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Abstract

The effects of sintering additives on dielectric loss tangent of AIN ceramics have been investigated. Different amounts of Y,03 and ZrO, were
added as sintering additives to AIN powder and pressureless sintering was performed at 1900 °C for 2 h in a flowing nitrogen atmosphere. ZrN
phase was detected in AIN ceramics when ZrO, addition was more than 0.1 mol.%. Densification behavior of both Y,05 and ZrO, doped AIN
ceramics was found to be a little complicated, however addition of ZrO, was effective in the densification of the AIN ceramics. tan § is found to
increase from less than 1 x 107 to around 6 x 10~ when ZrO, content was more than 0.1 mol.%.
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1. Introduction

Recent advancements in substrate and package materials for
integrated circuits (ICs) require more intricate plasma devices
such as plasma etching devices and plasma CVD devices using
microwaves above 1 x 10° Hz (1 GHz) for machining [1-4]. In
plasma devices, components such as microwave windows,
protective plates, clamps and electrostatic chucks are regularly
exposed to plasma. To perform their functions, these
components must not only be able to withstand fluorinated
reaction gases, but they must also have high heat dissipation,
insulation properties and a low dielectric loss tangent (tan §).
For a microwave window, a material with excellent dielectric
loss where tan § is of the order of 3 x 107> or less is required
[5]. Materials having a low tan § include alumina [6], sapphire
[6] and silicon nitride [7]. However, alumina and sapphire have
relatively low thermal conductivity, whereas the ability of
silicon nitride to withstand fluorinated reaction gases is low.
Hence, these materials cannot be effectively used for the above
applications.
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AIN is found to be a good candidate material for these
applications, since it offers high thermal conductivity (170-
270 Wm~ ' K™") [8-11], high insulating properties and high
withstanding capacity for fluorinated gases [12].

The tan § is affected by intrinsic and extrinsic dielectric
losses. The intrinsic loss depends on the crystal structure and
shows the minimum value in a pure and perfect single crystal.
On the other hand, the extrinsic loss is associated with
imperfections in the crystal structure, such as the grain
boundary, impurities, lattice defects, dislocations, electrical
conductivity and residual stresses [13]. Therefore, reducing
these imperfections in the microstructure is necessary to
decrease tan §.

However, there have been few reports regarding the effects
of the above imperfections on tané at GHz and higher
frequencies [14]. Hence, we have attempted to investigate the
effects of cooling processes [15,16] followed by sintering, as
well as the effects of addition of MgO [17], MgzN, [18] and
TiO, [19] as tertiary phases to an AIN-Y,03 system to study the
variation in tan$ of AIN ceramics. The tand decreased
significantly by adding TiO, [19], even if it is expected that TiN
formed by the reaction of AIN and TiO, might increase the tan &
value.

Therefore, the objective of this study is to evaluate the effect
of ZrO, addition on tan § of AIN ceramics.
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2. Experimental procedure

AIN powder (MAN-2, Mitsui Chemicals, Tokyo, Japan) was
used as the starting material. 0.5 and 1 mol.% Y,05 (Daiichi
Kigenso Kagaku Kogyo Co. Ltd., Osaka, Japan) and 0, 0.1, 0.5
and 1 mol.% ZrO, (TZ-3Y, Tosoh corporation, Osaka, Japan)
were added to AIN powder as sintering additives. These
powders were mixed in ethanol using a planetary ball milling
device (Pulverisette 6, Fritsch Japan, Tokyo, Japan), dried and
made into pellets of 16 mm diameter and 5 mm thickness by
uniaxial molding, followed by cold isostatic pressing at a
pressure of 100 MPa. The cold isostatically pressed AIN-
Y,03-ZrO, compacts were pressureless-sintered at 1900 °C for
2 h in a flowing nitrogen atmosphere. Following the sintering,
AIN samples were cooled at a rate of 1 °C min~' from 1900 to
1750 °C, at a rate of 30 °C min~' to annealing temperature of
970 °C and annealed for 4 h and then cooled at a rate of
30 °C min~'. The bulk densities of the AIN samples obtained
were measured using Archimedes’ method. To measure tan § of
the AIN samples, machining and polishing were performed on
the rectangular solids (7.0 mm x 5.0 mm x 3.5 mm). Dielec-
tric loss was measured at 0.125 GHz intervals within the range
of the R band (26.5-40.0 GHz) at room temperature by the full
two-port S-parameter measurement with an hp85071C applica-
tion software using an HP 8722ES S-Parameter Network
Analyzer. Crystalline phases in the AIN samples were identified
by X-ray diffraction (XRD) analysis. Fracture surfaces of AIN
samples were observed using scanning electron microscopy
(SEM).

3. Results and discussions
3.1. XRD analysis

There was no significant difference in XRD patterns of
sintered AIN samples added with Y,03 between 0.5 and
1.0 mol.%. Fig. 1 shows the XRD profiles of sintered AIN
samples obtained by adding 1 mol.% Y,0O; and various
amounts of ZrO, as typical results. Though AlsY50,
(5A1,03/3Y,05: YAG) phase was detected clearly in AIN-
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Fig. 1. Typical XRD patterns of AIN ceramics.

Y,05 system, addition of 0 and 0.1 mol.% ZrO,, leads to the
formation of a YAG phase and found to vanish when more
than 0.5 mol.% ZrO, is added. On the other hand, ZrN
phase have been detected by the addition of 0.1 mol.%
7ZrO, to AIN-Y,O3;, while unknown peaks have been
observed when ZrQO, content is increased to 1 mol.%. The
formation of ZrN phase might be occurring due to the
following [20].

