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Fabrication of a Novel Ultra-Low Temperature Co-Fired
Ceramic(ULTCC) Using CaWO4 and BaV.Og
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2 9 (1-x)BaV206-xCaWO4(x=0.21~0.56) 242 A2 AL = A4 AFE(ULTCC)E tlo]azst &4
A B3 AEE BaViOs2t CaW0se] EFES 24t Axstgnt. =5 AEA7 Add Aty 84+ 650
°ColA AHEE 96 %= AZE & USS Bt &Z" EFAY X-A sEEA ZI CaWO4 ¥ BaVaOs ©l
Qo] o2 2242 AAZER ok 0ol ke B = 54 44 ¢ 2 209
T B e FAAAEY ddE T 285t g 4 AT CaW049] 3ol x=0.21°04 0.56°.2 Z7+5
o wat B3k A=Y rr F2 9.0791A4 -17.99 ppm/°CE HATFFHIL FHE& (e)2 11.33914 10.852 FAFS
o EAAS: (QxHFL 37,600 GHzolA 40,800 GHzZ F7FtATH7b 27,400 GHzE2 THA] ZrAsiich.
0.66BaV206-0.34CaW04ZA 2 EIA oA, ¢,=11.15, Qx{=40,800 GHz ¥ 7=3.12 ppm/°CHLE 7} 94
gt mfolag2nt fd BE4S Eath ¥FuE A33 8k 5344 A MdE B AR BA A 3

A AT whgo] Yeg HolFHrt
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Abstract New (1-x)BaV,0s-xCaWO4(x=0.21~0.56) microwave dielectric composites were synthesized by
firing a mixture of BaV:0s and CaWOs for ultra-low temperature co-fired ceramics (ULTCC)
applications. Shrinkage tests showed that the developed ceramic composite could be sintered at 650 °C
with a relative density of 96 %. X-ray diffraction of the sintered composites showed CaWO4 and BaV,0¢
with no secondary phases. A composite of CaWO4 and BaV,0s with a resonant frequency temperature
coefficient (75 close to zero was obtained by controlling the relative content of the two constituent
phases having positive (+) and negative (-) rf values, respectively. With increasing CaWO4 content (x
from 0.21 to 0.56), the rf value of the composites decreased from 9.07 to -17.99 ppm/°C, &: decreased
from 11.33 to 10.85, and the quality factor (Qxf) value increased from 37,600 GHz to 40,800 GHz and
decreased again to 27,400 GHz. The composite of 0.66BaV,06-0.34CaW04 showed the best microwave
dielectric properties with &,=11.15, Qxf=40,800 GHz, and 7=3.12 ppm/°C. The chemical compatibility
experiment with an aluminum electrode showed that the developed composite materials had no

reactivity with the electrodes during the co-firing process.
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S5AIY E41(5G Communication) 7]&9] F43t
A A di+t= FEY ofglo](Massive MIMO) 2
= o4} FA|(Active Antenna Unit) RF 7]&9] %
O= 5G BF9 4%3} ¢ ool HFk 8 ARglo]
ot QItH1]. AL FAl 24 AFYQLTCC, Low
Temperature Co-fired Ceramics) 7|&2 541 AXA]
3719} 3E WAL Fol= 7P ARERI #oltt. LC
g, GPS QY 4 Ao Fold, 32 7w 2 /4
A TR7) e 22 $2 135 54 X7} ol
LTCC 7|&Z AZREJH2-4]. SAIH 5419 Q7AR}
< F55P7] 98l LTCC A=ol tish: (1) BARXY 2
7] 2 AS A A9 £ol7] At W2 54 d(er)
(2) A5 Ad 71 315 £0]1 5G BAl FAA 2
A aslk= A9 AY §7FE =o)7] AT =2 54
ALQxD) B) ¥ w2 2% AF5ES H3t 00 77k
Fae 2% Al(r) 59 A8l aEH
[5-8]. ool whet A 4= Azt vho| 3 2u} @ Gu|E T}
tfdoll A =3t BAS 2E= 4,0007) o]4e] LTCC =
5ol NAEATHI). T E°] LTCC 2B B&
YR A7 &&°] &1l T AHE E°lH olTA=
SR, 34 = AT 271291 23S ot
7] $15h 650 °C olslollA] &Zo] 7Fs3t 2412 BA] &4
MEF(ULTCC: Ultra-Low Temperature Co-fired
Ceramics) A=9] 7Hdol] 2o W30]x] 3] o1} ofZ]
AlFdA ] HEaL ATH10].

Aty o g g o] FANS = ol2==ol g3t I
o] AJujHo]7] wfiZol| AF7HA| ALE =Y AF
€ AlFEE2 209 rghS vERdTH11,12]. AR
9] 2 A4S gt 09 7R 3K Foke
T AS(r)E De JYY 2 47 i 2359 rgk
< 2= FAAES B¥A FEHR Axske Aot
[13-17]. Tungsten oxides 3F3HE MWO4(M=Mg, Zn,
Ca, Sr, Ba §)2 =2 3154 g4 ¢ 4A=Qx 1)
2 7Y 2 (9 rghe 2=t T ok
sH7] gk A7 A= QIH18-21]. o] & RIE F
CaWOs= W2 =102 27t Qx£=63,000~75,000
GHzE 7HA1 ey 7} -25~-53 ppm/°CE & &
()9 e 7Y 2Z L& EFF 1150 °CE Ag E Al
ASe] Aol o]FtH20,21). TiO9F #2 ¢
=400 ppm/°CE 2= ARt T BEFAE olFo] ¢
£ ~0 ppm/°CE ZHdl= A&7} o]Foig o, 4~z

