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Two cubic garnet-structured Sr3B,Ge3012 (B = Yb, Ho; called SYG and SHG) ceramics synthesised by the high-
temperature solid-phase reaction method were investigated in terms of phase formation, sintering behaviour and
microwave dielectric performance. At their optimal sintering temperatures, SYG had low dielectric constant (¢,)
= 9.30, high quality factor (Q x f) = 129,360 GHz and negative temperature coefficient of resonant frequency
(1) =—42 ppm/°C, whereas SHG exhibited low & = 9.23, Q x f = 104,600 GHz, and comparatively near-zero 75
=-26 ppm/°C. The difference in microwave dielectric performance of both ceramics was discussed by the
packing fraction, full width at half maximum (FWHM) of A;y Raman mode at 779 ecm ! (775 em™1) and bond
valence. The intrinsic dielectric properties of SYG and SHG ceramics were investigated by the infrared reflectivity
spectra, and their negative 77 values were tuned to near-zero.

1. Introduction

Microwave dielectric ceramics have received increasing scientific
and commercial attention for their wide application prospects in the 5 G
market because of their advantages of small size, light weight and high
quality factor (Q x f) [1-4]. The general trend of the working frequency
for 5 G communication is millimetre wave, and some special frequency
bands are as follows: 24.25-27.5 GHz, 37-43.5 GHz and 66-71 GHz. The
primary requirements for millimetre wave application are possessing
wide-ranging bandwidth, faster transmission speed with very little time
delay and high stability [5-6]. Therefore, new materials with low
dielectric constant (e < 20), ultra-low dielectric loss (high Q value
>5000 at working frequency) and near-zero 7y values for thermal sta-
bility are required [7-9].

Garnet ceramics Y3AlsOp2 (sintering temperature =1650 °C/24 h,
ultrahigh Q x f = 440,000 GHz, low & = 10.5 and 7y = -66 ppm/°C) [10]
and Re3GasO;2 (Re: Nd, Sm, Eu, Dy, Yb and Y) with high sintering
temperatures of 1350 °C —1500 °C, high Q x f (40 000 GHz to 192 173
GHz), low & (11.5-12.5) and a relatively stable 77 (—33.7 ppm/°C to
—12.4 ppm/°C) [11] have been developed with low &, and ultralow loss

microwave dielectrics are used as microwave resonators and advanced
substrates in microwave-integrated circuits. However, their high sin-
tering temperatures impede their practical use. Garnets with a general
formula of A3B2C3012 (space group Ia-3d, Z = 8) consist of multitype
polyhedrons (dodecahedron [A], octahedron [B] and tetrahedron [C]),
which have a large variety of compositional derivatives due to the
unique crystal structure. Rare earth and alkaline-earth elements gener-
ally occupy A sites. B sites mainly accommodate rare-earth and
transition-metal elements. Multivalent cations, including V°>*/As®>" and
Si4+/Ge4+, have been reported in C cites [12]. Some vanadate-based
garnets exhibited the characteristics of relatively favourable dielectric
performance and low sintering temperatures, such as SroNaMgyV3O012 (&
= 117, Q x f = 37,950 GHz and 7y =-2.9 ppm/°C) [13];
NapPrMg»V3012 (6r = 12.6, Q x f = 15,040 GHz and 77 =—45.1 ppm/°C)
[14]; Na2YbMgyV3012 (e = 13.1, Q x f = 22,040 GHz and 77 =—59.2
ppm/°C) [14]; NagBMgyV3012 (B = Nd, Sm) with &, ~ 12, Q x f = 26,
544 GHz and 7y ~ —69 ppm/°C [15]; NaPbyB,V3012 (B = Mg, Zn) with &,
~ 20.6-22.4, Q x f ~ 7,900-22,800 GHz, and 7y ~ —6-25.1 ppm/°C
[16]; AgPbyB2V3015 (B = Mg, Zn) with &, ~ 23.3-26.4, Q x f ~ 26,900—
28,400 GHz and 7y ~ —18.4-19.3 ppm/°C [17]. However, these Q x f
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values are ineffective for millimetre wave application. Thus, the search
for high Q garnets is still on going.

