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Abstract

Low temperature co-fired ceramics (LTCCs) technology plays an important role in
modern wireless communication. Z&o0B,0s (x=0-0.25) low temperature fired
ceramics were synthesized via traditional solid-state reaction method. Influences of
Co®* substitution on crystal phase composition, grain size, grain morphology,
microwave dielectric properties, bond energy, and bond valence were investigated in
detail. X-ray diffraction analysis indicated that the major phase of the ceramics was
monoclinic Znr(BOs),. Solid solution was formed with &b substituted for Zfi
because no individual phase that contained Co was observed. An increase in the amount
of Co** substitution changed average grain sizes, and regrowth of grains were observed
with Co?* substitution. Appropriate amount of €substitution improved densification.
With changes in C3 substitution, bond energy of major phase and average bond
valence of B-O were positively correlated to temperature coefficient of resonant
frequency. The Zny,L o 078206 ceramic sintered at 875 °C for 4 h exhibited excellent
microwave properties withg=6.79, Qxf=140402 GHz, andz=-87.42 ppm/°C. This
ceramic is regarded as candidate for LTCC applications.
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1. Introduction

Microwave dielectric ceramics are indispensable in the development of wireless
communication; specifically, these ceramics are commonly used as resonators and
capacitors [1]-3]. With further development in wireless communication, new demands
have been proposed for microwave dielectric ceramics: miniaturization, multifunction,
high reliability, and low dielectric loss at high frequency. Low temperature co-fired
ceramics (LTCCs) and corresponding technologies that meet these demands, are also
beneficial for radio frequency (RF) microwave and millimeter-wave circuits [4]. LTCCs
are used to package passive and active components into multilayer structures to achieve
the characteristics of miniaturization and multifunction. Ag is usually used as an
electrode in the LTCC multilayer because of its low conductor loss and low cost. To
co-fire a ceramic with Ag, the sintering temperature of the ceramic must usually be
below 950 °C. A low relative dielectric constaat) (s required for LTCCs in substrate
applications because the relationship betwgesnd propagation delay timd is:
T&=L+/e./c [5], whereL is the traveling distance of the signal and c is the speed of light.
Low dielectric loss of LTCCs is an important feature and it is related to high efficiency
and low noise in devices [6]. Moreover, the temperature coefficient of the resonant
frequency @) of LTCCs is a measure of the temperature stability of the resonant
frequency, which is required near zero for practical applications.

Not every microwave dielectric ceramic is suitable for LTCC technology. For
example, the densification temperature is as high as 1340 °C $&i%ri7] and
1400 °C for MgSiO; [8], and these sintering temperatures are extremely high for LTCC
applications. Glasses, oxides, and fluorides, which have low melting points, are usually

used as sintering aids to reduce the sintering temperature of these ceramics with low



dielectric loss [6],9],10]. Furthermore, ceramics without sintering aids, such as
SpNaM@V30:,, LapZrs(MoQOy)e, and LiNiIPQ, have also been investigated in recent
years [11]-13]. Wu et al.[14] first reported the microwave dielectric properties of the
Zn3B,Os ceramic sintered at 925 °C for 4 h=6.7, Qxf=58500 GHz, andr=-58
ppm/°C. ZnB,Os has an innate low sintering temperature and excellent microwave
dielectric properties, and thus, it is suitable for LTCC applications. Previous research
has reported that Ebsubstitution is an efficient means of increasing relative density
and Qxf, and decreasing sintering temperature[15]-18]. Moreover, the effective radius
of Zn**is 0.60 A, and that of Gdis 0.58 A when their coordination number (CN) is 4
[19].

On the basis of the above information ; ZBoB,0s (Xx=0-0.25) ceramics without
sintering aids were synthesized via the solid-state reaction method in this work. The
influences of substituting Gbfor Zr?* on crystal phase, microstructure, densification,
and microwave dielectric properties of 34680B,0s ceramics were investigated. The
relationship between crystal phase, microstructure, densification, bond energy, bond
valence, and microwave dielectric properties of3,&80B,0s ceramics were
investigated in detail.

