Journal of the European Ceramic Society 41 (2021) 5170-5175

Contents lists available at ScienceDirect

Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

Check for

Novel low-¢, MGasO4 (M = Ca, Sr) microwave dielectric ceramics for 5 G = | &&

antenna applications at the Sub-6 GHz band

Bing Liu®"*, Ke Sha®, Meng Fei Zhou ", Kai Xin Song®, Yu Hui Huang ", Cheng Chao Hu*

2 College of Electronic Information and Engineering, Hangzhou Dianzi University, Hangzhou, China

Y School of Materials Science and Engineering, Zhejiang University, Hangzhou, China
¢ College of Materials Science and Engineering, Liaocheng University, Liaocheng, China

ARTICLE INFO ABSTRACT

Keywords:

Gallates

Microwave dielectric properties
Sub-6GHz

Antenna

Two novel low-¢, gallates MGap04 (M = Ca, Sr) have been synthesized via a standard solid-state reaction method.
According to the X-ray diffraction results, CaGayO4 crystallizes in space group Pna2; with an orthorhombic
symmetry, while SrGa;04 belongs to the monoclinic P2;/c system. Both ceramics show ever-improving micro-
structures with the increasing sintering temperature. The optimal microwave dielectric properties (¢, = 9.2, Qf =

66,000 GHz, 1 =—85 ppm/°C for SrGa04 and & = 10.6, Qf = 15,400 GHz, 1y =-58 ppm/°C for CaGa204) are
obtained when sintered at 1275 °C. A patch antenna is fabricated using SrGa;04 ceramics as the substrate, which
realizes a return loss of —-19.94 dB and total efficiency of —1.38 dB (72.8 % in power ratio) at 4.84 GHz. The
exceptional performances indicate that SrGap,0O4 ceramics are promising candidates for antenna applications at

the Sub-6 GHz band.

1. Introduction

With the dramatic growth of wireless communication demands, the
amount of data utilization increases remarkably, and the spectrum
deficiency has become a challenging issue. The fifth-generation cellular
wireless system (5 G), succeeding the 4 G LTE networks that we’ve been
connecting to since 2010, offers prominent features such as high speed,
high capacity, low latency, etc. [1-3]. Among the frequency bands used
in 5 G technologies, the low-frequency band (<1 GHz) has been widely
used in the 2/3/4 G systems. The high-frequency band in the
millimeter-wave range (MmWave band) is still nascent as it covers very
short ranges and is currently expensive to implement. The
middle-frequency band (~3-6 GHz) or the so-called Sub-6 GHz band
appeals to be an ideal middle ground between existing network back-
bones and boosts capacity like the MmWave band [4]. In 2015, Huawei
proposed bands below 6 GHz as the primary working frequencies of 5 G
and demonstrated a 5 G testbed working on the Sub-6 GHz band. In
2017, the Ministry of Industry and Information Technology of China
officially assigned 3.4-3.6 GHz and 4.8-5.0 GHz as the working fre-
quencies of commercial 5 G applications. At present, the Sub-6 GHz
technology has occupied the largest market share of 5 G
communications.

Low latency is one of the key aspects of the 5 G technologies and will
likely be proved as one of the most significant upgrades over the older
techs. Latency depends largely on the delay time (¢4) caused by the signal
propagation in the dielectric materials. To shorten the signal delay time,
materials with a low dielectric constant (¢, < 15) have become the
research focus since ty is proportional to /g, [5-7]. On the other hand, at
higher frequencies, the dielectric loss increases significantly due to the
increased wavenumbers. Hence, a high quality factor (Q = 1/tans) is
another requirement for the applications in the 5 G systems [5,8].

