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ARTICLE INFO ABSTRACT

Keywords:

Herein, glass-free microwave dielectric ceramics CaMgp 9.xLig 2Z1n,Si>0¢ (x = 0-0.36) with excellent microwave

LTCC dielectric properties were prepared via traditional solid-state reaction method. Phase composition and crystal-
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Raman spectroscopy

line structure were identified using X-ray diffraction (XRD), which confirmed that the ceramics contained more
than one phase. Rietveld refinement method was utilized to analyze XRD data and obtain structural information,
such as lattice parameters. SEM photographs showed that Zn** substitution could effectively promote densifi-

cation of the ceramics. Microwave dielectric properties were obviously influenced by the combination of mul-
tiple phases. Combined with Raman spectra, influences of Raman shift and FWHM of vibration peaks on mi-
crowave dielectric properties were determined. The CaMgg 9.xLig 2Zn,Si»O¢ ceramic exhibited high performance
atx = 0.28 with: Q X f = 68,190 GHz, ¢, = 7.51 and 1t = —68 ppm/°C, when sintered at 900 °C. The studied
ceramics are promising candidates for LTCC application.

1. Introduction

Microwave dielectric ceramics are widely used in microwave com-
munication devices [1,2], especially in the era of 5G technology. Low
temperature co-fired ceramics (LTCC) technology is commonly used in
order for such devices to meet the requirements of miniaturization,
integration and functionalization [3-5]. Microwave dielectric ceramics
with low permittivity are key materials of LTCC substrates that can
generate effective signal delay reduction in the millimeter wave band,
and should have low sintering temperature (lower than 961 °C), high
quality factor and near zero temperature coefficient of resonance fre-
quency (t¢) as well as excellent thermal stability [6-9]. Three methods
that lower the sintering temperature include addition of sintering aids,
adopting glass-ceramic method and utilization of ultra fine powders
[10]. However, the addition of sintering aids may deteriorate ceramics’
dielectric properties [11]; the utilization of ultrafine powders will in-
crease production costs; glass-ceramic method need high equipment
requirements [12] and may leave glass phase causing the loss of per-
formance. Furthermore, certain sintering aids such as V,Os are toxic,
and are not compatible with environmentally friendly production.
Therefore, it is of great significance to study glass-free LTCC microwave
dielectric ceramics, in which ion substitution is one of such methods.

* Corresponding author.
** Corresponding author.

Since CaMgSi,Os is a silicate ceramic, it has good microwave di-
electric properties with [13]:e, = 7.46, Q X f = 59,638 GHz and
¢ = —46 ppm/°C (sintered at 1290 °C). Therefore, it has the potential
to develop LTCC substrate materials with low dielectric and low loss. In
our previous work, it was found that Li ion could lower the sintering
temperature of CaMgSi,O¢ ceramic in conjunction with a small amount
of LBSCA glass. However, dielectric loss was not successfully decreased.
Studies have shown that zinc ion substitution could further improve
microwave dielectric properties of the magnesium silicates while re-
ducing sintering temperature. Mg; —4Zn,SiO3 ceramics could enhance
performance from 103,453 GHz (x = 0) to maximum 138,481 GHz
(x = 0.15) when sintered at 1360 °C for 9 h, which significantly de-
creased the sintering temperature [14]. Dhanesh et al. [15] investigated
the effects of Zn** substitution content on LiMgPO, ceramics’ micro-
wave dielectric properties and found that LiMgg ¢Zng PO, ceramics
sintered at 925 °C exhibited perfect microwave dielectric properties:
Q X f = 99,700 GHz, ¢ = 6.7 and 1y = —62 ppm/°C, while sintering
temperature decreased and Q X f value increased. Comparable results
could be observed in other researches [16-18]. Obviously, substitution
of Mg?* with Zn®>* reduced sintering temperature and improved
ceramic performance at the same time.

Furthermore, Raman spectroscopy and XRD analysis are often used
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to examine the microstructure of microwave dielectric ceramics, al-
lowing further exploration into lattice vibration, orderness, crystallinity
and cation distortion of the materials. Herein, we investigated the
crystal structure, phase composition, microtopography and microwave
dielectric properties of Zn?* substituted CaMgg o.4Lig 2Zn,SizO¢
(x = 0-0.36) ceramics. Rietveld refinement method and Raman spec-
troscopy were applied to further analyze the effects of Zn** on mate-
rial's structure and properties.

