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Abstract

AY 2SO0 (A=Sr, Ba) trisilicate ceramics were synthesized by traditional high
temperature solid state reaction method. X-ray diffraction patterns and Rietveld
refinement revealed that A%izO10 (A=Sr, Ba) ceramics beloed to triclinic and
monoclinic crystal systemsvith Pr and P2/m space groups, respectively. The
vibrational modes of [Sig) tetrahedra, [Y@ octahedra and §i/Ba)(Qs] polyhedra

were analyzed by Raman spectroscopy. The infrared spectroscopy fitting analysis was
used to determine intrinsic dielectric properties. Excellent microwave dielectric

properties were measured for SH%O10 and Ba¥SizOi0 with & = 9.3, Qf =

* Corresponding author.  Kaixin Song, kxsong@hdu.edu.crximtuLin, linhuixing@mail.sic.ac.cn; Dawei
Wang, dawei.wang@sheffield.ac.uk.



64100GHz, = -31ppm/°C and: = 9.5, Qf =65600GHz, 1t = -28ppm/°C, respectively.
Both trisilicate ceramics are considered potential candidates for 5G and mm wave

technology, provided: can be further tuned.
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I ntroduction

5th generation (5G) telecommunications will become the dominant wireless
protocol in the next 10 years for applications such as mobile phones, WIFI, global
positioning systems, Intelligent Transport Systems and the Internet of FHings.
According to the world wireless society, the assigned working frequency bands for 5G
are ultimately 24 - 30 GHz or 60 GHz -70 GHz with delay time of signal transmission
< 1ms? Unlike 2G/3G/4G mobile communications, the carrier frequency of 5G is
extended to millimeter wave band rather than microwave band, which has enormous
implications for the development of microwave dielectrics. Since the delay time is
proportional to the square root of dielectric permittivity),( the radio signal
propagation velocity can be increased by using dielectrics withléWwurthermore
high quality factor (Qf) is required to decrease energy loss with near zero temperature
coefficients of resonartequency (tr) paramount to maintain operating stabilfty.

In the past few years, several kindsl®¥ & ceramics have been reported, such
as silicates, molybdates, and borates, often focusing on their use as low temperature
cofired ceramics (LTCCE?? Most low ¢ (< 10) materials are silicates, due to the
strong covalensi-O bond in [SiQ] tetrahedrod! Many silicate ceramics with [SD
tetrahedra have been reported suchgsSiOs,*? Zn,SiOs,!3 LIAISiO 4,14 CaSnSiG*®
AlSiOs,1® Mg2Al 4Sis01s,1” CaMgSOs '8 and are summarized in Table 1.

Table 1. The microwave dielectric properties of some silicate ceramics reported in references.

Silicate Ceramics Qxf(GHz) &r (ppm/°C) Ref
MQ2SiOs 240000 6.8 -65 12
ZnpSiOy 219000 6.6 -61 13

LIAISIO 4 36000 4.8 8 14



CaSnSi@ 61000 9.1 35 15

Al2SiOs 41800 4.4 -17 16

Mg2AIl4SisO1s 39000 6.3 -32 17

CaMgSiOs 53000 8.3 -45 18
SrY2SisO10 64100 9.3 -31 This work
BaY2SisO10 65600 9.5 -28 This work

Silicates with the trisilicate structure contain isolated@g] units, which also
are accompanied by additional [S]@r [SiOr] units such as £8i,07(R = Gd, Th, Dy,
Ho)!°or protonated variantSizOs(OH), groups such as @&izs0s(OH)].2° In 1976,
Povarennykh et &t summarized 17 natural and synthetic trisilicate compounds with
structural characteristics of $48i:010 and Ba¥%SizO10 additionally reported by
Kolitsch and Wierzbicka et &> The effect of doping with rare earth ions on the
luminescence properties and energy conversion of:8&¥i10 has been studied by
Xia et al?* but to our knowledge, the microwave dielectric properties 08010
(A=Sr, Ba) trisilicate ceramics has not been reported.

In this work, pureAY »SizO10(A=Sr, Ba) ceramics were successfully prepared via
a conventional solid-state reaction method. The nominal compound oiSE@¥%
could not be synthesized in our experiments. The evolution of crystal structure, grain
morphology and vibrational lattice modes as well as the microwave dielectric

properties are systematically investigated.

