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1.1

1.1

(MPU, Micro Processing Unit)

kw MW

1.2

1.2

12

10w

100 W



Code Division Multiple Access) 3

RF

RF

W-CDMA (Wideband

1.3

CMOS/CCD
CameraModule

Controller

LCD

Antenna

Data Storage Unit
HDD
Memory (Card)

Baseband Section
Baseband LS
Application Processor

1.1

13

RF Section
Power Amplifier
RF-IC




Antenna

\/

Duplexer
or

Antenna Switch

1.2

> Display, Keyboard
. N — Memory
Recelving Circuit
3 Voice
Processing
Rx VCO rf
A 4 A\ 4
PLL Baseband Sgnal
Processing
A
Tx VCO L+
1 Interface
Trag_smigfion —
ircui | Power Supply

14




Radio Frequency (RF) Section Baseband Section
Antenna BPF, efC. . “Tlon .
Y; ——l\ [l Reesving g,
: Circuit :
Basband
LSl
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1.3 RF
RF
(VCO, Voltage Controlled Oscillator) PLL
(Phase Locked Loop Synthesizer) (RF-IC, Radio
Frequency Integrated Circuit) RF
RF-IC
2
2.5 GSM (Global System for Mobile
Communication) PDC (Personal Digital Cellular)
1w 5W
(PAE, Power Added Efficiency)
GSM PDC 50 60 %
CDMA (Code Division Multiple Access) cdmaOne cdma2000
W-CDMA (Wideband CDMA) 0.2 03W CDMA
40 50 % GSM
0.5W
GSM
1.1 2 2.5 3
800 900
MHz 1.5 2.1GHz
2005 1.7 GHz 2 GHz
2.5
GSM
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PDC
GSM
GSM
1900
GSM
Environment)
5

3 W-CDMA
km
100 %
PDC
GSM900 1800
GSM 850

RF
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1.1

2

2.5 3

2G & 2.5G GSM System for Worldwide (TDMA)

Area 800 - 900MHz 1.5- 1.9GHz
us GSM850(850MHz) | PCS(1.9GHz)*
EU, Asig, etc. | GSM900(900MHz) | DCS(1.8GHz)*
Japan PDC (800MHz) PDC (1.5GHz)
Japan PHS (1.9GH2)

*PCS= GSM1900, DCS = GSM 1800

2.5G & 3G CDMA System for Worldwide (CDMA)

Area 800 - 900MHz 1.5- 2GHz

US, Japan, etc. | cdmaOne (800MHZz)*

US, Japan, etc.|cdma2000(800MHz)* | cdma2000(2GHz)*
EU, Japan, etc W-CDMA(1.7,2GHz)*

*800MHz = In Japan

IMT-2000

A Block :
B Block :

C Block :
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824 MHz — 960 MHz
1.71 GHz - 2.025 GHz, 2.11 GHz - 2.17 GHz
2.5 GHz - 2.69 GHz



1.4

1.4

1.3

(1) 25 3
(2)
(3)

10 mm?

RF

1.4
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1.2

17
System)

PHS

1.5

60
47.4 %
60.6 %
57.0 %

120
65.1 %
79.0 %
75.2 %

100
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PHS (Personal Handyphone

180
72.7 %
86.5 %
82.9 %



100

100

(1)

(2)

3
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Increased Temperature from
Ambient [K/W]
N
o

0
1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03

Operating Time [sec]

1.5
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1.3

1.3.1

300 cm?®
[1-2]

1W 5W

GSM
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100
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[1-3]

(1)
(2)
(3) 5W

25

5W



1.3.2

1.6

MOS (Metal Oxide Semiconductor)

1.6

1.6 423K (150 )

473 K (200 ) o2
373K (100 )
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1473 1/423 1/373

UT [K]

Junction Temperature
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1.3.3
15
100
3 cdma2000
CDMA
200 300 mw 40 %
300 450 mw
GSM PDC (TDMA, Time Division
Multiple Access)
CDMA
4
8 1
4 1
1/8
Duty 1/8
Duty 1/8
2 1 Duty 1/4
TDMA 1 1
1/2
1/2
TDMA Duty 1/2 GSM
5W 55 %
4.1W
2W
CDMA
GSM PDC
GSM PDC CDMA
GSM

28



1.5

100

1.3.4

MPU
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(1)
25 %
(2)
5,000
100
(3

50 %

500

12.5%

500

10

CAD (Computer Aided Design)
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CAD

CAD

1.3.5

1.7
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5

Printed Circuit
Board

Front Panel

Contact Heat Transfer | Semiconductor Module (Source) Heat Conduction
Diffusion
Heat Conduction @ ( )

| Printed Board BB Front/Rear Panel I User |

Thermal Path form Heat Source to Ambient

1.7
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Semiconductor Module (Heat Source)




1.8

1.8

1.9

+ 5%

Si
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JEDEC (Joint Electron Device Engineering Council) JEDEC

Standard No. 5114 JEDEC
JEDEC
1.8
1.10 1.8
1.8
1.10



Thermal Design of
wer Amplifier Modul
I

v

Device Model
(Transistor Level)

I
Modeling &
Input Property Dat
I
Thermal Analysis
(Simulation 1, Steady State)

A

Model of PA
(Chip —Module)

I
Modeling &
Input Property Dat
I
Thermal Analysis

(Simulation 2)
(Steady State & Transient)

Rjc < Allowable Limit ?

v ]

\ 7
Model of PA
(Chip — Printed Board)

I
Modeling &
Input Property Dat
I
Transient Analysis
(Simulation 3)

Described in This Paper

Possible by Applying
Thermal Design Technique
Described in This Paper

Tjmax < Allowable Limit ?

