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Millimeter-wave wireless communications in a high-level information society have been expanding in terms of high-density data transfer and radar
for pre-crash safety systems. For these communications, millimeter-wave dielectrics have been expected for the development of substrates with
high quality factor (Qf ), low dielectric constant (εr), and near-zero temperature coefficient of resonance frequency (TCf ). We have been studying
several silicates such as forsterite, willemite, diopside, wollastonite, and cordierite/indialite glass ceramics. In this study, the synthesis of willemite
and low-temperature-sintered willemite for low temperature co-fired ceramics (LTCC) is examined. The raw materials used for preparing slurries in
doctor blade tape casting are also analyzed. © 2015 The Japan Society of Applied Physics

1. Introduction

The Nikkei Electronics (NE) magazine1) reported in 2006
in Japan that millimeter-wave wireless communications had
begun to spread to public welfare systems. In recent years,2)

millimeter-wave communications have reached runways to
takeoff after many twists and turns. A standard millimeter-
wave communication in the 60GHz zone converges to
“IEE802.11ad.”, because of its usage in a public welfare
apparatus as wireless gigabite (WiGig), which has the highest
data communication speed of 7Gbps, a short communication
distance of approximately 10m, and advanced properties
such as security and power control. Non compressed
millimeter-wave wireless communications with a high data
transfer rate3) have been developed to support the individual
system interface, which connects PC peripheral devices and a
data bus for HDTV, monitors, and projectors. Furthermore,
millimeter-wave communication can be applied to radar for
pre-crash safety systems.4)

Dielectrics for the microwave region5) have been re-
searched for a long time, during which some excellent
materials6–11) have been developed and used for applications.
Some of them, such as a complex perovskite,9) are used for
millimeter-wave wireless communication. Recently, milli-
meter applications have been developed as stated above.
Thus, dielectrics for millimeter-wave communication are
expected, which have high quality factor (Q), low dielectric
constant (εr) and near-zero temperature coefficients of the
resonant frequency (TCf ).12,13) Most of the candidate
materials exist in silicates with low εr, such as forsterite
(Mg2SiO4),14–17) willemite (Zn2SiO4),18) and cordierite=
indialite (Mg2Al4Si5O18),19,20) because of reduced rattling
in silicate tetrahedra based on covalency.20–23) In this study,
willemite is applied, which has excellent properties: Qf =
219,000GHz, εr = 6.5, and TCf = −66 ppm=°C.18) TCf
was improved to 1.31 ppm=°C adding a rutile of 11wt%
with other properties, namely Qf = 118,000GHz and εr =
9.06.18,24)

Fujimoto et al.25) reported on the transmission loss in the
microstrip line fabricated on the willemite substrate, which is
shown in Fig. 1 compared with a current material, as the
Supporting Industry project of METI Chubu.26) The trans-
mission loss is 0.5 dB=cm (Ag) at 67GHz, which is 1=10 that
in current substrates, indicating that the willemite substrate
has the best properties. The willemite substrate and low
temperature co-fired ceramic (LTCC) substrates based on
willemite18,24) will be used for millimeter-wave applications.
Convenient mobile equipment is recently expected to be
increasingly small, thus, highly integrated circuit such as
LTCCs27–29) which integrate and build the different compo-
nents into ceramic began to be applied for miniaturization.
Applications in the microwave region have been developed
using high-frequency module-compounded duplexers, band
pass filters, and low-pass filters, for example. In this region,
most LTCC materials such as glass composite materials show
a low Q of approximately 200. For the millimeter-wave
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Fig. 1. (Color online) Transmission loss in the microstrip line using
high-Q willemite substrate. The loss is 1=10 that in the current
substrates.25,26)
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region, Q is expected to be higher than 500. In this study, a
Q higher than 500 calculated as Qf = constant was realized
using high-Q willemite.

2. Experimental methods

2.1 Preparation of willemite
ZnO and quartz (SiO2) were weighed at 500 g in terms of
mole ratio: ZnO : SiO2 ¼ 2:05 : 1. These powders were
mixed for 48 h in a polyethylene bottle with 2000ml of
distilled water and 350ml of polyurethane-coated stone
balls with a diameter of 10mm. The obtained slurry was
dried for 72 h by fanning at room temperature, and then
sieved with a mesh with an opening of 75 µm. The powder
placed in an alumina vessel of 150 × 150 × 50mm3 was
sintered at 1100 °C for 2 h.