2. Experimental procedures

The CaMgg 9.xLio.2Zn,Si>0g (x = 0-0.36) ceramics were synthesized
via conventional solid-state reaction method with analytically pure raw
materials: CaCO3 (99.5%, Aladdin, Shanghai, China), MgO (nanoscale,
99.9%, Aladdin, Shanghai, China), Li,CO3 (99%, KESHI KL, Chengdu,
China), ZnO (99%, Aladdin, Shanghai, China), SiO, (99.9%, Aladdin,
Shanghai, China). All raw materials were weighed according to the
molar ratios, then placed into nylon tanks with distilled water, and ball
milled for 12 h. The ground-dried powders were poured into alumina
crucibles and placed into muffle furnace, which were calcined at 900 °C
for 3 h. Calcined powders were ball milled again for 6 h and then mixed
with moderate PVA (10 wt%) for granulation, followed by particles
with fluidity being pressed into cylinders 12 mm in diameter and 6 mm
in thickness. The cylinders were sintered at temperatures of 875 °C,
900 °C, 925 °C and 950 °C for 3 h, respectively.

In order to identify the phase composition and crystal structure of
the CaMgg 9.xLip 2Zn,Si>O¢ ceramics, X-ray diffraction (XRD: MinFlex
600; Rigaku, Japan) and Raman spectra were employed. Meanwhile,
the diffraction pattern was refined and fitted in Fullprof software [19]
to obtain more information regarding crystal structure. Microstructure
of the samples was determined by SEM (JSM-6490LV; JEOL, Japan)
analysis. Archimedes principle based method was used to measure
ceramics’ bulk density. Theoretical density of each phase was calculated
from Eq. (1), and multi-phase system from Eq. (2) [19]. Relative density
was easily obtained by Eq. (3) [19]. The microwave dielectric proper-
ties of the samples were measured by Network Analyzer (N5230; Agi-
lent Technologies, USA) in TE011 mode and t¢ could be calculated by
Eq. (4).
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where n, A, V, N are the number of formula unit in a primitive cell, the
molecular mass of the composition, the unit cell volume and Avogadro
constant; py, p2, p3, W1, W and W3 represent the theoretical density and
weight fraction of phasel, phase2 and phase3 separately; And f,5 and
fss are the resonant frequencies at 25 °C and 85 °C respectively.

3. Results and discussion

The XRD patterns of the CaMgg 9.4Lio.2Zn,Si>O¢ ceramics sintered at
900 °C for 3 h are displayed in Fig. 1 (a), where CaMgSi,O¢ (PDF#72-
1497) is the main phase, and the composition of secondary phase
changes with increasing Zn>* content. When x = 0, three phases of
CaMgSi,0g, CaSiO3 (PDF#84-0654) and Li;SiO; (PDF#30-0766) are
observed, as Li»SiO3 decreases a small amount of Li,ZnSiO4 (PDF#15-
0056) is formed at x = 0.08, and afterwards Li,SiO; completely
transforms into Li,ZnSiO4 with further increasing x value. As Zn?**
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Fig. 1. (a) XRD patterns of the CaMgp 9.xLio.2Zn,Si»O¢ (x = 0, 0.08, 0.2, 0.24,
0.28, 0.32, 0.36) ceramics sintered at 900 °C; (b) The amplification of the XRD
patterns; (c) Refined plot of the sample with x = 0.28.

content increases to 0.32, a new Ca,ZnSi»O, (PDF#35-0745) phase is
formed with decreasing Li,ZnSiO, phase content, which makes four
phases in the ceramics thus far. The appearance of the other phases
might be the results of the same temperature of calcinating and sin-
tering as well as the formation of finite solid solution by Zn** sub-
stitution [17,18,20]. Specific changes in phase composition and content
could obtain from the subsequent XRD refinement data. Fig. 1 (b) shows
the magnification of the characteristic peaks including (—221) and
(—311) of main phase CaMgSi>O¢. The characteristic peaks shift with
increasing Zn®* content due to changes in the crystal structure and
lattice parameters.

XRD patterns of the samples sintered at 900 °C for 3 h were refined
using Fullprof software. Monoclinic CaMgSi,O¢ (C12/c1, a = 9.7397 10\,
b =289174Aandc = 5.2503 A, @ = y = 90°, B = 105.86"), triclinic
CaSiOs (P-1, a = 7.9400 A, b = 7.3200 A and ¢ = 7.0700 A,
a = 90.03°, B = 95.37°, y = 103.43°), orthorhombic Li,SiO3 (Cmc21,
a=93600A b=>53950Aandc = 46750 A, a = B = y = 90°),
monoclinic Li,ZnSiO4 (P21/n, a = 6.2620 A, b = 10.6020 A and
¢ = 5.0210 10\, a =y = 90°f = 90.51°) and tetragonal Ca,ZnSi,O, (P-
421m,a=0b=7.8279Aandc = 5.0138A,a = f = y = 90°) were
adopted as models for refinement. The refined results including the
reliability factors and more accurate information about the lattice of
each phase are shown in Table 1 and Fig. 2. Fig. 1 (c) presents the
refined fitting curves of CaMgg g2Lig 2Zng 28Si>20O¢ composite, where the
high consistency between the fitted and measured curves is observed.
The reliability factors in Table .1, especially )* is adequately small,
which proves the reasonableness and acceptance of the information
presented in Fig. 2. Therefore, structural data obtained from the re-
finement can be used to explain the correlations between the structure
and the dielectric properties. The trend of lattice constant b is in
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Table 1

