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Abstract: With the development of a high-speed wireless technology, low-temperature co-fired ceramics (LTCC) technology
becomes popular. The high-speed, low-delay and high-reliable wireless transmission could be achieved by using LTCC substrates
with a low-permittivity (K), a low-loss and a stable-temperature of resonant frequency, as one of functional materials. This review
introduced the current situation of commercial substrate materials and alternative LTCCs reported, i.e., ceramic/glass, oxide-assisted
sintering, fluoride-assisted sintering and intrinsic low-sintering ceramic systems. The composition, structural characteristics, dielectric
properties, coefficient of thermal expansion of low-K LTCCs, as well as the advantages and disadvantages, were also discussed. Some
studies of commercial substrates were further described, and their performances in millimeter-wave application were represented. In
addition, the development trend of low-K LTCCs was also proposed.
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Table 1 Several typical LTCC materials for commercial substrate

LTCCs (main compositions) Supplier & (K) tand CTE/C! Flexural strength / MPa
A6M (CaO-B,0;-Si0,) Ferro 5.90 <0.002 @ 10.0 GHz 7.0x10°° 170
L4 (A1,05-B>03-Si0y) Ferro 4.10 <0.003 @ 10.0 GHz 6.9x107° 120
L5 (AL,03-B,05-Si0,) Ferro 5.40 <0.004 @ 10.0 GHz 5.0x107° 120
951(A1,05+CaZrO;+glass) Dupont 7.80 0.006 @ 3.0 GHz 5.8x10°° 320
943 Dupont 7.40 0.002 @ 40.0 GHz 6.0x107° 230
9k7 (AL,O;+La-B glass) Dupont 7.10 0.001 5 @ 40.0 GHz 4.4x10°° 230
CT700 Heraeus 7.00 <0.002 @ 1 MHz 6.7x107° 240
502K08 Heraeus 7.70-8.70 <0.001 @ 1 MHz 5.1x10°°
HL2000 Heraeus 7.30 <0.002 6 @ 2.5 GHz 6.1x107° >200
MLS-23 (Al,05-B,05-Si0,) NEG 3.80 0.001 6 @ 40.0 GHz 6.1x107° 130
MLS-25 (AL,03-B,03-Si0,) NEG 4.80 0.004 7 @ 15.0 GHz 42x10°° 157
GL952 Kyocera 7.90 0.001 5@ 2.0 GHz 8.3x10°° 250
GL570 Kyocera 5.70 0.000 7 @ 2.0 GHz 3.4x107° 200
C0-720(MgO-A1,05-Si0,) Kyocera 4.90 0.000 85 @ 1 MHz (1.5-2.1) x107° 200
MgO-AL,0;-SiO,-Li,O IBM 5.30-5.70 (2.5-5.6) x10°
BaO-Sn0O,-TiO,-B,05 Toshiba 7.00-13.00 0.000 5-0.000 8
MGS80 Shanghai miracle 7.80 <0.000 4
MG60 Shanghai miracle 5.90 <0.002
Si0,+ TiO,+Zn-Si-B-Li—K glass Glead Electronics 4.39 0.0022 @ 10.0 GHz 3.3x10°°
Si0,+ZrO,+Zn-Si-B-Li—Al-Na glass Glead Electronics 5.70 0.00185 @ 10.0 GHz 5.6x107° 176
Ca0-B,0;-Si0, Shenzhen Sunlord 5.70-6.20 <0.002 5@ 10.0 GHz 190
Si0,+AL,05+Sr—Ca—Al-B-Si glass Nanjing Synergy 4.10 0.000 8 204
L8 Chengdu Hongke 7.80 0.004 @ 15.0 GHz 320
SC-06L UESTC 5.90 <0.002 @ 10.0 GHz 7.0x107° >200
SC-08L UESTC 7.80 <0.005 @ 10.0 GHz >200
Ca0-B,0;-Si0, NJTU 5.90 <0.002 @ 10.0 GHz <7.0x10°° =170
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Table 2 Crystalline phases and their properties considered for glass—ceramics

Composition Crystalline phase & (K) CTE/C™ Reference
Li,0-AL05-SiO, p-eucryptite 4.80 -10.0x107° [5]
Li,0-Al,05-SiO, p-spodumene 6.40 0.9x10°° [5]
MgO-AL0;3-Si0, Cordierite 4.80—6.00 1.0x107 [5]
BaO-ALO3-Si0, Celsian 7.00 2.7x107 [5]
Ca0-ALO3-Si0, Anorthite 7.40 4.7x107 [5]
Ca0-B,0;-Si0, Wollastonite 6.80 9.4x107 [5]
MgO-B,05-Si0, Forsterite 6.90 9.4x107 [5]
SiO, Quartz 3.81 11.2x10° (5]
ALO3-Si0, Mullite 6.00—7.20 4.5x107° [22]
MgO-B,05-Si0, Enstatite 6.70 7.8x107 [23]
Ca0-MgO-SiO, Diopside 7.60 7.3x107 [24]

CTE is thermal expansion coefficient.
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Table 3 A summary of reported single-phase dielectric properties and sintering conditions for silicate, germanate, gallate,
stannate and aluminate