Hir oo o nZ
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257} 1200 °C ol4og ULTCC AARE ZgtstA|
ATH22]. 800 °CollA &Fo] o]FofX= HH9 it
< ZF= (LiosSmos)WOsE CaWOyol H7keto] ¢ E
AAREE 2ESHE ALt o]RojH oY AZ2%Tt
900 °CE& ULTCCEY] S-8o] ojgjgjor, dojxl &4
Aol Qxfgk ESF 28,754 GHzZE =<=5}A] B3 rH23].
BaV:Os= B2 e=113 &5 Qx{=21,800~42,000
GHz& 7MW 4&Zo| 525~600°CollA o]Fo|A
ULTCCRY] §-8°] kst aAfolt}24,25]. 1=t} ¢
7} 28.3~38 ppm/°CE2 & HH2| #& 7HA 1L Qlo] &
Y o229 ULTCC F-gol= =983 EA171 L
.

2 A9 EFL 575 °CYl A4 AZo| o]Fo]
At 2 HHY e HolE BaVoOs2t 98t Qxf
#HE Y E S0 1S ZE CaWo49] EA
FA4S 5010, BaV20s H CaWO42] TFslo] =
IF GHEAT AZ2r HIE EAsy #F9
BaV;05-CaWO4 EA| 2/d°] ULTCC AM=2] 4§
o] 7} BIstaAt sheitt.

2.1 Mz
¢ EZ2 £% 99 % ol BaCO;, CaCOs,

WOs 2 V.05 E2HHigh Purity Chemicals, Japan)<
ARESHA T BaVoOs 2 CaWO, 282 SFEH =
A49] BaCO53-V,05 ¥ CaCOs~WOs &= 2+ 600
°CoflA] 12A17F & 850 °CollA] 4417t 5%t fasto] o
Aotat. o2, (1-x)BaV20sxCaWOys EdHAl=
AzH CaWOs % BaViOs LS tiFst FA 4
(x=0.21, 0.34, 0.4, 0.48, 0.56)2 &3slo] A|xs5I%
. EFEE X2FYOKZrO) &L ARESt €IS
H 2ol 2 wt %] ZIA(PVA, polyvinyl alcohol)
£ A7kl 3-8 W(EXAKT 501, EXAKT, Germany)
ol-8sto] Fde & H(slurry)E ARSHATE Ao
7 &HE 60 °ColA AZ3IAL 50 mesh 2719] A=

o

A A& st BFHE A=A
(1-x)BaV,06-xCaWO4(x=0.21~0.56) E3Ao o
3t e S YolA FHE FAHD)=12 mm, T

(D=6 mmo A3 Dl(pelle2z 4IFsIL,
Qxf 9 ¢ HsiM= 2H(D)=10 mm, F7

Z=xo
=0=
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(L)=5 mm9] FEZ 150 MPa ¢S 713]
48 Stk B9 a5AE Al EUREA
6

(DIL 402PC, Netzsch, Germany)Z AF&3}o]

°C7H] $24% 3 °C/ming AU £HAEE
g AEE FAM=3 mm, HH¥I(W)=5 mm, Z°]

(L)=25 mm?| AAY | FEl= 150 MPad| ¢e
o & A5ttt 5L 548 FH2 550 °CollA
4AZF FASt PVAE AAT o, £5A19 d34E
HIF O & 650 °CollA] 4A17F &AZFste] FH[51ieh A2
H AHE2 A4 FAY B(O/T)7F & 271 HES
VSR, AlHe] FHS dFuY B 1 umE ol&
3} polishing 3}

AZA9 EHd%(bulk density, pu)= CFE71H
HlAH(Archimedes' method)& o]-83to] &35t}
2Z4A19] AdE(relative density)= £3H Rujd

TZ(bulk density, )2t o128 % (theoretical density,
Piheory) ZHE TOIATE 012 W (pype0,, )= T2 A
(Do =R Aibstitt.

w; +wy

‘Ul/l’l +u)2/p2 M

pthr’ory =

Where, p; and p, denote the theoretical densities

of BaV20s and CaWO4(3.95 g/cm’® for BaVOs
phase and 6.12 g/cm’ for CaWO4 phase), w, and
w, denote mass fractions of BaV,0s and CaWOy,
respectively.

oth 9 AFE AEEY A 4 9 Al A5 3
SH4 ¥1-gAgoll thet Hrh= XA & 71(D/Max-2200,
Rigaku, Japan)E ol-&sto] a5ttt S22
0=10~70° F7FlA scan speed=6°/minC.&Z A 40
kV @ A7 30 mA 20|t} &2 AlH] rlAz
22 600 °CollA 2083 & of|H(thermal etching)®
ARE FAPARAR(SNE-3000M, SEC, Korea)o.&
THIGITh Al A=39] vE3Ad off= RHE/ol 7+
A $<okA 4E 0.66BaV2060.34CaWOsRA £
ol Al E4-& 20 wt % S0t 650 °CollA] 4A17F
BA AL AASE T X-A BHE Boto] v A4
o RZ gRIstrt.

upo]FZ2u} ol e2 Network analyzer(8720ES,
Agilent, USA)E AR83dlo] Hakki-Coleman®o=Z
f=12 GHz9] Fut= H o)A TEo; SHUEEE °[-83]
o] 24ot9L, Qxf @ 1= CavityH o2 =7 GHz &
Lol A TEos 3RNEEE ol&ste] 7gsH3ich

558

o5} A]

= 1

ol-gsto] 7]goll 2t FFE HPoITH28].