The profile factor (R,), weighted profile factor (R,,), expected weighted profile
factor (Rexp) and reduced chi-square (XZ) of the CaMgp.9.xLip 2Z1n4Siz06 (x = 0,
0.08, 0.2, 0.24, 0.28, 0.32, 0.36) ceramics from Rietveld refinement method.

x (mol) 0 0.08 0.2 0.24 0.28 0.32 0.36
R, (%) 9.02 8.86 8.81 9.41 9.07 11.7 9.76
Rup (%) 9.87 9.84 9.76 10.5 10.3 12.4 11.6
Rexp (%) 8.63 9.01 9.4 9.34 9.16 10.8 9.96
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Fig. 2. (a) Lattice parameters, unit cell volume of CaMgSi,O¢ phase (b) and the
weight fraction of different phases.

accordance with that of unit cell volume for CaMgSi,Og¢ phase in Fig. 2
(a), which further promotes the shift of the diffraction peak to a smaller
diffraction angle as the corresponding unit cell volume increases [21].
However, the relationship between peak-shifting and unit cell volume is
abnormal around x = 0.28. The reason for the observed large right
movement might be due to instrumental error. Fig. 2 (b) displays the
weight fraction changing of composites. The major phase content varies
nonlinearly with x value. Thus, Zn** greatly affected the phase com-
position and structure of ceramics, which in turn influenced the mi-
crowave dielectric properties.

Fig. 3 exhibits Raman spectra of the CaMgg o.4Lip2ZnxSi,O¢ cera-
mics sintered at 900 °C for 3 h CaMgSi,>Og crystal possesses 30 Raman
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Fig. 3. Raman spectrum of the CaMg 9.,Lip 2Zn,Si>O6 (x = 0, 0.08, 0.2, 0.24,
0.28, 0.32, 0.36) ceramics sintered at 900 °C.

vibrational modes according to the space group analysis:
Troman = 1444 + 16Bg[22]. In general, not all Raman peaks are ob-
served, due to the following reasons:(1) some peaks are overlapped; and
(2) some peaks are too weak to be detected, as shown in Fig. 3 (a).
According to the literatures [6,23], Raman peaks at approx. 1000 cm ~*
may be caused by the stretching modes of Si and non-bridged oxygen,
i.e. 0-Si-O bond; Raman vibration between 500 and 700 cm ! is due
to Si-O-Si bending/stretching mode; The peaks below 500 cm ™! are
related to cation vibration of M1 and M2 sites. As shown in Fig. 3 (a),
Raman peak at around 905 cm ~ %, appearing at x = 0.32, is attributed
to the symmetric vibrations of Si;O, dimmer in Ca,ZnSi»O, [17], which
is in agreement with XRD analysis. The observed Raman shift reflects
the short-range ordering, and the full width at half maximum (FWHM)
is closely related to defects and cation disorder. A remarkable shift of
Raman peaks is shown in Fig. 3 (b), indicating the short-range ordering
of composites significantly change, and the shifting trend is presented
in Fig. 8. In addition, FWHM of Raman peaks at 666 cm ™! also vary
notably with the substitution content in Fig. 9. It reveals that defects
and cation disorder of the samples change with increasing x value.

The grain size, pore distribution and microscopic appearance of the
studied ceramics were preliminarily characterized by SEM. Fig. 4 (a)-
(g) show SEM images of the CaMgy o.xLip 2Zn4Si»O¢ ceramics sintered at
900 °C for 3 h. The composites with Zn?* substitution are significantly
denser than those without Zn?" substitution when sintered at the same
temperature, demonstrating the effect of Zn>* on promoting ceramic
densification. In the case of grain boundaries, these are slightly miscible
and blurry, which might be caused by the fact that the grains did not
grow well in the multiphase system. The size distributions of the
CaMgo.9.xLip.2Zn,Six06 (0 < x < 0.28) ceramics sintered at 900 °C for
3 h are displayed in Fig. 5, which show that when 0.08 < x < 0.28 the
grain size remains approx. constant (the average grain size is around
0.5 um). However, when x = 0.32, the grains begin to grow abnormally
and their size is gradually evenly distributed. The second phases are
clearly distinguishable, as shown in Fig. 4 (f) and 4 (g). Furthermore,
the grains’ morphology also changes, which influences microwave di-
electric properties.