1. Experimental

The AY2SizO10 (A=Sr, Ba) ceramics were fabricated using high-purity oxide
powders SrC® (99.5%) Y.0z (99.9%), BaC@ (99.8%) SiQ (99.99%) as raw
materials. Raw materials were weighed according to the nominal stoichiometric
compositions and bathilled 24 h in ethanol using zirconia media. After the mixture
was dried at 90°C, it was calcined in air at 1250°C for 4dhatting rate of 4°C/min.

The calcined powder was re-milled, dried again and pressed into 10 mm diameter, 6

mm high pellets at 1:00MPa. The samples were sintered at 13D€BC°C for 4h.



The bulk densities oés sintered samples were measured by the Archimedes
method. The room temperature crystalline phase constituents were identified by X-ray
powder diffraction (XRD, RIGAKU D/max 2550/PC, Rigaku Co., Tokyo, Japan)
using Cu K radiation(A=0.154056 nm) radiation @ voltage of 40 kV and current of
30 mA. Rietveld refinement of the XRD patterns was carried out using general
structure analysis system (GSAS) softw&reThe thermal etched surfaces of
AY 2SizO10 (A=Sr, Ba) ceramic were characterized usiagscanning electron
microscopy (SEM Sirion 200 Netherlands)The Raman spectra were collected at
room temperature using a Raman spectrometer (LabRAM HR800) excited with an
Ar* laser (514.5 nm). Far-infrared reflectivity spectra were obtained between 50-5000
cmtusing a Bruker IFS 66¥T-IR spectrometent the Infrared Spectroscopy and
Micro-spectroscopy Endstation (BLO1B) at the National Synchrotron Radiation Lab
(NSRL) Hefei, Chinaer and Qf were measured using the parallel plate méeftvaith
a vector network analyzer (E8363gilent Technologies Inc. Santa Clata4, USA).
trwas measured iatemperature range of 20°C-80°C and calculated by the following

equation:

_ 1 [f(Ty)—f(To)]
T = fTo — X 10° ppmPC (1)

Where, f (T) and f (To) represent the resonant frequency af80°C) and §(20°C),

respectively.
2. Results and discussion

The XRD patterns of the Sp®isO10 and Ba¥:SisO1o ceramics powders are
shown in Fig. 1(a) and (c), respectively, without detectable secondary uke.
phase compositions match well with $SB%010 and Ba¥.SisOi0 (ICSD cards
No0:167613 and 240470respectively.The refined profiles of both samples by the
Rietveld method based on GSAS software are given in Fig. 1 (b) and (d). Where
tricinic (P7) and monoclinic R2/m) crystal structure are used separately, low
refinement factors, \g = 6.99%, B= 5.11%, > = 3.134 for Sr¥SisO0and Ry =
10.75%, R = 7.72%, y*=4.529 for Ba¥SizOw0, are obtained, indicating good



agreement between the observed and calculated patterns. The calculated lattice
parameters are a = 6.751173A, b = 6.876599A, ¢ = 9.259163A, V = 40§.266A
SrY2SizO0and a = 5.378373A, b = 12.207029A, ¢ = 6.844245A, V = 431.05@A
BaY>SizO10. The refined structure parameters are listed in Table 2 and Table 3, and
the schematic crystal structures of %010 (A=Sr, Ba) are depicted in the insert of

Fig. 1(b) and (d).
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Fig.1, XRD patternandRietveld refinement results of A%iz010 (A=Sr, Ba) ceramics samples.
(a, b)SrY ;Sis0O10 and (c, dBaY 2SisO10 ceramics sintered at 1425°C for 4 hours; the schematic
crystal structure of SPBIz010 andBaY 2Siz010 are given in the inset of (b) and (d), respectively.

Table 2. Atomic positions of Sp®isO10 ceramic sample refined by the Rietveld refinement.

Atom X y z Occupancy Uiso

S 0.399825 1.094081 0.179838 1 0.00803
Y1 0.139754  0.753070 0.512454 1 0.00539
Y2 0.156582  0.259501 0.810740 1 0.00603
Si1 -0.333027 0.721909 0.542101 1 0.00477
Si2 -0.334922 0.368323 0.831899 1 0.00482



Si3 0.122786  0.743093 0.878762 1 0.00546
o1 0.472250 0.786072 0.471154 1 0.00920
02 0.187039  0.403048 0.537943 1 0.00720
03 0.188117  1.112924 0.426797 1 0.00760
o4 0.389787  1.418450 0.288936 1 0.00870
05 0.475927  0.228399 0.875362 1 0.00760
06 0.171245 0.763830 0.249256 1 0.00810
o7 0.267720  0.384419 0.985231 1 0.01120
08 0.095678 0.205811 1.054879 1 0.00970
09 0.231999 -0.047554 0.777292 1 0.00130
010 0.114035 0.621938 0.762843 1 0.00770

Table 3. Atomic positions of Ba®isO10 ceramic sample refined by the Rietveld refinement.