2. Experimental procedure

Samples of ZCoB,0s (x=0—-0.25) ceramics were prepared via the solid-state
reaction method. Analytically pure ZnO (99.0%, Ke Long chemical factory in China),
CoO (99.0%, Ke Long chemical factory in China), angB®; (99.5%, Ke Long
chemical factory in China) were used as raw materials. The loss@f @uring
calcination was compensated for 12 wt.% excefH in the first step of weighing the

raw material [14]. The mixtures were weighted according to the compositions and



milled with deionized water and zirconia balls in nylon containers for 4 h. The mixed
slurries were then dried in an oven respectively and then calcined at 875 °C for 4 h. The
calcined materials were remilled for 4 h. The wet materials were dried and mixed with
polyvinyl alcohol binder (12 wt.%). Samples were then pressed into cylinders with 12
mm in diameter and 6 mm in height at 100 MPa. The raw cylinders were sintered at
850-900 °C for 4 h to obtain the final samples that were used for subsequent tests.
Crystal phases of the ceramics were identified via a X-ray diffractometer (Rigaku
MinFlex 600) with a scanning speed of 4°/min. Crystal structure parameters of the
samples were obtained via refinements of X-ray diffraction (XRD) data using FullProf
software. The bond energy and bond valence were calculated from the refined XRD
data. A scanning electron microscope (SEM: JEOL JSM-6490LV) with an acceleration
voltage of 20 kV, was used to observe grain sizes and microstructure of the sintered
ceramics. Archimedes’ method was used to measure bulk densities of the samples.
Microwave dielectric properties of the ceramics were measured via the Hakki-Coleman
dielectric resonator method using a vector network analyzer (Agilent Technologies,
N5230A, 300 kHz~20 GHz) [20]. The temperature coefficient of the resonant frequency

() was determined using Equation (1):

_ fz—f1 o
Tp = e X 1 (ppm/°C) (1)

where f; and f, are the resonant frequencies measured at temperdturasd T,
respectively.
3. Results and discussion
Fig. 1
The Zn«CoB.0s (x=0-0.25) ceramics sintered at 875 °C present a major phase

(Zn3(BOs),, ICSD #14240) and a minor phase {@Q(Bs012), ICSD #34085), as shown



in Fig. 1(a). The standard XRD patterns of the two phases are based on the ICSD data
and their curves are calculated using Mercury software. The main diffraction peaks are
in the range of 20°-50°, and some of the indexes of diffraction are labeled in Fig. 1.
Substituting C&" for Zr?* did not introduce any new phase containing Co, and this fact
indicated that CO replaced the position of Zh and formed a solid solution in
Zn3,CoB,0s (x=0-0.25) ceramics. The similarity in the values of the effective ion radii
of Zn** and C4&* was the necessary condition for forming the solid solution. In addition,
the diffraction peak (211) of the minor phase is not observed until substitutiorf’'dsCo
increased to 0.15 mole, as seen in Fig. 1(b), and this demonstrated {&MD:%n
formed a solid solution with Z®(BsO12) whenx<0.075 and that further substitution of
Co?* reduced the compatibility on structure between the two phases. The intensity of the
diffraction peak (310) of the minor phase is stable, as seen in Fig. 1(c), and this
indicated that C8 substitution did not obviously change the weight percentage of the
Zn,0(Bs0O12) phase in the samples.
Fig. 2

XRD patterns were refined using FullProf software with the Rietveld method [21].
Characteristics of the crystal structure, lattice parameteds, €), and volume of the
unit cell (/c) were obtained from the refinements of; 480B,0s (x=0-0.25) ceramics
sintered at 875 °C. Monoclinic structure with the space group of | 1 2/c 1 §BQ).
and cubic structure with the space group of | -4 3 m foOZB:O12) were used as
models for XRD refinements. Details of the models were based on the standard PDF
cards ICSD #14240 and ICSD #34085. Moreoweyp=90° in the monoclinic structure.
And a=b=c, a==y=90° in the cubic structure. The results of the XiRRDnements can

be seen in Fig. 2 and the refinements are summarized in Table 1. The vafuesaf



less than 2, which showed that the refinements were reliable. The lattice parameters
changed slightly with an increase in “Cosubstitution, and this indicated that
Zn3xCoB,0s (x=0-0.25) ceramics sintered at 875 °C were stable on the structure.
Furthermore, the weight percentages og(B3), and ZnO(BsO:2) changed with a
change in xand the weight percentage of,@2{BsO1,) was maximized at=0.075.

