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Abstract

The phase transition, sinterability, and microwave dielectric properties of
Zn(Mn;_,Al,),04 (0.2<x<0.9) solid solutions synthesized through a solid-state reaction
were investigated. The densification temperature of the solid solutions decreased to
1250 °C, which is much lower than that of the end members. All compositions
showed a single phase with a tetragonal structure at x<0.6 and a cubic structure at
0.7<x<0.9. As the x value increased, the ¢, value decreased gradually along with an
inflection point of a sharp drop at x=0.7. The QOxf value significantly increased

initially and reached the maximum value of 14460 GHz at x=0.8; it decreased

1



thereafter. Meanwhile, the 7, value was near the typical value of about —60 ppm/°C to
—80 ppm/°C. TiO, and ZnO-B,0O; (ZB) glass co-doping can effectively adjust the z,
value of Zn(Mny»Aly5),O4 composition, with the highest O Xf value near zero, and can
reduce its sintering temperature to 950 °C. The (1-y)Zn(Mng,Alj3),04-yTi0; (y=0.26)
ceramics with 5 wt.% ZB glass exhibited microwave dielectric properties (¢,=12.71,
0 xf=8126 GHz, and 7=1.02 ppm/°C) appropriate for application in low-temperature

co-fired ceramics (LTCC).
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1. Introduction

Recent developments in modern microwave communication technologies have
resulted in a great demand for substrate materials with very low relative permittivity
(&<15) [1]. A low ¢, value is generally harmful to the miniaturization of electronic

components according to the following equation.

e (1)
where 4y and 1 are wavelength in a vacuum and dielectrics with ¢, value, respectively.
However, size reduction is unnecessary when the components are applied at
millimeter-wave frequency because the size is in the order of millimeters. A low ¢,

value has two advantages. The first is reduced time delay of the signal (7pp)
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according to the following equation [2].

TPD:\/E

c 2

where ¢, is the relative permittivity and c is the velocity of light. The second is the
reduction of inductive crosstalk and noise generation [1]. Low dielectric loss (tano) is
another critical requirement to increase selectivity and reduce energy consumption.
This property is characterized by the quality factor (Q xf, O=1/tand, and f is resonant
frequency). Moreover, a near-zero temperature coefficient of resonant frequency (zy) is
also required to ensure the stability of the frequency against temperature change [3].

Small, lightweight, multifunctional electronic components are currently
attracting much attention in actual applications. Thus, manufacturers are forced to
search for new advanced integration, packaging, and interconnection technologies. A
solution to this problem is low-temperature co-fired ceramic (LTCC) technology [3]
that enables the fabrication of 3D ceramic modules with a low dielectric loss and
embedded silver electrodes. The O xf value of LTCC materials is not less than 1000
GHz and is generally lower than that of resonator materials because the main losses
originate from the conductor rather than dielectrics [4].

Recently, Cao et al. [5, 6] reported that the phase compositions and microwave
dielectric properties of zinc manganese ceramics sintered at 1450 °C in air are
subjected to the effects of different Zn/Mn ratios. When the Zn/Mn ratio was less than
1/3, a single ZnMn,O4-based spinel-like phase was observed and exhibited

low-permittivity microwave dielectric properties. For example, typical values (&,



=732, O*f=13667 GHz, and 7=58.33 ppm/°C) were obtained for the nominal
ZnMn;30; ceramic with a (Zn,Mn)Mn,0;, structure. However, the nominal ZnMn;O4
ceramic sintered at 1450 °C for 3 h in air did not possess microwave dielectric
properties because an excess ZnO second phase with a large dielectric loss existed in
the core-shell reaction model [6].

Although the ZnAl,O4 system has higher sintering temperature (1650 °C) [7], it
exhibits a similar lattice structure and much higher Oxf value (Q*f=106000 GHz),
compared with ZnMn,QOy4. Thus, the O xf'value of ZnMn,04 ceramics can be improved
by partial substitution of AI’" for Mn’" cations. Interestingly, partial substitution
strengthens ion diffusion to form a single phase, reduces the sintering temperature to
1250 °C, and provides the Zn(Mn;,Al),O4 system good microwave dielectric
properties. To meet the requirements of LTCC applications, low-melting-point oxides
or glass, such as ZnO-B,0s; (ZB) [8-10], B,O; [11], Li,0—Zn0O-B,0; (LZB) [12],
Zn0-Si0,-B,0;3 (ZSB) [13], and BaO-Si0,-B,0; (BSB) [14], are frequently utilized
as sintering aids. In the ZnO-MnO,-TiO; system, Cao et al. [5] found that ZB glass
not only effectively reduces the sintering temperature to 950 °C but also retains good
microwave dielectric properties.