Aluminates are typical low-¢, materials owing to the low ionic
polarizability of ARt (0.79 10\3) [9]. Among aluminates, AAl5O4 (A = Zn,
Mg) spinel ceramics exhibit excellent microwave dielectric properties (¢,
= ~ 8.5, Qf = 56,000 ~ 105,000 GHz, 17 = ~ -70 ppm/°C) and are
referred to as one of the most promising low-¢, materials [10,11]. To
further explore the physical nature of AAl,O4 compounds, Yi et al. re-
ported excellent performances (¢ = 8.9, Qf = 91,350 GHz, 1y =-55
ppm/°C) in CaAly04 ceramics as well [12,13]. The similar performances
between CaAl;O4 and the spinels should be attributed to the similar
radius between Ca®* (1.0 A) and Zn?* (0.74 A)/Mg?" (0.72 A). Mean-
while, further increasing of the radius of A%* to 1.18 A leads to structural
change and symmetry breaking for SrAloO4 ceramics, and the micro-
wave dielectric properties are barely acceptable [14].
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On the other hand, Ga and Al elements belong to the same group,
which have similar physical/chemical properties. Moreover, gallates
like ZnGayO4 (Qf ~ 94,600 GHz) [15], MgGas04 (Qf ~ 117,000 GHz)
[16], LaGaOs (Qf ~ 97,000 GHz) [17] generally exhibit higher Qf values
as compare to their aluminate counterparts like ZnAl;04 (Qf ~ 56,000
GHz) [10], MgAl,04 (Qf ~ 105,000 GHz) [11], LaAlOs (Qf ~ 68,000
GHz) [18]. Meanwhile, the structural evolution and microwave dielec-
tric properties in MGayO4 (M = Ca, Sr) ceramics are still unclear, which
is fundamental for their potential applications in the 5 G systems.

In this study, the sintering behavior, crystal structure, and micro-
structure of MGaO4 ceramics are systematically investigated, together
with their effects on the microwave dielectric properties. Meanwhile, a
microstrip patch antenna using SrGa;O4 ceramics as the substrate is
fabricated to reveal their applications at the Sub-6 GHz frequency range.

2. Experimental procedure

CaGa04 (CGO) and SroGas04 (SGO) ceramics were prepared via the
solid-state reactions of high-purity starting powders of CaCOs3 (99.99 %,
Aladdin Chemical Reagent Co., Ltd, China), SrCO3 (99.95 %, Aladdin
Chemical Reagent Co., Ltd, China), and GayOs (99.99 %, Aladdin
Chemical Reagent Co., Ltd, China). The stoichiometric powders were
ball-milled in the ethanol media for 6 h. After drying, the mixtures were
heated at 1100 °C for 3 h and then ground and further pressed into
cylindrical pellets of 12 mm in diameter and 5 mm in height. Finally, the
green pellets were sintered in the temperature range of 1200-1300 °C
for 3 h to obtain the dense ceramics. For antenna substrate applications,
the calcined powder was placed into a square die with a dimension of 20
x 20 cm and pressed under a uniaxial pressure of 200 MPa. The dry
pressed green disk was then sintered at 1250 °C for 3 h to achieve similar
densification with the pellets. Owing to the shrinkage during sintering,
the dimensions of the sintered SGO ceramics were 17.3 x 17.3 x 1.13
mm.

X-ray diffraction patterns (XRD) of MGa0O4 ceramics were collected
using a Bruker D8 diffractometer. XRD data for Rietveld refinement was
recorded in the range of 10—120° with a step size of 0.02° and a
counting time of 1.5 s. Rietveld refinements were carried out using a
Fullprof software. The refined parameters sequence was the scale factor,
background, zero shift, lattice parameters, peak shape parameters, half-
width parameters, atomic coordinates, and isotropic thermal factors.
Room temperature Raman spectra were collected using an HR-800
LabRaman device. The microstructures of the polished and thermally
etched surface were observed using a Hitachi S-3400 scanning electron
microscopy (SEM). The thermal etching process was carried out at a
temperature 50 °C lower than the sintering temperature for 0.5 h. The
design and simulation of the antenna were carried out using a Computer
Simulation Technology (CST) software. The commercially available
copper foil with a very thin layer of sticky glue on one side and a total
thickness of 0.06 mm was used as the electrodes and pasted directly on
the substrate. The antenna was fed by a 50Q SMA (Subminiature version
A) connector. The microwave dielectric properties and the antenna
performances were evaluated using a Keysight N5234B network
analyzer. The & and 7y were measured using the Hakki-Coleman method
[19], and the Qf value was measured using the resonant cavity method
[20].

3. Results and discussion

The XRD patterns of the sintered MGay04 ceramics are shown in
Fig. 1. Both patterns can be well indexed and labeled based on the
standard diffraction profiles of CaGayO4 (JCPDS #00-16-0593) and
SrGay04 (JCPDS #01-73-6002). No trace of additional diffraction peak
is observed in SGO composition. While, a tiny peak corresponding to the
existence of CaGa4O7 secondary phase is noticed in the Ca counterpart.
The two patterns demonstrate disparate diffraction features despite their
similar chemical compositions, indicating the diverse crystal structures
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Fig. 1. The XRD patterns of (a) SGO and (b) CGO ceramics sintered at 1250 °C.