Fig. 3

The crystal structure of the major phases(Bs),) is shown in Fig. 3; this was

obtained from the result of XRD refinement for the, £&43C 00078206 ceramic, which
was sintered at 875 °C. In this sample, the unit cell of monoclinic phagB @y
included 8 molecules of ZB,0s, with $=97.40376°, a=23.44124 A, b=5.04233 A, and
c=8.38215 A. zA", B*, and G formed tetrahedral [Zn{) and triangular [BG
connected though the vertexx OMoreover, on the basis of the principle of charge
conservation, one © connected one triangle of [Band two tetrahedra of [Znfin
the crystal phase Z(BOs).. In a practical sample, because somé*®@a@s substituted
for Zn®*, C&* replaced some of Zhin the crystal structure. The crystal structure
remained stable even when the amount of substitution reached to 0.25 mole, as seen
from the analysis of the XRD patterns.

Fig. 4

Fig. 5

Microstructure and grain morphology of the ceramics are related to the microwave

dielectric properties [23]. The microstructure, grain size, and grain morphology of
Zn3,C0oB,0s (x=0—-0.25) ceramics sintered at 875 °C were observed via SEM, as seen
in Fig. 4. The average grain sizes and their standard deviations are showed in Fig. 5.

Grain boundaries of all samples were apparent, but the morphology of the grains



changed with an increase in Taubstitution. With an increase in €osubstitution
from O mole to 0.05 mole, the grains of the ceramics regrew, as seen in Fig. 4(a)-(c).
The morphology of the grains changed obviously; specifically, some irregular grains
appeared in the range of 0.0258.05. Thus, it could be concluded that substituting
appropriate amount of Gbfor Zr®* promoted the regrowth of grains in Z&oB,0s
ceramics. Furthermore, the average grain size decreased fromn3.@&x=0 to 2.77
um atx=0.05, and the decrease in the corresponding standard deviation of grain size
also supported this conclusion. The grain morphology became regular again, and grains
grew closely whenx reached 0.075, as seen in Fig. 4(d). With a further increase in the
amount of C&" substitution to 0.25 mole, the average grain size increased tqu#,08
and their grain boundaries tended to be blurry.
Fig. 6

The bulk density and relative density of the samples are shown in Fig. 6. The
theoretical density of ZnCoB.0s (x=0-0.25) ceramics was assumed to be equal for
samples at different sintering temperatures. Moreover, the theoretical dga3ignd
relative density 4) of the samples were calculated using Equations (2) and (3), as

shown below:

ZA

Pth = o (2)
Xwi
Pr = Z_&' 3)

pi
where N, V, A, andZ are the Avogadro’s constant ()] the volume of unit cell, the
molar molecular weight (g/mol), and the number of molecules in a unit cell, respectively.
Also, w; and g were the weight percentage and theoretical density of phase

respectively. Values oY, were derived from the results of XRD refinements. Bulk



densities of the samples varied between 3.785 ‘gamd 4.067 g/cth and relative
densities varied between 89.98% and 95.98%. The densest sample was the
Zny.04C 0 078206 Ceramic sintered at 875 °C, with a bulk density of 4.067 Yam
relative density of 95.98%. The variations in bulk density and relative density were
similar because of their similar values of the theoretical density eiCfxB,Os
ceramics with different values af The relationship between porosify) (@and relative
density ) is P=1-p. As seen in Fig. 6(b), an optimal amount of substituted’ Co
enabled the ceramics to reach maximal relative density, and the optimal amount varied
at different sintering temperatures. Higher sintering temperature corresponded to a
smaller optimal amount of substituted “Cdor Zns,CoB,0s (x=0-0.25) ceramics
sintered at 850-900 °C. This phenomenon indicated that an appropriate amoufit of Co
substitution reduced porosity of the ceramics subjected to the same sintering
temperature, and this influence increased when the sintering temperature was higher.
Fig. 7