Recently, some germanate-based garnets reportedly possess rela-
tively high Q x f, such as Ca3Al,GeO13 (¢ = 7.6, Q x f = 104,100 GHz
and 7y =—15 ppm/°C) [18] and Ca3Y,Ge3012 with the low &, of 10.8,
high Q x f value of 97,126 GHz and 77 value of —40.6 ppm/°C) [19].
Fang et al. revealed the influence of diverse cation distributions at A site
on the properties of garnet-structure microwave dielectric ceramics
[19]. SrgB2Ge3012 (B = Yb, Ho) belonging to the garnet family, have
been investigated as good host lattice materials for luminescent prop-
erties [20,21]. The effect of different cations in B site in Sr3B;Ge301o
garnet ceramics on dielectric performance has not been studied. Thus, in
this study, garnet-structure ceramics Sr3B,Ge3O15 (B = Yb, Ho) were
prepared, and their phase evolution, microstructure and microwave
dielectric properties were explored. Raman spectra and infrared reflec-
tivity spectra were analysed to study the relationship between intrinsic
dielectric performance and crystal structure.

2. Experimental procedures

The Sr3B,Ge3015 (B = Yb, Ho) ceramics were fabricated via a high-
temperature solid-state method by using high-purity SrCOs, Yb2Os,
Hoy03 and GeO, as raw materials. The Sr3B,Ge3O1, powders were
weighed and ground thoroughly for 4 h, dried, and then calcined at 1100
°C for 6 h. After remilling, they were pressed into cylinders of 10 mm x
6.5 mm size using 5 wt.% PVA as binder. The pellets were initially
heated at 550 °C for 2 h to eliminate organic binder, and then sintered at
1200 °C - 1280 °C for 6 h.

Panalytical X'Pert PRO diffractometer was used to analyse the phase
composition and crystal structure of ceramics. The phase formation was
analysed by a simultaneous thermal instrument (STA449F3). The mi-
crostructures of the polished and thermally etched surface of the sam-
ples were observed by S4800 scanning electron microscope (Hitachi,
Tokyo, Japan) equipped with energy dispersive spectrometer (EDS). The
ceramics were polished using Phoenix 4000 sample preparation system.
The polished samples were thermally etched at 50 °C below sintering
temperature for 35 min. The average grain size was determined using
the linear intercept [22]. Raman measurements were performed by
Thermo Fisher Scientific DXR with 532 nm line of the Nd: YAG laser
beam. The spectra were measured from 100 cm™! to 1000 cm ™! with the
spectral resolution prior to 1 cm L. The bulk densities of ceramics were
tested using Archimedes method. The microwave dielectric performance
(er, Qxf and 177) was analysed by a network analyser (N5230A, Agilent)
with a temperature chamber. The 7y values were measured in the tem-
perature range of 25 °C to 85 °C. Infrared reflectivity spectra were
conducted using a Bruker IFS 66v Fourier transform infrared spec-
trometer (NSRL, China) at 50 cm~! to 1000 em™! at room temperature
with the spectral resolution of 0.25 cm ™1,

3. Results and discussion

To ascertain the formation of garnet phase SYG and SHG, TG/DSC
analyses of both raw mixtures were conducted at 25 °C — 1200 °C
(Fig. 1). The TG bight of the mixtures of SrCO3, Yb,03 and GeO5 exhibits
only a weak mass loss during 25 °C — 700 °C caused by the loss of H;0 or
carbon dioxide. SrCO3 undergoes a phase change from the orthogonal
phase to triangular high-temperature modification at 913 °C prior to
decomposition [23]. At approximately 1100 °C, the endothermic peak of
strontium carbonate decomposition occurs. In addition, the exothermic
formation of garnet SYG is initiated, and this process is completed at
1158 °C. The various trend in TG/DSC curves of SHG raw mixtures is
analogous with that of SYG, and the garnet formation for SHG is final-
ised at 1150 °C.

X-ray powder diffraction analyses of both samples sintered at
different temperatures were conducted to confirm the phase-formation
temperatures (Fig. S1). When sintering at 1050 °C and 1075 °C, the X-
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Fig. 1. TG/DSC curves of a powder blend out of stochiometric amounts of SYG
and SHG.

ray diffraction (XRD) curves show that mixed phases exist in SYG and
SHG ceramics, comprising SYG/SHG, Sr,GeO4, SrGeOs and YbyO3/
Ho,03 phases. When the sintering temperatures exceed 1100 °C, only
the diffraction peaks of SYG (JCPDS#29-1319) or SHG (JCPDS#29-
1302) are observed. This finding indicates that the garnet formation of
SYG and SHG evidently occurs at 1100 °C, consistent with thermal
analysis.