Prototype
Experimenta Study

Rjc < Allowable Limit 7

jmax < Allowable Limit 2

End of Thermal Desi QE

(Conventional)

1.8

y

Recommend

New Case Structure
I

Model of Cell Phone
(Chip — Case)

I
Modeling &
Input Property Dat

I

Contact Conductance

(Boundary Condition
I

Thermal Analysis

(Simulation 4)
(Steady State & Transient)

N
Tjmax < Allowable Limit ?

End of Thermal Design
With Case Structure Recommendation
(For Assembler)




Power Semiconductor Module Semiconductor Chip
i \ V4 q :Ci rcuit Board
U__ ] I 1 /Printed Board

¥ ————— Natural Convection Heat Transfer with Air

c
o
B2 AT i
55 |
Total Model 5 < [l w
@ £ ||
Temperature Distribution & 11, z;\ Operation Time
(Steady State Analysis) gz,_ b
1
s |
\ oo : -
Operation Time
Transient Analysis of Temperature
Distribution in a Power Module
1.9

(Tjmax) (Tair)

100

0.1 msec 1 msec

1 10 100
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@rmal Design of Power Module
|

Device Model
(Trans stlor Level)

Modeling &
Input Property Dat
|

Thermal Analysis
(Smulation 1, Steady State)
v
Model of Power Module
(Chip —Module)

[

Modeling &
Input Property Dat
|
Thermal Analysis

(Smulation 2)
(Steady State & Transient)

Rjc < Allowable Limit ?

<End of Thermal Desi gD
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1.4

1.8

1.10
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2.1

15 %

40

1.7

1.8

30 %

[2-1] [2-11]

09 1



Fletcher
[2-11]

1.7
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2.2
2.2.1
2.1
1 kN
2.2 D =8 mm L =18 mm
D = 24 mm
D =0.6 mm 4 mm
mm 3 D = 0.1 mm
1.5 mm 0.55 mm
3.3x 10° m®sec
373 K
6
2.2.2

42



10 N (1 kgf)
+ 5%
10 N 100 N 1 kN 3 2 3
R
1/RA
QMO QCu
Qrad
QBa
QMo ~ QCu + QBa + Qrad (22 1)
QMo
(2.2.1) OQrad Osa
QMO Q
Ose Oc. 1.35%
O,ad Tout = 373 K
T.i, =293 K e=1
1 0.89 W [2-10]
Ocu 10 20 W
Qrad %
+10%
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1

)

Load Cell Control Unit (PC)
il 0ad
Load L
Data Logger (Load)
— Heater Control Unit
Heater Control Signal
Temperature
Temperature
Measuring
Unit
Temperature | Cooling Unit
""" 1 Controller
| Coolant ¥
ez, Coolant Supply Unit
Coolant

Loading Power

Movable Stage

Control

Control

2.

1

Signal
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2.2.3

2.1

Hv = 0.39 GPa
Hv = 0.98 GPa

(1)
(2)
(3)
(3) 1 um

2.2
2.3

373 K

2.1
Material Thermal Conductivity [Hardness (Vickers)
A [W/(m K)] Hv [GPa]

: Cu 396 1.06
Testhiece oS 142 2.45
Au 293 0.55
0.1mm' Thin[Ag 418 0.92
Plates [Al 238 0.48
Cu 396 0.76
Plated Film [N 88 0.%8
Ag 418 0.71
Spatterd Film|Ag 418 0.39

Bakelite 0.00067 -
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2.2

Maximum Angle
Material Ti::;fxi(;i ¢ Surface Roughness Waviness | of Gradient

Ra [um] | Rq [um] | Wt [um] tan0 [-]
Mo none 0.03 0.05 0.23 0.00
Mo Ni Plating 0.17 0.23 0.62 0.02
Mo Ag Plating 0.26 0.34 1.37 0.03
Mo Ag Spatter 0.11 0.25 1.27 0.00
Cu none 0.14 0.18 0.80 0.02
Cu Ni Plating 2.14 2.59 3.04 0.21
Cu Ag Spatter 0.10 0.14 0.32 0.01
Ag none 0.14 0.21 2.78 0.00
Al none 0.15 0.24 1.16 0.01
Au none 0.13 0.19 1.69 0.00

Surface Sample
Treatment Mo Cu
" W Wi M
none LA LR TRR T L
M ¥
. . MM WLJM %ﬂ WWMM 1W Wl
N]. Platlng LT TR
W T
: b ™
Ag Plating i WJM’M Wi WWW

2.3
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2.3
2.3.1 ;
3
[2-12]
po L _ 1.02x10° P 10°2,
RA R, + 23+ R,+23 Hy R,+R,
A A
1,2 A
Cooper [2-7]
0.985
b= 1,45M(i)
o Hv
Mikic [2-8]
0.94
5 :1_13/1m tand, ( P ]
o Hv+ P
m
A, =22, (3 +4,)  tand, = +/tan?6, + tan?6),
R, =,tan’R,+tan’R ,
2.4
2.4 Stroke
MPa (2.3.2) (2.3.3)
10 MPa (2.3.1)

48

(2.3.1)

(2.3.2)

(2.3.3)

(2.3.4)

(2.3.5)



2.4

Thermal Contact
Conductance, & [W/(m* K)]

2
(2.3.1)

1.0x10° ¢ . o 1g Stroke
i g h 4 z < 2nd Stroke
gtqroke& | = 3rd Stroke

1.0x10° - o 4th Stroke
- A 5th Stroke

‘: S A 6thStroke

1.0x10* - \ ® 7th Stroke
S Exceptl onal sample | © 8thStroke

e \1st Stroke Only — Eq(2.3.1)
10)(103 Ll Lol L -.Eq_(2.3_2)

—- 2.3.