Composition Sintering temperature/'C & (K) fo/GHz Qxf/GHz TCF/C™! Reference
Si0; (cristobalite) 1650 3.81 22.0 80 400 ~16.1x107 [38]
Si0, (amorphous) >1700 3.83 21.0 122 100 -83x107° [39]
Al,SiOs 1525 4.43 41 800 -17.0x10°° [6]
LiAlSiO4 1350 4.80 36 000 8.0x10°° [7]
Li,MgSiOy4 1250 5.10 8.0 15 385 [7]
LiAlO, 1250 5.45 10.0-12.0 14 748 ~190.0x10°° [69]
Mg,GeOy 1450 5.48 11 037 -27.6x10°° [70]
NaAlSi;Os 1025 5.50 10.5 11 200 -5.0x107 [41]
Li,CaSiOy4 1000 5.60 8.0 4210.5 [71]
CaCuSisOy 1045 5.75 13.0 20210 -38.9x107° [72]
SrCuSisO19 1025 5.77 13.0 48 790 —46.3x107° [72]
SrCuSisO19 1100 5.59 14.0-16.0 82252 —41.3x107° [73]
BaCuSisOy 1100 6.03 14.0-16.0 49952 -18.0x10°° [73]
Li,ZnSiO,4 1250 5.80 14700 —96.6x107° [74]
CaCoSi,06 1175 6.04 5.0-15.0 12 457 -18.9x107¢ [6]
Li,MgGeOy4 1250 6.10 28 500 —74.7x107° [75]
SrZnSi;Og 1150 6.12 12.0-14.0 78 064 -33.2x107° [6]
Mg, AlsSisOgs 1440 6.20 40 000 —24.0x107° [12]
LiBGeO4 820 6.28 21 620 —88.7x107° [76]
BaAl,Si,04 1450 6.36 44 800 —46.9x10° [7]
Li;GeOs 1080 6.36 14.5 29 000 ~72.0x10°° [77]
Li;ZnGeOy4 1220 6.50 35400 —60.6x107° [75]
Zn,Si0y4 1340 6.60 219 000 —61.0x10° [6]
BaZnSi;04 1100 6.60 154 52400 -24.5%107° [6]
BaSi,0s 1250 6.70 12.6 59 500 -28.0x10°° [78]
SrMgSi,06 1125 6.70 25 800 —46.0x10°° [79]
MgSiOs 1380 6.70 121 200 -17.0x10°° [23]
CaMgGeO, 1300 6.71 15.5 124 900 ~73.7x10°° [65]
Ca,GeOy 1420 6.76 82 400 —67.0x10°° [80]
CaSiO; 1500 6.80 42 200 -19.0x10°° [81]
SrSiOs 1500 6.80 13 100 —66.0x10"° [81]
Mg,SiO,4 1550 6.80 270 000 —70.0x10° [82]
MgGeOs 1200 6.80 65 200 —45.0x107° [83]
Zn,GeOy 1300 6.87 102 700 —32.4x107° [84]
LisGeOs4 720 6.99 15.5 47813 -159.2x10°° [85]
HfSiO4 1 600 7.00 10.0 25 000 —44.0x107° [7]
Ba,MgSi,0; 1350 7.00 30 000 —62.0x107° [41]
CaMgSiO4 1350 7.05 9.0-13.0 62 500 —62.9x107° [86]
Sr,ALSiIO; 1525 7.20 12.0-16.0 33 000 -37.0x107° [7]
LiYbSiO4 1140 7.30 25276 (4.5-8.0) x107° [87]
Ba;Sig0,, 1200 7.30 12.4 16 700 25.0x107° [78]
CaMnSi,O5 1220 7.39 14.0 34 100 -25.6x107° [88]
Li,SrSiOy4 880 7.40 100 700 —85.4x107° [89]
ZrSiOy 1570 7.40 52 8583 [7]