2.2 Preparation of low-temperature-sintered willemite for
LTCC
After willemite was synthesized as described in Sect. 2.1,
two types of amorphous SiO2: ADMAFINE SO-E1(>99.9)
and HYPRECICA FQ prepared by ADMATECHS and
UEXC, respectively, and B2O3 and H3BO3 were weighed at
35 g in terms of mole ratio, as shown in Table I. Here, SiO2,
B2O3, and H3BO3 are sintering agents. These powders were
mixed for 48 h in a polyethylene bottle with 250ml of
distilled water or ethanol and 100ml of 8mm ϕ ZrO2 balls.
During ball milling, 0.3 g each of poly(vinyl butyral) (PVB)
and poly(ethylene glycol) (PEG) was added. The obtained
slurry was dried for 72 h by fanning at room temperature,
and sieved through the mesh with an opening of 75 µm. The
obtained dried powders were granulated through the mesh
with an opening of 250 µm for the fabrication of pellets.
The granulated powder was molded to pellets with 15mm
ϕ × 10mmh using a uniaxial press machine at 300 kg=cm2,
and the pellets were subjected to a cold isostatic press (CIP)
at 2,500 kg=cm2.

2.3 Measurements
Bulk density was obtained from the weight and volume
calculated from the size of pellets. Crystalline phases were
identified by the X-ray powder diffraction (XRPD) method
(Rigaku RAD-C) using θ–2θ scans of Cu Kα radiation.
Microstructures were observed by scanning electron mi-
croscopy (SEM; JEOL JSM-5200). Microwave dielectric
properties of approximately 18GHz were measured by Hakki
and Coleman’s method30,31) in the TE01δ mode using a
network analyzer (Agilent 8720ES). The sample pellets were
cylindrical with 10mm ϕ × 5mmh.

3. Results and discussion

3.1 Synthesis of willemite
Figure 2 shows the XRPD patterns of willemite sintered at
1100 °C (a) and resintered at 1300 °C (b). The sample
sintered at 1100 °C includes quartz and ZnO. When it was
resintered at 1300 °C, it became single-phase willemite. At
1100 °C, as the core of a quartz grain could not react with
ZnO, quartz and ZnO remained. At 1300 °C, quartz and ZnO
react to form willemite. ZnO is in excess by 0.05mol because
of vaporization. This procedure is based on the results of
forsterite sintering reported previously.16,17)

We determined the optimum sintering temperature of
willemite. Willemite powders are synthesized at 1100, 1200,
and 1300 °C for 2 h. Ceramics sintered at low temperatures
of 825–900 °C were synthesized using willemite at different
temperatures and the sintering agents SiO2 and B2O3.
Figure 3(a) shows the bulk densities of low-temperature-
sintered willemite. Although P215 sintered at 875 °C shows
the highest bulk density, the curve of bulk density as a
function of sintering temperature is not gentle near 875 °C,
showing less margin for control of sintering temperature. On
the other hand, having a gentle curve near 860 °C, P216 with
willemite synthesized at 1100 °C shows a high bulk density

Table I. List of low-temperature-sintered willemite for LTCCs.

Sample name
Composition

Zn2SiO4=SiO2=as B2O3

(wt%)

Sintering agent
B2O3=H3BO3

Sintering agent
SiO2

Solvent
Sintering temperature

(°C)

P229 30=55=15 H3BO3 SO-E1 Water 700, 725, 750, 775, 800, 900

P231 33=59=8 H3BO3 SO-E1 Water 725, 800, 825, 850, 875, 900

P234 33=59=8 H3BO3 FQ Water 800, 825, 850, 875, 900

P215 30=55=15 B2O3 SO-E1 Ethanol 825, 850, 875, 900

P216 30=55=15 B2O3 SO-E1 Ethanol 825, 850, 875, 900

P217 30=55=15 B2O3 SO-E1 Ethanol 825, 850, 875, 900

Willemite
Quartz
ZnO

1100 oC

1300 oC

(a)

(b)

Fig. 2. XRPD patterns of willemite with Zn exceeding 0.05mol in one
formula mass sintered at 1100 °C (a) and resintered at 1300 °C (b). ZnO and
quartz in willemite ceramics sintered at 1100 °C reacted to the single phase of
willemite at 1300 °C.
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and a reasonable margin for control. Figure 3(b) shows the
Qf values of the low-temperature-sintered willemite ce-
ramics. Sample P216 with willemite sintered at 1100 °C
shows the highest Qf at 850 °C. Therefore, we selected
1100 °C as the optimum sintering temperature for willemite
ceramic synthesis. Figure 3(c) shows dielectric constants (εr).
The selected willemite shows the lowest εr, which is expected
to be a low dielectric constant for millimeter-wave dielectrics.