between SGO and CGO ceramics. Rietveld refinements of the XRD data
are carried out to further determine the crystal structures. The crystal
structures of the monoclinic SrGayO4 with a space group of P2;/c and
the orthorhombic CaGay04 with a space group of Pna2; are adopted as
the initial structural models [21]. The calculated diffraction profiles and
lattice parameters are given in Fig. 2 and Table 1, respectively. The
calculated fraction of the CaGa4O; secondary phase is 1.17 %. The
refined XRD profiles are in good accordance with the measured ones,
which can be verified from the low amplitudes of the blue difference
lines. Besides, the satisfactory results of the calculated reliability factors
(Rp = 5.03 %, Ry, = 7.87 % and 2 = 5.70 for CGO, and Ry, = 8.40 %, Ry,
= 6.32 % and y? = 4.85 for SGO) further confirm the good consistency
between the measured and calculated patterns.

The crystal structures of MGay04 ceramics derived from the refined
results are shown in Fig. 3. According to the refined atomic positions
listed in Table S1, there are two sets of A-site for alkali earth metal atoms

Fig. 2. The measured (black circles) and Rietveld refined (red lines) XRD
patterns of (a) CGO and (b) SGO ceramics. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article).
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Table 1
The refined lattice parameters of MGa,O4 ceramics.

Lattice parameters

. Space
Compositions ~ ~ -
group a(A) b (A) c(A) I o=y
SrGaz04 P2;/c 8.3767 8.9969 10.6826 93.9307°  90°
5) 6) @)
CaGaz04 Pna2; 10.3480 7.7463 9.1205 90° 90°
(@) ©)] (2)

(Sr/Ca) and four possible B-sites for Ga atoms. The Ca and Sr atoms are
coordinated by seven and six oxygen atoms, respectively, forming edge-
sharing [CaO;] and [SrOg] polyhedrons. The crystal structure of SGO is
constructed from a fully polymerized network of [GaO4] tetrahedrons.
All the Ga atoms are bonded with four adjacent O atoms. For CGO
composition, the Gacs) atom is in fivefold coordination, and a prolonged
Ga-O bond with a value of 2.9809 A is noticed. The rest of the Ga atoms
are located inside the [GaO4] tetrahedrons, with typical Ga-O bond
lengths of approximately 1.88 A

The Raman spectra of MGayO4 ceramics are recorded and shown in
Fig. 4. The Raman spectra of the two compositions are different, which
corresponds to their diverse crystal structures. Based on the group-
theoretical analysis, the Raman active modes of CGO and SGO ce-
ramics can be written as follows [22]:

['(CGO) =TI'(SGO) = 42A,+42B,

The number of the recorded Raman active modes is much less than
the predicted one, which should be related to the following reasons: (i)
some modes are too weak to be detected, (ii) the cross-coverage of
Raman peaks may obscure some others [23,24]. According to the pre-
vious studies on gallates, the Raman spectra of MGaO4 ceramics can be
divided into three regions, namely the low (below 400 cm’l), medium
(400-600 cm’l), and high-frequency region (above 600 em™ D) [25,26].
The low-frequency modes are caused by the rotational modes of the
[GaO4] tetrahedrons and the translational movements of the [GaO4]
unit and M atoms. The bending vibrations of the O-Ga-O bond mainly
determine the medium-frequency part. The high-frequency Raman
peaks are derived from the overlapping effects between the bending
vibration and the symmetric stretching of the O-Ga-O bond [27]. For
CaGay04 ceramics, the low-frequency modes at 190 ecm L, 235 em™L,
and 283 cm™! are attributed to the displacements of the apical oxygen
and Ca atoms [28]. The medium-frequency modes at 486 cm ! and 541
cm ! correspond to the bending modes of the 0O-Ga-O bridges [29]. The
mode at 590 cm ™! is related to the superposition of the O-Ga-O vibration
[30]. The high-frequency mode at 625 cm™! is originated from the
stretching vibration in the [GaO4] tetrahedron [29].

