-mode a good 

choice in fabricating an infrared sensor. 

Following the results obtained for ferroelectric BTS thin films, integration into a simple 

infrared sensing structure will confirm that the BTS can be considered a good candidate for 

DB-mode of infrared sensing applications. 

 

 

Fig. 11. Picture view of the infrared sensor cell 
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In order to investigate what are the sensor capabilities of a structure containing BTS thin 
film as detecting layer, a simple structure was made, containing a simple capacitance ratio 
sensor that will sense any capacitance difference between detector and reference capacitors. 
A picture view of the fabricated structure is shown in Figure11. 
Fabrication of the structure on silicon was made with the use of silicon micro machining 
process. The fabrication steps are shown in Figure 12. Only the detector-capacitor is 
constructed on a membrane, the reference capacitor will stay on SiO2/Si3N4/SiO2/Si 
substrate. 
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Fig. 12. Process of infrared sensor fabrication 

 

V㼟㼡㼜㼜ly+

V㼟㼡㼜㼜ly-

㻯+Δ㻯

㻯

㻰e㼠ec㼠i㼚g
㻯a㼜aci㼠㼛㼞

V㼟㼡㼜㼜ly+

V㼟㼡㼜㼜ly-

V㼛㼡㼠

㻯+Δ㻯

㻯

㻰e㼠ec㼠i㼚g
㻯a㼜aci㼠㼛㼞

V㼟㼡㼜㼜ly+

V㼟㼡㼜㼜ly-

㻯+Δ㻯

㻯

㻰e㼠ec㼠i㼚g
㻯a㼜aci㼠㼛㼞

V㼟㼡㼜㼜ly+

V㼟㼡㼜㼜ly-

V㼛㼡㼠

㻯+Δ㻯

㻯

㻰e㼠ec㼠i㼚g
㻯a㼜aci㼠㼛㼞

V㼟㼡㼜㼜ly+

V㼟㼡㼜㼜ly-

㻯+Δ㻯

㻯

㻰e㼠ec㼠i㼚g
㻯a㼜aci㼠㼛㼞

V㼟㼡㼜㼜ly+

V㼟㼡㼜㼜ly-

V㼛㼡㼠

㻯+Δ㻯

㻯

㻰e㼠ec㼠i㼚g
㻯a㼜aci㼠㼛㼞

 

Fig. 13. Detection circuit for infrared measurement 

Schematically, an infrared sensing cell can be represented as in Figure 13. A sensing cell is 
composed of serially connected capacitors. This sensor cell is operating on the principle of 
sensing the change in the capacitance of the detector-capacitance relative to reference 
capacitance. Because of the construction, when the sensing cell is exposed to infrared 
radiation, the temperature at the ferroelectric BTS material site for the detecting capacitor is 
higher compared with the one for the reference capacitor. Different temperatures are 
responsible for different dielectric constant values at the detector and reference capacitors 
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that translate into different capacitance values. The variation of the capacitance of the 
detector-capacitor relative to the value of the capacitance in reference capacitor is detected 
as a voltage change. Because this voltage signal is very small, amplification is required for 
the detection. 
The infrared response evaluation system is showed schematically in Figure 14. In infrared 
response evaluation, the temperature of a black body radiator (6000C to room temperature 
range) is used as source of infrared rays. The infrared rays were focused with germanium 
lens so that the radiation will fall mainly on the single element sensor. A function generator 
was used to apply sinusoidal waves with voltage amplitude of 3V, offset of 1.5V and 
frequency of 1kHz to both capacitors. An almost 180 degree reversal of the phase was used 
in the capacitors in order to minimize the output signal. When infrared radiation will fall on 
the detecting capacitor, heating will cause a change in the value of capacitance. This change 
will affect the “equilibrium” state in the circuit and a Vout signal will be detected. The output 
voltage is then amplified through the band-pass filter of 1 kHz for which lock-in amplifier 
was substituted and observed as an output waveform with an oscilloscope. Furthermore, 
using the high-speed Fourier transform (FFT) function built in the oscilloscope, the output 
signal is extracted. 
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Fig. 14. Infrared response evaluation system 

The optimization of the DB operation conditions has to be made before making any 

comment about the sensing properties of the ferroelectric BTS thin films. Running a set of 

experiments such as DB output voltage behavior at different applied voltages considering 

the low leakage behavior of the films at low applied voltages or DB output voltage behavior 

at different applied frequencies are essential in increasing device sensitivity. 

