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* Introduction 1 Af
— LTCC technology T, = —E
— Temperature coefficient of resonant frequency, T; /s

» Global temperature stability
— 01; LTCC host dielectric and compensation mechanisms
— Densification and crystallization in crystallizable glass-ceramics
(T2000 and DuPont new 9k7)

» Localized temperature stability (SNL EC LDRD, Will Hsieh, 5353)
— Development of 1; compensating dielectrics
— Simulation and experiment
— Energy filling factor and effective t; compensation
— Demo of localized 07;: temperature stable S-band filters

« Summary
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Introduction

What is LTCC?

All glass or glass-
ceramic tape at

sintering temp < 950
°C, typical 850 °C.
Ag/Au cofireable

Multilayer - 3D

circuitry, passive
integration, micro
feature formation

Parallel process >
high overall yield

Established
manufacture
infrastructure

Raw Materials Shurry Tape Casting

— 4 — .= —

Blanking Via Punching Via Filling Screen Printing

- A - £ - £ - -

Laminating Cutting Co-firing Terminating Electroplating

L & A
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Introduction

LTCC Microsystem

Methanol Reformer

Cell Phone
| Receiver

ENERGY

Direct
Methanol
Fuel Cell

AWIRELESS
COMMUNICATIONS

|

Miniature ion mobility MATERIALS &
spectrometer PROCESSES

Resistors i sources

temperature = .
control EEPCR umping/
Mixing

Integral Apertures/ lem .
Heater Control Grids Ce” Sortlng
Integrated BioChip

Technology

I sensor |
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Insertion Loss (dB)

Introduction

Why t; is Important?

-

At 25 °C

S

Communication band

N

\\_

Q

High 1; material
at 50 °C

Low t; material
ats50°C

Frequency

Example:

GSM 900 MHz
Up-/down-link BW = 25 MHz
For a ;= -50 ppm/°C materials,

Af ~ 6 MHz (-50 to 80 °C)

Shannon-Hartley
C =B log,(1+S/N)

C: channel capacity
B: bandwidth
S/N: signal/noise ratio

+ Critical dielectric properties for RF/MW applications: ¢, Q and ;

* Low t; is needed:
— For filtering and frequency generation circuits
— Efficient use of wireless bandwidth

— To eliminate costly temperature compensation mechanisms @ Sandia
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Introduction
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1. of Commercial LTCCs

1.006
empmJUPONt 951: -69 ppm/C
=e=DuPont 9k7: -69 ppm/C
1.004 - —
e eT0AG: -48 ppm/C
E" «m=Hereaus CT700: -76 ppm/C
¢ 1.002
=2
®
| 55
L
« 1.000
c
©
o]
7]
[
Y 0.998
T
D
N T, measurement
£ 0.996 — 83| ring resonators
| 5
S f,~ 1.5 GHz
0.994

60 50 -40 -30 -20 10 0 10 20 30 40 S50 60 70 80 90

Temperature (°C)

* 17, = -48 to -80 ppm/°C
* Designed primarily for packaging, not RF applications
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Introduction

1. Compensation

« Solid solution of dielectric
ceramics with opposite t;

— Microwave dielectrics

- Global 07 LTCC

400 |- O  measured 7y
e mixing model )
300 | '_,O'
200 |=
~0
100 |- ~0
E O
e
0F (@
O
[ : 1 " ! ) 1
%0 0.2 0.4 0.6 0.8

Volume fraction of TiO,

(1-x)CawO, - x TiO,
S. H. Yoon et al 2007

« Stack of alternating layers of
opposite t; materials
— Sequential sintering of Al,O,/TiO,
— Adhesively bonded structure
—> Localized 0t; LTCC

Positive T Negative 7¢

M =S

“R=R=1="
Stack acts like single resonater
_mraalnlllallAnjl_j_l_L_.l_j_ ...........
0 0.005 0.010 0.015 0.020 0.025 0.030
volume fraction of TiO,