1.0x10° 1.0x10° 1.0x107 1.0x10% — ~Ea(233)

Pressure at the Interface P [Pd]

49




Cu bare & Mo bare sample

2.3.2
25
23
1
B 1x 10° ¢
=i -
S E :
EE 1><1O5g
EQ -
@ i
B £ 1x10%,
%b‘ -
-
= i
= 5 1x 108
@)

1x 10° 1x 10° 1x 107 1x 108
Pressure at the Interface P [Pal

2.5

50

~-Cu bare & Mo bare
(no surface treatment)

o Cubare & Mo + Ni
Plating

s Cubare& Mo + Ag
Plating

o Cu+ Ni Plating &
Mo + Ag Plating




2.3.3

2.6 t=0.1
x 103 m D=8x 10°m

2.6

2
2.6
2
2
< < < < < <

3.1

1/100

51



7= X1 Cubare& Mobarg ample | +-Cu bare & Mo bare
o :

8 N§, o Cubare+ 0.1t Au +
T S 1x 10° Mo bare

% - F » Cubare+ 0.1t Ag +
|E i‘ Mo bare

T 8 1x 104 | o Cubare+ 0.1t Al +
% g | 0.1 Cu o ?Z/Ilj) bbziree+01t Cu+

j. - t .
2 LS) 1)( 103 Ll \HHHHO.\l\’\A\\I\m MObaI’e

1x 10° 1x 10° 1x 107 1x 108

Pressure at the Interface P [Pé]

2.6
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2.3.4
2.7 Ra=1pum t=1pum
2.7 0.1 1.0 MPa

2.6

1/100

53



1x 10° |

1x 104 | |

1x 108

Measured Thermal Contact
Conductance, # [W/(n? K)]

2.7

stroke

N\ 1st stroke

1x 10°

1x 108

Cu bare & Mo bare sample

1x 106

RILL

1x 10°

T TR

2nd Stroke @\
& after

1x 104

—-Cubare & Mo bare
( no deposition)

o Cu+ AgFilmé& Mo
+ AgFilm

s Cubare & Mo + Ag
Film

°© Cu+AgFiim&

1x 1083
1x 10°

1x 106

Pressure at the Interface P [Pa]

Mo bare

1x 107 - 1x 108



2.4

(1)

(2)

©)

(4)

10

2.6

1.7
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400 K

(2.3.1)

(2.3.1)
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3.1

100 nm

(1)
(2)

57

LSI (Large Scale Integrated Circuit)

LS

LS



[3-11[3-2]

[3-3] 2

100 pm

He-Ne

(Reflectance Thermometry)!*
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3.2
3.2.1

3.1 3.2

3.1
500 nm
[3-4][3-5]
¢

3.2.2

3.3 3.4

3.3

59

3.1 3.2
3.2

f

(Coefficient of Thermoreflectance)



3.4
100 pm
13930 N/m
8 0.0278 rad (=5°)
55N 1cm
1114.4 N lcmx 1cm
11.1 MPa 55 kPa
7.3 mm (= 0.3")
1.0 mm
550 mw 676 nm
1 mmx 1 mm
10° 10° W/m?
0.4 mm 5 mw 632.8 nm

1 mrad He-Ne
3.4

60



2.3x 107 W/HZY?

10 kQ
676 Nnm

Crr = (dR/dT)/R
[s-6l ATmin

AT = 2N 2B
™ IRC,,  IRC,

Al = BV Af
I
Al = 0.53 nW
10
1
R=095 Cp;=10°K*
0.04 K
1lus
kHz

632.8 nm

0.4 A/IW o9V
632.8 nm
X-y-z
632.8 nm 10° K
(3.2.1)
Af
R 632.8 nm
Af = 7.8 mHz
5 10
[ =3 mwW
(3.2.1)
0 2kHz
500 nm
0O 4
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Reference
Frequency
¢

Laser
Driver

Heating
Laser

Amphtude —®  Lock-in

Solid Sample Phase —#| Amplifier

7=0—»
Z:b e LI

Gold Film Photodiode

Reference

Heating
Laser

Frequency
-

Laser
Driver

Solid Sample 1

o, k1

Solid Sample 2

O(,Z, k2 Phase—> Ampllﬁer

\ Amplitude®| Lock-in

z=0 77— y <
7=71

b,
Y b

Z:ZZ T T T B T T T T T T ;::;

Gold Film hotodiode

Probe
Laser/ /

3.2
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3.3

. Heating Laser Beam
Laser Diode (676nm, 550mW max. power)
(with Collimating &
Focusing Unit,
mounted on a Micro Positioner)

bl

Solid1 &
Solid2 ——

Ceramic — |
Sample Holde__ Probe

He-Ne Laser Laser

T
I}
i - - i
(632.8nm, SmW lieamj %

0.4mm¢) %iﬁﬁ
Micro Positioner z =

Optical Rail
Load Cell —_| :

Spring Box Mirrors

S SN E
1

Photodiode
Optical Filters

Ball Bearing

Threads

Loading m |

|
S -:

Laser Diode

(with Collimating ” H [| ﬂ
& Focusing Unit,

mounted on a Micro Positioner)

Heating
Laser Beam
(676nm,

Sample 300mW max. power)
Ceramic L Photodiode
Sample Holder '