Fig. 2aillustrates the XRD patterns of SYG and SHG ceramics sintered
at 1240 °C and 1260 °C, respectively. The figure shows that all
diffraction patterns can be indexed to a standard cubic garnet SYG and
SHG phases with a space group of Ia-3d (Z = 8), and that no secondary
phase is detected. Table S1 lists the refined Wyckoff positions, occu-
pancy, atomic coordinates and atomic displacement parameters of SYG
and SHG ceramics. Fig. 2b-c show the profile fits for the Rietveld
refinement of SYG and SHG ceramics. The lattice parameters are
calculated as a =13.0273 A, V = 2210.8752 A% and a =13.0942 &, V =
2245.1268 10\3, and the Rietveld discrepancy factors R, (%) and Ry;,(%)
are 5.24% (5.73%) and 6.81% (7.66%), respectively. Evidently, the unit
cell volume of SHG is larger than that of SYG due to the larger ionic
radius of Ho®* (0.901 A, coordination number CN = 6) than Yb>* (0.868
A, coordination number CN = 6). The refined bond length and bond
valence are listed in Table 1. In the structure (Fig. 2d), Sr2t occupies the
24c position, with eight oxygen atoms of dodecahedron. The position
164 at the centre of the oxygen octahedron is occupied by Yb3*/Ho®™.
Ge** occupies the 24d position at the centre of the oxygen tetrahedra.
Oxygen atoms are in the general position 96h.

The microscopic morphology examination of the polished and ther-
mally etched surfaces of SYG and SHG ceramics sintered at their opti-
mum temperatures is shown in Fig. 3. Both ceramics show a dense and
homogeneous structure and recognisable grain boundaries. SYG has
smaller and uniform polygonal grains (average size ~ 1.25 pm), whereas
SHG exhibits a larger grain size (average size ~ 3.50 pm).

Fig. 4 illustrates the variations in relative density and microwave
dielectric properties (&, Qxf and 7;) of both ceramics sintered at various
temperatures. As shown in Fig. 4(a), with the increment in temperature,
the relative density rapidly increases, reaching the maximum values of
96.7 % at 1240 °Cfor SYG and 96.2% at 1260 °C for SHG, and then
marginally decreases. ¢, and Qxf values exhibit a similar trend to rela-
tive density with sintering temperature. The SYG ceramic sintered at
1240 °C possesses optimal comprehensive performance with low & =
9.30, high Q x f = 129,360 GHz and negative 7 =—42 ppm/°C. SHG
ceramic sintered at 1260 °C exhibits a low & = 9.23, Q x f = 104,600
GHz and relatively near-zero 7y =—26 ppm/°C. The difference in Q x f
and 7y values of both ceramics is discussed on account of crystal structure
detailly in the following section.

Non-intrinsic (impurity, grain boundary, relative density or pores)
and intrinsic factors (crystal structure) affect dielectric performance in
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Fig. 2. (a) XRD patterns and Rietveld refinement plots of SYG (b) and SHG (c) ceramic sintered 1240 °C and 1260 °C, respectively; (d) the schematic crystal structure

of both ceramics.

Table 1

The bond valence of Sr3B,Ge30,5 (B = Yb, Ho).
Samples  Rg(A) Rg(A) dsr.o(A) dgo(d)  bA) Vsr Vg
SYG 2.118 1.985 2.6593 2.2840 0.37 1.86 2.67
SHG 2.118 2.023 2.6408 2.2415 0.37 1.94 3.32

the microwave range. The extrinsic factors can be neglected for samples
sintered at the optimal temperature because of the single phase and
dense and isotropous grains. Here, the theoretical dielectric constant
(&) is calculated using Clausius—Mossotti formula, as follows [24,25]:
3V 4+ 8ra

= 2 1
i 3V —dna M
where V and a are the cell volume and the total molecular polarisability,
respectively. Accordingly, &4 of SYG and SHG is 9.60 and 9.58,

respectively. ¢, could be amended by Bosman and Having’s formula to
eliminate the effect of porosity, as follows:

Ecom = & (14 1.5p)econ = & (1 + 1.5 p) 2

where p refers to the fractional porosity. e, values of SYG at 1240 °C
and SHG at 1260 °C are 9.76 and 9.75, respectively. The slight deviation
between &0+ and e for CYG and MYG signifies that the ionic polar-
isation is responsible for the dielectric response in the microwave range.
Notably, the measured bond valence of Sr?* in A site for SYG and SHG is
1.86 and 1.94, respectively. These values slightly offset with the theo-
retical bond valence of 2 for Sr?*, thereby resulting in stable SYG and
SHG garnet compounds (Table 1). Therefore, the measured ¢, in SYG and
SHG ceramics is relatively close to the &4, values; it is relatively different
from that in the garnet MYG due to the abnormally small bond valence
of 1.25 for Mg?* at A site [19].