Blackbody temperature dependence of DB output as a parameter of the operation amplitude 

of supply voltage is showed in Figure 15. For the same sensing cell structure and the same 

applied frequency, DB output signal is increased by increase in applied voltage amplitude. 

Blackbody temperature dependence of DB output as a parameter of the applied frequency of 

supply voltage is shown in Figure 16. 

It can be seen that the DB output level increases with decreasing the frequency of the 

supplied voltage. The reason for this behavior is considered to be the fact that not the entire 

voltage amplitude is applied to the series capacitor structure while the frequency is 

increased.  

It can be concluded now that the optimal DB operation conditions are: 
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1. Larger amplitude of supply voltage. The amplitude should be, however, small enough 
to ensure small leakage currents through the BTS thin film. 3 to 5 V amplitude for the 
applied voltage is considered here; 

2. Low operation frequency for the applied voltage. 10 or 100Hz is considered in this 
experiment. 

 

 

Fig. 15. DB output as a parameter of the operation amplitude of supply voltage 

 

 

Fig. 16. DB output as a parameter of the operation frequency of supply voltage 
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As a result of optimization, sensing properties of the BTS ferroelectric thin film can be 
investigated. The output voltage for infrared sensing cells containing BTS thin films as 
deposited and postannealed at 3000C in air for 60 minutes is shown in Figure 17. 
 

 

Fig. 17. Output voltage vs. blackbody temperature for sensing cells containing BTS thin 
films as deposited and postannealed at 3000C in air 

 

 

Fig. 18. Output voltage for blackbody temperatures below 1000C for sensing cells containing 
BTS thin films as deposited and postannealed at 3000C in air 
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radiation is reflected by the top electrode; only a maximum of 25% of incident radiation will 
cause the heating in the sensing cell. Voltage responsivity (Rv) and specific detectivity (D٭) 
were calculated to be 0.1 KV/W and 3x108 cmHz1/2W, respectively, being in the same range 
as thin metal oxide film bolometers. 
BTS obtained by metal-organic decomposition process can be successfully used as active 
material in fabrication of DB-mode of infrared sensor. As demonstrated above, temperatures 
lower than the temperature of a human body can be successfully detected by this type of 
infrared sensor cell using BTS deposited by metal-organic decomposition process as active 
material. 

3. Preparation and characterization of (Ba0.6,Sr0.4)TiO3 thick films for 
application to embedded multilayered capacitor structures 

The demand of miniaturization and increased functionality in electronic devices trigered the 

need of finding ways to increase densification of components on electronic boards and 3D 

packing. There is a need to improve current technologies or develop new ones in order to 

cope with the problems that arise with miniaturization and 3D packing. The use of high 

temperatures during fabrication are not desirable since can trigger unwanted chemical 

reactions, interdiffusion, shrinkage and/or alteration of electrical properties for the 

component already present on the circuit board. A relatively new deposition method called 

the Aerosol Deposition (AD) technique based on room temperature impact consolidation 

(RTIC) phenomena can be a good alternative in film formation at room temperature (Akedo 

& Lebedev, 1999; Akedo et al., 1999; Akedo & Lebedev, 2001; Akedo, 2004; Akedo, 2006). In 

this way, the problems linked with relatively high temperatures needed for film formation 

using the current (more popular) technologies can be avoided and embedding of dense 

ceramics into low temperature substrate becomes possible. 