(mounted on a Frame) Optical

He-Ne Laser
(632.8nm, SmW
Beam Dia.=0.4mm

Probe Laser

Micro Positioner

Optical Rail
3.4
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3.2.3
3.1 b (0<z<b)
r=da
a k
2 2
§Z+E@+ﬂ—§l=1@ (3.2.2)
a° ra & a a
u r z
z=0
- k% = Qz exp(— ia)t) for r<a
z=0 a
% =0 for r>a (3.2.3)
z=0
z=5b
% =0 (3.2.4)
z=b
u(r,z,0) =0
(3.2.3)
(3.2.3) (3.2.4) (3.2.2)
u(r,z,t) =
ex t 2 cosh b 3.2.5
Qedl~inr) j Looshb=z) | oA (3.2.5)
kma sinh b .
A s
Jo J; O 1 1
n=(2+slaf’ (3.2.6)

(1, z) = (0, b) (3.2.5)



u(0,b,7) _ oexpl-iet) F 1 } J,(a2)dA (3.2.7)
kma SolmsSnhnb |
(3.2.5)
u(r,b,t) = [u|exp{—i( et - §)} (3.2.8)
¢ ¢
$=b .z (3.2.9)
a 4
(3.2.7) @
b la a
3.2.4
3.2 1 a ki d; = b
(0<Z<b1) 2 (0% k> d>, =b,-b; (b1<
z < bg) 1
r=a
O%u, . O%u, .
L:_/ } /4 ”;f :i J (=1, 2) (3.2.10)
or r oor 124 a, a
1 (z=0) 2 (z = by)
_ 1% By = %exp(— it) for r<a
%ZO =0 for r>a (3.2.11)
el (3.2.12)
& z=b,

65



o
klzl =k, =2 =hlu, —u) (3.2.13)
z=by z=by
wrz0 =0; (=1 2 (3.2.14)
J 0 1
w=2nxf
(3.2.11)
uj(r,z,t) vj(r,z,s)
v, (r,z,s) = Eoe_s’uj (r,z,t)dt (3.2.15)
v, (r,z,5) w, (A,z,5)
w,(4,z,5) = J‘Oiovj (r,z,s)rd (Ar)dr (3.2.16)
Jo O 1
(3.2.10) (3.2.14)
2 2 o CU .
ﬂzj _”dt+——j ‘“’dt+§— edt— 1 —Le™dt =0
df =0 / & t—O J : t=0 d‘

v, 1, v, 1 . o
7 et @ (e Tos] e ’d’) =0

v, 1&. %, 1 { - » }
&2, +;7+ &ZJ _(x_/ uj(r,z,oo)-O—uj(r,z,O)-1)+sLouje dt(=0
%, 1a; 0”2 s

—2 t f-—v, =0 3.2.17
P ra 2 a (3.2.17)

kl_l e—stdt — kl& — _% I —iot —stdt — _% -1 [ s+io)t jro
=0 z=0 124 =0 e, a (S + za)
& 0 1
S T T 27 . r<a
‘& ma? (s+ia)) for
0z
Elz:o =0 for r>a

66



P o (3.2.18)
& z=b,

M &

A =k, 22 =k, (3.2.19)
' & z=by ’ & z=b i e

o%v. & v,
PO O img () =0

0}, 0’}, 0’},. 0’},« X—0

diJ0 (Ar) = —AJ,(Ar), di[rJl(ﬂr)] = and (), di[rle)] = AT (A7)

(3.2.17) (3.2.19)

o0 o 0’%}
J;_O( 0'}/‘; +; O(/ir)dr+j rJ (ﬂr)dr——j v,rJo(Ar)dr =0
I

d/'- 52 00 S 00
r_og(r;’]lo (Ar)dr +¥Lover0 (Ar)dr —a—jLovero(/lr)dr =0

. * o0 N, §2W~ Ky
{r;’]o(lr)lzo —J:ﬁzor;"(—/i)Jl(/ir)dr + &2" _a_wj =0

J

00 a/' é’ZW S
/I_L_O;"n]l(/lr)dr+ﬁz—2/—a—jwj =0

00 aZW
Ayl _ﬂLovf’lrJO(ﬂ")dH 7 _aijw./ =0
2
_/IZWI» + 0’)&1/;)/ _iw/ =0
;
2
N . _(,12 +i]w/. =0 (3.2.20)
& a "
[, (arr = 2
r=0 & z=0 2o
o 1 .
) ;Io{_ ko (s + ia))}Jn ki + rjaox w7, (Ar )dr
0 1

w2 2 e

koma® (s +io) ! ka?® (s +iw)
0 1 a)a)
ka® (s +iw) A
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.

J-rJo(lr)dr = %Jl(ir)

24 z=0

k_
L 2

Zzbl

0 1 Ji(4a)

=_k17ra (s+imw) A

(3.2.20)

w, = A4,9nhn,z+ B, coshn,z

Wo = C2COShT72(Z - bz)

z=0b; 9
Wl = Als| nh 7712 + BJ_COSh 7712
0 1
A =—————wl A,
! kyma (s +iw) w(2.s)
shmb, k sinhn,(by — b
By =4, COSVpDy _ K2l 72(2 1)5(/1,5)
snhmyby ki Sinhmpby
Cp =—4&(4,5)
Jilad
y(2,9)= 21
mA
k
S.nhfhblcog‘]nz(bz — bl) + 2772 COSh?]lblsi nhﬂz(bz — bl)
Hs)= fo

k ) :
+ 27772th7711719 nh772(b2 — bl)
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-1

(3.2.21)

(3.2.22)

(3.2.23)

(3.2.24)

(3.2.25)

(3.2.26)

(3.2.27)

(3.2.28)



vj(r,z,s) = Iiowj(i,z,s)ﬂo(rl)dl (3.2.29)