Atom X y z Occupancy Uiso

Bal 0.760820  0.250000 0.019920 1 0.00954
Y1 0.158010  0.098858 0.684310 1 0.00637
Si1 0.582420  0.250000 0.489170 1 0.00570
Si2 0.303790  0.062050 0.213440 1 0.00579
01 0.372300  0.250000 0.615800 1 0.00780
02 0.876600  0.250000 0.634400 1 0.00690
03 0.548300 0.142870 0.339700 1 0.01050
04 0.430800 -0.054550 0.190700 1 0.01050
05 0.165200 0.123470 0.00300 1 0.01070
06 0.100200  0.051920 0.351100 1 0.00880

SEM images of A¥SizO10(A=Sr, Ba) ceramics sintered at different temperatures
are shown in Fig. 2Due to low crystal symmetry, pillar or plate-shaped grains of
SrY>SisO10and Ba¥SisOipare observed in both samples. Tdrain sizes increased
gradually with reducing porosity as a function of sintering temperature with dense and
compact microstructures obtainddowever, the crystal particles of SM;010 begin

to abnormally growing up from above 14%0.



Fig.2 , (A) The thermal etched surface of SEM images of theS&10 ceramics: (a) 132, (b)

1350°C, (c) 137%C, (d) 1425°C, (e)1450C and(f) 1475C; (B) The thermal etched suface of

SEM images of the BaBizO10 ceramics: (a) 1300°C, (b) 13%n0)(c) 1375C, (d) 1400°C,

(€)1450°Cand(f) 1475°C.
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Fig. 3, Observed Raman spectra of28%010 (A=St, Ba) ceramics.

The Raman spectra of ASisO10 (A=Sr, Ba) are given in Fig. 3 and the
corresponding Raman active modes are described ag féB8ASrY,SizO10 and
26Ag+22Bgfor BaY2SisO10, respectively, which are obtained from online software that
provides group factor and symmetry analyéfsNot all vibratioral modes may be
recognized due to mode overlap or couplifbe vibration modes of most silicates
can be divided into three types as a function of wavenumber, as presented iR®Fig. 3.
29 800-1000crt is attributed tadS(SiO) stretching modes, 350-800¢rs dominated
by B(O-Si-O) bending modes and 200-350¢im related to B(O-Y-O) bending modes
The observed (Obs) Raman vibragbmode types are listed in Table 4.

Table 4. The vibration modes of observed Raman peaks inSB&{o and Sr¥SisO10 ceramics

(S: stretching, B: bending)

BaY2SizO10 SrY32SizO10
Obs(cm?) Vibration type Obs(cmt) Vibration type
0-200 (Ba-O) 224 B(O-Y-O)
207 B(O-Y-0),B(Y-0),BS(YY) 238 B(O-Y-0)
226 B(O-Y-O) 275 S(0-Y-0)
243 B(O-Y-0) 309 S(SrO)
279 B(O-Y-O) 361 B(Y-Si-0)
339 B(O-Y-0), B(Y-O) 390 S(0Si-0)
361 B(Y-Si-0) 412 S(0-Y-0), B(OSi-O)
375 B(O-Si-0), B(Y-Si-0) 433 B(Si-O-Y)
403 B(O-Si-O) 450 B(O-Si-O)
481 B(O-Si-O) 503 B(Si-O-Si)
530 B(Y-Si-0) 530 B(Y-Si-0)
652 B(O-Si-0) 562 B(O-Si-0)
865 S(Si0) 671 B(Y-Si-0)
914 S(Si-0) 694 S(Si-Si)
965 S(Si0) 850 S(Si0)
930 S(Si0)
965 S(Si0)
980 S(Si0)
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The microwave dielectric properties and relative density ofS&010 (A=Sr, Ba)
ceramics as a function sintering temperature are plotted in Figl &izO10 (A=Sr,

Ba) ceramics have a broader range of densification temperature ( abd@ )0
obtain >95% relative density;, Qf andts of SrY2SizO10 and Ba¥SizO1o increase

with increaseof sintering temperature, and then decrease after reaching optimum
values. The optimum microwave dielectric propertiessare 9.3, Qf = 64100GHz,

1= -31ppm/°C forSrY»SikO10 ander = 9.5, Qf = 65600GHzz: = -28ppm/°C for
BaYSiO1osintered at 1425°C and 1400°C, respectively.