Therefore, the sinterability, phase transition, and microwave dielectric properties
of Zn(Mn;_,Al,),O4 ceramics were investigated in this study. The effects of ZB glass
as a sintering aid and TiO, as 7y compensator on the low-temperature sintering
characteristics and microwave dielectric properties of Zn(Mn;Al,),Os (x=0.8)

ceramics with the highest O xfvalue were also examined through LTCC application.
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2. Experimental procedure

Zn(Mn;_,Al,),04 (x=0.2, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9) ceramics were prepared by a
solid-state reaction process, where the reagent-grade ZnO, Al,O3, and MnO, powders
were used as the raw materials. The weighed raw materials were mixed by ball
milling with zirconia media in alcohol for 5 h, and the mixtures were calcined at
1100 °C in air for 3 h after drying. The calcined powders were pressed into disks with
12 mm in diameter and about 6 mm in height, and then sintered at 1250 °C in air for 3
h. These samples were cooled at a rate of 1 °C/min down to 1000 °C, then at a rate of
2 °C/min down to 800 °C, and finally furnace cooled.

The ZB glass was prepared using the mixed glass method. The reagent-grade
Zn0O and H3BO; (raw materials) were mixed in a molar ratio of 1:2. The mixture was
then fused in an alumina crucible at 1100 °C for 2 h, and the molten glass was poured
into cold water for quenching. The glass frit was roughly crushed in an aluminum
mortar and then planetary-milled in a deionized water medium for 3 h. After being
dried and sieved, the glass frit powder was as prepared.

For the ZB glass and TiO, containing samples, 5 wt.%ZB glass was added to the
calcined (1-y)Zn(Mng 1Al g)>04-yTiO, powders, and then were re-milled together for
5 h. Following the same drying and forming procedures, the pellets were sintered at
950 °C.

The polycrystalline phases were identified by X-ray diffraction using an
automated diffractometer (XRD-7000, Shimadzu Corporation, Japan) equipped with a

crystal monochromator employing CuKa radiation. In addition, the lattice parameters
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were obtained by Rietveld refinement using the GSAS software [15, 16]. The
microstructure was observed by scanning electron microscope (SEM, Sirion 200,
Netherlands). The ¢ and unloaded Qxf value was measured in the TEy;; mode at
about 12 GHz by the Hakki and Coleman method [17] using a microwave network
analyzer (Agilent E8362B, Agilent Technologies, USA) and two parallel silver boards.

The zrvalue in the temperature range of 30-80 °C was calculated by formula (3):

_ L @)@
Ty T-T, 3)

where f(T)) and f(T)) represent the resonant frequency at 7} (80 °C) and 7p (30 °C),
respectively. Impedance analysis of pellets coated Ag electrode was performed over
the frequency range from 100 Hz to 10 MHz, using an impedance analyzer (Agilent
4294 A, Agilent Technologies, USA). And all data were corrected for sample geometry

and analyzed using in-house software.

3. Results and discussion

The X-ray diffraction (XRD) patterns of the Zn(Mn,.,Al,),O4 ceramics sintered
at 1250 °C for 3 h are shown in Fig. 1. For Zn(Mn;Al;),O4 ceramics with a
composition range of 0.2<x<0.6, the XRD profiles show the presence of a tetragonal
phase. The samples obtained at a composition range of 0.7<x<0.9 show a cubic solid
solution phase. This result suggests that phase transition in the solid solutions
occurred at approximately x=0.7.

As the x value increased from 0.2 to 0.6, lattice symmetry improved gradually, as

shown in Fig. 1. The diffraction peaks of the Zn(Mn;_,Al,),O4 (x = 0.7, 0.8, 0.9) solid
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solution shifted to a high angle of 2 theta with the increase in the x value. This result
indicates that shrinkage of lattice volume occurred because the ion radii of Mn®"and
A’ were 0.645 and 0.535 A, respectively.