0 1
kyma (s +io) jy/(/?,,s)x

A=0

vl(r,z,s)=

—sinhn,z
coshn,b, (3.2.30)
sinhz,b, AT, (rA)dA

k,n, sinhn,(b, —b,)

- - EA,s
ki, sinhz,b, ( )

+coshrn,z

o]

vo(r,z,s)=— 1 [ w(2.9)&(A.s)coshigy (by — 2) A7, (rA)dA
1a (s +iw) 0
(3.2.31)
ul(r,z,t): Qe_”“ X
ke, ma
[ [-sinhpz+ ]
2| coshn,b,
J‘ — sinhn,b, Jy(ar)g, (rA)dA
2ol m, |coshn,z ,
_ ka1, Smh772(bz _bl)g(ﬂ, S)
i kyp, sinhmpb, Join
(3.2.32)
wr20)= 2 ] [5(“%@,72(1,2 I seny (2
klm =0 Ui s=—iw
(3.2.33)

(r=0
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1,(0,b,,1) = Qe T F(’I ’S)} Jy(ad)dA (3.2.34)
ko Lol m it
(r, z) = (0, b) (3.2.33)
2 ” (3.2.33)
Uy (r,by,1) = |u,|expl-i(wt — ¢)} (3.2.35)
¢ ¢
¢
(3.2.34)

) a
exp{— i(wt —{dl\/g +d, s n ”D] (3.2.36)
a, a, 4

ki h
d] :b[ 1 dzzbz-bj 2 (3236)
¢
NELoYeRe
$= y+tan h (3.2.37)
1+\/k2pzcz n \/dkzpzcz
ke, h
Z=d1F+d2 7 .z (3.2.38)
a, a, 4
h
j= RV, 7?7%2/7202 [1_ tan(¢_)()] (3'2.39)
{1+ /W}tan((é_l)
kypicy
(3.2.39) h— o (3.2.38)
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2
h-0
tan”' (1) /4 h
0<¢<nl4
b
1h—0
(3.2.34)
—iet 2 ['1 coshn(b -
w2 1) = & | 1 coshilb - z) Jy(aA)J (rA)dA (3.2.40)
kma ol sinhnb .
= -l
(r=0,z=0>»)
(3.2.7)
—iwt P 1 1
u(0,b,¢) = Qe —— J1(ad)dA (3.2.41)
krma 7 | nsinhnb _
4=0 s=—i®
3.3
3.3.1
3.5 2a/b
¢ bynf | a b
bnfla 2a r/b
¢ bynfla
r/b r=20
r/b @
2a/b < 2
¢
2a/b > 4 r/’b <2
¢ /b
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3.6
¢ /b
(r/b = 0) o @ do
N &by r/b
d, d,/b =2
2
0.95 < ¢/¢y < 1.02
5% @
brf
1f
2a/b =
r/b r/b=1 d,/b=2
3.7 2a/b
|u] r/b = 0
bnf la
|u|/|ug|  v/b 2a/b =4
2a/b = 1
baf la =15 r/b =0 40 %
0.4 mm
d,/b =1 2
r/b < 2
¢
35 37

72

2a/b =4

r/b =1

3.6

2a/b
¢
¢
r/b=1 0<rb<
by la>15
¢
o
& Po
10 %
|lu|  r/b
|uo| lul/|uo|
r/b
3.7
80 %
/b =1
¢
0.2 0.5 mm
¢
2a/b > 4
5%



r/b<1

byafla =0

baf la +xlb

(3.2.9)
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(3.2.9)
3.5

bnf la >15



v 6. 00 _
g b* ﬂ =r221/b 1
< 5.00 e
S 4.00
S
§ 3. 00
O
£ 2.00
A
O
% 1.00
<
7~ 0.00
0.00 1.00 2.00 3.00
Non-dimensional Frequency, b/ (7f/ )
3.5.1 Case (1) : , 2a/b = 1
»' 6. 00 2a/b=2
'§ 5.00 b* i, @’r |
g NS
S 4.00 0.5 b
G)
Q
§ 3.00 o — r/b
et 0.0
- 1.0
O .
2 1.00 , , 2.(5)
ET <o TP TP 2
7~ 0. 00
0.00 1.00 2.00 3. 00
Non-dimensional Frequency, b/ (7 /)
3.5.2 Case (2) : , 2a/b = 2
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= 6.00
5. 00
- 4. 00
3.00
2.00
1.00

0.00
0.00 1.00 2.00 3.00

Non-dimensional Frequency, b/ (7 /)
3.5.3 Case (3) : , 2a/b = 4

¢ [radians

Phase Difference

»' 6.00
5. 00

[radians

¢
~
o
S

3.00
2.00
1.00

0.00
0.00 1.00 2.00 3.00

Non-dimensional Frequency, by (7 f/c)

Phase Difference,

3.5.4 Case (4) : , 2a/b = 8
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Phase Difference Cahnge, ¢/¢

0.9
0 0.5 1 1.5 2
Misalignment of the probing point, r/b
3.6.1 Case (1) : , 2a/b = 1
< 3
3 1.20 —-— 001
§ 1.15
Q 1.10
§ 1.05F
&= s
3 1.00
2 0.95E
g
A~ 0.90
0 0.5 1 1.5 2
Misalignment of the probing point, 1/b
3.6.2 Case (2) : , 2a/b = 4