Relative dielectric constantss) of ceramics mainly depend on crystal phase
composition and porosity [24]-25]s values of Zp«CoB.Os (x=0-0.25) ceramics
sintered at 850-900 °C are shown in Fig. 7(a). Phase compositions; ¢Za8,0¢
(x=0-0.25) ceramics sintered at 875 °C could be observed from the results of XRD
refinements; the weight percentages of the major phase and minor phase were slightly
changed. In this situation, changes in the weight percentage of the phase composition
were not the dominant factor that influenced changes.ifrurthermore, the same
changes were observed between the relative density; amberefore, values of for
Zn3,CoB,0s ceramics were mainly influenced by relative density or porosity. The

value of § for the densest ZrR,{LC0y 0780 ceramic sintered at 875 °C was 6.79.



Equation (4) was used to calculated the valug @dr the pure ceramic without porosity
[25]:

3PEm-1
er=em(1- M) (4)

2em+1
wheresg, P, andg, are the measured relative dielectric constant, fractional porosity, and
calculated & value of the pure ceramic respectively. The valuegofor the pure
Zny 924C0p 078206 Ceramic sintered at 875 °C was calculated to be 7.14.

Dielectric loss of microwave dielectric ceramics is related to intrinsic loss (such as
phase composition and crystal structure) and extrinsic loss (such as porosity and phase
crystallization) [26],27].Qxf was used to measure dielectric loss of the ceramics, and
the results are shown in Fig. 7(b). Relative density showed the same variati@vith
for Znz«CoB,0s (x=0-0.25) ceramics, and this fact indicated that porosity was the
dominant factor that influenced dielectric loss of the ceramics. In other words, an
appropriate amount of &b substitution enhanced densification and reduced the
dielectric loss of the ZnCoB,0s (x=0-0.25) ceramics.Qxf value of the
ZN.024C0p 078206 ceramic sintered at 875 °C was much larger than that of the other
samples sintered at the same temperature. This phenomenon might contribute to the
phase composition and corresponding crystal structure. As discussed regarding the XRD
patterns shown in Fig. 1(a), ZBOs),formed a solid solution with Z®(BO12) when
x<0.075, and further G substitution reduced their compatibility on the structure. The
Zn, 924C 0 078206 ceramic sintered at 875 °C contained the maximal weight percentage
of ZnyO(BsO12), and there was complete compatibility on the structure between the two
phases. Therefore, the compatibility on the crystal structure and high densification
increased the & to 140402 GHz for the 4,40y 078206 ceramic sintered at 875 °C.

Zn3(BOs), was the major phase in Z{CoB,0s (x=0-0.25) ceramics. Total bond



energy of the ZgBOs), phase in ZpnCoB,0s (x=0-0.25) ceramics sintered at 875 °C
was calculated strictly according to the theory of Sanderson [28],29]. All data used to
calculated the bond energy could be found in Ref. [29] and Table 2. Bond agrgl (
a single bond contains nonpolar covalent bond endfgyand polar covalent bond
energy E):

Ep, =t .E. + t;E; 5)

1=t . +¢ (6)

wheret., andt; are the covalent and ionic blending coefficients respectively. The partial
charges of the atoms that constitute the chemical bond were used to calculate the value

of taccording to the following equation:

t, = |cpA;_chl (7)

where Cpa and Cpg are the partial charges of atoms A and B respectively. The
electronegativity of the molecule and atoms that constituted the chemical bond were

used to calculate the partial charge according to the following equation:

Sm—Si
Cp; = a5, (8)

whereCpi, Sy, and§ are the partial charge of ataielectronegativity of the molecule
that contains the chemical bond, and the electronegativity of atoespectively.
Polyhedra of [Zn(1)G), [Zn(2)Oy], [Zn(3)O4), [B(1)Os5], and [B(2)Q] were considered
to be 5 styles of molecules that formed the(B@s), phase4S is the change in the
complete loss of an electrd®y, is simply the geometric mean of the electronegativity of

all the atoms that constitute the molecule, and it was calculated using the following

