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Abstract. The dielectric parameters in a very wide frequency range 10-350 GHz in
the modern low-loss ceramics, the aluminum nitride AIN and aluminum oxide Al,QOs,
fabricated in China and Russia, are investigated. The measurements of the refractive
index and dielectric loss tangent were conducted using different techniques and
measurement setups. For the measurement of dielectric loss in the microwave range,
at frequency of 9.4 GHz, the closed metal cavity resonator was used. For the
measurements of refractive index in the millimeter (MM) and submillimeter
(SubMM) ranges, at the frequencies of 60-350 GHz, both open resonators and scalar
network analyzers were used. For the measurements of dielectric loss in the MM and
SubMM ranges different open resonators were used.

The refractive index and dielectric loss were measured at f=70-350 GHz. in three
Chinese samples of ceramic AIN and two samples of ceramic Al,Os. In all samples
the losses are very low: tand <107, Also the dielectric loss was measured in newest
Russian sample of ceramic Al,Os, fabricated in the PC "Magneton"” (of the brand
“VK100M”). The loss in it is the lowest loss observed among ceramics Al,Os.
Moreover, this loss is only slightly higher, that in the corresponding single crystal
(sapphire).

The nature of observed losses is considered. The loss frequency dependencies in
the MM and SubMM ranges in all ceramics Al,O; studied can be well described by
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the linear approximation. Such dependence corresponds to the mechanism of so-
called one-phonon lattice loss induced by the crystal lattice disorder.
Key words: dielectric loss, refractive index, low loss ceramics, microwave,

millimeter, and submillimeter ranges, open resonators.

1. Introduction

The study of dielectric parameters of low-loss ceramics and technological
possibilities of their improvement is a very actual problem [1-3]. It currently has a
considerable attention in Russia and China. It is associated in particular with the
problem of the development of the element base of high-power electronics in
microwave, millimeter (MM), and submillimeter (SubMM) ranges. The low loss
ceramics are of great interest in this area for use as relatively inexpensive materials
for using as matching elements in various energy coupling systems in the vacuum
electronic devices.

The refractive index and dielectric loss in a wide frequency range 10-350 GHz in
the modern low-loss ceramics aluminum nitride AIN and aluminum oxide Al,Os,
fabricated in China and Russia, are investigated at this work. The samples of
ceramics are provided by Beijing Research Institute of Vacuum Electronics (BVERI)
and Public Corporation "Magneton" (St.-Petersburg). The measurements of the
refractive index and dielectric loss were conducted using different methods and
measurement setups in the PC "Magneton” [1, 2], Institute of Applied Physics of
RAS (IAP) [3-8], and Fryazino branch of the Kotel’nikov Institute of Radio-
engineering and Electronics of RAS (FIRE) [9, 3].

The nature of observed losses in some materials is considered.

2. Methods for measuring dielectric loss and refractive index

Measurement of the dielectric loss tangent tano in the microwave range, at
frequency of 9.4 GHz, was performed by using the closed metal cavity resonator in
the PC "Magneton" [1, 2].
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Studies of dielectric parameters (dielectric loss tangent tand and refractive index
n) in the millimeter (MM) and submillimeter (SubMM) ranges were carried out at the
IAP using the spectrometer on the basis of the open resonator Fabry-Perot (with the
quality-factor Q~10°%) formed by two spherical mirrors. The resonator is excited by
the Back-Wave Oscillators (BWO). A more detailed description of the measurement
techniques is presented in [4-6]. And the measurement setup and its specifications
are presented in [7, 8].

In FIRE for the measurement of the refractive index a scalar network analyzer,
operating in the frequency band 120-180 GHz, was used. The measurement
technique is described in [9]. For the measurement of the dielectric loss in the long-
wave part of the MM range, at the frequency of 69.4 GHz, a compact open semi-
symmetric confocal resonator was used. It was excited by the generator based on the
Gann’s diode at the frequency of 69.4 GHz. This measurement technique and setup
are described in [9]. And in the present work the following was taken into account.
The values of the thickness in the samples that was investigated in the present work
were more than half of the wave length in the dielectric material. And in the
calculating of the quality-factor of the resonator with placed in it a sample in the form
of a plane-parallel dielectric plate there is a need to consider an additional increase in
the optical length of the resonator (taking into account the double passage of the
wave through the plate) on the value 2nh. This technique has the following two
advantages compared with the methods in [4-8]. It provides an opportunity to
measure the loss in the long-wave part of the millimeter range in samples of smaller
diameter compared with the methods in [4-8]. In addition, it allows measure the loss

at arbitrary ratio between the sample thickness and the wavelength in the dielectric.

3. Results and discussion

The refractive index and dielectric loss of the following ceramic
samples, fabricated in BVERI, were investigated: three samples of
aluminum nitride AIN and two samples aluminum oxide Al,O3. They and

their geometrical parameters are presented in the Fig. 1.
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AIN samples Al,O; samples

Sample #1: diameter — 64 mm, thickness — 1,685 mm;
Sample #2: diameter — 64 mm, thickness — 1,69 mm;
Sample #3: diameter — 65,6 mm, thickness — 2,81 mm;

Fig. 1. Ceramic AIN and Al,03; samples from BVERI.