)

[26,27]. 39 .2 4% Bosman S5°| A
[e]

=2

or Prulk
& —_—

=" (1+15P), P=1- 2)

ptheor‘y
Where, €,“* denotes the measured permittivity,
€. denotes the corrected permittivity, and P

denotes porosity.

1 213 olgsle] 25 °Co} 85 °ColNe] BT
S48 Zgato] ARSI,

y = G
Where, f, and f, denote the resonant frequencies at
temperatures 7725 °C) and 7,85 °O),
respectively.

2.2 Zuat 3 nE

2.2.1 (1-x)BaV20s—xCaWO4

Fig. 1@ € Mol FHE &4 CaWOix=1) Z
BaV,06(x=0) (1-x)BaV206xCaWO4
(x=0.21~0.56) THEEY +E5AF BIE HA
Pei 52 BaV:0s9] AW3H= 575 °CollA] 4A17H] EA
& A& = vkl Busiginh24]. £ Addaoie
BaV20e= 514 °CollA] S=50] AJRHE]AL, 650 °CollAl=
oF 18 %2] =S Kol Pei 5ol Rgt At} fA}
e AWE Ho|i kFig. 1(a) ¥2). Yang 5] EiL
3t CaWO4 5AF ATE EH, CaWOs= <k 710
°CollAl $=5%0] ZHAIEo] 1000 °ColidollA] $50] &
HH29]. Yoon 52 CaWOs9] & AZZAL 1150
°C/2h®& ®rskal SIeH20]. & AFoAE CaWOs=
HE 2E2EQ 650 °C7HA 50| YojuA] g3
Holx ik o€ AZ2Lrl & AolE Hol:s
BaV,062} CaWO4E ©]F01F (1-x)BaV,06—xCaWO4
SIAEY £52 W2 204 AEIh dojue=
BaV,0¢°ll 23| &Zo] ZIgg=|o] ZIc}. Fig. 1(b)ollAl B
ol EFANA Bav.0s9 Tl 7S 5
WAl &E(Shrinkage On—set Temperature, Ton-se) 2
F) £=5(Maximum Shrinkage Rate, MSR)°| ¥o]
Us 2= 45kl ¥ 5% (Total Shrinkage, Ts)

2 F71ke A3g Holm Stk

=3HRIol AZSY
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Fig. 1. (a) The shrinkage behaviors and (b) shrinkage

rates of as prepared CaWOs4, BaV;0s and
the (1-x)BaV,0sxCaWO4 ceramics

Fig. 1@ % (9 23} JIdo=7H
(1-x)BaV206xCaW0Os EFES] FE7HAIZE(Tonmsed),
Z =TT 4 FHY $£=EMaximum Shrinkage
Rate, MSR)Z Table 1] B=st%ich

245

Table 1. The shrinkage on-set point, % of total
shrinkage, and maximum shrinkage rate
point of the (1-x)BaV20s—xCaWO4

ceramics

X in Ton-set Ts MSR
(1-x)BaV,06xCaWOy ©) (%) (%/°C)

0.21 522.16 -14.04 -0.25

0.34 554.15 -12.01 -0.22

0.40 571.50 -8.99 -0.20

0.48 606.89 -4.45 -0.19

0.56 627.51 0.21 -0.05
AlHe] HF A2Z2W%(p, )= ol A4 o835t

A& & Sl
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Pp
= 4
Ps (1+ 7,/100)° @
Where, p, denotes pressed density of

the
specimen, 7, denotes total shrinkage (%).

BaV,062] Tko] 7K B2 0.79BaV,06-0.21CaWOy
AJHY] press WE(p,)= 55 %CIAL, 650 °CollA &
2 T,)L -14.04 %= 7P =4t} (Table 1 EX).
24l 93] Axtd BTS2 271 650 °Coll =&
g o FojA= AW FF 22U =(p,)= % 86.6
%olH, whkA] 650 °ColA 95 % o] XEsE 47|
AL A7HA GA7) HtEA] 2 eee & 4 Ytk

100
0.79BaV,0,-0.21CaWO,
= = u L]
> 95 /
2 m
[}
(=] /
© n
L ./
S 90
= /
@ u
/
o
85 T T T T T T
() 1 2 3 4 5

Sintering Time(h)
Fig. 2. Relative sintered densities of the 0.79BaV,0s
0.21CaWOy4 ceramic sintered at 650 °C as a

function of sintering time

Fig. 29 650 °ColA thFst AlTtollAl
0.79BaV,0s-0.21CaW04 249 4ZHWE
Btk 23 TR0 & 4= SlRo] AZYE
&) AUSHe A7) aliAl= 650 °CollAl FAa 4A1%F
ool fAAZIo] QTS & 4= Ut