Kim et al. reported that the Q x f value is positively associated with

Fig. 3. The SEM images of the polished and thermally etched surfaces of SYG and SHG ceramics sintered at their optimum temperatures.
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Fig. 4. The variations in relative density and microwave dielectric properties of both ceramics as a function of sintering temperature.

the packing fraction calculated by equation (2), as follows [26]:

Volume of packing ions

packing fraction (%) = 3

Volume of unit cell

Table S2 lists the microwave dielectric performance and packing
fraction of SYG and SHG ceramics. The packing fraction of SYG (59.14
%) is lower than that of SHG (58.47 %). The increase in packing fraction
can reduce the vibration of the crystal lattice and thus enhance the
quality factor (Q x f = 129,360 GHz for SYG, Q x f = 104,600 GHz for
SHG) [27]. Bond valence is a significant parameter appertained to the 75
values. As shown in Table 1, the bond valence of Yb-O in B-site for SYG
(2.67) is lower than that of Ho-O for SHG (3.32). Glazer demonstrated
the bond valence theory [28], indicating that as the bond valence de-
creases, the bond energy required to restore the deformation of oxygen

polyhedral decreases, and ultimately the |z increases. Therefore, the
larger |zf| value of SYG might be related to the decreased bond valence.

Raman spectrum is an effective tool to study the lattice vibration
information, whose variation causes changes in Raman shift and Raman
full width at half maximum (FWHM). The Raman spectra and the
Gaussia-Lorentzian modes of SYG and SHG ceramics are shown in Fig. 5.
On the basis of group theory analysis, 25 Raman active modes for gar-
nets with Ia-3d space group are estimated, as follows: I'raman = 3A14 +
8E; + 14T,;. The number of the observed modes fitting by the Gauss-
Lorentz function is evidently less than the predicted modes due to the
influence of cross coverage of peaks or low resolution of the apparatus.
According to the reports, the highest peaks at 779 and 775 cm ™! for SYG
and SHG, respectively, are attributed to the symmetric stretching mode
(A1 Raman mode) of GeOy4 tetrahedron, which can reflect the structure

Fig. 5. Raman spectra of SYG and SHG ceramics.
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characteristics to dielectric performance [29,30]. Compared with SYG,
the Raman modes of SHY exhibit a red shift and a narrower FWHM. The
red shift is associated with the larger bond distance and lattice volume of
SHY than that of SYG. In general, with the decrease in FWHM, the space
of lattice vibration and the nonharmonic vibration decrease, thereby
resulting in the decrease in inherent dielectric loss [31]. Therefore, SYG
has a narrower FWHM and lower dielectric loss than that of SHG. A
similar inverse relation between Qxf and FWHM of lattice vibration
modes is reported in AgPbsB,V3012 (B = Mg, Zn) and A3Y2Ges3015 (A =
Ca, Mg) ceramics [17,19]. Table S2 lists the FWHM of the A;g mode for
SYG and SHG ceramics.

To understand the inherent dielectric performance of SYG and SHG
ceramics deeply, the experimental and fitted IR reflectivity spectra are
shown in Fig. 6; they are analysed by the classical harmonic oscillator
model as follows [32]:

n CU2-
o) =tot+y — 2L —— 4
; Wy — @ = jy;0
The related terms in the above formula are described in detail in the
literature [33]. The relationship between complex reflectivity R(w) and
permittivity can be expressed as follows:

1 =+e(w) :
R(o) - ’T N ®)

The infrared reflection spectra of SYG and SHG ceramics can be well
fitted with 16 modes. Table S3 lists the relevant phonon parameters of
SYG ceramic as representative data. As the XRD results discussed above,
the space group of SYG and SHG ceramics is Ia-3d (No. 230), which has
17T;, infrared active modes based on the prediction of group theory.
Thus, the number of fitted modes is less than the theoretical modes. The
fitted infrared reflection spectra and the complex dielectric constants
indicate that the calculated permittivity values for SYG and SHG are
9.02 and 9.01, respectively, and the calculated Q x f values for SYG and
SHG are 143,761 and 121,604 GHz, respectively. Moreover, the calcu-
lated dielectric constant and dielectric loss values are close to the
measured values (using the TEy;5 method). This finding indicates that
the phonon absorption in the infrared region mainly contributes to
dielectric polarisation in the microwave band.