Fig.4 1 against wohkane fraction of TVO,
® méasured
— prodiciad

A|203'Ti02'A|203'Ti02 “ee

N. Alford, 2000. Sandia
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Candidates for t; Adjustment

- — ' Introduction

T = - 1/2’58 — Q. a= coefficient of thermal expansion (CTE)
,r & f a: 3-10 ppm/°C - 1, dominates t;
m 1. IS opposite in sign to 1,
Materials Density € T = Sintering
3 & o
(g/cm) (ppm/°C)  (ppm/°C)  Temp ()
Global 07; g TiO, 4.23 85 -750 370 ~ 1200
CaTiO, 3.98 180 -1850 920 ~ 1400

Localized (el SrTiO, 5.13 300 -3000 1500 ~ 1550
Ot ALO, 4.00 9.6 105 -60 ~ 1600

V-glass  2.77 7.3 N/A NA  IEEREERS

N
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Introduction

Characterization of 1;and t,

1 Active ChiTrace 2 Response 3 Stimulus 4 bike/Analysis S Tnstr Stake

1 Active ChiTrace 2 Response 3 Stimulus 4 Mhefanalysis 5 Tnstr State

3 Macro Break.

3 Macro Break.
4 Save[Recal

= Test vehicle; 4 layer _ ;
LTCC panel IERTEEIET

Divisiars

ko Scale

& Preset
Auto Scale Al

Divisiars

Scale/Div.

20,000 dB/div

Reference Position
ZDiv

Scale/Div.

0,5000 dB/div

Reference Position

3Div

Reference |
Tracking

Reference

Tracking
Marker ->

Reference

i
0.0000 5

Marker -
Reference

1 Start 300 kHz IFBW 30 kHz IFBUN 30 kHz

Test method

= Resonant frequency, f,, from
reflection coefficient, S11

= Temperature range -50 to 80°C

1 Af
Tp=——-
f. AT

T, = - V2T, — O
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Global 0r;

07, T2000 LTCC

» Glass design
- K,0, B,0; and SiO,,
melting temp. and
viscosity

— Loaded with alkaline
earth metals

* 6.2wt% TiO, added to
compensate for T

Glass: K,0, B,0;, SiO, Ceramic Filler T;
CaO0, SrO, BaO Al,O, Adjuster
TiO,
\p Sintering Q/
850~ 900 °C
[, a
Residual | [ CaAl,Si,0,, Q=1300 AL,O,

Glass SrAl,S1,0,, Q=1300-10000 | | &= 10000
Q~350 | BaAlSi,05 Q=10000

vglass vcryst.

Tio,

VAI203

\
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T2000 Temperature Stability

Global 0r;

Tr Meazurement
r

1.006

1.004 ."'\

—e—Ti0 , added
—m— o Tio

T

Resonant frequency (10" Hz )
=
T

= .
(%] [ i 47
5 Temperature {*C)
3
f=2
o
5 1000 ra———
=
£
S 0938 — = T72000 0 6 ppm/C,
—4= FerroAb: -48 ppm/C
—B—DuPont 043 -58 ppm/C
0.996 — = nNuPaNt 951- .69 ppmiC
—8=— Hereaus: -75 ppm/C
Ggg‘:" T T T T T T
_50 30 10 10 30 50 70 a0

® Materials Science & Technology 2013 Conference & Exhibition

MS'T

October 27-31, 2013 * Montreal, Quebec Canada

Temperature (C)

Steve Dai, e al, . Am. Ceram. Soc. 85[4],
828-32 (2002)

(&)
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} Mystery of t; Compensation

NGKLTCC T2000 LTCC
dielectric (us
Patent 5,556,585)
7. w/o TiO, (ppm/°C) -50 -79
TiO,, for Ot (Wt%) 15 > 20?
Glass ceramic category Non-reactive reactive

