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Abstract 

Epoxy/BaTiO3 composites have been of great interest as 
embedded capacitor materials, mainly due to high dielectric 
constant of ceramic powders, and good process compatibility 
of epoxy with printed circuit boards (PCBs). However, one of 
the potential problems of epoxy/BaTiO3 composite is the 
dielectric relaxation at GHz range. 

In this paper, epoxy/SrTiO3 composite ECFs were 
fabricated for high frequency applications. Dielectric 
constants of epoxy/SrTiO3 composite embedded capacitor 
films with various SrTiO3 particles loading for three different 
commercial SrTiO3 powders were measured from 100 Hz to 1 
MHz, and experimental data at 100 kHz were fitted to the 
Lichtenecker equation for the prediction of the effective 
dielectric constant of SrTiO3 powders in epoxy/SrTiO3 
composite ECFs.  

Using a rectangular cavity resonator method, dielectric 
constants of epoxy/SrTiO3 composite ECFs were measured at 
GHz range (1-10 GHz). At GHz frequencies, dielectric 
constants of epoxy/SrTiO3 composite ECFs were nearly 
constant. In contrast, epoxy/BaTiO3 composite ECFs showed 
significant decrease of dielectric constants above 5GHz. 
Therefore, it is concluded that epoxy/SrTiO3 composite ECFs 
cab be more effectively to be applied for high frequency 
applications. 

1. Introduction 
Electronic systems are composed of lots of active 

components and passive components. Passive components 
become of increasing interest, because the number of passive 
components is steadily growing as the electronics industry is 
progressing toward higher functionality. [1] For example, the 
ratio of passive to active components in a typical mobile 
cellular phone is over 20. [2]  

Embedded passives technology is one of the promising 
electronic packaging technologies because of its advantages 
such as further miniaturization, better electrical performance, 
and better reliability. Among various embedded passive 
components, embedded capacitors have been actively 
investigated, because capacitors are used in large numbers for 
various purposes, such as decoupling, by-pass, and so on. 

There are four kinds of reported embedded capacitor 
materials: thick-film polymers, ferroelectric powders in 
polymer binders, thin-film paraelectrics, and thick-film 
ferroelectrics. [3] 

In our previous study, epoxy/BaTiO3 composite embedded 
capacitor films (ECFs) were newly introduced, and fully 
characterized. [4] The advantages of ECFs are easy 

processability, lower temperature processing, high dielectric 
constants, and localized capacitor formability.  

And, it was also reported that dielectric constant 
relaxation occurred at GHz frequency range, because of a 
large relaxation of both polycrystalline BaTiO3 ceramics and 
polymer/BaTiO3 composite. [5,6] Therefore, instead of 
epoxy/BaTiO3 composite capacitor, alternative materials are 
needed for high frequency applications. 

Strontium titanate, SrTiO3 is one of promising candidate 
materials to replace BaTiO3 because of good dielectric 
properties and low microwave losses at high frequency 
applications.  

In this paper, the effects of SrTiO3 powder on ECFs 
dielectric constants and frequency behavior of epoxy/SrTiO3 
composite at GHz range will be investigated. 

2. Experiments 
2.1 Materials 

Epoxy/SrTiO3 composite films were fabricated using 
epoxy, dispersant, curing agent, solvents, and three different 
commercial SrTiO3 powders. Crystal structure of SrTiO3 
powder was cubic structure according to X-ray diffraction 
analysis (XRD) using Cu Kα line as shown in Fig. 1.The size 
distributions of P1, P2, and P3 measured by a laser diffraction 
method were shown in Fig. 2. Scanning electron microscope 
(SEM) image of these powders are shown in Fig. 3.  

Epoxy resin was specially formulated with two types of 
solid bisphenol-A epoxy and one liquid bisphenol-F epoxy. 
Dicyandiamide (DICY: NH2NCNHCN) was used for a curing 
agent. Curing reaction does not occur at less than 100 ℃ due 
to its high onset temperature over 100 ℃. [7] 
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Fig. 1. X-ray diffraction (XRD) pattern of P1, P2, and P3 

powders at room temperature 
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(a) P1 SrTiO3 powder. 

 

 
(b) P2 SrTiO3 powder. 

 

 
(c) P3 SrTiO3 powder. 

 
Fig. 2. Size distribution of SrTiO3 powders using a laser 

diffraction method. 
 
 

 
(a) P1 SrTiO3 powder. 

 

 
(b) P2 SrTiO3 powder. 

 
(c) P3 SrTiO3 powder. 

 
Fig. 3. SEM images of SrTiO3 powders. 