Table 2 summarises the sintering temperature, resonant frequency
and microwave dielectric properties of Ge-based compounds with garnet
structure. By comparison, all the listed Ge based garnets possess low
permittivity (~10), high Q x f values and largely negative 7y values
except for MgsYoGe3015 due to the ‘rattling’ Mg?* and Y*2 in the A site.
Notably, the sintering temperatures of SYG and SHG are lower than the
other Ge-based garnets, and the 7¢value of SHG is closer to zero than that
of the other Ge-based garnets, which is beneficial to practical
applications.
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Table 2
Sintering temperature and microwave dielectric properties of Ge based com-
pounds with garnet structure

Sample S.T. & Qxf f 77 (ppm/  Ref
C) (GHz) (GHz) °C)

CazY»Ge3012 1340  10.80 97,126 13.2 -40.6 [19]

Mg3Y>Ges012 1460  14.10 12,600 11.5 +120.5 [19]

CayZrGe30q 1340  10.68 76,900 - -41.3 [34]
CazAl,Ge304, 1340 8.97 114,871 14.017 -54.6 [35]
CazGayGezO12 1320  9.79 129,356 14.293  -50.19 [35]
SYG 1240 9.30 + 129,360 + 15.44 —42 + This

0.1 600 1.2 work
SHG 1260 9.23 + 104,600 + 15.75 —26 + This

0.1 500 1.0 work

The microwave dielectrics demand a near-zero 7y to satisfy the
thermal stability of electronic devices. In this work, CaTiO3 was added to
adjust 77 by forming composite ceramics. Fig. 7a presents that only the
diffraction peaks of SYG/SHG and CaTiOs are observed in 0.95SYG-
0.05CaTiO3 and 0.96SHG-0.04CaTiO3 ceramics. The BSE image analysis
result indicates that the grains of two different grey scales are clearly
shown, and the marked darker grains belong to CaTiO3. The microwave
dielectric performance of (1-x)SYG-xCaTiO3 and (1-x)SHG-xCaTiO3 ce-
ramics is listed in Table 3. Near-zero 77 values of +2.7 ppm/°C and +3.3
ppm/°C are obtained in 0.955YG-0.05CaTiO3 and 0.96SHG-0.04CaTiO3
ceramics, respectively.

4. Conclusions

In this study, cubic garnet-structured SYG and SHG ceramics were
synthesised at 1100 °C-1280 °C by conventional solid-phase reaction
method. Dense and homogeneous ceramics were obtained at 1240 °C for
SYG with low &, = 9.30, high Q x f= 129,360 GHz and negative 7y =—42
ppm/°C. In addition, while SHG ceramics sintered at 1260 °C exhibited
low & = 9.23, Q x f = 104,600 GHz and relatively near-zero 7y of —26
ppm/°C. The measured ¢, in SYG and SHG ceramics was relatively close
to the theoretical & values. The difference in Q x f values was highly
dependent on the packing fraction and FWHM of A;; Raman mode at
779 em™ ! (775 cm™ ). The larger |77| value of SYG was related to the
decreased bond valence. In the microwave band, the dielectric polar-
isation primarily resulted from the phonon absorption in the infrared
region. The negative 77 values of SYG and SHG ceramics were tuned to
near-zero by forming composite ceramics with CaTiOs.
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Fig. 7. The XRD and BSE images of 0.95SYG-0.05CaTiO3 and 0.96SHG-0.04CaTiO3 ceramics.

Table 3
Microwave dielectric properties of (1-x)SYG-xCaTiO3 and (1-x)SHG-
xCaTiOsceramics
Composition  x S.T. & Q x f(GHz) 77 (ppm/°C)
values C)
9.30 + 129,360 +
0 1240 01 600 —42+1.2
0.03 1240 100+ 118,673 & —-15.5+1.0
SYG 0.1 450
10.8 £ 112,632 +
0.05 1260 01 500 +2.7 £ 1.2
114 + 108,120 +
0.07 1260 01 550 +16.8+1.1
9.23 + 104,600 +
0 1260 01 500 —26 £1.0
0.02 1260 9.8 £0.1 90,136 £ 450 -10.1+1.1
SHG 0.04 1280 (1)014 * 87,304 £ 600 +33+1.2
0.06 1280 (1)11'0 = 82,438 £ 500 +20.4+1.0

the work reported in this paper.
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