Fig. 32 650 °ColAl 4AIZF 224 (1-x)BaV20s-
xCaWOy (x=0.21~0.56) AlHES] 4Z dx &4 23}
och. At JIFofA] Holo] 650 °CollA] 4A17 AF
9 (1-x)BaV,05-xCaWOy (x=0.21~0.56) A|HES] 4}
= 575 °CollA &Zo| o]FoX]= BaV.0s T
o] I7VSE, AFAWLrt 37K Holed, 9
BaV,0s 30| 0.66~0.79 H7Hd Al#(x=0.21~0.34)

£9 A9 95 % o4l JAUEE ¥ 5 A,
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Fig. 3. Relative sintered densities of the (1-x)BaV,0s~
xCaWO4(x=0.21~0.56) ceramics after sintered
at 650 °C for 4h

HhHo] CaWOy | B2 x=0.4~0.569 F=
650 °CollAl A9l AUsF LojutbA] gh= CaWOs YA
9] AZE "ollske= #4544 (Constrained Sintering)
BNE QIS ¥ AFYUEE HYrh

Fig. 40l 650 °CollA 4417+ 2244 (1-x)BaV20s-
xCaWO4(x=0.21~0.56) 2AEES] 4] ozt X-4 3]
A BE9Z23E YErInh X-A 31 423 Bav,Oe
9} CaWO4Rlo] BEYER AAA o] E4staL Y 1
gho] 222 AEEHA ¥tk EE FE f3as
Tetragonal(I41/a) F+%xFig. 4°1 O = EA)NY
CaWO4PDF #77-2234)2} Orthorhombic(C222)
Z(Fig. 41 1 & BA)E 7 BaV,06(PDF #49-0525)
of &3kt

CaWOsT2ol A W o2 4 wigis 7Hu,
WO AFAAE 89S sk Ca’™ o] 2o ojsf Az
TH30]. BaV20sRE [VO4] AFAAIEC] AR HA™ES
THoH AR FEHIE olET. o] [VO4 AMEAl A
EAAIE] 2] Ba®™ o]Lo] o5 AZHCH31]. ol
F CaWO42t BaV,06 129 AR Ao, [WO4
(VO] S99 A3 ural] Zjo] & Wo'e} V' o]2E
9] Yx}7Hvalence) At°] 52 CaWO42} BaV.0s A&
o] AZ 1BAE Fots AZ Al mEtA A=
gkE §lo] &ZAA oA HEgor FEs= Aozt
=g

stfo

h=

=2
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Fig. 4. X-ray diffraction patterns for the (1-x)BaV20s
-xCaWO04(x=0.21~0.56) ceramics
s o] 4 2N
Fig. 5(@)~()°l 650 °Coll* Azt AAE

(1-x)BaV,06xCaWO4(x=0.21, 0.4, 0.56) A|HES
MR AAS B Fig. 5()~(0)°l 650 °CollA 4
AIRE 22% (1-x)BaV,06xCaWO4(x=0.21, 0.4,
0.56) AlHE9] FAIRAARIE HIt
bimodal 289 37| £%
Ao TEE FhH o Y 22 F7]
CaWO/go]aL ¥rdo] ojFx A7|7F &
BaV,0¢dolth. 22257 W BaV,06
o] Aty 2 AA2EE 2= CaWOyel H]g]

I AFY AL Holxn Ut ol URAAL
BaV,0sCaWO4 Algtdle] A4 Aidos AZ2
7} 22 BaV,0Os 0] S7Hel wet XSS Al
Abse, ol Fig. 19] % £4] 23 4 Fig. 39 L=
&4 daee & Hgels Aaolrh
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Fig. 5. Microstructures of the (1-x)BaV:0sxCaWO«
ceramics after sintered at 650 °C for 4h; (a)
x=0.21 (b) x=0.40 and (c) x=0.56

2.2.2 (1-x)CaWOxBaV.0s =&tH|Q| 010|321}
FUEY & #3109 3
Fig. 691 ~7 GHz ¥ ~12 GHz Fu}4= tigojA &
AE x 9] Wslo] IE (1-x)BaV,06xCaWO4 A2t
g9] nfo|3 =}t |4 EZE(e, ¥ 9 B 2
J™0A x=03} x=19] E42 A /3t Bav.Os 2
CaWOqol gt Aot} PE CaWOs] 9 ¢
=10.2, Qxf=65,000 GHz, r1=-64 ppm/°CZ 7] &
1 =T AR 32 HATH19L

(a) —0— simulated ¢ (logarithmic mixing rule)
124
—O— corrected €,
—{— measured ,
114
o
10 4
9 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

xin (1-x)BaV,04-xCaWo,

40 (b)
—{1— simulated t(parallel mixing rule)
20 4 —O— measured t;
o 07
N
£
g 20
-
-40
-60 -
.80 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

xin (1-x)BaV,04-xCaWO,

Fig. 6. Microwave dielectric properties of the
(1-x)BaV,06xCaWO4 ceramics as a function
of x: (a) permittivity (b) temperature
coefficient of resonant frequency

w0 /3H BaVa0s2] A= =115, ¥ =27
ppm/°CE HIE 4 T FARE g Holil 3le
, Qxf9] ¢ 30,835 GHz& Pei Sl24]0] High
Qxf(21,800 GHz)2+ Unnimaya S(25]c] =gt
Qxf(42,790 GHz)9| S3H4Ql go= SA=9th o
g0 mpo|la2nt 54 S4(tan § = 1/Q2 WA
£&Al(Intrinsic Loss)¥ 214 &4 (Extrinsic Loss)Z -
EHoh A £42 2= 259 F5ol Yol EAgst
QA £AL AX ATHECE, 365, A% 2FHA, 2
99 371 9 1, 23 4, 715 B)ell s gt
(32,33]. L o& & 8219 2 o 81l 9
o ZEE 4 Qla, 1 AT FIAolEE 94 aQld
o3 Qxf 2 olstA 538 4 Ut