 
2.2 Fabrication of epoxy/SrTiO3 composite Films 

SrTiO3 powders were mixed with dispersants and solvents 
in a plastic bottle. Ultrasonic agitation was applied to the 
suspension to break down SrTiO3 powder agglomerates, and 
then the suspension was ball-milled for two days. After 
powder dispersion, epoxy resin was added to the suspension, 
and the suspension was ball-milled for another two days. 
Using this suspension, epoxy/SrTiO3 composite were coated 
on a releasing film by a comma roll-coating method. Films 
were dried at 100 ℃. 

 

2.3 Epoxy/SrTiO3 composite embedded capacitors 
Embedded capacitor films (ECFs) were exposed at 100℃ 

in a vacuum oven for an hour to completely remove residual 
solvents. After solvent drying, ECFs were laminated on a 
copper surface of PCB, applying pressure of 50 psi at 180℃, 
and then the releasing film was removed. Metal (Cu) top 
electrodes were subsequently deposited by a dc-sputtering 
method through a shadow mask. Area of top electrode was 
0.126 cm2.  

Capacitances and dissipation factors were measured from 
100 Hz to 1 MHz using a HP4284A LCR meter. And 
thicknesses of ECFs were measured by using a surface profile 
meter. Dielectric constants of epoxy/SrTiO3 composite ECFs 
were calculated from measured thickness and capacitance. 

 
2.4. Dielectric constants of epoxy/SrTiO3 composite at high 
frequencies 

Principle of dielectric constant measurement by 
rectangular cavity resonance method was reported by Namba 
et al. [8]. Consider a rectangular cavity resonator that is 
enclosed by six metal planes, and is filled with a dielectric 
material as shown in Fig. 4.  

 
Fig. 4. The cavity resonator for dielectric constant 

measurement at high frequencies. 
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If the height of the cavity is much less than a wave length, 
the distribution of electromagnetic fields is uniform in a z 
direction. Therefore, a resonance frequency fmn can be 
calculated using  (1), where m and n are cavity-mode 
numbers, c is the speed of light, εr is the dielectric constant (or 
relative permittivity) of the dielectric material in the cavity, 
and a and b are the length and width of the resonator, 
respectively. 
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Two different size cavities were prepared to measure 
dielectric constant with accuracy. The length and width of a 
cavity resonator were 6 cm, and those of others were 7 cm. 

Sample fabrication procedures are shown in Fig. 4. First, 
epoxy/SrTiO3 composites are laminated between square 
patterned thick copper clad laminates (CCL). After lamination 
process, via holes were drilled, and then via and side wall 
were electroplated by copper. 

 
Fig. 5. Fabrication procedure of a rectangular cavity resonator 

PCB samples for high frequency measurement. 
 

HP8510C, network analyzer was used to measure 
reflection coefficients (S11). From these results, resonance 
frequencies were obtained, and then dielectric constants of 
epoxy/SrTiO3 composites at high frequencies were calculated 
by the equation (2). 
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In addition, epoxy/BaTiO3 composite ECFs were also 
prepared to compare dielectric constants behavior at high 
frequencies with epoxy/SrTiO3 composite ECFs. 

 

 

3. Results and Discussion 
3.1. Dielectric properties of epoxy/SrTiO3 composites from 
100Hz to 1 MHz 

Fig. 6 shows dielectric properties of epoxy/SrTiO3 
composites from 100 Hz to 1 MHz. In this region, dielectric 
constants decreased as frequency increased, and dissipation 
factors increased with frequency showing similar tendencies 
as an epoxy matrix. As the amount of SrTiO3 ceramic powder 
increased, dielectric constants increased and dissipation 
factors decreased. 
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Fig. 6 (a) Dielectric constants of epoxy/SrTiO3 composite 
ECFs between 100 Hz to 1 MHz. 
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Fig. 6 (b) Dissipation factors of epoxy/SrTiO3(P1) 

composite ECFs between 100 Hz to 1 MHz. 
 

3.2. Theoretical prediction of dielectric constant of 
epoxy/SrTiO3 composite capacitor 

Fig. 7 shows the dielectric constants of three different 
epoxy/SrTiO3 composites with various SrTiO3 powder 
compositions at 100 kHz. Dielectric constants increased with 
higher volume content of SrTiO3 powder. However, it 
reached the maximum at 55% SrTiO3 powder volume 
loading, and then decreased with more powder addition. The 
reduction is presumably due to enclosed pores or voids 
introduced by excess powder addition. [9, 10] 
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Fig. 7. Dielectric constant changes with SrTiO3 powder 

loading 
 

Many formulas have been suggested for the calculation of 
the dielectric constant of composite materials, such as 
Lichtenecker logarithmic law of mixing, Maxwell-Wagner 
mixing rule, Yamada equation, and Jayasundere and Smith 
equation. According to our previous work, the Lichtenecker 
equation is useful for prediction of the dielectric constants of 
epoxy/BaTiO3 composites. [11] Therefore, using the 
Lichtenecker equation, dielectric constants of SrTiO3 powders 
were calculated at 100 kHz. To estimate dielectric constants 
of SrTiO3 by data-fitting, only the region where the dielectric 
constants of epoxy/SrTiO3 composites increased with the 
volume fraction of SrTiO3 shown in Fig. 7 were used. 