CaAlLSi,Og 1525 7.40 10.5 12 000 -130.0x107° [41]
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Mg,SnO4 1 600 7.40 12.3 59 500 -61.2x10°° [90]
CaMgSi,O¢ 1290 7.46 59 640 —46.0x10°° [6]
Ba,MgGe,07 1280 7.76 20 700 ~55.0x10°° [91]
Ca;Si,07 1300 7.80 10.0 28 400 [16]
Nd,SiOs 1500 7.94 17.6 38 800 —53.0x10°° [7]
Ba,ZnSi,0, 1200 8.09 10.0 26 634 -51.5%107° [6]
LiInSiO4 1150 8.20 12 600 -55.0x107° [92]
Ba,Si;0g 1300 8.20 13.1 29 800 -37.0x10°° [78]
MgALO4 1550 8.20 110 510 ~74.1x107° [93]
BaCu,Si,0, 1025 8.29 12.0-14.0 46 085 -27.5%107° [61]
Sr,MgSi,0; 1550 8.30 10.0-18.0 55000 —47.5%107° [6]
CaSiO; 1300 8.40 10.0 16 000 [16]
Sr,ZnSi,0, 1475 8.40 12.6 105 000 -51.5x10°° [6]
SrCaAlSiO; 1475 8.40 12.0-16.0 25000 —-42.0x10°° [6]
Ca;SnSi,0y 1500 8.40 15.1 92 000 -60.0x107° [41]
LiAlsOg 1600 8.43 51700 -38.0x10°° [94]
Sm;,SiOs 1500 8.44 14.4 64 000 -37.0x10°° [7]
BaCuSi,0¢ 1050 8.45 12.0-14.0 31424 0.4x10°° [6]
CaAl;O, 1575 8.45 25500 -98.0x10°° [95]
ZnAl,O4 1380 8.50 12.3 56 000 -79.0x10°° [41]
Mn,SiO4 1 100/N, 8.52 50 000 -90.0x107° [41]
Sr_MgGe,O; 1330 8.56 28 800 -70.5%x10°° [96]
Ca,Si04 1450 8.60 4.0-6.0 26 100 -89.0x10°° [7]
Li;NiGe3;Og 940 8.60 12.2 42 200 ~78.2x107° [97]
BaZnSiO4 1275 8.80 34 000 —58.0x10°° [98]
Li,Mg3SnO¢ 1360 8.80 10.7 123 000 —-32.0x10°° [99]
Sr,ZnGe, 04 1290 8.81 35700 —84.4x10°° [96]
Sr,CoSi,0 1375 8.90 10.0-18.0 34 000 —56.7x107° [6]
CaGeOs 1200 8.90 10.0 32200 [16]
CaAl,O4 1450 8.90 91 350 -55.0x107° [100]
Ca;Al,GesOp; 1325 8.97 14.0 114 871 ~54.6x107° [101]
Ba,ZnGe, 0 1180 9.00 13 950 ~75.0x107° [91]
Li,CoGe30g 950 9.00 12.6 40 500 —-42.0x10°° [97]
CaSnSiOs 1525 9.08 61 000 35.0x10°° [6]
CaGay 07 1275 9.10 124 40 600 -86.3x107° [102]
SrGa,0, 1300 9.20 14.6 62 400 —-63.4x10°° [102]
SrGa,04 1275 9.20 66 000 -85.0x10°° [103]
Sr;Ho,Ge;0,, 1260 9.23 15.7 104 600 -26.0x10°° [104]
BaCo,Si,0; 1350 9.26 12.0-14.0 31135 -92.1x10°° [105]
Sr;Yb,Ge;0,, 1240 9.30 154 129 360 —-42.0x10°° [104]
Ca,AlLSi0; 1500 9.30 12.0-17.0 31 000 -34.0x10°° [6]
SrY,Si3049 1425 9.30 64 100 -31.0x10°° [106]
Li,TiGeOs 1140 9.43 14.7 65 300 24.3x10°° [107]
Sr,Si04 1575 9.50 4.0-6.0 19 100 -205.0x10° [7]
BaY,Si30yg 1400 9.50 65 600 -28.0x10°° [106]
MgGa,0, 1410 9.54 14.7 117 000 —-4.0x10°° [7]
Ca;Ga,Ge;0), 1320 9.79 14.3 129 356 -50.2x10°° [101]
BaGe;O9 1 060 9.80 78 400 —44.2%107° [108]
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ZnGa,04 1400 9.85 9.9 85 824 —64.0x10° [109]
Ca,MgSi,0; 1300 9.86 7.9 8016 —42.0x10°° [6]
Li,TiSiOs 1180 9.89 14.2 38 100 50.1x10°° [107]
Sm,Si,07 1375 10.00 10.0 1670 [42]
Al O; 1550 10.05 680 000 —60.0x10° [34]
Ca,Sn0Oy 1450 10.10 10.0-12.0 84 600 —42.5%x10°° [110]
Zn,SnOy 1225 10.20 39000 -84.3%x10°° [111]
Li,ZnGe;0g 945 10.30 13.3 47 400 —63.9x10°° [112]
LiGasOg 1280 10.50 13.3 127 040 —-60.2x10° [113]
Y;AlLs01, 1780 10.53 7.4 95270 —-51.7x10°° [114]
Ca3ZrSi,09 1400 10.60 12.0-15.0 54 791 ~76.8x10° [6]
CaGay04 1275 10.60 15 400 -58.0x107° [103]
CayZrGe;0, 1340 10.68 76 900 —41.3x107° [115]
Ca3Y,Ge3012 1340 10.80 132 97 126 —40.6x107° [116]
CaGe,Os 1180 10.90 10.0 39 000 [16]
CayZnSi O 1300 11.00 10.0-18.0 13 500 —64.3x107° [6]
BaSiO; 1200 11.10 11.7 6 600 -35.0x107° [78]
SrGe4Oy 1100 11.20 62 500 —11.7x10°° [108]

TCEF is temperature coefficient of resonant frequency.

(a) (b)
11 TERR R SR 1 (a) it B IR H Q<L (D) IR AR IR R4 TCF 5/ U 3 K A OG &
Fig. 1 Variation of (a) Qxf and (b) TCF as a function of K values in silicate family
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Fig. 2 Variation of (a) Qxf and (b) TCF as a function of K values of intrinsic low-sintering ceramic systems
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