« t;compensation in non-reactive LTCC ~ wt/vol of TiO,

* In T2000 actual TiO, = 6.2 wt% for 07, << needed for a non-
reactive LTCC

* Mechanism of t;adjustment by TiO, in reactive glass-ceramic
LTCC has not been studied
@ Sandia
National
Laboratories
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Global 0r;

XRD Quantitative Analysis of TiO, in T2000

XRD Pattern of T2000

with 20 wt% CaF,

M

I
1

1

— TiO,

Peaks for
guan analysis

20 25 30 35

Ll

45
2 Theta (degree)

B

55

[N L.AML

T2000 Quantitative Analysis: (wt%)

Ref 1
Ref 2
Ref 3
Ref 4

Sintered T2000
Unfired T2000

Materials Scien

Wrio2
0

30

Wal203
100

70
40

0
40.3
49.1

Wear2
20

20
20
20
20
20

I (TiO2)/I(CaF2)

I (A1203)/I(CaF2)

0.5

0.4

0.3

0.2

0.1

Calibration Curves

40 60 80

40 60 80

)

100

AL203 wt%
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Global 0r;

‘Three Forms of Ti Existence by TEM

e TiO, particles

» Plate-like Ti rich
crystalline phase

— Ti content fluctuates from

plate to plate
— Nucleation and growth

e Ti in amorphous phase
— Dissolved into glass

— Possible nano-crystalline
titanates

All contribute to 07, T2000
dielectric

ials Science & Technology 2013 Conference & Exhibition
* Montreal, Quebec Canada

2013 * M
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Amorphous

Ti
|
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200 4,00 6. 0 00 00 00
Flat= 1
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| : '
| | :
! ] |
. . |
: !
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Global 0r;

Crystallizable High Q LTCC

» Glass design
- K,0, B,0; and SiO,,
melting temp. and
viscosity

— Loaded with alkaline
earth metals

» Sintered composite

— Formation of high Q
anorthite crystalline
phases

— Self limiting process

— Measured Q: 1050 —
1200

— Calculated Q: ~ 1100

Glass: K,0, B,0;, SiO, Ceramic Filler T;
CaO0, SrO, BaO Al,O, Adjuster
TiO,
\p Sintering Q/
850~ 900 °C
[, a
Residual | [ CaAl,Si,0,, Q=1300 AL,O,

|
Glass SrAl,S1,0,, Q=1300-10000 | | &= 10000

Q~350 | BaAl,Si,0s Q=10000 TiO,

VAI203

vglass vcryst.
W ey

V
1l_v V, - Zlass N Vcrysr o VAg ()3
Q@ =0 350 1500 10000

Wilcox,J. Am. Ceram. Soc. 84[6], 1354-60 (2001). National

Jau-Ho Jean, Yu-Ching Fang, Steve Dai and David @ Sandia
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Global 0r;

ormation of High Q Phases in Reactive T2000

) :
f.-‘-jass matrix + e Sl
~hano crystalline phases

3

crystalline
- structure

ol Materials Science & Technology 2013 Conference & Exhibition

October 27-31, 2013 * Montreal, Quebec Canada

Original AlZ08 particlés >3 um

Ceunts

.08

6200 .20

_Mhl‘ﬁl;.og LA
‘(M=Ca, SrerBa). -

~ AlLD; + MALSL,O;

* Crystalline High Q Phases N ' '
MALSi,Og (M=Ba/Sr/Ca) e
— 2 - 875 °C/35min-
o : IS
I~ J - ~ 875°C/30min
- Nops R e N, e
, SN . 875°Ci25min
B  875°C/20min |
ot e 759G/ z
e g st
_' Ly TE _ 8757C/10min
_ ~ 875 "C/5min
5 —— - oy 5 \ L et  BOEL
a0y N\ /S \Jio2 Unfired
2’3 e Z'I'-} ! IZIS. e ZI‘.J ZI" ; 'ZIH' é? .:ilu_ 3.1 3

)
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Localized 0Or; in Existing LTCC?