The bulk density of the CaMgg ¢_Lip 2Zn,Si,O¢ ceramics sintered at
different temperatures and relative density, p, of the samples sintered at
900 °C are described in Fig. 6 (a) and 6 (b), respectively. p, was cal-
culated using Eq. (3), in which pg,e, was obtained through Eq. (2) based
on the mixture rules [24]. Without substitution, the bulk density of the
composites increases with sintering temperature, and appropriate sub-
stitution of Zn?* improves the density under the same temperature. The
bulk density of the samples sintered at 900 °C agreed well with p,, and
coincides with the microstructure that displays the densest specimen is
x = 0.32. The relative density ranges from 93.64% to 96.29% with
substitution, demonstrating that great densification can be achieved
when sintered at 900 °C.
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Fig. 4. SEM images of the CaMgy ¢.4Li »Zn,Si»0¢ (x = 0, 0.08, 0.2, 0.24, 0.28, 0.32, 0.36) ceramics sintered at 900 °C.

The microwave dielectric properties of permittivity e, and dielectric
loss are closely related to the second phases in multi-phase ceramics.
The theoretical values of ¢, and Q X fcan be calculated according to the
mixing rules [25] using Egs. (5) and (6):

Ing, =Vilng, + W ng, (5)
1 _ Vi " V2
Qxf @xfn @%Xfh (6)

where V; and V, represent the volume fraction while [&,7, (Q X f);] and
[(Q X f)2, &2] correspond to the microwave dielectric properties of
phase 1 and phase 2, respectively. €, and Q X f value of phases: CaSiO3
[26], Li»SiO3 [27], Li»ZnSiO4 [28] and CayZnSi,O, [18], produced in

the samples are listed in Table 2. The calculated dielectric constant, e,.
a1 is shown in Fig. 8. Experimental ¢, and Q X f value of the CaMg .
xLip.2Zn,Si,0¢ ceramics sintered at different temperatures are presented
in Fig. 7 (a) and 7 (b), respectively.

Fig. 7 (a) shows permittivity change trend of the CaMgoo.
xLi0.2Zn,Si,06 samples sintered at 900 °C, 925 °C and 950 °C is the
same. g, presents an increase with increasing x value, except for a slight
decrease observed at x = 0.28, whereas those sintered at 875 °C display
a peak at x = 0.2. This contrasting result was mainly due to that the
ceramics were not sufficiently sintered at 875 °C. Generally, ¢, is ex-
tremely sensitive toward density, second phase and ionic polarizability.
Theoretical ionic polarizability, ae, was calculated using Eq. (7) based
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Fig. 5. The grain size distribution of the CaMg 9.xLio.2Zn,Si»06 (x = 0, 0.08, 0.2, 0.24, 0.28) ceramics sintered at 900 °C.
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Fig. 6. (a) The bulk density of the CaMgp 9.xLio 2Zn,Siz0 (x = 0, 0.08, 0.2,
0.24, 0.28, 0.32, 0.36) ceramics sintered at different temperatures; (b) The
relative density (p,) of the ceramic samples sintered at 900 °C.

on the additive rule [29], as presented in Fig. 8. In addition, Fu et al.
[21] found that dielectric constant correlated inversely with Raman
shift of vibration modes, and the Raman peaks shifted to higher

Table 2
Microwave dielectric properties and sintering temperature of the compounds in
CaMgo.o.xLio.2Zn,Si>Og ceramics.

e Q x f(GHz) = (ppm/ Sintering temperature Ref.