Fig. 5 shows the SEM images and grain size distributions of MGazO4
ceramics. At the sintering temperature of 1200 °C, the CGO and SGO
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ceramics present porous microstructures with relatively small average
grain sizes of 1.5 pm and 4.5 pm, respectively (see Fig. S1 in the sup-
porting information). With increasing sintering temperature, dense mi-
crostructures with closely packed grains and similar grain morphologies
are observed in both compositions. A gradual increase in grain size is
observed with increasing sintering temperature, which should be
attributed to the increasing driving force of grain growth. Meanwhile,
the grain sizes of SGO ceramics are overall larger than those of CGO.
The relative density of MGag04 ceramics as a function of the sin-
tering temperatures is plotted in Fig. 6(a). At 1200 °C, the densities of
both ceramics are relatively low, which correspond to the porous mi-
crostructures. Both curves indicate upward changing trends with the
increasing sintering temperature until they reach the maximum values
at 1300 °C. Moreover, the relative densities of higher than 95 % are
obtained when sintered at above 1250 °C, which are in good agreement
with the dense microstructures shown in the SEM images. The micro-
wave dielectric properties of the present ceramics are shown in Fig. 6
(b-d). The &, of SGO ceramics increases monotonously from 8.87 at 1200
°C t0 9.26 at 1300 °C, consistent with the variation trend of the relative
density. Similarly, for the Ca counterpart, the ¢, increases from 9.83 to
10.6 and decreases slightly to 10.5 at 1300 °C. The dielectric constant
can be corrected (denote as ¢.,) to exclude the effects of porosity (P)

using the following Bosman-Having equation [31,32].
€cor = &-(1 + 1.5P) D

The calculated ¢, values are ~9.7 for SGO and ~11 for CGO. Be-
sides, the porosity corrected values remain stable with increasing sin-
tering temperature, indicating that the porosity plays the dominating

Fig. 4. The room temperature Raman spectra of (a) CGO and (b) SGO ceramics.

Fig. 3. The crystal structures of MGa,O4 ceramics.
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Fig. 5. SEM images and grain size distributions of MGa,;04 ceramics sintered at various temperatures. (a) CGO@1250 °C, (b) CGO@1300 °C, (c) SGO@1250 °C, and

(d) SGO@1300 °C.

Fig. 6. The variations of the (a) relative density, (b) &, (c) Qf, and (d) 7y values
of MGay04 ceramics with the sintering temperature.

role in determining the &;.

The Qf values of MGay04 ceramics sintered at various temperatures
are shown in Fig. 6(c). The Qf values increase with the sintering tem-
perature until the maximum values (66,000 GHz for SGO and 15,400
GHz for CGO) are attained at 1275 °C. The Qf values of SGO ceramics are
much larger than those of the Ca counterpart. This should be attributed
to the existence of the CaGa40O7 secondary phase in CaGayO4 ceramics,
as the impurities are notoriously harmful to the quality factor [33][34].

The 77 values indicate less sensitive variation trends with the
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sintering temperature. The 17 values of SGO and CGO ceramics fluctuate
at approximately —-82 ppm/°C and —60 ppm/°C, respectively. The bond
valence has been widely accepted as a valuable tool in correlating the
structural parameters with the 77 values. The bond valences (Vj;) of the
M-site and Ga-site of the present ceramics are calculated using the
following equations [23,35].

V,‘j = E Vij
J

5
Vij = €Xp 5

where, R;j denotes the bond valence parameter between atoms i and j, d;;
is the bond length (listed in the supporting information), and b is a
constant value of 0.37 A [35]. The calculated bond valences of the
present ceramics are listed in Table 2. According to the bond valence
theory [36], the lower the bond valence, the lower energy needs to
recover the deformation of oxygen polyhedron, ultimately leads to the
increase of |7s|. Hence, the lower 77 value of SGO ceramics should be
ascribed to its lower bond valence (14.77) than that of CGO (15.055).
The microwave dielectric properties of the present ceramics are sum-
marized in Table S3. The optimal microwave dielectric properties are
obtained as follows (& = 9.2, Qf = 66,000 GHz, 7y =—-85 ppm/°C for SGO,
and & = 10.6, Qf = 15,400 GHz, 7 =-58 ppm/°C for CGO). The ¢, of the
present ceramics are similar to those of the spinel MgGas04/ZnGas04
ceramics, while the Qf values are inferior [15,16]. To further tune the
negative 7y values towards zero, an easy and effective strategy is to
combine other composites with opposite 77 values [37,38]. In this study,
CaTiO3 with a large positive tf value of approximately 800 ppm/°C is
added into SrGa04 forming (1-x)SrGa04—xCaTiO3 (x = 0.05, 0.10, and
0.15) composite ceramics. The XRD patterns and microwave dielectric
properties of the composite ceramics are shown in Fig. S2. The XRD
results indicate that no chemical reaction occurs between the two
composites. As expected, a near-zero 7y value of -3.1 ppm/°C is obtained
in the 0.9SrGaz04-0.1CaTiO3 ceramics, with ¢ = 11.7 and Qf = 33,700
GHz.

