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Abstract 

 
Applications for low temperature co-fired ceramics (LTCC) and high temperature co-fired ceramics (HTCC) are 
advancing to higher frequencies. In order to design ceramic microsystems and electronic packages, the electrical 
properties of materials must be well characterized over a broad frequency range. In this study, the dielectric 
properties of commercial Aluminum Oxide (Al2O3) with different glass loadings have been characterized using three 
different measurement techniques: the split-post cavity, terahertz (THz) time-domain spectroscopy, and Fourier 
transform infrared spectroscopy (FTIR). Specifically, the dielectric properties will be characterized from 10 GHz to 
infrared frequencies. A split-post cavity was employed for determination of dielectric properties in the 10 GHz 
range. A broadband terahertz (THz) spectroscopy technique was used to characterize the specimens using measured 
time-domain transmission data. The dielectric constant and loss were extracted from the sample’s frequency-domain 
transmission characteristics, providing data between 100 GHz to 2 THz. Additionally, Fourier transform infrared 
spectroscopy (FTIR) was used to characterize the samples from ~33 to 3300 cm-1 (~ 1THz – 100 THz). The 
measurements from the three techniques are compared, and dielectric constant and loss data will be presented for 
commercial and experimental ceramic systems from 10 GHz to infrared frequencies. 
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1. Introduction 

Dielectric properties of ceramic materials 
are generally characterized by using a parallel plate 
capacitor technique at frequencies below 10 MHz. In 
the GHz range, a variety of characterization methods 
are employed and method selection depends upon the 
sample shape and dielectric properties.  Resonant 
techniques are useful for low loss dielectric 
specimens (tan δ< 10-2).  The split-cylinder technique 
[1,2] is a commonly used method for dielectric 
characterization of thin, flat samples in the 
microwave regime, due to its accurate determination 
of permittivities and loss tangents of low-loss 
dielectrics. Transmission characterization methods 
are important for broadband dielectric property 
determination. Recently, with the development of 
new and higher-power broadband sources [3] for 
operation at terahertz frequencies (loosely defined as 
0.1 to 10 THz or 100 to 104 GHz), many new 
applications are being developed at these frequencies, 

including the demonstration of THz detection of 
single base-pair differences in femtomolar 
concentrations of DNA [4], tomographic imaging 
[5,6], investigation of molecular vibrational modes 
[7,8], and the characterization of thin- [9] and thick-
film [10] ceramics. With the lower end of the 
terahertz frequency band closely matching with the 
resonant frequency of the split-cylinder technique, a 
comparison between the results from the 
characterization of low-loss ceramics with these 
techniques should provide insight into the suitability 
of the inherently broadband terahertz spectroscopy 
measurements for these dielectric characterizations. 

 Ceramic specimens are characterized at the 
10 GHz range using a split-cylinder technique, in the 
10 GHz to 1 THz range using a broadband time-
domain spectroscopy system [11,12], and at the 1 
THz to 100 THz range using a Fourier transform 
infrared spectroscopy (FTIR) system [13]. The 



permittivities and loss tangents are found using the 
three different techniques. 
 
 
 
 
 
2. Experimental 
 
2.1 Samples 

The two samples are composed of 
commercial grade Alumina mixed with glass. The 
first sample is 96% Alumina and 4% glass, and the 
second sample is composed of 99.6% Alumina and 
0.4% glass. The thicknesses of the samples are 620 
μm and 660 μm respectively. 
 
2.2 Split-cylinder technique 

The complex permittivity of the ceramics 
was characterized at microwave frequencies using a 
split-cavity technique [1,2]. The fixture consists of a 
fixed lower cavity, and an upper cavity that is 
lowered to sandwich the dielectric in-between. An 
HP 8510C network analyzer is used to obtain the 
transmitted frequency spectrum, and the TE011 
resonant mode of the system is used to obtain the 
complex permittivity of the enclosed dielectric. 

 
2.3 Pulsed THz transmission measurements 

A diode laser pumped Ti:Sapphire laser 
emits 60 μs pulses at a center wavelength of 790 nm, 
operating at 80 MHz. The beam is split so that 90% 
of the intensity is used as a pump beam for THz 
generation, with the other 10% used as a probe beam 
for detection. THz generation was provided by 
excitation of a biased GaAs photo-conductive 
aperture antenna, with the THz pulses collimated and 
focused by a series of off-axis parabolic mirrors 
through the sample, and onto a 1 mm thick ZnTe 
crystal. The frequency dependent complex 
permittivity is obtained from the frequency spectrum, 
which is found by performing a Fast Fourier 
Transform (FFT) on the measured time-domain data. 
 