951 LTCC

* Non-crystallizable glass + Al,O4 filler
* 1,=-69 ppm/°C

* Not designed for RF/MW

 Widely used

Localized Or;
* Add-on solution
« Locality = only in needed area/volume

Challenges

* Developing 1, compensating materials

 Cofiring of 1, compensating materials in a multilayer LTCC

 Effect of thickness and placement of t; compensating material

Sandia
National
Laboratories




Localized 0r;

1 Adjuster Formulation, Property and Microstructure

sl et D e e el STO XRD: no/minimal reaction
95
15

CMB base 45 100 4000 - s Al,O,
CMB TO15 55 30 100 « SiTiO,
CMB TO30 55 15 30 100 * CaAl,Si,0q
CMB CTO10 55 35 10 100 s000 1030 U R S S

CMB CTO20 |15 25 20 100

CMB STO10 |5 35 10 100 T Y H

CMB ST020 |15 25 20 100 %o |

CMB STO25 |5 20 25 100

CMB STO30 |15 15 30 100 so10 1 ° - |- -

CMA ST020 20 100 %] R ;
20 l

Intensity (counts)

CMC STO20 49.5 30.5 100 .

Archimedes g 1, | Estimated stoo | )] l | T
bulk density | (1 MHz at RT) | (ppm/° T ’ 10 20 10 40 50 60 70 80
0 Icc C DB mloc 2-theta (degree)

951 LTCC 3.10 7.88 112 -59
CMB base 3.19 7.79 190 -99

CMB TO10 N/A
CMB TO30 2.77
CMB CTO10 3.20 9.72 83 -45

CMB CTO20 3.15 12.0 -58 26
CMR STO10 3.21 987 10 =9

CMB STO20 3.30 12.22 -240 117
CMB STO25 3.31 13.88 -379 186

CMB STO30 3.35 15.76 -525 259
CMA STO20 3.23 11.96 -241 117

CMC STO20 3.35 12.27 -192 93

L

®
s "~ Materials Science & Technology 2013 Conference & Exhibition
October 27-31, 2013 * Montreal, Quebec Canada



Localized 0r;

1. of Compensating Materials

1.05
-=-951

o 104 =-=STO0 |
= —=ST010
% 1.03 —=ST020
S -0-ST025
§ 1.02 STO30 |
ﬁ 1.01 s
(]
§ 1.00 S
.'E 0.99
5 e

0.98

0.97 I I I I I I I I I I I I I

-60-50-40-30-20-10 O 10 20 30 40 50 60 70 80 90
Temperature (°C)

« 1. =slope of f. vs T, positive - negative as STO increases

« STO30 has the largest 1, 2> positive t;

Sandia
- National
i & Technology 2013 Conf & Exhibiti I_ab i
fals Science & Technalogy 2013 Conference & Exhibition oratunes




# STO20 Cofireability - dilatometry

Localized 0r;

dlile %

=10 1

N

-i5 4

951: T onset=766°C

STO20: T onset=741°C

=20 4 —_

Temp. °C

£00

TO0

Vv

600

500

400

300

B 200
i

7 100

200 260 300

350

400

* The temperatures for the onset of STO20 and 951

shrinkage are closely matched

(&)
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' Localized 0+,

STO20 Cofireability — printed layer on 951

Green Sintered Sintered
front backside

* No deformation of cofired

printed STO layer on a 10 mil
951 tape

* Both optical and SEM images
show a clean ST020/951

Mapmata 2628

interface, suggesting no or A R e R e e
minimal reaction or inter-
diffusion

Sandia
National
Laboratories



Localized 0r;

Cofireability - microstructure

« STO20 layers in a 4-layer 951 panel also sintered flat
* No inter-diffusion from SEM pictures: preserve STO20

properties
@ Sandia
National
Laboratories




3 Variables

'i | ' Localized 0+,

« STO content: « STO thickness:
— 20, 25 and 30 wt% — Simulation: 5 to 50 um
— Experiment: 20 and 40 um