3.6
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o o
S o —

o
N

Signal Amplitude Cahnge, |u| /ju
o
o I

o

0.5 1 1.5 2

Misalignment of the probing point, 1/b
3.7.1 Case (1) : , 2asb = 1

1.00 }
, 0.80
0.60 f
0.40 ¢

0.20 ¢

0.00
0 0.5 1 1.5 2

Misalignment of the probing point, 1/b
3.7.2 Case (2) : , 2as/b = 4
3.7

Signal Amplitude Cahnge, |u| /|u ,|
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3.3.2
3.2
1 0<z<z; =b b, 2 z; <z<z,
bg = Z)-2Z
(3.2.11) (3.2.14)
(3.2.32)
(3.2.34)
exp(—iat) %
ul(r,z,t)zm {i{—sinh771z+coshf71
kyma oL Th
[coshimz, Ky, Sthn,(z, —21) o) (3.2.42)
sinhmz, ko sinhn,z, »
X Jl(al).]o (M)d/l
uz(r z, t) =
., (3.2.43)
ex za)t
0 p( j [f cosh, (2, )} J(ad)Jo(rA)dA
2
7, = (/12 +i] (=1, 2) (3.2.44)
a;
§(A,s)=
L 1 (3.2.45)
sinhz, z, COSh772(22 - 1) 2/l C05h771213'nh772( 1)
ki,
2 (r, z) = (0, z3)
¢ 1 blf | ay
3.8 1 2 300 K
[3-7]
k, = 148 W/(m-K), k> = 315 W/(m-K)
a; = 88.0x 10° m%s, a; = 128x 10° m?/s
100 pm 3.8 b;/b, < 0.1
7 o, >15 ¢

p=bJof la, +714

(Al 6061)
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b;/b, > 10.0 1
2
= 6. 00 2a/b=4
E 111 10
T 5.00FD
= 4,00 Au 7V 670
] Si(100pm?)
§ 3. 00
Q
= 2.00
A
Q
2 1.00
S e e 00
=~ 0.00

0.00 1.00 2.00 3.00

Non-dimensional Frequency, b,v (7 f/ct; )
3.8 si
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3.3.3
2
2a b
r 2 =1.128 b»=0.223 0.225 r=0.3 0.5mm
2a/b=5.02 5.06 r/b=133 2.24 2a
b,/b,= 446 450
3.9.1
b =0.225mm p 1.2x 10 cm™
bnf I
3.9.1 a 3
bynf o <08
5
b\af la  b/5
1/f 5
(3.2.3)
0
(3.2.7) 3.10 0
(3.2.36)
3.9 bynfla>15
bnf la+ml4
a = 80+ 3x 10° m?/s
3.9.1 + 3x 10° m?/s
p= 2330 kg/m® C = 712
J(kg-K) [3-8] k = 132.7+ 5 W/(m-K)
P 4x 10" cm™ n 10 cm®
300 K & =135.1 W/(m-K) [3-9]

2%
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3.9.2 0.223 mm
3.9.1

C = 896 J/(kg-K) [3-20]

6061
[3-10]

/b <1

f> 500 Hz

(100 kHz)

3.9
3.9
2.6 f

81

Al 6061
a =73+ 3x 10° m%s
p = 2700 kg/m®
k = 176.6x 7.3 W/(m-K) Al
a=T74.4x 10° m%s k= 180 W/(m-K)
2%

b/6>1
(3.2.1)
2 4KkHz
10 ms
f ¢
(04
1/ ¢p= 20



Phase Lag, ¢ [radians]

N

—

Measurements for Silicon
(b = 0.225 mm)

o =85 X 1o§ mjfs
a=80x10" m"/s

®
r
Fa

—— Theoretical Analysis
for Uniform Beam

— - Theoretical Analysis
for Gaussian Beam

a=7

1 L] LI L I L] ! ¥ ] L] LI L T

5x 10° m%s

M

3.9.1

Si

Non-dimensional Frequency, h
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Phase Lag, ¢ [radians]

N

s

L ] Li ] L ] L) L L] I 1 | L] Li L] L] ! T

Measurements for Al6061
(b =0.223 mm)

& oq=70x10%m%s
o a=75x10°m%s
* «=80x10°m%s
Theoretical Analysis ol
for Uniform Beam '

— -- Theoretical Analysis _q2%
for Gaussian Beamg e

1.5 1.6 1.7
1 L I 1 L 1 I 1 L 1 1 i
1 — 2
: : nf
Non-dimensional Frequency, b |—
o
3.9.2 Al
3.9
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3.4
3.4.1
3.9 Al 6061 (Solidl) Si (Solid2) 3.1 3.4
Al
6061
0.223 mm 0.225 mm
3.10 1 kN
350 Hz 1 kN
di\7f la, +d\of | a, @
h (3.2.10) (3.2.13)
¢ dinf loy +dy\Jnf la, > 1.5
1
10° 10" W/(m%K)
h
¢ h ¢
(3.2.39)
3.11 3.10 1 kN
f ¢
3.11.1 f ¢ 3.11.2
diof 1oy +d,of | a, (3.2.39)
h 3.11 f
200 Hz 1.3 f ¢
h
f 1 kHz
f 200 Hz
1.3
/350 Hz



(1)

(2)

8.58x10°m Si

3.11.3
3.11.3
1.75
Al 6061 Si
RMS =3.2x10°m 3

Si

85

3.11.3

Al RMS =
Si

Al

(1)