2.4 IR reflectivity measurements  

Frequency dependant reflectivity was obtained 
using a Fourier transform spectrometer (Bruker IFS 
113v) in conjunction with a Si bolometer (over 30 – 
700 cm−1) and a DTGS detector (over 650 – 5000 
cm−1). The reflection stage provided an angle of 
incidence of about 15° for the light. The frequency 
dependant complex permittivity is then found by 
fitting to a model dielectric function [13]. 
 
3. Results and Discussions 
 

3.1 Split-cylinder microwave characterization 
Complex permittivity measurements at 

microwave frequencies (~17GHz) of the two 
Alumina samples are determined using the split-
cavity technique [1,2], with results shown in Table I. 
The 99.6% Alumina composition has a higher 

permittivity and lower loss than the 96% Alumina at 
these frequencies. 
 
3.2 Terahertz transmission spectra 

Terahertz time-domain spectroscopy relies 
on obtaining the transmitted frequency spectrum 
through the sample. Reference data is initially 
obtained, in the time domain, without a sample in the 
fixture between the transmitter and the receiver. The 
experiment is then repeated with the sample in place, 
with results for all of the specimens shown in Fig. 1.  
Once the data has been transformed to the frequency 
domain using an FFT, the complex ratio of the 
sample spectrum to the reference spectrum, with 
magnitude shown in Fig. 2, may be used to find the 
complex permittivity of the sample. 

 

 
 
 The transmission spectra of a sample, along 
with the reference, may be used to investigate its 
dielectric properties. Taking into account Fabry-Perot 
effects through a three-medium sample (with the 

Table I: Relative permittivity and loss tangent of 
Alumina samples, as measured with the split cavity.  

Figure 1: Time domain transmitted signal through a 
vacuum reference (black –), and Alumina 96% (red –
) and 99.6% (blue –). The specimens with greater 
relative permittivity have longer pulse delays.

reference 

Alumina 96% 

Alumina 99.6% 



outer two mediums being air), the transmission t(ω) 
may be derived by using the Fresnel formulas: 
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where jnn ~ is the complex index of 

refraction of the sample, d is the thickness of the 
sample, c is the speed of light in a vacuum, and t(ω) 
is the ratio of the transmission spectrum with the 
sample to the spectrum without the sample. n~  may 
be solved for numerically, providing the complex 
index of refraction as well as the complex 
permittivity which, for a non-magnetic material, is 
defined as: 
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Subsequently, the loss tangent is calculated as: 
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 However, eq. (1) relies on numerical 
techniques to solve for the complex index of 
refraction. Additionally, the equation includes all 
temporal echoes caused by reflections in the slab 

leading to time-delayed transmitted pulses. 
Theoretically, all pulses must be accounted for in the 
Fourier-transformed spectrum. In practice, a 
sufficient number of pulses must be measured in 
order to account for a significant portion of the total 
transmitted power is accounted. This may require a 
time-domain measurement that is longer than is 
practical, and may include interference caused by 
reflections from instrumentation. This, along with the 
numerical techniques required to find a solution, 
makes eq. (1) impractical for complex refractive 
index extraction. 
 

A more efficient technique that also relies 
on the transmission spectra, solves for the refractive 
index in terms of two materials with different 
thicknesses (where the thinner material can be taken 
to have zero thickness, i.e. the reference spectrum). 
The solution has been derived for each echo and for 
the case of the directly transmitted signal [14], in 
which case all subsequent echoes may be neglected. 
Experimentally, the sample must be selected so that 
there is sufficient time-delay between the echoes, in 
order for them to be analyzed independently. For the 
case of the directly transmitted signal, the real index 
of refraction can be found from the phase change 
between the reference spectrum and the sample 
spectrum, as: 
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where  refsample    is the phase difference 

between the sample spectrum and the reference 
spectrum. Similarly, the imaginary index of 
refraction may be found from the previous result, as 
well as the magnitude of the transmission, as: 
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where Aref and Asample are the magnitudes of the 
reference and sample transmission spectra, 
respectively. The absorption can then be found, and 
is defined by: 
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3.3 IR reflectivity spectra 

At higher frequencies, the complex 
permittivity can be determined using the reflectivity 

Figure 2: Frequency domain transmission spectrums 
through Alumina 96% (red –) and 99.6% (blue –) as 
measured using terahertz time-domain spectroscopy. 

Alumina 96% 

Alumina 99.6% 



spectra R(ω), shown in Fig. 3, measured using an 
FTIR system. A model dielectric function can be fit 
using the polar phonon modes measured plus a high-
frequency permittivity  [13]: 
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where ph  is the phonon contribution to the complex 

permittivity, and ii   and , , i denote the resonant 

frequency, the damping coefficient, and the 
contribution to the dielectric permittivity of the ith 
phonon mode. Subsequently, the complex index of 
refraction and the absorption coefficient can be found 
using (2) and (6). The fitting parameters of the 
reflectance spectra for Alumina are shown in Table II 
for the 96% composition, and Table III for the 99.6% 
composition.  of Alumina is 3.1. 