Case 1 |
* STO placement
— Case 1: next to SL Case 2 [
— Case 2: one LTCC tape
away from SL case s [ ——

— Case 3: two tape layers
away from SL, just under
surface ground planes

— 951 tape
— STO dielectric paste

Au print and Via

Ground plane

Sandia
National
Laboratories
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g4 Of Heterogeneous Multilayer Dielectric

Localized 0r;
Simulation

11 (*[f()/Q1*1
E—;fo — 5 7%

B= 2n/kg: propagation constant, Q: SL charge

f(B) 8sin(fw/2) 12 2sin(Bw/2) ([sin(fw/4)
— == + >|cos(Bw/2) — +
Q 5 pw/2 5(Bw/2) pw/2 pw /4
Fourier transform of the charge density distribution
|
Y1 = &€, coth(Bhy) &1 h t v
Y, + g,&,tanh(Bh,) & A :
Y = €& } Y,
E,Er5 + Yitanh(Sh,) e hy
4—4—
Y, + €,&3tanh(Bh3) — s Ys
Y3 =&,&r3 & i
E,Er3 + Yotanh(Bhs) r3 s
Y,, Y,, Y; are transverse transmission line admittance £r2 ha
€ hy
|

Y, + g,6,3tanh(Bhy)
£,83 + Y tanh(Bhz)

Y =2¢&,8,3

Sandia
National
Laboratories



Localized 0r;
Simulation

gofs @Nd T
f(ﬁ)
guaky
Y30 = g,coth[B(hy + h, + h3)] 1 hy t

&2 h; 1— Yl
I— YZ
Y() = 2Y30 = ZSOCOth[ﬁ(hl + hz + h3)] Eﬂ_l_ y
e W > }

Er3 hy

Er2 h,

Er‘]. hy

Method of Momentum EM simulation > f:

Sandia
National
Laboratories




Localized 0r;

Simulation

Effect of Composition and Thickness for Case 1

1.50

* o N ——5TO20 Sum, -48.3 ppm/C
1.48 T —o— s

‘ _______ : ' e e —&® —8—ST0O20 10um, -40.2 ppm/C
146 e — STO20 20um, -26.9 ppm/C

?? _______ e S Hemmmmmee » —8—ST020 30um, -16.2 ppm/C
1.44 = = a —x STO20 40um, -7.2 ppm/C
1.42 *— L —0— o —0

—-A--5TQ30 5um, -39.3 ppm/C
1.40 = ===STO30 10um, -24.5 ppm/C

f, (GHz)

1.38 o= w——— . NPp—— = ) STOBD30UI’I‘I, 16.9 ppm/C

1.36 - 48 -5T030 40um, 31.9 ppm/C
- L S S oo . STO30 50um, 44.6 ppm/C

1.34

1.32

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 &0 70 80 90

Temperature ("C)

. f, * T, compensation

— STO20 shows 0 t;at 50 yum  — Scales to wt% of STO

— STO30 shows 0 1; at 20 um — Scales to thickness

Sandia
. National
MS Ts “  Materials Science & Technology 2013 Conference & Exhibition Laboratones

October 27-31, 2013 * Montreal, Quebec Canada



Localized 0r;

Simulation

Effect of Configuration: ¢«

STO30
10.2
J— - <= Case 1 S5um
====Cgse 1 10um
Case 1 9.8 - ——-Case 1 20um
=————— o daiainiel SLEET TETEEES === | - - Case 1 30um
a4 - - Case 1 40um
= - . S —— e —— Casze 1 50um
—#—Case 2 Sum
FOOpooo R S E———— —8—Case 2 10um
Case 2 20um
Case 2 8.6 —&— Case 2 30um
e o e ———— Pmmmmm=== A —Case 2 40um
— —4—Case 2 50um
8.2 . : : -
{ %@—ﬂzﬁ
7.8