The Litchtenecker equation can be rewritten as 
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This equation indicates that logarithm of the effective 
dielectric constant of epoxy/SrTiO3 composites is linearly 
proportional to volume fraction of SrTiO3 powder (ν c), and 
y-axis intercept and curve slope correspond to log εp and 
log(εc/εp), respectively. Therefore the dielectric constant of 
epoxy (εp) can be calculated from the y-axis intercept, and the 
dielectric constant of SrTiO3 powder (εc) can be calculated 
from the curve slope and the obtained εp. 

Fig. 8 (a) shows the logarithm of the dielectric constant of 
epoxy/SrTiO3 composite ECFs at 100 kHz as a function of 
volume fraction of SrTiO3 powder. These data are consistent 
with the Lichtenecker prediction. Table 1 shows the dielectric 
constants of epoxy and three different SrTiO3 powders 
calculated from the data fitting. The dielectric constants of P1, 
P2, and P3 powders were estimated to be 158, 146, and 186, 
respectively. These values are smaller in orders of magnitude 
than the reported dielectric constant of SrTiO3 bulk ceramic 
capacitor of 300 [12]. 

As shown in Fig. 8 (b), the predictions by the 
Lichtenecker equation are in good agreement with the 
experimental data in all volume fractions of SrTiO3 powders. 
It is found that the Lichtenecker equation is useful for 
prediction of the effective dielectric constant of epoxy/SrTiO3 
composites. 
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 Fig. 8 (a) Logarithm of the dielectric constant of 

epoxy/SrTiO3 composite ECFs 
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Fig. 8 (b) Comparison of the predictions by the Lichtenecker 

equation with the experimental data 
 

Table. 1 Dielectric constants of SrTiO3 powders and epoxy 
calculated from experimental data fitting with the 

Lichtenecker equation. 
Calculated dielectric constant Powder 

Epoxy BT powder 
P1 4.66 158 
P2 4.63 146 
P3 4.47 186 

 
3.3. High frequency behavior of epoxy/SrTiO3 composite 

High frequency measurement samples were designed with 
three probing port locations for resonance measurement. Fig. 
9 shows the different locations of probing pads. Port #1, port 
#2, and port #3 were located at center of sample, (3/8, 3/8), 
and (1/4, 1/4), respectively. Each port showed different 
magnitudes of resonances due to their different position. This 
can be used to identify cavity-mode numbers, and dielectric 
constants were calculated from the equation (2). 
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Fig. 9. The probing pad locations of a rectangular cavity 

resonator. 
 

Fig. 10 shows dielectric constants of epoxy/SrTiO3 
composites ECFs at various frequencies. Dielectric constants 
did not change with frequencies at GHz ranges. 
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 Fig. 10. Dielectric constants of epoxy/SrTiO3 composite 
ECFs as a function of frequencies. 

 
For comparison, dielectric constants of epoxy/BaTiO3 

composite ECFs are shown in Fig. 11. Dielectric constants of 
epoxy/BaTiO3 composite ECFs were rapidly decreased with 
frequencies above 5 GHz. These relaxation frequencies occur 
at lower frequency as BaTiO3 powder loading increase due to 
more BaTiO3 powder effect in an epoxy matrix. 

Dielectric constants differences at 1 MHz and GHz ranges 
may be presumably due to either materials behavior at high 
frequency or experimental apparatus error. Interestingly, 
dielectric constant reduction was also observed in an epoxy 
film. The dielectric constant of the epoxy was 4.3 at 1 MHz, 
but 3.2 over 1 GHz. Effective dielectric constant of 
epoxy/ceramic composite ECFs is mainly proportional to the 
dielectric constant of epoxy matrix. Therefore, the dielectric 
constant reduction of ECFs between 1 MHz ~ 1 GHz is 
presumably due to the dielectric constant reduction of epoxy 
matrix 
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Fig. 11. Dielectric constants of epoxy/BaTiO3 composite 

ECFs as a function of frequencies. 
 

Dielectric constants behavior at high frequency depends 
on polarization mechanism. It is clearly observed that 
epoxy/SrTiO3 composites show much less dielectric constant 
reduction with increasing frequencies than epoxy/BaTiO3 
composites because of crystal structure difference resulting in 
relaxations of polarization mechanism [13, 14]. Therefore, 
epoxy/SrTiO3 composite ECFs can be more effectively 
applied for high frequency applications. 