Fig. 2 presents the lattice parameters of the Zn(Mn,.,Al,),O4 solid solution as a
function of the x value. The lattice parameters ¢ of the tetragonal structure decreased
linearly and parameter a increased slightly when x ranged from 0.2 to 0.6. With the
further increase in the x value, the compound transformed from a tetragonal to a cubic
structure, and parameter a decreased slightly because of the increase in A’
substitution for the Mn™ " site.

The surface morphologies of the Zn(Mn;_.Al,),04 (x=0.4-0.9) ceramics sintered
at 1250 °C for 3 h in air were observed through scanning electron microscopy(SEM),
and the results are shown in Fig. 3. The glass phase was observed in the ceramics with
a small amount of AI’*. This finding indicates that the partial substitution of AI’" for
Mn>" ions in Zn(Mn,Al,),O4 was beneficial to the reduction of the sintering
temperature and prompted densification because pure ZnMn,O4 ceramics cannot be
sintered well until 1450 °C and exhibit porous microstructures [6, 18]. However, the
grain size decreased gradually with the increase in the x value, which could be a result
of the reduction in the glass phase. Generally, glass phase as a liquid phase during
sintering helps improve ion diffusion and contributes to grain growth. As the x value
increased to 0.9, the composition approached that of the high-temperature ZnAl,O4
phase, and the glass phase was almost not observed in Fig. 3(f). Therefore, it is

rational to conclude that the smallest average grain size exists in the composition of
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x=0.9.

The microwave dielectric properties of the Zn(Mn;_,Al,),O4 ceramics sintered at
1250 °C in air for 3 h were then investigated. The microwave dielectric properties
depended largely on the A’ content (x value). Fig. 4 shows the variation in relative
permittivity (e,) of the sintered ceramics as a function of the x value. As the x value
increased from 0.2 to 0.7, the ¢, value decreased slightly from 10.28 to 9.54. The &,
value decreased significantly when the x value exceeded 0.7. This trend in ¢, value
corresponds to the phase transition of the solid solutions that occurred at x=0.7 (see
Figs. 2 and 4). The dielectric constant generally depends on density and ionic
polarizability aside from the lattice structure. According to the Clausius—Mossotti
equation, the dielectric constant depends on polarizability and the molar volume of
the compounds. The reduction in the dielectric constant in this study can be well
explained by the low dielectric polarizability of A’ ion in place of high polarizability
of Mn3+; thus, the dielectric constant decreased monotonously as the A’ content
increased. Fig. 3 shows that grain size decreased with the increase in the Al content
due to the reduce in glass phase, which could also induce a decrease in the dielectric
constant.

Fig. 5 shows the O *f, 7, and relative density of the Zn(Mn;_Al),O4 ceramics as
a function of the x value. As the x value increased, the Oxf value (Fig. 5(a)) of the
samples increased initially from 3144 GHz to 14460 GHz and then decreased after
reaching the maximum value at x=0.8. The 7, value changed only slightly from —

60 ppm/°C to —80 ppm/°C (Fig. 5(b)), which is a typical value for low-permittivity
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microwave dielectric ceramics on the basis of the g—t¢ relationship [19]. And the
relative density remained at about 95% when the x value was below 0.8. However,
when x=0.9, the relative density decreased rapidly to approximately 85% (Fig. 5(c)),
which corresponds to the variation trend of the O/ value with AI’* content.

Generally, lattice defects (vacancies and dislocations), second phase, porosity,
band gap, glass phase, and other microstructure-related defects exerted a strong
influence on the O xf value [20-22]. In this study, the amount of AP’ jons played an
important role in improving the O xf value of the Zn(Mn,Al,),O4 ceramics because
of the increase in the harmony between lattice vibration and the increase in the x value
[23]. However, the decrease in the grain size (Fig. 3), especially the sharp drop of the
relative density at x=0.9 (Fig. 5(c)), deteriorated greatly the O xf value [24]. Thus, the
two factors resulted in a maximum value at x=0.8 (Fig. 5(a)).

Fig. 6 presents an Arrhenius fitting plot of the temperature dependence of bulk
conductivity (o) for the Zn(Mn,;Al,),0O4 (0.2<x<0.9) ceramics. As the x value
increased, the activation energy (£,) calculated from the slope of the fitting line
increased from 0.48 eV to 0.54 eV. The approximation of the intrinsic band gap,
E~2F, [25, 26], indicated that conductivity decreased when the x value increased.
Thus, the sample with a high x value had a better quality factor than the sample with a
low x value.