650 °ColA] 4A17F Bt £2Z2H BaV,06CaWOy &
A9 o2 &S tFe = FA 0 ERE AR
5 Stk EFAY fAdE dSsh] e & g8
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ALFARE offo] A(5) H (6)T ZTH34L.
Parallel mixing model:
€ miz = T1€ T T9€ 5)
Where, z,; and €., denote volume fraction and

permittivity of phase 1, respectively.

Logarithmic mixing model:

Ine = xylne,; + zylne,, ©)

Where, z; and €., denote volume fraction and
permittivity of phase 1, respectively.

CaWO49t BaV,0¢d2l a2 242 10.29 11.5
& 2 AZo]7k Q7] "2l F A(G)2t (6] Ael7t A9
A Ert. Fig. 6(a)oll= 650 °CollA 4A17t 7t &2
2 BaV:0rCaWO; SRS 274 F28()7 2

A 4E(e” )& logarithmic mixing modelol 2J3)

o

o
AKX g3 2ol Bt (1-x)BaV,05xCaWOs At
o] 274 8AL8(")S x=0.48 @ 0.562] AL 71F
©] FHP=0.086 % 0.090)2.& W2 {738 & Ho]
w AHofA HojdE Holi Stk 13y 7159 4T
o] AAHE HA FAL&(e" ) AR FHEo] ¥
2 CaWOy4 §Fo] S7H=wA Fadks FFE Hold,
logarithmic mixing model¥} & 2&3& Hola Q)
.

BaV20s~CaWO; E3A9] o] 2421 gk eo W
3} logarithmic mixing model(6)oA =8 4= Ut
FAES 2% AL(r )2 rr Al A= o= 4
(72 2.

1
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Where, «; denotes linear thermal expansion
coefficient.
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Where, 7, and 7, denote the temperature

coefficient of permittivity of phase 1 and phase

2, respectively.
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Zro] parallel mixing rule 4|02 FHHT}

Ttmiz = T1Tp1 T T9Tp )
Where, 74 and 7pi denote the temperature
coefficient of resonant frequency of phase 1 and
phase 2, respectively.

Fig. 6(b)°ll EQl el Zo], BaV,0s~CaWO4 E31A|
9 72 27 ppm/°CaZ 2= BaV,0e°ll -64 ppm/°C
T ZEe CaW049] 7ol wet FH+)ollA (-9 gk
o= HSE. SH ri= 290l 8 Ak gholl
A HoluhA] gl APHog oM SR T
7R Holw 9tk 53] x=0.34~0.4001A
3.12~-4.49 ppm/°C¥tZ Ho] Yo ZHst= &9
o YAl mfolaEw FHAE AXT & U

Fig. 70 BaV20s-CaWO4 E3A9] Qxf gk ¥sts
FiEE Hokel A ESQlth BaVaOs(Qxf=30,835
GHz) Hl8] 2 Qx {365,000 GHz)& ZH= CaWOy
o] 7Kg wEt AAAQ] SIS dISsilon,
A= AP oA Hojvk= 23E Bt o= A
HCaWO4 Fgo] =2 x=0.48 9 0.562] -9 A|He]
EA5l= 715°] Qx#e 4% AAE dosl= Ao
2 goEnH34]. B3 AvrEo s AR oA B
o= olf+= E3A|9] AZF3A(interphase boundary)
o4l 8|28} 25 (anharmonic vibration)o| @2 A
&AH(interface loss)9] F71l 7|Q1%t 3t A o= B2

= ATH35].

70+
= .\-
£os
g 94
60 3,
—_ E ” .\l
E 91 \.
M50 w
- 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 D.S/EKD.GO
o xin (1-x)BaV,0;- xCaWo, .~
- -
= .
% 40 - PR
(<] =
& \
30 - O/ <
N
<&
T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

X in (1-x)BaV,04;-xCawWo,

Fig. 7. Qxf of the (1-x)CaWO4xBaV20s ceramics as
a function of x



CaWO42 BaV,06E 087 2AZ A4 AlZtY A=

mE——— —
o ——— —

e —m——— O

=

Intensity(arb. unit)

Fig. 8. X-ray diffraction patterns for the 0.66BaV,0¢
0.34CaWO4 ceramic with 20 % Al sintered at
650 °C for 4h

b 7FE 07 2-ske BEEAl 0.66BaV.Os-
0.34CaW0O4 299 A= ¥k3/d A2 o] 2/
20 wt %9 Al 2E¢S =% &, 242717 593 650
°ColA] 4417 9EEAIZ] Al Q] XRD £4]0& o]Fof3]
I 1 ZAIE Fig. 89 EAT}. Fig. 8oll4 HE%0] Al
A= BaV,0s CaWOLEFA}] ghgof w2 224
A=A goron A=79) 3heks FYAd(Chemical
Compatibility)e] 93+ olu|ict. wheka] BaV,Os
CaWO4 EYAI= 650 °CY W2 44 2%, 955 v}
ojA=En fd B4 9 M3 5% PR A
g ULTCC A==29] H33t sHa M=y 4 Slrtn
TetE