A
AZrO, + 2AIN — Al O3 + AZrN-+ (1 -5 ) N,

+(A—%>02 (:1.50r2.0) (1)

According to Eq. (1), Al,O5 phase is also formed as a byproduct
with increased formation of ZrN phase. However, even if the
formation of Al,Oj; is increased according to above reaction in
an AIN sample, the stoichiometric composition of YAG phase is
retained. This is in accordance with the standard Y,0;—Al,05
phase diagram [21]. Furthermore, no other YAG-ZrO, mixed
phases have been observed [22]. However, in AIN samples
obtained by the addition of more than 0.5 mol.% ZrO,, Al,0;
as well as YAG has not been observed. Furthermore, peaks of
unknown phase (X) differ with those of fluorite type zirconia—
yttria solid solution, which is a product from Al,O3-Y,0;—
71O, system [23,24].

On the other hand, Zr-Al-O-N (or ZrAlON) phase was not
evaluated in this study. Since Zr—Al-O-N compound is a
superlattice of ZrN the strongest X-ray lines of ZrN and Zr-Al-
O-N phase overlap [20,25]. Zr-Al-O-N phase formation may
however be observed according to the following equations
[25].

SAIN + 6710, — AlsZry| 4 Zrj ", OgNs o, +xN; 1
0<x<022 2
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Fig. 2. Relationship between bulk density and amount of ZrO,.
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Y203: 1.0 mol%

Fig. 3. SEM photographs of fracture surfaces. High magnification (a), and low magnification (b). Arrows indicate ZrN grains in (b).
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According to above Egs. (2-4), Zr—Al-O-N phases would be
formed not only by the reaction of AIN and ZrO, but also by the
mutual reactions of their reaction products. In these cases, no
identification of Al,O3; in AIN samples obtained by adding
ZrO, of 1 mol.% is acceptable. The reason for the absence of
YAG phase in the AIN-Y,03-1 mol.% ZrO, is still not clear.
Hence, further detailed investigation is necessary to study the
phase formation in the Al-Y-Zr—O-N system.

3.2. Density

Fig. 2 demonstrates the relationship between the effect of
ZrO, addition on the bulk density of AIN ceramics. The amount
of Y,03 is indicated in the figure. The AIN ceramics with 0.5
and 1 mol.% Y,O5 and without ZrO, showed densities of 3.26
and 3.3 gcm . Densification behavior of AIN ceramics
depending on the amount of ZrO, is a little complicated.
Addition of ZrO, (except 0.1 mol.%) was effective in the
densification of the AIN ceramics. Komeya et al. reported that
ZrQO, alone was not effective in the densification of AIN [26].
Hence, composition of AIN (including Al,O5 as an impurity for
AIN)-Y,05-ZrO, might cause the complex densification
behavior of AIN ceramics.

3.3. Microstructure

Fig. 3 shows the SEM photographs of fracture surfaces of the
AIN ceramic (ZrO,: 1.0 mol.%) with high magnification
(x10,000) (a) and low magnification (x2000) (b). As shown
in Fig. 3(b), ZrN (indicated with arrows) shows a grain size of
1 pm or less while AIN shows grain size in the range 3—10 pm,
respectively. Unclear grain boundary phase can also be
observed surrounding AIN grain, indicating the unknown
phases. These unknown phases are also been detected by XRD.
Due to the effect of slow-cooling followed by sintering,

dihedral angle of some AIN grains is found to increase as shown
in Fig. 3(a). No pore and defect are observed in both
microstructures as shown in Fig. 3(a) and (b). Therefore, this
AIN sample might be fully densified according to the SEM
observations.

3.4. Dielectric loss

Fig. 4 shows the relationship between the percentage of
ZrO, addition and the dielectric loss tangent (tan §) at 28 GHz
Gyrotron band. The values shown in the figure are average
values of 12 points obtained by four measurements in the range
of 28.000 £ 0.125 GHz for each sample. The error bars in the
figure show standard deviation around the average values. Both
AIN ceramics including 0.5 and 1.0 mol.% Y,O; without ZrO,
addition have tan § less than 1.0 x 107>, tan § values of AIN—
Y,0;5 was increased clearly with increasing ZrO, and were
found to be around 6 x 10~ when 1.0 mol.% ZrO, has been
added. Hence, it was revealed that the addition of ZrO,
aggravated tan §, due to the forming of ZrN.
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Fig. 4. Relationship between tan § and amount of ZrO,.
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4. Conclusions

Attempts have been made to clarify the effect of addition of
ZrO, (0, 0.1, 0.5 and 1 mol.%) to AIN-Y,O3 system with
respect to tand of AIN ceramics. The samples were
pressureless-sintered at 1900 °C for 2 h in a flowing nitrogen
atmosphere. The results are as follows:

1. ZrN phase was identified from XRD when the addition of
ZrO, was more than 0.1 mol.%.

2. Densification behavior of AIN ceramics depending on the
amount of ZrO, is a little complicated, but addition of ZrO,
was effective in the densification of the AIN ceramics.

3. An increase in tan & from less than 1 x 10 to 6 x 107> has
been observed when the ZrO, content is more than
0.1 mol.%. Addition of higher amount of ZrO,
(>0.1 mol.%) aggravated the tan § value of AIN due to
the formation of ZrN phase.
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