The Qf are mainly determined by intrinsic factors such as inharmonic factors like
polarization, as well as extrinsic factors such as grain size, porosity, grain boundary
and point defect® Here, the enhancement of Qf is mainly attributed to the reduction
of porosity (Fig. 4) and the distribution of grain size (Fig. @milar to Qf, & of
AY 2SizO10 (A=Sr, Ba) ceramics also varies with relative density. Hend® corrected

by the Bosman and Havinga formula to eliminate the influence of pordsity:

&. =&, (1+15P) (2)

P=Q1-p) 3)
Where,ec andem are the corrected and measugett is porosity and pr is relative
density.ecare 9.6 and 9.8, near to the measured values of 9.3 and 9.6 864y

and Ba¥:SizO1oceramics, respectively.
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parts of the complex responses obtained from the fitting of the IR reflectivity spibetrialdck
circles are the measured values in microwave region) of (2550, and (b) Ba¥SisO1o.

The intrinsic microwave dielectric properties of 010 (A=Sr, Ba) ceramics
were further investigated by the IR reflectivity, as shown in Fighé&data for which

were analyzed using a classical harmonic oscillator model as foftot¥s:

2
Q...

g*(a))=g'(a))—ig"(a))=gw+zn‘, > ';' _ 4)
R, -0 —joy,

Where, n is the sequence of polar-phonon moags.w.j, and y; are the plasma
frequency, eigenfrequency, and damping constant of the j-th mode, respectiugly.
is the complex dielectric functiom.. is theer caused by the electronic polarization at

high frequencies. The complex reflectivRy(w) can be regarded as:

2
Je(w)-1
Rlw)="———— (5)
(@) Ve () +1
¢'(w) andrano can be converted to:
' n ' n Yy
3(@):gw+2j:lAgj :8w+zj:lF (6)
oj
’ A&y, n Sy
tay=2 @ s Aan 3 @ 57 @

£ ()

Where, Agj is the photonic contribution to the permittivity from the j-th Lorentz

2 n '
@, (5w+Zj:1Agj) s o) ®

oscillator. According to the factor group analysis of triclinic and monoclinic structures
with P andP2/m space groups, the IR active modes of SiYOi0and Ba¥SizO10

are described as 48And 22A+26B,, respectively. The IR reflectivity values are
listed in Table 5 and Table 6. According to the fitted parameters, the calculatfed
SrY,>SisO10and Ba¥SizO10 are 1.68 and 1.97 at optical and 5.8113 and 4.3487 at
microwave frequencies, respectivelfnese values are significantly lower than those
measured (9.3 and 9.5, respectively), which could be due to extrinsic contributions
stemming from defect§**® The contributions of the optical dielectric constant are
38.6% and 33.9%espectively, compared to the total permittivity, suggesting that the
microwave properties are dominated by ionic rather than electronic polariZation

The vibratioml modes below 350ctof AY 2SisO10(A=Sr, Ba) ceramics contribute



3.012410% and 1.4968x1t to the dielectric loss, accounting for 79.12% and
68.14% of the total loss, respectively. This effect may be explained by considering

Atard; is positively related to wSjyjo;*, and decreases sharply with increasing?

Table. 5, Phonon parameters obtained from the fitting of the infrared reflectivity spectra of
SrY2SizO10 ceramics

Mode oj pj i Agj Atand;
(cnmh) (cnr?) (cnr?) (x10%

1 74.785 53.413 54.774 0.51 0.732
2 79.07 26.143 3.4523 0.109 0.0437
3 103.07 46.036 6.3615 0.199 0.0617
4 112.06 37.806 4.7608 0.114 0.0425
5 129.08 98.485 13.613 0.582 0.105
6 151.34 32.284 3.5816 0.0455 0.0237
7 157.76 107.74 54.08 0.466 0.343
8 180.63 95.681 15.055 0.281 0.0833
9 194.17 117.32 12.092 0.365 0.0623
10 211.57 153.61 18.823 0.527 0.089
11 220.15 85.042 8.007 0.149 0.0364
12 230.87 134.8 262.63 0.341 1.14