3. 28

(1-x)BaV205xCaWO4(x=0.21~0.56) A=kl =23}
A= CaWO042} BaV20s2] EFES 2F 650 °CollA 4
Azt Adote] A xotHal B3A|Q] B4 BUkst dat
o33 T2 A2 Aok

1. &ZA o= CaWOs2} BaV,0s7t BEAICZ

Iz
O -

563

st
ucs 2314 bimodal 2
, BaV,0¢0ll 9Jsff &2
o] z =
. 650 °CollA 4A 17+ 2% 0.66BaV,0s-0.34CaWOs4
EAE AHEE 96 %9 ALUsE Ao ¢
=11.15, Qxf=44,480 GHz ¥ 7r=3.12 ppm/°C
9] 955 mpo]A 20 R EAE Eth
- Al A=319] oA AEE e 240l BAl &
/3 ZollA Al AF0l| P40l e HojFgitt.
. B AFoA AetE BaV,0sCaWOs E3Al=
650 °CY] W2 44 2%, 9<%t vlo|3 21} H
A B 9 AT o= Qlsf ULTCC &
Azo] Agof Aoty wEr.

=S o

[el=2=1

References

[1] A. Osseiran, F. Boccardi, V. Braun, K. Kusume, P.
Marsch, M. Maternia, O. Queseth, M. Schellmann, H.
Schotten, H. Taoka, H. Tullberg, M.A. Uusitalo, B.
Timus, M. Fallgren, "Scenarios for 5G Mobile and
Wireless communications: the Vision of the METIS
Project", [EEE Communications Magazine, Vol.52,
No.5, 26-35, May 2014.

DOI: http://doi.org/10.1109/MCOM.2014.6815890

G. N. Howatt, R. G. Breckenridge, J. M. Brownlow,
"Fabrication of Thin Ceramic Sheets for Capacitors',
Journal of the American Ceramic Society, Vol.30,
No.8, pp.237-242, Aug. 1947.

DOIL: http://doi.org/10.1111/1.1151-2916.1947.tb18889.x

A. Bailey, W. Foley, M. Hageman, C. Murray, A. Piloto,
K. Sparks, K. Zaki, "Miniature LTCC Filters for Digital
Receivers', [EEE MTT-S International Microwave
Symposium Digest, Vol. 2, pp.999-1002, June 1997.
DOI: http://doi.org/10.1109/MWSYM.1997.602970

M. T. Sebastian, H. Jantunen, "Low Loss Dielectric
Materials for LTCC Applications: A Review', International
Materials Reviews, Vol.53, No.2, pp.57-90, Nov. 2008.
DOI: http://doi.org/10.1179/174328008X277524

D. Zhou, H. Wang, L. X. Pang, X. Yao, X. G. Wu,
"Microwave Dielectric Characterization of a LisNbOs
Ceramic and Its Chemical Compatibility with Silver",
Journal of the American Ceramic Society, Vol.91,
No.12, pp.4115-4117, Dec. 2008.

DOIL: http://doi.org/10.1111/1.1551-2916.2008.02764.x

D. Zhou, L. X. Pang, J. Guo, Z. M. Qi, T. Shao, Q. P.
Wang, H. D. Xie, X. Yao C. A. Randall, "Influence of
Ce Substitution for Bi in BiVO4 and the Impact on the
Phase Evolution and Microwave Dielectric Properties’,
Inorganic Chemistry, Vol.53, No.2, pp.1048-1055, Jan.




ARS8 =2 A A2338 A4S, 2022

(7

8l

[9]

(10]

(11]

(12]

(13]

[14]

(15]

[16]

2014.
DOI: https://doi.org/10.1021/ic402525w

J. X. Tong, J. H. Zhou, H. Yang, Q. L. Zhang, W.
Huang, Y. You, 'Low Temperature Sintering of
Lix(Mgo3Zn07)Ti30s-0.12TiO, Microwave Dielectric
Ceramics with Controllable Grain", _Journal of
Materials Science: Materials in Electronics, Vol.25,
No.3, pp.1293-1297, Mar. 2014.

DOI: http://doi.org/10.1007/s10854-014-1725-5

D. Zhou, D. Guo, W. B. Li, L. X. Pang, X. Yao, D. W.
Wang 1. M. Reaney, "Novel Temperature Stable High-
& Microwave Dielectrics in the BiO3~TiO2—V205
system', Journal of Materials Chemistry C, Vol.4,
No.23, pp.5357-5362, May 2016.

DOI: http://doi.org/10.1039/C6TC01431C

M. T. Sebastian, R. Ubic, H. Jantunen, Microwave
Materials and Applications Vol II, p.927 John Wiley &
Sons, New York, 2017, pp.718-881

M. T. Sebastian, H. Wang, H. Jantunen, 'Low
Temperature Co-fired Ceramics with Ultra-low
Sintering Temperature: a Review', Current Opinion in
Solid State and Materials Science, Vol.20, No.3,
pp.151-170, June 2016.