3.2 Synthesis of low-temperature-sintered willemite for
LTCC
Samples P229 and P231, for which amorphous silica (SiO2)
and boric acid (H3BO3) were used as sintering agents, and
water as the solvent for ball milling, were sintered at 700 to
900 °C for 2 h, as shown in Table I and Fig. 4. Sample P229
has the highest bulk density at 725 °C and P231 at 850 °C, as
shown in Fig. 4. The figure also shows that the bulk density
of P229 is lower than that of P231, because P229 has a high
content of boric acid. Figures 5 and 6 show, respectively,

the XRPD patterns and SEM images of P229 sintered at
700, 725, and 750 °C, denoted as samples I, II, and III,
respectively. Most of the peaks on all the XRPD patterns
correspond to willemite, and a halo peak at approximately 20
to 30° of 2θ and a unknown phase ( ) are observed. The halo
corresponds to the amorphous SiO2 used as the sintering
agent. Sample I in Fig. 5(a) included quartz with the
strongest peak ( ), which might be crystallized from
amorphous SiO2 at a low temperature of 700 °C. The SEM
image in Fig. 6(a) shows a porous sample I as shown by its
low bulk density [Fig. 4(a)] because there was no formation
of borosilicate glass. Samples II and III in Fig. 6(a) might be
including borosilicate glass. A SEM image of sample II

825 850 875 900 925
Sintering temperature (oC)

2.10

2.15

2.20

2.25

1300oC

1200oC

1100oC

1300oC

825 850 875 900 925
Sintering temperature (oC)

1200oC

1100oC

4.0

2.0

5.0

6.0

3.0

4.8
825 850 875 900 925

Sintering temperature (oC)

1100oC

1200oC1300oC

4.9

5.0

5.1

(a)

(b)

(c)

Fig. 3. (Color online) Bulk density (a), Qf (b), and εr (c) of low-
temperature-sintered ceramics with willemite synthesized at 1000, 1200, and
1300 °C for 2 h.

(a)

(b)

(c)

Fig. 4. Bulk density as a function of sintering temperature for P229 (a)
with high B2O3 content of 15wt% and P231 (b) and P234 (c) with low B2O3

content of 8wt%. Type of SiO2: ADMAFINE SO-E1 was used for P229 and
P231 and HYPRECICA FQ was used for P234.
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shows decreasing porosities; thus the bulk density becomes
high. A SEM image of sample III shows a glassy phase, so
the bulk density is beginning to decrease.

For sample P231, the XRPD patterns identified the sample
as almost willemite, although an unknown phase is observed
faintly in sample I in Fig. 5(b). The SEM images also show a
similar tendency for P229. Sample P234 was synthesized for
confirmation of its microwave dielectric properties, which
were almost the same as those of P231 except for the species
of SiO2 used as the sintering agent. The SiO2 types used for
P231 and P234 were ADMAFINE SO-E1 and HYPRECICA
FQ, respectively. The bulk densities are shown in Fig. 4(c),
which are almost the same as those of P231.

3.3 Microwave dielectric properties
The microwave dielectric properties of P229 and P231 are
shown in Table II, whose B raw material was H3BO3. P231
samples including a small content (8wt%) of B2O3 show a
higher sintering temperature of approximately 850 °C and a
higher Qf of 4.04(1) × 104GHz than P229, which contains

15wt% B2O3. The Q values of both P229 and P231 are
2.06(1) × 103 and 2.32(1) × 103, respectively, which are
expected to be higher than 500 at 66GHz. P229 containing
a large content (15wt%) of B2O3 shows a lower εr of
4.911(1). This εr of less than 5 is desired for millimeter-wave
applications. For the comparison of microwave dielectric
properties, P234 was also synthesized similarly except for the
use of SiO2 species of FQ as the sintering agent. Its εr is
almost the same (5.5) as those of the other samples prepared
at 850 °C. Its Qf is improved to 4.64(2) × 104GHz.