=50 -50 -40 -30 -20 -10 0 10 20 20 40 =50 &0 70 B0 90
Temperature ("C)

« Case 1 « Case 2
— Increases of ¢4 significant — Change of ¢, minimal
— A crossover in slope — SL sees much less STO

Sandia
) . National
®  Materials Sci & Technology 2013 Conf & Exhibiti Lab g
MS T 0 e s sechmelom 2015 contoronce & Extiiton oratories




Localized 0r;

Simulation

Effect of Configuration: f,

1.52
- ---39.3 ppm/C Case 1 5um
====.245ppm/C Case 1l 10um
1.48 PR
— =169 ppm/C Case l IDum
=4--319ppm/C Case 1 40um
1.44 = o= =446 ppm/C Case 1 50um
E‘ —g—-56.8 ppm/SC Case 2 Sum
2 552 ppm/C  Case 2 10um
. 1.40 -52.1 ppm/fC  Case 2 20um
-49,2 Case 2 30um
-46.5 ppm/C  Case 2 40um
1.36 ———— e g T+ -43.9ppm/C Case 2 50um
132 L—
=60 50 -40 -30 -20 =10 O 10 20 30 40 50 &0 70 B8O 90
Temperature [“C)
- f - 1. compensation
— STO30 shows 0 t; at 20 um in case 1 — Placement of STO is critical
— Never reaches 0 v in case 2 — Most effective when next to SL

Sandia
. : National
®  Materials Sci & Technology 2013 Conf & Exhibiti Lab :
October 27.31, 2013 « Montreal, Quebec Canada " oratories




' Localized 0+,

SL Resonator Panels

17.76 mm

Line width = 0.2
mm
Gap=0.2 mm

L

Green

« Standard LTCC fabricated with 951
matching conductors

* 4 layers of 10 mil 951 tape. 50 Q lines. f,
=1.5 GHz

* No localized deformation, indicating no
sintering mismatch

« Embedded STO shown as “embossed”
feature on the non-contact side during
lamination

Sandia
National
Laboratories




Localized 0r;

A true, near zero or zero 1; is achievable

* Variation of 1;, possibly by varying the STO20 thickness

7 Results for STO20

1.006

afl=Base 951 LTCC (S11), -69.5 ppm/C
«W=ST020 1 print_1, -29.1 ppm/C
@@=ST020 1 print_2, -37.1 ppm/C
ST020 2 prints_1, 5.1 ppm/C
e==S5T7020 2 prints_2, -7.1 ppm/C

!_\
(]
Q
=

1.002 -

0.998

0.996

Normalized Resonant Frequency

/

0.994

-60 -50 -40 -30 -20 -10 a 0 20 30 40 50 60 70 80 90

Temperature (°C)

Sandia
Y82 ot oo ' W Steve Dai, “Localized Temperature Stability in Multilayer LTCC”, J of @ National
MS'T L N Viicroelec and Elect Packaging, 8, 1-6, 2011 Laboratories




> ' Localized 0+,

SL Resonators

Th|ckness Case 1 Case 2 Case 3

STO compo-| Appx STO 7: (ppm/°C)
sition

ST020 20 -28.8 675 712
40 1.9
STO30 20 1.0 617  -69.3
40 60.0 548  -62.3
*Onlyincase1a~0rxis - In cases 2 and 3, the t; is
realized far from 0 ppm/°C
— STO20

* 1, =-28.8 ppm/°C at 20 um
- =+1.9 ppm/°Cat40um -« Placing t; adjuster next to
— STO30 SL is essential for z;

° OTf =+1.0 ppm/°C at 20 um compensation
» t; over-corrected at 40 um

Sandia
National
Laboratories




' Localized 0

Experiment Versus Simulation

70

60 e STO30 case 1 *

50 L ==STO30 case 2 Experiment

a0 | —STO30case 3 o~ P

4 | ==-STO20 case 1 _— case 1
/

50 4 STO20 case 2 % STO30

- =-5T020 case 3 -

10 +
. / o ® STO20
10 ="