DOI: https://doi.org/10.1016/j.cossms.2016.02.004

G. Wang, D. N. Zhang, F. Xu, X. Huang, Y. Yang, G.
W. Gan, Y. M. Lai, Y. H. Rao, C. Liu, J. Li, L. C. Jin,
H. W. Zhang, "Correlation Between Crystal Structure
and Modified Microwave Dielectric Characteristics of
Cu** Substituted LisMgNbOs Ceramics', Ceramics
International, Vol.45, No.8, pp.10170-10175, June (2019).
DOI: https://doi.org/10.1016/j.ceramint.2019.02.066

X. Q. Song, K. Du, J. Li, R. Muhammad, W. Z. Lu, X.
C. Wang, W. Lei, "Crystal Structures and Microwave
Dielectric Properties of Novel Low-Permittivity
Bai-«Sr«ZnSis0s Ceramics’, Material Research Bulletin,
Vol.112, pp.178-181, April 2019.

DO https://doi.org/10.1016/j.materresbull.2018.12.026

H. Zhuang, Z. Yue, S. Meng, F. Zhao, L. Li,
"Low-Temperature Sintering and Microwave Dielectric
Properties of Ba3(VO4),~BaWOs Ceramic Composites',
Journal of the American Ceramic Society, Vol.91,
No.11, pp.3738-3741, Nov. 2008.

DOI: https://doi.org/10.1111/1.1551-2916.2008.02672.x

C. Tian, Z. Yue, Y. Zhou, "Microstructures and
Microwave Dielectric Properties of BasLiNb3;O12—
BaWOs Composite Ceramics', Materials Science and
Engineering B, Vol.178, No.2, pp.178-182, Feb. 2013.
DOI: https://doi.org/10.1016/i.mseb.2012.10.038

W. Zhen, S. Li, B. Jianjiang, "Low Temperature
Sintering and Microwave Dielectric Properties of
Li;TiOs-Li;WO4 Composite Ceramics', Ceramics
International, Vol.39, No.8, pp.9767-9772, Dec. 2013.
DOI: https://doi.org/10.1016/j.ceramint.2013.05.029

H. Zhuang, Z. Yue, F. Zhao, L. Li, "Low-Temperature
Sintering and Microwave Dielectric Properties of
BasNbsO15-BaWOs Composite Ceramics for LTCC

564

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Applications', Journal of the American Ceramic
Society, Vol.91, No.10, pp.3275-3297, Oct. 2008.
DOI: http://doi.org/10.1111/1.1551-2916.2008.02670.x

D. W. Kim, K. S. Hong, C. S. Yoon, C. K. Kim,
"Low-Temperature Sintering and Microwave Dielectric
Properties of BasNbsO15~BaNb,Os Mixtures for LTCC
Applications', Journal of the FEuropean Ceramic
Society, Vol.23, No.14, pp.2597-2601, 2003.

DOI: https://doi.org/10.1016/S0955-2219(03)00154-7

K. H. Yoon, D. P. Kim, E. S. Kim, "Effect of BaWOs on
the Microwave Dielectric Properties of Ba(Mgi/;3Taz/3)0s
Ceramics', Journal of the American Ceramic Society,
Vol.77, No.4, pp.1062-1066, Apr. 2005.

DOI: https://doi.org/10.1111/i.1151-2916.1994.tb07269.x

J. T. Kloprogge, M. L. Weier, L. V. Duong, R. L. Frost,
"Microwave Assisted Synthesis and Characterization of
Divalent Metal Tungstate Nanocrystalline Minerals",
Materials Chemistry and Physics, Vol.88, No.2-3,
pp.438-443, Dec. 2004.

DOI: https://doi.org/10.1016/i.matchemphys.2004.08.01

S. H. Yoon, D. W. Kim, S. Y. Cho, K. S. Hong,
"Investigation of the Relations between Structure and
Microwave Dielectric Properties of Divalent Metal
Tungstate Compounds', Journal of the European
Ceramic Society, Vol.26, No.10-11, pp.2051-2054, 2006.
DOI: https://doi.org/10.1016/j.jeurceramsoc.2005.09.058

E. S. Kim, S. H. Kim, B. 1. Lee, "Low-temperature
Sintering and Microwave Dielectric Properties of
CaWOs Ceramics for LTCC Applications", Journal of
the European Ceramic Society, Vol.26, pp.2101-2104,
2006.

DO https://doi.org/10.1016/j.jeurceramsoc.2005.09.064

S. H. Yoon, G. K. Choi, D. W. Kim, S. Y. Cho, K. S.
Hong, "Mixture Behavior and Microwave Dielectric
Properties of (1-x)CaWO4=xTiO2', Journal of the
European Ceramic Society, Vol.27, No.8-9, pp.
3087-3091, 2007.

DOL: https://doi.org/10.1016/j.jeurceramsoc.2006.11.035

X. Hu, J. Jiang, J. Wang, L. Gan, T. Zhang, "A New
Additive-free Microwave Dielectric Ceramic System
for LTCC Applications: (1-x)CaWOsx(Lio.5Smos5)WO4",
Journal of Materials Science. Materials in Electronics,
Vol.30, pp.2544-2550, Feb. 2020.