3.4 Which B raw material is better, H3BO3 or B2O3?
Figure 7 shows bulk density as a function of sintering
temperature of P216 on the overlapped Figs. 4(a) and 4(b).
The B raw material in P216 is B2O3, and in P229 and P231 it
is H3BO3. Although the composition of P216 and 229 is the
same, as shown in Table I, the sintering temperature of P216
is higher than 100 °C. B2O3 in P216 reacts with the ethanol
solvent as follows:

B2O3 þ 6C2H5OH ! 2BðOC2H5Þ3" þ 3H2O:

Here, ethyl borate [B(OC2H5)3] is produced, which evapo-
rates at room temperature. Therefore, the content (15wt%) of
B2O3 is reduced and the sintering temperature is increased to
be the same as that of P231 with 8wt% B2O3. However, the
bulk density (2.22 g=cm3) of P216 did not increase, as shown
in Fig. 7. The reason is considered as follows: ethyl borate
and water generated are decomposed during the sintering,

2θ (CuKα)

P229_725

P229_750

P229_700

:Quartz
:Unknown peak

Halo:amorphous SiO2

I

II

III

(a)

P231_900

P231_850

P231_800
I

II

III

2θ (CuKα)
(b)

Fig. 5. XRPD patterns of low-temperature-sintered willemite for LTCC.
(a) P229 sintered at 700, 725, and 750 °C. (b) P231 sintered at 800, 850, and
900 °C.

(a)

P229: 750oC_x3500

P229: 725oC_x3500

P229: 700oC_x3500

5μm

5μm

5μm

I

III

II

(b)

P231: 900oC_x3500

P231: 850oC_x3500

P231: 800oC_x3500

5μm

5μm

5μm

I

III

II

Fig. 6. SEM images of low-temperature-sintered willemite for LTCC.
(a) P229 sintered at 700, 725, and 750 °C. (b) P231 sintered at 800, 850, and
900 °C.
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resulting in a porosity; thus, the bulk density of P216 (2.22
g=cm3) did not increase to 2.50 g=cm3.

On the other hand, as H3BO3 did not react with water,
evaporation of B and the increase in porosity did not occur.
In the Supporting Industry Project,26) originally, we used
B2O3 as the raw B material for the preparation of the doctor
blade slurry, but the slurry was not smooth. The reason is the
increased viscosity owing to the reaction between B2O3 and
ethanol. Therefore, in this study, H3BO3 was used instead of
B2O3 and the solvent used for ball milling was water instead
of ethanol. Moreover, H3BO3 also did not react with ethanol;
thus, the doctor blade solvent could be either ethanol or
water.

4. Conclusions

4.1 Synthesis of willemite
SiO2 and ZnO remain in the willemite ceramic synthesized at
1100 °C, and when it is sintered at 1300 °C, single-phase
willemite was obtained. This reaction is explained by core
cell formation with the remaining SiO2 in the core as
forsterite, as reported previously.16,17) The sintering temper-
ature of willemite was optimized for low-temperature-
sintering ceramics for LTCCs, which is 1100 °C, as
determined from the Qf obtained.

4.2 Synthesis of low-temperature-sintered willemite for
LTCCs
Amorphous SiO2 and H3BO3 were used as the sintering

agents. The B content of B2O3 affected the sintering
temperature and bulk density: the sample with 8wt% B2O3

shows a high bulk density of 2.5 g=cm3 and a sintering
temperature of 850 °C, and that with 15wt% B2O3 showed a
low bulk density of 2.1 g=cm3 and a low sintering temper-
ature of 725 °C. The microwave dielectric properties of low-
temperature-sintered willemite showed a high Qf of 3.81(1) ×
104GHz and a low dielectric constant of 4.911(1).

4.3 Which B raw material is better, boric–acid or boron
oxide?
H3BO3 is better than B2O3, because B2O3 reacts with ethanol
to form ethyl borate, which evaporates at room temperature,
resulting in pore formation. Moreover, the slurry prepared
using B2O3 has high viscosity, which makes it difficult to use
for doctor blade tape casting. Because H3BO3 does not react
with ethanol, ethanol could also be used as a solvent.
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