13 235.99 73.199 16.807 0.0962 0.0712
14 255.52 171.12 35.372 0.448 0.138
15 280.66 114.71 18.929 0.167 0.0674
16 302.61 151.47 38.67 0.251 0.128
17 347.16 95.352 14.987 0.0754 0.0432
18 371.42 91.373 16.059 0.0605 0.0432
19 402.15 137.3 24.25 0.117 0.0603
20 431.94 101.05 17.031 0.0547 0.0394
21 451.28 135.28 18.301 0.0899 0.0406
22 473.28 83.639 15.489 0.0321 0.0327
23 491.79 174.14 29.808 0.125 0.0606
24 514.78 90.842 11.264 0.0311 0.0219
25 526.83 100.65 16.57 0.0365 0.0315
26 535.99 133.73 19.333 0.0623 0.0361
27 551.93 104.57 21.928 0.0359 0.0397
28 644.52 68.547 28.342 0.0113 0.044
29 670.23 92.374 18.108 0.019 0.027
30 701.82 95.313 21.133 0.0184 0.0301
31 777.4 209.06 90.176 0.0723 0.116
32 831.32 221.99 34.158 0.0713 0.0411

875.93 164.82 24.776 0.0354 0.0283

w
w



34 893.65 134.28 23.626 0.0226 0.0264

35 923.25 250.06 37.714 0.0734 0.0408
36 956.42 184.73 26.709 0.0373 0.0279
37 1002.7 200.62 28.424 0.04 0.0283
38 1034.5 204.78 32.532 0.0392 0.0314
SrY2SisO10 €,=1.68 €0=5.8113 Y Atansi=4.058

Table. 6 Phonon parameters obtained from the fitting of the infrared reflectivity spectra of
BaY>SizO10 ceramics

Mode oj pj i Agj Atand;
(cnmh) (cnh) (cnmh) (x10%)
1 67.554 54.068 7.9449 0.641 0.118
2 102.15 63.394 6.0099 0.385 0.0588
3 115.48 63.061 7.5015 0.298 0.065
4 153.21 48.374 5.9034 0.0997 0.0385
5 168.28 51.741 5.0153 0.0945 0.0298
6 175.11 53.022 12.76 0.0917 0.729
7 187.24 110.01 11.288 0.345 0.0603
8 213.82 99.51 8.7921 0.217 0.0411
9 221.44 81.254 8.3085 0.135 0.0375
10 246.14 173.87 22.622 0.499 0.0919
11 287.41 126.27 26.151 0.193 0.091
12 324.35 189.04 35.884 0.34 0.111
13 346.1 85.2 8.612 0.0606 0.0249
14 374.75 101.14 12.862 0.0728 0.0343
15 482.84 264.46 46.424 0.3 0.0961
16 522.03 142.85 14.664 0.0749 0.0281
17 553.78 168.64 54.153 0.0927 0.0978
18 649.77 122.17 21.367 0.0354 0.0329
19 785.11 208.22 148.6 0.0703 0.189
20 853.12 196.47 31.676 0.053 0.0371
21 936.54 331.41 81.159 0.125 0.0867
22 908.5 146.51 22.906 0.026 0.0252
23 972.08 131.98 18.534 0.0184 0.0191
24 1068.5 69.246 18.573 0.0042 0.0174
25 999.94 276.48 36.312 0.0765 0.0363
BaYQSigolo £,=1.97 €0=4.3487 ZAtan6j=2-196

4. Conclusions



The SrY:SisO10and Ba¥:SizOiomicrowave dielectric ceramics with low have
been prepared by solid-state reaction. Rietveld refinement of XRD data revealed that
SrY2SisO10andBaY-SizO10belong to the triclinic and monoclinic systems with space
groupsPi, and P2/m, respectively. Due to low crystal symmetry, grains of :Sid0O10
and BaY¥SizO1o displaya plate and pill morphologies. The grain size increased with
increasing sintering temperature. The modes with Raman shift below 358@m
dominated by O-Y-O bending modes. The region from 860 to 650cm' are
dominated by C8i-O bending modes, and > 800¢ris assigned t&i-O stretching
modes. The intrinsic (static) dielectric properties of the samples wereatadcuking
the 4-P model based on far-IR reflectance spectroscopy. The best microwave
dielectric properties of SPBisO10 andBaY2>SizO10 ceramics sintered 4h at 1425
and 1400°C were &= 9.3, Qxf= 64100GHzz= -31ppm?C and &= 9.5, Qxf=
65600GHz, 11 = -28ppm?C, respectively. Their low cost, easy preparation and
excellent microwave dielectric properties suggest that ASiE®0i10 (A=Sr, Ba)
ceramics are promising candidates for 5G applications, prowidedn be further

tuned toward zero.
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