_3'5 rrri I rTri | TTTT | T'TTT | TTTT N
4 B : : Frequency fixed
L i at 350Hz
3.0 . e
- - ] ' ._
~ = .
T = * A
:g L LE e * T
(o) L e .y
E 3 25 _J'J'!hlj.LlLLr"l'l.‘r?lllllllll
. 15 16 1.7 18 19 2 @ J
c o
[l n / -
‘%: . . Measurements for Aluminum and _|
o Y > Silicon contact conductance
© 2 .; - (d,=0.223mm, d, = 0.225mm)
— Load[N]
@ ® 1000 ]
g O 900 .
- v 800
o , _ v 700 7
1 Theoretical Analysis ® 600 |
— h=10° Wim’K O 500
" h = 10° Wim?K ; ;gg 1
o - T 2
h=10" Wim K A 200 -
40100 i
0 I L 1 | 1 f L | ¢ I 80 L f

o7y [

Non - dimensional Frequency, d. / -+ d,

3.10 Al 6061 - Si
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Vo, V o,



4
I .“..o"'
§.3: ‘UO‘!.
8 .o"‘.‘
§, [ et
%2_..0'
8 [
®
1
S
0_|||||||||||||||||||||||||||||||||||
0 200 400 600 800 1000

Frequency of heating power from laser diode [HZ]

3.11.1 1 kN

— 100 ¢
X g
E i
S 10¢
= E
Q “oow
é 1 L o
=]
©
5
o 01
8
g L
o
= 0.01
g E
o)
e
F 0.001
0 0.5 1 15 2 2.5 3 35

Nondimensional frequency

3.11.2 Al 6061 - Si
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Thermal contact conductance, h [MW/(m?#-K)]

110,00 ¢
- h Pavl.75
1.00 o
0.10 |
/
0.01 . | BN B
0.10 1.00 10.0 100.0

Averaged contact pressure, Pav [MPa]

3.11.3 350 Hz

3.11 Al - Si
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3.4.2

3.1 34

1.0 mm

Al 6061 (Solidl) Si (Solid2)

(1.0 mm") - Al (0.223 mm") - Si (0.225 mm")

ADINA

10 mm x 10 mm

3.13 3.12.2
3.12.1 3.12.2
3.12.3
Xy
3.13 Al 6061 — Si
3.13.1 1 kN X
3.12, 3.13
1 kN
4
3.13

89

ADINA R&D Inc.

7.3 mm (= 0.3”)

3.12
1000
1 kN
3.12
3.13.2
10 MPa
1 kN



Al 6061 ABAQUS
ABAQUS
1 kN Al - Si 1.57 X107 m
Al RMS=28.58x10°m Si RMS=
3.2x10° m Al 1
Al - Si ADINA
3.13.3 3.13.2
1.68
hoc P" n
n=0.94 0.985 [3-11](3-12] n = 0.95
[3-13] 1.7 1.8
Al 6061 n=049 0.52
[3-14] 3
Si
Al
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Sapphire Glass;1.0mmt

Sample End

Sample Center
(Measuring Point)

Al 6061; 0.223mmt

:0.225mmt

S

6061 - Si

Al

3.12.1

Sample Center
(Measuring Point)

3.12.2
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Contact Pressure,

P[MPa] Contact Pressure
19.31 5?53 on Al6061 Top Side
l 14.48 o _ Sample End
966 Q@\Q{& (x=y=5 mm)
%)
4.83 ;

0.00

Sample Center
(Measuring Point; x=y=0)

3.12.3 Al 6061 - Si

3.12 Al 6061 - Si
Imm
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= N N
6} o )]
T 11 rr o1 [ 11 [ 11T

[
o

0.0001

:1.00
10.10 |
10.01
0.001

0.0051.01520

(62}

Contact pressure at the interface
between A16061 and Si [MPa]

(@)

3.13.1

2.0x 1037

Contact pressure [MPa]

uv.0

3.13.2

1 2 3 4 5

X coordinate [mm)]

1 kN X

1.5x 103
1.0x 103]

5.0 x 104/

N

/"\.

0.2 0.4 0.6 0.8 1.0
Loading force [KN]
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10.00 .
I h |pLes
100 | o
0.10 |
L)
0.01 e

1.0x10° 10x10% 10x10% 1.0x102
Contact pressure at the sample center, P[MPa]

Thermal contact conductance, h [MW/(m?2-K)]

3.13.3

3.13 Al 6061 - Si

%4



3.4.3

Al

Si
3.14.1

3.14.1

3.14.2

3.14.3

1,2
Al 6061 S
Si
ABAQUS
ABAQUS Al 6061
0.223 mm, 0.225 mm 3.14
3.12.2 1000
1 kN Al Si
4 mm 3.14.3
10 mm
1.3 %
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Loading Force

Sample Center

Sapphire Glass
Al 6061 ~
- \
Sapphire Gla$\
~~

Sample End

/

3.14.1 Al 6061 - Si
= 1007 —0—2D Analysis
A= I - @ -3D Analysis
g 80 7.
% 60
§ 40 r
© I
g 20
& [
10 P R
0.0 2.0 4.0 6.0 8.0 100
Sapphire glass thickness [mm]
3.14.2
Al - Si
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Contact Pressure [MPa]

10.0

3.14

—O— Apparent Pressure
—&— Glass Thickness=1mm

—— Glass Thickness=2mm

—A— Glass Thickness=3mm

—@— Glass Thickness=4mm
—O— Glass Thickness=5mm

—{1— Glass Thickness=10mm

--X -~ Glass Thickness=5mm(3D)

0 200 400 600 800

Loading force [N]

3.14.3
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3.5

Al

Si

0.8 10 MPa
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5
3.6
Si
3.15 2.45 mmx 2.10 mmx 0.28 mm
Si 0.03 mm 8.00 mmx 8.00 mmx 0.52 mm
0.02 mm
6 5 0.075 mm
0.20 mm 5 x4 20
Si 50 nm
1.13 mmx 0.23 mm
Si
3.1
Sl [3-8]

132.7 K/(m-K) 300K S

99



[3-15]

148.0 K/(m-K)
Si
+ 20 %

Heat Source:
1.13x 0.23x 0.005 [mm]

Si Chip:
o 2u5x 2.10x 028 [mm]