S, = "/ 11 S (9)

Equation:

10



where§ is the electronegativity of atomandn is the number of atoms that form the

molecule. Moreover, Eand E were calculated using Equations (10) and (11):

Ei — 33200 (10)
Ro
1/2
E, = (RA+RB)(E:;AEB—B) (11)

whereR,, Ra, andRg are respectively the bond length between atoms A and B, nonpolar
covalent radii of atom A, and nonpolar covalent radii of atom B. Bond length (pm)
corresponds t&; in kcal/mol.Eaa andEg.g are defined as homonuclear bond energies
of atom A and B, respectively. Particularb,.2~=35.8 kcal/mol,Egg=76.7 kcal/mol,
Eo.0=104 kcal/mol. The bond energy of a polyhedra is the sum of the bond energies of
all of the individual bonds that form the polyhedra. Furthermore, the total bond energies
of the Zn(BOs), phase, that is, the total energies of the five types of polyhedra in
Zn3,CoB,0s (x=0—-0.25) ceramics, were calculated to compare with the value @s
seen in Fig. 8.
Fig. 8

It has been observed in previous research that bond valence was related to
[9],30]. [BO4] triangles are the basic framework in3£80B,0s (x=0-0.25) ceramics.
Therefore, the average bond valence of B-O was calculated using Equations (12) and
(13) [31]:

d;j = R;j — blnv;; (12)

2 vij
Vo ==+ (13)
whered;j, R;, andv; are the bond length between atdnasidj, bond valence parameter,
bond valence of atomsandj, respectivelyV, is the average bond valence, ang the

number of bonds included in the calculation. According to Ref. [31], b=0.37 A, and

11



Re.0=1.37 A. There were six types of B-O bonds in(BDs),, and bond length values
are shown in Table 2. The average bond valence of B-O was simply the average of the
six types of B-O bond valence. Calculated average bond valences of B-O for the
Zn3(BOs), phase in Zg,CoB,0s ceramics sintered at 875 °C are shown in Fig. 8.

The value ofr; is mainly influenced by phase composition, the linear expansion
coefficient (@), and the temperature coefficient of the dielectric constan{Z2],23]:

= —(a+ %ag) (24)

Bond energy is related to the stability of the crystal structure of the ceramics, and
therefore, bond energy is related#oB-site bond valence is related to the temperature
coefficient of the dielectric constant, and according to Equation (14), B-site bond
valence is related ta; [17]. Phase composition was obtained from results of XRD
refinements. There was no obviously relationship between the percentage of the
Zn,0(Bs0O12) phase and the value afdue to the slight change in the phase composition.
Moreover, bond energy of 4B0Os),and average bond valence of B-O triangles were
observed to be positively correlated#pas shown in Fig. 8. Therefore, the major phase
Zn3(BO3), determinedr; values of the ZfCoB.0s (x=0-0.25) ceramicsr; values of
the ZnCoB,Os ceramics sintered at 875 °C varied from -62.49ppm/°C to
—87.42ppm/°C. An appropriate amount of?Csubstitution reduced the bond energy of
Zn3(BOs), to 8146 kJ/mol ak=0.075, and also resulted in a relatively large negative
value of z (-87.42 ppm/°C), and this indicated that low bond energy corresponded to
low stability on the structure of the ceramics. Similarly, the conclusion that smaller
average bond valence of B-O corresponded to larger negatif@@ Zn;CoB.Os
ceramics sintered at 875 °C was made. Furthermpsbould be near zero for practical

application, and some methods for adjustingave been investigated. These methods

12



included substituting ions (GUTi*") [27],32] or compensating with other materials that
have large positive values af[21],33].
4. Conclusions