A microstrip patch antenna is fabricated using SGO ceramics as the
dielectric substrate to further identify their antenna applications. The

(2)

3
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Table 2
The calculated bond valences of MGa,O, ceramics.
Reao (B) Rsro () Rgao (B) b &) Y Veao Y Vseo S Veao )
CaGag04 1.967 1.730 0.37 3.859 \ 11.196 15.055
SrGaz04 \ 2.118 1.730 0.37 \ 4.571 10.199 14.77

designed dimensions and the photographic image validating the pro-
posed design are shown in Fig. 7(a). The measured and simulated S11
curves of the proposed antenna are demonstrated in Fig. 7(b). The
measured S11 curve presents a good return loss of -19.94 dB at the
resonant frequency of 4.84 GHz, which conforms to the antenna re-
quirements operating at the targeted Sub-6 GHz band. Overall, the
measured and simulated S11 curves are in good agreement, where the
simulated resonant frequency and return loss of the proposed antenna
are 4.80 GHz and-23.74 dB, respectively. The difference could be
ascribed to the manufacturing process’s accuracy, impendence
mismatch, and SMA connector’s soldering [39-42]. The VSWR (Voltage
Standing Wave Ratio) of commercial antenna products is typically in the
range of 1~1.5 dB. The lower the VSWR, the better the antenna per-
formance. The figure inset plots the measured VSWR curve of the
fabricated antenna, and the VSWR value at 4.84 GHz is 1.22 dB, which is
suitable for 5 G antenna applications.

The simulated 3D far-field gain pattern is shown in Fig. 7(c). The
electromagnetic signal mainly propagates along the Z direction with a
maximum gain of 2.9dBi. The maximum gain is also verified from the
radiation patterns of the two principal planes (E and H planes) shown in
Fig. 7(d). The simulated total efficiency of the SGO patch antenna is
plotted in Fig. 7(e), where the maximum value of —1.38 dB is obtained.
An antenna’s efficiency denotes the power radiated from the antenna
(P2) relative to the power delivered to the antenna (P;). Decibel (dB) is
related to the power ratio (P2/P;) using the following equation [39].

dB = 10 x 1g(P,/P)) @

Based on the equation, the converted efficiency of the antenna is 72.8
%. The efficiency is affected by various parameters, such as the
impedance mismatch loss, the conduction loss due to electrodes’ finite
conductivity, and the dielectric loss of the substrate. For commercial
antennas applied in mobile phones and WiFi products, the required ef-
ficiency is typically in the range of 20 %-70 % (-7 ~ -1.5 dB) [34,43].
Hence, based on the above discussion, SGO ceramics exhibit exceptional
microwave dielectric properties and can be applied as promising sub-
strates for 5 G antenna applications.

4. Conclusions

MGa04 (M = Ca, Sr) ceramics have been prepared via a standard
solid-state sintering method. The XRD and Rietveld refinement results
indicate that SrGaO4 crystallizes in the P2;/c symmetry, while CaGay04
crystal belongs to the space group Pna2;. The SEM images indicate ever-
improving microstructures with the increasing sintering temperature.
The microstructure optimization mainly determines the improvement of
the & and Qf, and the 1y is closely related to the bond valence. The
optimal microwave dielectric properties of MGay0O4 ceramics are ob-
tained as follows: & = 9.2, Qf = 66,000 GHz, 17 =85 ppm/°C for
SrGa04 and & = 10.6, Qf = 15,400 GHz, 17 =-58 ppm/ °C for CaGas0y4.
A square patch antenna is designed and fabricated using SrGasO4

Fig. 7. (a) The geometries, front and rear views of the fabricated microstrip patch antenna. (b) The simulated and measured S11 curves of the proposed antenna, the
inset figure shows the measured VSWR curve of the antenna. The simulated (c) 3D far-field gain pattern and (d) the radiation patterns in the E and H planes. (e) The

simulated total efficiency as a function of the frequency.
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ceramic as the dielectric substrate. The fabricated antenna presents good
radiation coefficients at the targeted Sub-6 GHz band, with a return loss
of -19.94 dB and a VSWR of 1.22 dB at 4.84 GHz. The proposed an-
tenna’s total efficiency is simulated to be -1.38 dB (72.8 % in power
ratio). Accordingly, SrGayO4 ceramics are expected as promising can-
didates for 5 G antenna applications.
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