As mentioned earlier, barium strontium titanate is an extensively investigated ferroelectric 

material due to its good electrical properties in bulk and thin film form being a leading 

candidate for applications in many electronic devices. Barium strontium titanate is currently 

considered as an attractive material in sensing, memory, capacitor and RF and microwave 

applications (Kirchoefer et al., 2002; Acikel et al., 2002; Hwang et al., 1995; Zhu et al., 2004; 

Tissot, 2003). But many important issues, such as improving dielectric constant values, 

dielectric loss and leakage, still need further attention in order to improve film quality and 

device performance. Regarding the AD-deposited (Ba0.6,Sr0.4)TiO3 (BST) films, there are few 

reports regarding the film particularities. The logical ways to improve film properties are by 

tempering with film chemical composition, deposition conditions and post-film-formation 

treatments, and metallization. However, preliminary results have shown that post-film 

formation annealing is not helpful to improve the properties of the AD-fabricated BST films 

(Popovici et al., 2009). The substrate is also playing an important role in improving the AD-

fabricated BST film properties since a soft substrate is suitable in ensuring that the films are 

less stressed (Popovici et al., 2008).  

For AD process, powder condition is one of the most important factors since humidity, 
physical characteristics of the particle and particle aggregation are affecting the deposition 
rate and film properties.  
Below, only the results on the investigation regarding the quality of commercially available 
(raw) powder used in the AD-deposition and improvement by heat treatments to allow the 
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fabrication of (Ba0.6,Sr0.4)TiO3 (BST60) layers with higher dielectric constants will be 
discussed due to space constrains in writing this article. 

3.1 Aerosol Deposition method as alternative technique in BST thick film deposition 

BST60 thick films were grown by the AD technique on Cu substrates using raw and 

thermally treated powders. To investigate the effect of powder thermal treatment on AD-

fabricated BST60 thick films properties, powder from the same lot has been thermally 

treated for 1 h at 800 or 9000C in O2 atmosphere. 

The AD system used in film fabrication is represented schematically in figure 19. Powder 

aerosols are formed by oxygen flowing in the vacuum powder chamber at a rate of 4 l/min 

and transported through connecting tubes to the vacuum deposition chamber where the 

particle are ejected through the nozzle toward a moving substrate for deposition. A 

schematic representation of the consolidation process by AD is shown in figure 20. During 

AD deposition, the particles will suffer a plastic like deformation and fracture upon impact 

with the substrate. This plastic like deformation and the fracture of the impacting particles 

are essential to ensure the formation of very dense AD films. 

 

 

Fig. 19. Schematic representation of AD system 

 

 

Fig. 20. Schematics of consolidation process by AD 
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Before being used in AD, the powder is optimized by ball milling to allow fabrication of 
high quality films at high deposition rates and with minimum consumption of powder. The 
average particle size after ball milling should fall within the optimum range (considered to 
be 0.7-1.4 μm for the BST powder). The thickness of the fabricated BST60 films was around 3 
μm and their density was estimated to be in the 92-93% range from the theoretical density, 
being independent of the powder condition. To examine the electrical properties of the 
films, Pt/Ti electrodes were deposited by RF sputtering on BST60 thick films to form 
capacitor structures. 

3.2 AD-fabricated BST thick film properties  

In BST powder synthesis, there are a number of reports that suggest that the presence of 
BaCO3 in BT and BST powders is difficult to prevent whatever the fabrication route is used 
(Henningh & Mayr, 1978; Coutures et al., 1992; Hennings & Schreinemacher, 1992; 
Stockenhuber et al., 1993; Lemoine et al., 1994; Ries et al.,2003). Moreover, there are reports 
that suggest that BT is thermodynamically unstable in H2O having a pH below 12 (Lencka & 
Riman, 1993; Abicht et al., 1997; Voltzke et al.,1999). The BST is expected to show a similar 
problem since it is a BT-based material. The most probable chemical reaction with water is 
shown below: 

 BaTiO3(s)+9H2O→Ba(OH)2+8H2O+TiO2(s). (4) 

The formed solid TiO2 (amorphous) will remain in the outer shell of the initial BT (or BST) 
particle and will act as a barrier in the further removal of Ba by water (Voltzke et al., 1999). 
Upon air exposure, Ba(OH)2 will react as follows: 

 Ba(OH)2+CO2(air)→BaCO3(s)+H2O  (5) 