:20 yd s
/S e
w L

- -
-50 < E——

¢ (Ppm/°C)

-60

-70 | | | |
9] 10 20 30 40 50 60

STO Layer thickness (um)

* Good match for STOs at 20 um
 Simulation underestimate at thicker STO

Sandia
_ National
anharem:e & Exhibition I.aboratﬂries




Localized 0r;

T~
#‘ t; of a Dielectric Composite

 Why the STO is effective only in case 1 (= next to the SL)?

* 1; expressed as

iy = z P; Tgi P, =E/E .
[

where P; is defined as the energy filling factor, the fraction of
total EM energy confined in dielectric phase |

* P, depends on dielectric constant, volume, geometry of
dielectric /, as well as the EM field distribution inside the
dielectric

Sandia
National
Laboratories




Localized 0r;

nergy Concentration in STO Layers Case 1

* Low aspect ratio - fringing electrical field

 EM wave propagates high ¢ > low € media

« Critical angle for total internal reflection in
case 1

~ €s7030 = 15.76
~ grcc=7.88

« Critical angle (Snell’s law)

. Nycrr : VELTCC 951 LTSC
8. = asin = asin =
NsT030 VEsTo30

0. 2 45°, total internal reflection in STO
0.< 45°, reflection/refraction at the STO-951 interfaces
Energy concentration in STO > effective t; compensation

Sandia
National
Laboratories




Localized 0r;

‘No Energy Concentration in Cases 2 and 3

« EM wave propagates low ¢
- high ¢ 2 low ¢ media

* No total internal reflection

951 LTCC

* Energy in STO scales to
volume o [ ]

* Overall 1; of SL resonator
is dominated by 951 LTCC

National

Steve Dai, “Localized Temperature Stability in Multilayer LTCC”, submitted to J Am Ceram Soc @ Sandia
? Matoriats sci it Laboratories




Localized 0r;

0t; Demo: design of a S-band filter

GND ~

} Dupont 951

L~ Filter

. .
STO <:'4_‘£

Dupont 951 -[

STO
layers

®
~ Materials Science & Te:h olugy 20|3 Conference & Exhibition
October 27-31, 2013 * Montre.
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Simulation (20 pm STO30)

o o - ol il e
i T R =
T " ; O L pEay
5 11 (-80 °C) &11 (83 °C) G
= 521 {-80°C) 82180 °C) i
| 11 {-20°C) *
-10 &1 {20 °C)
=+ 811 (0% o 9 -]
-+ 521{0%G) §
15| | a6 811 20%C)
oG 821 {20 °C)
_an | 511{50°C)
20 S21 (50°C)
25) LY L
30 |
-35
-40
-45
-50 '
1 1.2 14 1.8 18 2 22 24 28 28 3
Frequency (GHzZ)

Measurement (rf = 1.8 ppm/°C)

Magnitude (dB)

= ST
1‘ ,
'\
0| \
20
K,-:rd
F—roeailo A |t
-30 | e RS A
- S11(-50°%C) = 511 (B0 °C) s
RS i 82 [-50 °C) 221 (BD°C)
\ l.' 511 [-20°C)
a4 | s21(20%)
0 \ [ | ++ s11i0°c 1
\ 521 (0 °C)
¥ | oo sz 'Lf
o0 S (20°C)
-50 | 811 (50°C) J"‘
521 (80 °C) | ¥
&0 |
1 1.2 1.4 16 18 2 22 24 25 28 3
Frequency (GHz) A
o —ndia
m National
Laboratories



0t; Demo: filter measurement

Localized 0r;

With 20 um STO30, 1, = 1.8 ppm/°C
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# Summary on localized 0r;

* 7, compensating materials compatible to existing 951
LTCC have been successfully developed (patent pending)