To adjust the 7y value to near zero and reduce the sintering temperature, TiO, and
ZB glass were added to the Zn(Mn;_Al;),O4 (x=0.8) ceramics. Table 1 shows the

microwave dielectric properties of (1-y)Zn(Mng,Aly5),04+yTiO, with 5 wt.% ZB
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glass sintered at 950 °C for 3 h. As the y value increased from 0.22 to 0.28, the zy
value of the ceramics varied from —11.32 ppm/°C to 5.03 ppm/°C. This evidence
indicates that ZB glass and TiO; co-doping in the Zn(Mng,Al3),O4 system not only
reduced the sintering temperature by 300 °C but also effectively controlled the zr
value to near zero. When the y value was equal to 0.26, the low-permittivity ceramics
with an &, value of 12.71 exhibited a near-zero 7y value (7~=1.02 ppm/°C), although the
Oxf value was not too high. In accordance with the requirement of the Oxf value for
LTCC applications at microwave frequency, the value of 8027 GHz is higher than the
value of 1000 GHz in the Dbasic condition [4]. Therefore,
(1-y)Zn(Mng 2 Alp 8)204+yTiO; ()=0.26) ceramics with 5 wt.% ZB glass could be a

promising candidate for LTCC components and modules.

4. Conclusions

(1) Zn(Mn_,Al,),04 (0.2<x<0.9) solid solutions were synthesized at 1250 °C for 3 h
through solid-state reaction. The densification temperature was much lower than
that of the end members. Phase transition from a tetragonal to a cubic structure
occurred at x=0.7 with the increase in the x value.

(2) As the x value increased from 0.2 to 0.7, the &, value decreased slightly from
10.28 to 9.54. The ¢, value decreased significantly when the x value exceeded 0.7.
This trend in ¢, value corresponded to the phase transition of the solid solutions
that occurred at x=0.7. The O xf value increased initially from 3144 GHz to 14460

GHz and then decreased after reaching the maximum value at x=0.8. The 7, value
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changed only slightly near the typical value from —60 ppm/°C to —80 ppm/°C.

(3) ZB glass and TiO; co-doping in the Zn(Mng,Aly5),04 system not only decreased
the sintering temperature by 300 °C but also effectively controlled the zrvalue to
near zero. The (1-y)Zn(Mng»Aly5)204+yTiO, (y=0.26) ceramics with 5 wt.% ZB
glass were sintered well at 950 °C for 3 h and exhibited appropriate microwave
dielectric properties (e,~12.71, 0xf=8126 GHz, and 7=1.02 ppm/°C) for LTCC

applications at microwave frequency.
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Table 1 Microwave dielectric properties of (1-y)Zn(Mng,Al5),04+yTiO, ceramics

with 5 wt.% ZB glass sintered at 950 °C for 3 h

y value & 0%/ (GHz) 77 (ppm/°C)
0.22 12.47 4251 ~11.32
0.24 13.27 6443 —4.92

0.26 12.71 8027 1.02

0.28 13.70 7194 5.03

Fig. 1 XRD patterns of Zn(Mn;_,Al,),O4 (x=0.2-0.9) ceramics at 1250 °C for 3 h: (a)
cubic phase; (b) tetragonal phase; (¢) x=0.2; (d) x=0.4; (e) x=0.5; (f) x=0.6; (g) x=0.7;
(h) x=0.8; (i) x=0.9.

Fig. 2 The lattice parameters of Zn(Mn;_Al,),O4 solid solutions as a function of x
value.

Fig. 3 SEM micrograph of Zn(Mn;_Al,),O4 ceramics sintered at 1250 °C: (a) x=0.4,
(b) x=0.5, (c) x=0.6, (d) x=0.7, (e) x=0.8, (f) x=0.9.

Fig. 4 Dielectric constant (¢,) of the Zn(Mn;.,Al;),O4 ceramics as a function of x
value.

Fig. 5 The O *f (a), 77 (b), and relative density (c) of the Zn(Mn;_,Al,),O4 ceramics as a
function of x value.

Fig. 6 Arrhenius fitting plot from the temperature dependence of the bulk conductivity



for Zn(Mn_,Al,),04 (0.2<x<0.9) ceramics.
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