The instability of strontium titanate (STO) material in water is not confirmed, therefore, 
only, only the instability of Ba2+ ions in H2O is considered here. 
Whatever the reasons for the presence of BaCO3 as a secondary phase in BST and BT 
powders, BaCO3 formation must be controlled to ensure the fabrication of BST or BT films 
with the desired properties since AD is a room temperature process and post-film-formation 
thermal treatments at elevated temperatures are not reccomended. 
X-ray photoelectron spectroscopy (XPS) has been used to clarify the presence of the 

secondary phase in the powder and films and the effect of powder annealing. The powder 

specimens were prepared on Al plate using a commercial double-sided adhesive tape on 

which the powder adhered. The tape was well covered with powder to avoid the occurrence 

of tape-related peaks in the XPS spectra. For calibration purpose and to avoid charging due 

to electron photoemission, a very thin layer of Au was deposited on the surface of the 

samples by RF sputtering. Six elements were detected on the surface of the investigated 

samples: C, Au, O, Ba, Sr and Ti. The Au peaks were used to calibrate the XPS profiles.  

The XPS profiles of the C 1s peaks of raw powder, the AD-fabricated film obtained from this 
powder, and powder recovered from the deposition chamber are shown in figure 21. The C 
1s peak located near 284.8 eV is commonly attributed to C-C and C-H bonds. The C 1s peak 
located near 288.45 eV is assumed to be correlated with the C state in CO32- of BaCO3 
(Viviani et al, 1999) since the other possible chemical states for carbon, C-O and CO2, should 
reveal peaks located at binding energies that are higher with approximately 2 eV (Viviani et 
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Fig. 21. XPS C1s peak profile for raw and annealed powders 

al, 1999) and 7 eV (Wagner et al.,1979), respectively, than those of the reference C 1s peak. 
Comparing the relative intensities of the CO32--related C 1s peak (relative to Sr 3p3/2 peak) 
for the raw powder, AD-fabricated BST60 film, and powder recovered from the deposition 
chamber it can be concluded that the relative intensity of the carbonate phase is higher in 
the AD-fabricated film than in the powder. 
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Fig. 22. XRD profiles of BST raw and thermally treated powders 

 

 

Fig. 23. XRD profiles of 9000C treated powder immediately after treatment and after one 
year  
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high enough to surpass the sensitivity limit of the X-ray diffraction system, it can be also 

assumed that a peak related to this phase will also appear in XPS results. On this ground, it 

has been assumed that the BaCO3 second phase will be responsible for the appearance of a 

relatively high intensity peak in the C 1s XPS peak profile of the BST60 powder, peak that 

should be located near 289 eV.  

This is another reason for linking the peak located at 288.45 eV in C 1s XPS profile to the C 
state in CO32- of the BaCO3 second phase. It should be notted that for powders thermally 
treated at 9000C for 1 h, peaks generated by the presence of the second carbonate phase were 
not observed in the XRD profile, suggesting that this temperature is suitable for the removal 
of the secondary phase in the BST60 powders. To further test the BST powder instability 
against humidity and CO2 in air some treated powder was intentionally placed in 
atmospheric conditions for 1 year. In figure 23, the XRD patterns near 2theta=240 are shown 
for freshly treated powder and powder aged in air for 1 year away from dust. The carbonate 
peak becomes visible again suggesting that humidity and CO2 from air were sufficient to 
trigger Ba2+ ion removal from BST60 powders and formation of BaCO3 in the outershell of 
BST particles.  
The effect of powder thermal treatment on the physical and electrical properties of the AD-
fabricated BST60 films was also analyzed. As shown in figure 24, the dielectric constant of 
AD-fabricated films using 9000C treated powders is highest among the investigated films 
being close to 200 for a wide frequency range. The dielectric loss in all samples was below 
0.06 and no marked changes in this parameter were observed. Since the grain size is similar 
in all the films, the difference in dielectric constant is not due to its dependence on grain 
size. 
 

 

Fig. 24. Frequency dependence of dielectric constant for AD BST thick films deposited from 
raw and thermally treated powders 
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be correlated with the improvement of the grain boundary regions since, by minimizing the 
ammount of the secondary phase, the low dielectric constant carbonate phase will be less 
present at the grain boundary. Moreover, the leakage in AD films is improved by annealing 
the powder at 9000C (figure 24). 
 