°0) Q)
CaSiO3 6.69 25,398 -60 1000 [26]
Li»SiO3 7.7 9849 - 1050 [27]1
Li>ZnSiO4 5.8 14,700 —96.6 1250 [28]
CapZnSi0; 10.2 14,000 -30 1325 [18]

frequency indicated the decrease of polarizability. As shown in Fig. 8,
Raman shift has an almost continuous decline, which is exactly opposite
to the dielectric constant, implying that the polarizability increases
with Zn®* substitution for Mg?* because of greater polarizability of
Zn*(2.03 A%) compared to that of Mg?*(1.34 A%). However, ¢, does
not show a linear change with x value but a,e, does. Instead, it is in the
same trend with that of the bulk density and relative density in Fig. 6,
when x =< 0.32. Composites with a higher density obtain a bigger di-
electric constant. However, ¢, changes from 7.51 to 7.53 when x alters
from 0.28 to 0.32, which is also attributed to that Ca,ZnSi,O, phase
possesses a relatively large e, (10.2) [18]. As shown in Fig. 8, when
x = 0.32 the calculated permittivity e, coincides well with e, (the
measured values).
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666 cm ™! of the CaMgg o.4Lip 2Zn,Siz0¢ (x = 0, 0.08, 0.2, 0.24, 0.28, 0.32,
0.36) ceramics sintered at 900 °C.

Clineo (CaMg o, Li02ZnySi;06) = acq + (0.9 — X)ang + 0.2a7; + xaz, + 2
as + 6ap @

Fig. 7 (b) shows that Q x f values of the samples sintered at dif-
ferent temperature firstly increase and then decline after reaching
maximum value, and a smaller optimum Zn>* substitution content is
required for a higher sintering temperature to obtain optimal perfor-
mance. Samples sintered at 900 °C attain optimal Q X f value with
x = 0.28. Q x fvalue of microwave dielectric ceramics depends on the
second phase as well as density. Compared with relative density in
Fig. 6, Q X fvalue varies in the contrast direction. Additionally, Q X f
value is unaffected by density when composites are sufficiently dense.
Also, Q X f values calculated using Eq. (6) do not agree with the ob-
served values. However, Q X fvalues of all second phases (Table 2) are
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Fig. 9. 1, FWHM of Raman peaks at 666 cm ~ ! and quality factor (Q x f) of the
CaMgo.9.xLip 2Zn4Si»06 (x = 0, 0.08, 0.2, 0.24, 0.28, 0.32, 0.36) ceramics sin-
tered at 900 °C.

not comparable with that of CaMgSi,O¢. Hence, Li;ZnSiO4 occurring in
ceramics may possess a higher Q X f value in comparison with the
reported one and Q X f values of the ceramics simultaneously change
with the weight ratio of Li,ZnSiO,4. Moreover, FWHM of Raman peak at
666 cm ~ ! shows the same trend in Q X fvalue with the ion substitution
except at x = 0.28. Therefore, composites with such Zn?* content
might have lower cation disorder and might be one reason led to the
highest Q x f value [30].

¢ correlates well with the structure of ceramics and is influenced by
the second phase. t¢ values of the CaMgg g.xLip2Zn,SinO¢ ceramics
sintered at 900 °C are presented in Fig. 9. The curve varies nonlinearly
with x value, which conforms to the logarithmic rule: 7y = 3} Vi,
where V; and ty; represent the volume fraction and temperature coef-
ficient of resonant frequency of phase i, respectively. However, t; ex-
hibits a similar changing trend with that of Raman FWHM at 666 cm ~*
(Fig. 9). High FWHM value means high degree of cation disorder that
may cause a negative movement of t¢ value, so cation disorder is not the
dominant factor influencing 7 but the second phase is [17,22]. Fur-
thermore, 1 values of the ceramics were not suitable and required
further adjustment for LTCC application. Ion substitution was a at-
temptable method and Lai et al. [7] have reported that moderate sub-
stitutions of Cu®* ions for Mg®* ions could adjust 7 by regulating
MgOg octahedral distortion. Therefore, in next work we will adjust ¢
value through further ion substitution and carry out co-firing experi-
ments of the ceramic material (t¢ ~0) with Ag to evaluate the chemical
compatibility and make the material more suitable for LTCC applica-
tion.

4. Conclusions

In this study, microwave dielectric properties of the CaMgg.o.
xLi0.2Zn,Si,0¢ ceramics, of which low temperature sintering was rea-
lized without any sintering aid, were investigated on the basis of phase
composition, structure and density. CaMgSi,Oq was identified as the
major phase and multiple second phases were indexed by XRD. The
results of Rietveld refinement on XRD data indicated that Zn?* sub-
stituting for Mg?* had great impact on the structural characteristics
and phase constitutes of the ceramics. Zn?" also affected the densifi-
cation of the ceramics, as identified by SEM photos. Raman shift was
closely related to ¢,. The comprehensive action of the abovementioned
factors influenced the performance of the CaMgq 9.4Lip.2Zn,Si,O¢ cera-
mics, and excellent microwave dielectric properties of:
Q X f = 68,190 GHz, ¢, = 7.51, and t¢ = —68 ppm/°C were obtained
for the sample with x = 0.28 and sintered at 900 °C.
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