4. Conclusions 
Epoxy/SrTiO3 composite for embedded capacitor film was 

successfully fabricated using specially formulated epoxy resin 
and latent curing agent by a comma roll coating method. 
Dielectric constants of epoxy/SrTiO3 composite ECFs 
increased and dissipation factors decreased with higher 
amount of SrTiO3. However, dielectric constant reached the 
maximum at 55% SrTiO3 powder volume loading, and then 
decreased with more powder addition.  

Measured dielectric constants of epoxy/SrTiO3 composite 
ECFs were well fitted to the Lichtenecker equation. The 
dielectric constants of SrTiO3 powders calculated from the 
Lichtenecker equation were 158, 146, and 186 for P1, P2, and 
P3, respectively. These values are lower than the dielectric 
constant of SrTiO3 bulk ceramic capacitors. 

Dielectric constants of epoxy/SrTiO3 composites at high 
frequency range (1 ~ 10 GHz) were measured using a 
rectangular cavity resonator method. Calculated dielectric 
constants of epoxy/SrTiO3 composites at GHz frequency 
range were stable, but dielectric constants of epoxy/BaTiO3 
composite significantly decreased above 5 GHz. Therefore, 
epoxy/SrTiO3 composite ECFs can be more effectively 
applied for high frequency applications. 

Acknowledgments 
This work was supported by Center of Electronic 

Packaging Materials (CEPM) of Korea Science and 
Engineering Foundation. 

1226



 2005 Electronic Components and Technology Conference 
 
 

References 
1. J. Prymark, et al, “Fundamentals of Passives: Discrete, 

Intergrated, and Embedded”, Chap. 11 in Fundamental of 
Microsystems Packaging, McGraw-Hill Book Company, 
(New York, 2001), p. 422. 

2. J. Rector, “Economic and Technical Viability of Integral 
Passives”, Proc. of 48th Electronic Components and 
Technology Conf., Seattle, WA, May, 1998, pp. 218-224. 

3. Richard Ulrich, “Matching embedded capacitor dielectrics 
to applications”, Circuit World, Vol. 1, No. 30 (2004), pp. 
20-24. 

4. S. D. Cho, J. Y. Lee, J. G. Hyun and K. W. Paik, “Study on 
epoxy/BaTiO3 composite embedded capacitor films 
(ECFs) for organic substrate applications”, Materials 
Science and Engineering B. Vol. 110, No. 3 (2004), pp. 
233-239. 

5. Mark P. McNeal, Sei-Joo Jang, and Robert E. Newnham, 
“The effect of grain and particle size on the microwave 
properties of barium titanate (BaTiO3)”, Journal of 
Applied Physics, Vol. 83, no. 6 (1998), pp. 3288-3297. 

6. R. Popielarz, C. K. Chiang, R. Nozaki, and J. Obruzt, 
“Dielectric Properties of Polymer/Ferroelectric Ceramic 
Composites from 100 Hz to 10 GHz”, Macromolecules, 
vol. 34 (2001), pp. 5910-5915. 

7. W. G. Potter, Epoxide Resins, ILIFFE BOOKS, (London, 
1970), p. 65. 

8. Akihiro Nambda, et al,  “A Simple Method for Measuring 
the Relative Permittivity of Printed Circuit Board 
Materials”, IEEE transactions on electromagnetic 
compatibility, Vol. 43 (2001), pp. 515-519. 

9. Y. Bai, Z- Y. Cheng, V. Bharti, H. S. Xu, and Q. M. 
Zhang, “High-dielectric-constant ceramic-powder polymer 
composites”, Appl. Phys. Lett. Vol. 76 (2000), pp. 3804-
3806. 

10. H. Windlass, P. M. Raj, D. Balaraman, S. K. 
Bhattacharya, and R. R. Tummala, “Polymer-Ceramic 
Nanocomposite Capacitors for System-On-Package (SOP) 
Applications”, IEEE Trans. Electronics Packaging 
Manufacturing, Vol. 26 (2003) pp. 10-16. 

11. S. D. Cho, S. Lee, J. G. Hyun, and K. W. Paik, 
“Comparison of theoretical predictions ans experimental 
values of the dielectric constant of epoxy/BaTiO3 
composite embedded capacitor films”, Journal of 
Materials Science: Materials in Electronics, Vol. 16 
(2005), pp. 77-82. 

12. Takeshi B Nishmura, Naotaka Iwata, Koichi Takemura, 
Masaaki Kuzuhara, and Yoichi Miyasaka, “SrTiO3 
Capacitor with Relative Dielectric Constant of 200 on 
GaAs Substrate at Microwave Frequency”, Jpn. J. Appl. 
Phys., Vol. 35 (1996), pp. L1683-L1684. 

13. Von Hippel, Dielectric Materials and Applications, Artech 
House, 1995. 

14. W. D. Kingery, H. K. Bowen and D. R. Uhlmann, 
Introduction to Ceramics, 2nd ed., Jone Willy & sons, 
Inc., 1976. 

 

1227