* SL resonators with a near 0t; have been demonstrated
by locally integrating a 1; compensating material in a
multilayer LTCC package

* Placing compensating materials next to the SL
resonator is essential for 1, compensation, owing to
the EM energy concentration in the compensating
dielectric layers

» S-band filter with 0t; has been demonstrated
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}’ LTCC Dielectrics

Green Sintered

oS

Type 1, no crystallization: r

* Unreactive, glass =low T
sintering agent
DuPont 951

et A ok A 4

Type 2, self-derived crystallization:

« Re-crystallizeable, partial
formation of crystalline high Q
phases

Ferro A6

Type 3, reaction-derived
crystallization:

- Reactive, forming high Q
crystalline phases

Motorola T2000

. Glass Ceramic Crystalline _
binder filler (Al,O;) pl'@ Sanda
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}' Heating Rate
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* Heating rate critical for crystallization versus
densification
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Shrinkage (%)

Mansity [ ciom3)

\
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Sification vs Crystallization — criticality of
process parameter

Heating rate 2 5 °C/min
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|0 -00 .
Green tape lo 0. 00...
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Heating rate << 5 °C/min
Small Al,O; particles
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stallization in DuPont Low Loss 9k7 LTCC

both self- and reaction- derived

o AlLO; =LaBO; aAlPO,
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dL/Lo (%)
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Steve Dai, “Densification and Crystallization in
Crystallizable Low Temperature Co-fired Ceramics”, J
Mater Sci, 47, 4579-4584, 2012

Data to KCP for proper process of 9k7 LTCC
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Temperature (°C)

Dielectric Constant

Heating Rate (°C/min)
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} Summary of Global 0r;

* 0t; achieved by a minimal amount of TiO, with a
combination of

— Residual TiO, particles

— Ti-rich crystalline phases (titanates)

— Nano titanates and/or Ti in amorphous phase

— The dissolved Ti is more effective in t; adjustment

* High Q is achieved
— Engineered LTCC formulation
-> self-derived and/or reaction derived crystallization

— A heating rate allows densification followed by
crystallization is essential for sintering
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Global 0r;

Morphology By FESEM

1 .G3kY Jmm = —— = 1 Bk S
RUTGERS DINOEZ [ RUTEERS DSHS0E
HTZETM.TIF L HTEKTB . TIF

SO0
HOTOROLA TEOGOD

» Glass matrix
* Al,O; particles, 0.5 um to 3.0 um Sond
aped crystalline phase @ National
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Localized 0r;

Properties of compensating materials

Temperature (°C) .

A EIEERERERE

782 784 786 788 791 7.94 118
Base 770 7.74 7.76 7.79 7.83 7.89 190
STO10 9.58 9.57 9.57 9,57 9.57 9.59 10

STO20 12.49 1235 12.28 12.22 12.15 12.10 -240
STO25 14.34 14.12 13.99 13.88 13.75 13.66 -379
STO30 16.46 16.10 15.92 15.76 15.57 15.39 -525

Dielectric
constant

« 1. changes from positive to negative as STO increases

« STO20, STO25 and STO30 are promising for 1, compensation.
STO10 not considered

* Dielectric constant increases as STO increases - lower f,
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Introduction

\

LTCC for RF and MW applications

Design Example:
RF Frontend Module in LTCC

e LTCC transceiver module for Tri-band GPRS mobile
phone application:

£

) PIN diodes S -
Proposed Module -
N Ve
PA e SAW Filters
|
GPRS Tri-band
Transceiver E

Ant — _ - .

silv?:c:a Transceiver IC s ;
/J o e = g

*Y.-S. Lin, C.-C. Liu, K.-M. Li, and C. H. Chen., “Design of an LTCC tri-band transceiver module for sandia

5 GPRS mobile applications,” IEEE Trans. Microwave Theory Tech., vol. 52, pp. 2718-2723, Dec. 2004.. |ational