 

 
 
3.4 Optical constants and material parameters 

The real parts of the index of refraction, found 
from eq. (4), are plotted in Figs. 4 and 5 for the 96% 
and 99.6% Alumina compositions, respectively, 
ranging from the microwave single-frequency value 
obtained at around 17 GHz, through to the broadband 
values calculated from THz-TDS and FTIR 
measurements. Similarly, the values of the absorption 
derived from eqs. (5) and (6), the real part of the 
relative permittivity obtained from (2), and the loss 

tangent obtained from (3), are all plotted for the two 

compositions in Figs. 6 and 7, 8 and 9, and 10 and 11 
respectively.  
 

The significantly higher dielectric loss at THz 
frequencies is consistent with the intrinsic and 
extrinsic dispersion models. Intrinsic loss is related to 
infrared lattice modes [15], while extrinsic dielectric 
loss caused by point defects, stacking faults, and 
grain boundaries add to the intrinsic high frequency 
losses.  At higher frequencies, i.e. when the condition 
that 1   is not satisfied, and particularly in the 

terahertz regime, the constant “Q×f” approximation 
no longer holds. In particular, it has been shown in 
[16] and [17] that the many structural and lattice 
defects in ceramics introduce additional extrinsic 
losses. For this reason, we would expect the losses 
measured using THz-TDS to be greater than those 
found using the IR phonon modes that are measured 

Figure 3: Frequency domain reflectivity spectrums 
of Alumina 96% (red –) and 99.6% (blue –) as 
measured using Fourier-transform infrared 
spectroscopy. 

Alumina 96% 

Alumina 99.6% 

Table III: Parameters from the dispersion analysis of 
the phonon modes in the infrared spectra of Alumina 
99.6%.   

Table II: Parameters from the dispersion analysis of 
the phonon modes in the infrared spectra of Alumina 
96%.   



by FTIR. This trend is verified by the absorption and 
loss tangent plots of the 99.6% Alumina. 
Additionally, the refractive index and the relative 
permittivity measurements correlate well. The 96% 
Alumina measurements show a discrepancy between 
the two measurement techniques that can be further 
investigated using Kramers-Kronig analysis [18] 
 

 

 
 

 

 

Figure 7: Power absorption coefficient, α of 
Alumina 99.6%, as measured using the split-cavity 
technique (green ×), terahertz time-domain 
spectroscopy (red –), and Fourier-transform infrared 
spectroscopy (blue –). 

Figure 6: Power absorption coefficient, α of 
Alumina 96%, as measured using the split-cavity 
technique (green ×), terahertz time-domain 
spectroscopy (red –), and Fourier-transform infrared 
spectroscopy (blue –). 

Figure 5: Real index of refraction, n of Alumina 
99.6%, as measured using the split-cavity technique 
(green ×), terahertz time-domain spectroscopy (red –
), and Fourier-transform infrared spectroscopy (blue 
–). 

Figure 4: Real index of refraction, n of Alumina 
96%, as measured using the split-cavity technique 
(green ×), terahertz time-domain spectroscopy (red –
), and Fourier-transform infrared spectroscopy (blue 
–). 



 
 

 
 

 

 
 

4. Conclusion 
Commercial grade Alumina samples mixed 

with different quantities of glass were characterized 
for their dielectric properties at both microwave 
frequencies, using a split-cylinder technique, and 
terahertz frequencies using time-domain 
spectroscopy and Fourier-transform infrared 
spectroscopy. The complex indices of refraction, as 
well as the relative permittivities and loss tangents 
were found for the two samples.  

 
The material characteristics obtained by the 

different techniques agreed well, allowing the 
characterization of the dielectric properties of the 

Figure 11: Dielectric loss tangent, tanδ of Alumina 
99.6%, as measured using the split-cavity technique 
(green ×), terahertz time-domain spectroscopy (red –
), and Fourier-transform infrared spectroscopy (blue 
–).

Figure 10: Dielectric loss tangent, tanδ of Alumina 
96%, as measured using the split-cavity technique 
(green ×), terahertz time-domain spectroscopy (red –
), and Fourier-transform infrared spectroscopy (blue 
–).

Figure 9: Relative permittivity, εr of Alumina 
99.6%, as measured using the split-cavity technique 
(green ×), terahertz time-domain spectroscopy (red –
), and Fourier-transform infrared spectroscopy (blue 
–). 

Figure 8: Relative permittivity, εr of Alumina 96%, 
as measured using the split-cavity technique (green 
×), terahertz time-domain spectroscopy (red –), and 
Fourier-transform infrared spectroscopy (blue –). 



Alumina compositions over a broad frequency band, 
ranging from ~10 GHz to ~100 THz.  
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