DOI: https://doi.org/10.1007/s10854-019-02791-y

C. J. Pei, G. G. Yao, Z. Y. Ren, "Microwave Dielectric
Properties of BaV.Os Ceramics with Ultra-Low
Sintering Temperature', Journal of Ceramic Processing
Research, Vol.17, No.7, pp.681-684, July 2016.

A. N. Unnimaya, E. K. Suresh, R. Ravendran,
"Structure and Microwave Dielectric Properties of
Ultralow-Temperature Cofirable BaV,Os Ceramics",
European Journal of Inorganic Chemistry, Vol.2015,
No.2, pp.305-310, Jan. 2015.

DOI: https://doi.org/10.1002/ejic.201402844

B. W. Hakki, P. D. Coleman, "A Dielectric Resonator
Method of Measuring Inductive Capacities in the




CaWO48t BaV,065 0183 A2

AR A Az

(27]

(28]

[29]

(301

(311

(32]

(33]

(34]

(35]

(36

Milimeter Range', /RE Transactions on Microwave
Theory and Techniques, Vol.8, No.4, 402-410, July 1960.
DOI: http://doi.org/10.1109/TMTT.1960.1124749

W. E. Courtney, "Analysis and Evaluation of a Method
of Measuring the Complex Permittivity and
Permeability of  Microwave Insulators’, /EEF
Transactions on Microwave Theory and Techniques,
Vol.18, No.8, pp.476-485, Aug. 1970.

DOI: http://doi.org/10.1109/TMTT.1970.1127271

A. J. Bosman, E. E. Havinga, "Temperature Dependence
of Dielectric Constants of Cubic Ionic Compounds’,
Physical Review; Vol.129, No.4, pp.1593-1600, Feb. 1963.
DOI: https://doi.org/10.1103/PhysRev.129.1593

Y. Lv, R. Zuo, "Microstructure and Microwave
Dielectric Properties of Low-Temperature Sinterable
(1-x)Ba3(VO4),;—xCaWOs Composite Ceramics', Journal
of Materials Science. Materials in Electronics, Vol.24,
pp.1225-1230, Apr. 2013.

DOI: http://doi.org/10.1007/s10854-012-0910-7

L. L. Y. Chang, M. G. Scroger, B. Phillips,
"Alkaline-Earth Tungstates: Equilibrium and Stability
in the M-W-O Systems', Jjournal of the American
Ceramic Society, Vol.49, No.7, pp.385-390, July 1966.
DOI: https://doi.org/10.1111/j.1151-2916.1966.tb13291.x

T. Yao, Y. Oka, N. Yamamoto, "Structure Refinement
of Barium Metavanadate BaV,0s', Inorganica Chimica
Acta, Vol.238, No.1-2, pp.165-168, Oct. 1995.

DOI: https://doi.org/10.1016/0020-1693(95)04654-R

S. J. Penn, N. M. Alford, A. Templeton, X. Wang, M.
Xu, M. Reece, K. Schrapel, "Effect of Porosity and
Grain Size on the Microwave Dielectric Properties of
Sintered Alumina', Journal of the American Ceramic
Society, Vol.80, No.7, pp.1885-1888, July 1997.

DOL https://doi.org/10.1111/1.1151-2916.1997.th03066.x

S. Roopas Kiran, G. Sreenivasulu, V. R. K. Murthy, V.
Subramanian, B. S. Murty, "Effect of Grain Size on the
Microwave Dielectric Characteristics of High-Energy
Ball-Milled Zinc Magnesium Titanate Ceramics',
Journal of the American Ceramic Society, Vol.95,
No.6, pp.1973-1979, Mar. 2012.

DOI: https://doi.org/10.1111/j.1551-2916.2012.05128.x

A. E. Paladino, "Temperature-Compensated MgTi,Os—
TiO; Dielectrics', Journal of the American Ceramic
Society, Vol.54, No.3, pp.168-169, Mar. 1971.

DOI: https://doi.org/10.1111/1.1151-2916.1971.tb12247.x

W. Luo, J. Guo, G. Randall, M. Ranagan, "Effect of
Porosity and Microstructure on the Microwave
Dielectric Properties of Rutile', Materials Letters,
Vol.200, pp.101-104, Aug. 2017.

DOI: https://doi.org/10.1016/i.matlet.2017.04.113

M. Takata, K. Kageyama, "Microwave Characteristics
of A(B*1/2B°*1/))05 Ceramics (A = Ba,  Ca, Sr; B*'=
La, Nd, Sm, Yb; B®= Nb, Ta)', Journal of the
American ~ Ceramic  Society,  Vol.72,  No.10,
pp.1955-1959, Oct. 1989.

DOI: https://doi.org/10.1111/j.1151-2916.1989.tb06006.x

565

2 = 2(Duwon Kim) EsEE|

=
o

+ 20209 89 @ =HFstw gt
st AlaAEstat (Ze4AD
+ 20219 3¥ ~ @4 : SFgw
Yukfield AlaAigst (A1)

+ 20219 3¥€ ~ E4 : =L
EATY HARATRE ST

(T EoOE)
LTCC &4, QI3S, oA|sHH|AE]

0| Z &(Kyoungho Lee) [(H3l2]
+ 19934 59 : Virginia Tech
ATl (B

201349 1¢¥ ~ 20184 1¥ : &4
T 4719 AEEAE
4%

19934 9¥ ~ @A : AP

I gaEY ol T ws

.

.

EAED

LTCC &4, 7154

%2 27