Sample #1: diameter — 52 mm, thickness - 2,125 mm
Sample #2: diameter — 52 mm, thickness - 2,135 mm

3.1. Refractive index
In the Table 1 the refractive index n and the thickness of samples h of the Chinese

samples of ceramics AIN and Al,O3, measured in FIRE and IAP, are presented.

Table 1. Refractive index in Chineese ceramics AIN and Al,Os.

Sample FIRE IAP
N h, mm n h, mm
AIN Ne 1 2.88 1.685 2.917+0.004 1.68
AIN Ne 2 2.875 1.69 2.921+0.004 1.68
AIN Ne 3 2.712 2.81 2.885+0.004 2.77
Al,O3 Ne 1 3.134 2.125 3.160+0.001 2.1
Al,O3 Ne 2 3.129 2.135 2.1

As it can be seen from the Table 1, the values of the thickness h of the samples
and the refractive index n from the measurements in FIRE and IAP are close to each
other, but are slightly different. These differences can be explained by differences in
methods of measurement of the thickness of the samples. It should be noted that the
samples are not perfectly plane-parallel. There are distortions of the "meniscus” of up
to 10 um and a wedge on the edge of the disc is ~15 um. Therefore, the accuracy of
the measurement of the refractive index is not the maximum possible. The thickness

of the disks are given for their centers.
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The change of refractive index with frequency in the considered frequency range

does not exceed the measurement error.
3.2. Dielectric loss

Dielectric loss in three Chinese samples of AIN.

The frequency dependencies of tand, measured in AP, are shown in Fig. 2. In the
frequency range of f~70-350 GHz the loss tangent tand changes in the range (5—
8)-10*. And there is a local minimum near f ~150 GHz. Previous investigations of a
series of samples “Degussit AIN180” of the company "Frinatec” (Germany) provides
a similar results in the same frequency range as the magnitude of the index of

refraction and tand. There also a local minimum near the same frequencies f~150-160
GHz is observed.
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Fig. 2. The dependence of tand with frequency for the samples of aluminum
nitride (AIN).

The dielectric loss measured in FIRE in the samples of AIN No. 1 and 2 at the
frequency of 69.4 GHz are shown in the Table 2.
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Table 2.The loss measured in FIRE in the samples of AIN No. 1 and 2 at the
frequency of 69.4 GHz

Sample | tans[107]
1 6,1
2 6,0

The values for the loss tangent found from measurements in FIRE are close to the

data found in IAP for the samples No. 1 and No. 2 in Fig. 2 at the same frequency.

Dielectric loss in the ceramic Al,O;

The loss frequency dependencies in two ceramic samples of aluminum oxide
Al,O; of Chinese production at the frequency band of 90-360 GHz, measured in IAP,

are shown in Fig. 3. The data for these two samples are practically identical within
the error of measurements.

T 1
50 100 150 200 250 300 350 400
Frequency, GHz

Fig. 3. The frequency dependence of the loss tangent in the Chinese ceramics Al,Os.

For a comparison, in the Fig. 4 the data are presented from measurement in I1AP
for the dielectric loss in the sample of the newest Russian ceramic Al,O3 of the brand
VK100M that was fabricated in the PC "Magneton™.

The measurement in microwave range at the frequency of 9.4 GHz was made in the

“Magneton”, and the measurements at the band of 60—200 GHz were made in IAP.
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Fig. 4. The loss frequency dependence in the sample ceramic Al,0; VK100M of the

Russian production.

The frequency dependencies in the Fig. 3 and 4 at MM and SubMM ranges can be
well described by the linear approximation. Such dependence corresponds to the
mechanism of the so-called one-phonon lattice loss induced by lattice disorder [8, 9].
In this mechanism, the absorption of one photon is accompanied by the excitation of
one acoustic phonon.

The loss in the Fig. 4 at the microwave range (at the frequency of 9.4 GHz)
deviates significantly from the mentioned linear dependence. This is a sign that in the
microwave range the loss is due to another mechanism. It can be connected with the
Debye's dipole relaxation process in the disordered transitional borders between
crystallites in the ceramic. Such process is observed in many disordered substances,
usually at relatively lower frequencies compared to the frequency range considered in
the present work [12].

The comparison between the studied samples of the ceramics Al,O; of the
Chinese and Russian production shows that in the first the loss is higher. It can be due
to a different manufacturing technology or insufficient purity of the used aluminum

and other components.
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The loss in the sample of newest Russian ceramic Al,O; VK100M is the lowest
loss observed among ceramics Al,Os. Moreover, it is quite close to the loss in the
corresponding single crystal (sapphire): tans~ 3.4-10* and 2.3-10* at f=150 GHz

respectively.
4. Conclusions

1. As a result of conducted research it can be concluded that a number of
investigated ceramics with very low loss tans <10~ are suitable for use in the MM
and SubMM ranges to improve the various structures that interact with
electromagnetic wave including components for energy transfer in the systems of
vacuum electronic devices in high-power electronics in these ranges.

2. The loss in the sample of newest Russian ceramic Al,O; VK100M is the lowest
loss observed among ceramics Al,Os, and it is quite close to the loss in the
corresponding single crystal (sapphire).
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