Zn3,CoB,0s (x=0-0.25) ceramics sintered at 850-900 °C were prepared via the
traditional solid-state reaction method. A major phase(BfDs), and minor phase
Zn,O(BsO12) constituted the crystal phase of the ceramic$’ €abstitution promoted
the regrowth of grains and changes in grain size. An appropriate amountof Co
substitution increased relative density and reduced dielectric loss. The
ZNy.924C0p 078206 Ceramic sintered at 875 °C was the densest sample. The v&xé of
was closely related to relative density, phase composition, and crystal structure. Bond
energy of Zp(BOs), and average bond valence of B-O were calculated and presented a
positive correlation withrz. The Zn 9,0y 07820s ceramic sintered at 875 °C for 4 h
exhibited excellent microwave properties with=6.79, Qxf=140402 GHz, and
7=—87.42 ppm/°C. Thus, the ceramic was regarded as a potential LTCC material.
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Figure captions:

Fig. 1(a) XRD patterns of ZnCoB.0s (x=0-0.25) ceramics sintered at 875 °C, (b)
amplified figure at 26= 28.5° — 30.5°, (c) amplified figure at 2636.5° — 39°.

Fig. 2 Rietveld refinements of 2C0oB,0s (x=0—-0.25) ceramics sintered at 875 °C, (a)
x = 0, (b)x = 0.025, (cx = 0.05, (d) x= 0.075, (€) x 0.15, (f) x= 0.25.

Fig. 3The crystal structure of a unite cell of3flBO3)..

Fig. 4 SEM photographs of 2RCoB,0s (x=0-0.25) ceramics sintered at 875 °C,Xa)
=0, (b) x= 0.025, (cKk = 0.05, (d) x= 0.075, (ex = 0.15, (f)x = 0.25.

Fig. 5 Statistics of grain sizes of ZiCoB.0s (x=0-0.25) ceramics sintered at 875 °C,
(a) x= 0, (b)x = 0.025, (ck = 0.05, (d)x = 0.075, (€) x 0.15, (f)x = 0.25.

Fig. 6 Densification characteristic of ZpCoB20s (x=0-0.25) ceramics sintered at
850-900 °C, (a) bulk density, (b) relative density.

Fig. 7Microwave dielectric properties of ZrCoB.0s (x=0—0.25) ceramics sintered at
850-900 °C, (ak, (b) Qxf, (c) =.

Fig. 8Bond energies of Z(B0Os), and average bond valences of B-O contrast td

Zn3,C0oB-20gs (x = 0 — 0.25) ceramics sintered at 875 °C

Table captions:

Table 1Parameters of structure and agreement factors of refinementssf{gGB,0¢
(x=0-0.25) ceramics sintered at 875 °C.

Table 2Bond lengths of Zg{BOs), from XRD refinements for ZCoB.0s (x=0-0.25)

ceramics sintered at 875 °C.
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x=0 x=0.025 x=0.05 x=0.075 x=0.15 x=0.25
a(A) 23.43185 23.46057 23.44825 23.44124 23.43675 23.44434
b (A) 5.03966 5.04576 5.04287 5.04233 5.04404 5.04966
c (R 8.37482 8.38577 8.38231 8.38215 8.38755 8.39991
p(A)  97.43457 97.41837 97.40679 97.40376 97.39304 97.38065
V. (A% 980.656 984.369 982.909 982.496 983.299 986.191
wt. (%) 96.53 93.59 93.61 92.30 95.69 94.59
a(h) 7.46698 7.47719 7.47365 7.47241 7.47516 7.47669
ZnO(B,010) Ve (A%  416.327 418.037 417.445 417.237 417.698 417.953

Zn3B,0g

wt. (%) 3.47 6.41 6.39 7.70 4.31 5.41
R, (%) 5.78 6.18 6.71 7.89 8.67 10.1
Rup (%) 6.93 7.11 7.70 8.72 8.61 9.03
Rexp (%) 5.43 5.78 6.05 6.48 7.37 8.47

P 1.63 1.51 1.62 1.81 1.36 1.14

Ry: the profile factorR,,: weighted profile factorR.,: expected weighted profile factofs reduced chi-square



polyhedrontypes Bond types

[Zn(1)0,]

[Zn(2)0,)

[Zn(3)0,]

[BD)O]

[B()O4]

Zn(1)-0(1)
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Zn(1)-0(3)
Zn(2)-0(2)
Zn(2)-0(3)
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