 

Fig. 25. Leakage of BST films deposited from raw and 9000C thermally treated powders 
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Thermal treatment of commercially available BST powder at 9000C is a good approach to 
increase the overall performance of the AD-fabricated BST thick films deposited at room 
temperature and to make them more attractive for embedded multilayer capacitor 
applications. 
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optimized to obtain films with suitable electrical properties for application in DB-mode of 
infrared sensing. Annealing at 7000C has as the result the minimization of the leakage 
current and the dielectric loss. Also, the capacitance of a capacitor containing BTS thin film 
crystallized at this temperature will decrease more rapidly with an increase in film 
temperature than on a similar capacitor made with BTS thin films annealed at 8000C. 
Considering the results, annealing at 7000Cis suitable to fabricate with good properties for 
application to DB-mode of infrared sensing. Applying a postannealing treatment to the 
capacitors after top-electrode deposition can improve further the electrical properties of the 
BTS thin films. It has been found that, postannealing at 3000C in air for 60 minutes, even if 
the leakage is higher than in the case of postannealing at 2000C, will increase the value of the 
temperature coefficient of dielectric constant (TCD) from 1 %/K to 5.6 %/K at 250C 
comparing with only 1.3 %/K for films postannealed at 2000C. A closer look on the leakage 
current behavior on BTS films postannealed in air reveals that an increase in postannealing 
temperature will reduce the oxygen diffusion from the air into the films that translates as 
higher leakage currents for samples postannealed at temperatures higher than 2000C than on 
the samples postannealed at 2000C. However these values are still smaller than that of as-
deposited BTS thin films. TCD values are higher for samples postannealed at 3000C 
suggesting that some degree of oxygen deficiency in the film is needed in order to obtain 
satisfactory values for TCD. A close investigation regarding the importance of 
postannealing at 3000C revealed the important role played by the oxygen vacancies to the 
value of TCD. Postannealing in air-free environment will not do much improvement to the 
electrical properties of the film except a relatively small increase in polarization observed in 
P-E hysteresis loops. On the other hand, postannealing in air will promote oxygen diffusion 
into the film and, as a result, a change in electrical properties of the dead-layer and a change 
in the lattice parameters of the crystalline BTS thin films. It can be observed that 
postannealing at 3000C for 60 minutes is an important condition in order to fabricate BTS 
thin films suitable for DB-mode of infrared sensing. The results obtained after BTS film 
investigations were used in the fabrication of a simple-structures infrared sensing cell. The 
cell consist in a series of two capacitors, one used as reference capacitor and the other, 
fabricated on a membrane to reduce the thermal loss, used as detector-capacitor.After 
optimization of the BD operation mode (application of sinusoidal waves with a voltage 
amplitude of 3 to 5V and a frequency between 10Hz and 100Hz) sensing properties of the 
films were revealed. A stable infrared detection was possible even for objects (in this case a 
black body) heated at temperatures of 270C. Good figures-of-merit such as voltage 
responsivity (Rv) of 0.1 KV/W and specific detectivity (D٭) of 3x108 cmHz1/2W were also 
calculated making BTS material a strong candidate for application in DB-mode of infrared 
sensing. 
(Ba0.6,Sr0.4)TiO3 (BST60) thick films were fabricated on Cu substrates by Aerosol Deposition 
(AD) method. The quality of the raw powder has been checked and optimized in order to 
increase the dielectric constant of the fabricated films without the need of post-film-
formation annealing procedure. Carbonate phase has been observed in the raw powders 
and it was successfully reduced by thermally treating the powder at 9000C. The AD-
fabricated films obtained from the 9000C treated powder show a dielectric constant of 200 
being much higher that the dielectric constant of the AD-films obtained from the as-received 
powders. The leakage currents in the films fabricated from 9000C treated powders stay 
below 10-7 A/cm2 when the applied electric filed is less than 500 kV/cm and it is at least one 
order of magnitude smaller than for films obtained from as-received powders. The above 
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results indicate that thermally treating the powder at 9000C is a good way to improve the 
AD-fabricated BST60 thick films electrical properties. This results represent a step forward 
in our goal of ceramic fabrication at room temperature aiming integration into embedded 
multilayered ceramic capacitor structures in electronic devices. 
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