Bonding Paste :
2.45x 2.10x 0.03 [mm]
- Multilayer Circuit Board :
8.00x 8.00x 0.52 [mm]
Conductor Layer :
0.02 [mm]x 6 layer
Insulator Layer :
0.08 [mm]x 8 layer
Therma Via
ainln $0.075 [mm]x 20 via

Adiabatic Boundary

| sothermal Boundary

Heat Source

*
--------

Thermal Via
3.15
3.1

. Thermal Conductivity [W/(m-K)]
Material Typical Minimum |Maximum
Si (Measured) 132.7 106.2 159.2
Si (Ref.[3-15]) 148.0 - -
Bonding Paste 33.0 - -
Multilayer Circuit Board 2.5 2.0 3.0
Thermal via, Conductive Layer 270.0 - -

100




3.2 JEDEC Standard No.
51[3-16]
Sim./Exp.
3.2 Si
1%
[3-15] 5 %
300 K Si 300 400
K
Si
53
Si + 20 % + 10 %
+ 20 % +5%
Si
(391 + 29
Si (3251 350 K
133.7 W/(m-K)
10 pm
1
2

I+

%
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3.2

c Thermal Conductivity of Materials Thermal Resistance
g [WI(mK)] |Board [W/(m-K)] [Sim. [K/W] | Sim/Exp.”
(1) 132.7 2.5 12.8 0.99
) 148.0 2.5 12.3 0.95
3) 106.2 2.5 14.2 1.10
(1) 132.7 2.5 12.8 0.99
(4) 159.2 2.5 11.9 0.92
(5) 132.7 2.0 13.6 1.05
(1) 132.7 2.5 12.8 0.99
(6) 132.7 3.0 12.3 0.95

* Board = Multilayer Circuit Board (Insultor)
** Exp. = Experimental Resuit of Thermal Resistance

Based on JESD 51 1°!
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3.7
(1)
100 pm
(2)
Si Al 6061 Si
a =80+ 3x 10° m¥s Al 6061 a =73+ 3x 10° m%s
[3-9][3-10] + 2 %
(3) Si
+ 1 %
(4) Si Al 6061
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3.16
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Thermal Resistance of a Semiconductor Module

Circuit Board Sermconductor Chi p Void
ﬂﬁﬁﬁﬁi -
10 Bondmg Paste ~Thermal V|a =0ER |
9 : i /\ Circuit Board
3 | [\ Bonding Area
| Therma Via
7 I
6 : Void Fraction —e—Void 0%
s . || (Increase) B
v 5_ | —— V0id30%
T4 | o
3 W%?\‘ |= = -Solder/ 2 4R |
2| |
1
ot
0

I‘l‘”2|‘ 3‘”4‘H5‘H6H'7 8
Distance from Junction Area, Cross Plane x 104 [m]

3.16

105



4.1
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TEG (Test Element Group)
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TEG

TEG

Liu AlGaAs/GaAs HBT (Heterojunction Bipolar Transistor)
[4-1][4-2][4-3]
Gao Kim [4-4114-9] Kim
HBT [4-5]
GSM

Loy Busani

[4-6][4-7]

Langari GaAs Si

[4-8]
GaAs-HEMT (High Electron

Mobility Transistor) [4-9]
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HBT
HBT

4.2

4.2.1

(1)

109

GaAs HBT



(2)
(3)
(PCG , Preconditioned
Conjugate Gradient Method)
(4) MPI (Message Passing Interface)
Windows® UNIX®
3000
1
(5)
(6) PCG
20
4.2.2
4.1
10
CAD
UNIX®
Windows®
100
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PC (Personal Computer)

4.2 X CT (Computed
Tomography)
[4-10][4-11]
X CT um
CAD
CAD
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MEMS (Micro Electro Mechanical Systems)
[4-12]

PC 10

Small Scale Simulation ( < 1M Nodes)------ Server
Nonorthogonal Mesh

_ ' ~~
Circular Section - Polygon \
Large Scale Simulation ( > 1M Nodes)------ MPP%
Orthogonal Mesh
Circular Section - Rectangular Solid
Model for Inside of Handset
Radiative Heat Transfer  — Negligible
Convective Heat Transfer — Negligible

1) Thermal Modeling for Inside of RF Module
Each Heat Dissipating Unit
|sothermal Boundary Diameter and/or Layout of Via
etc. Included
2) Thermal Modeling for RF Module with Printing Board or Handset
— N\ T~

Detailed Structure in RF Module
Simplified

4.1
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N

y,
\J =

\CAD - 3D Modding) ~ \ 1Voxe Mesh]

4.2 x (T
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4.2.3

€y
4.3

[4-13]

1 nm 10 nm
100 um

pm 10 mm

SEM (Scanning Electron Microscopy)

10 mm
5
0.1 100 um

100 mm

114
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1000

4.3

4.3

10 pum

20

(2)

[4-14][4-15][4-16]

[4-16]
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10 nm

Xy

[4-14][4-15]



(Al | )
10 nm < 100 nmt,

J

Cross Sectional View of a Transistor

Cross Sectional View
of Multilayer Circuit Board

\_ (with SEM images, 2D) ) \_  (WithSEM images, 2D) )
===4 3D Model (Chip or Wafer Level) | { 3D Model (Board Level) |
/4—{100um~10mm}—>\ / m\
Wiring Transisto ]
r_=+=_j ’L=_=_j Via
[::::]H === E::]H === Pad
Mask Layout Data
Mask Layout Data of Semiconductor Chip of Multilayer Circuit Board
(for Each Layer, 2D) v \ (for Each Layer, 2D)
(" =) . Unit Heat \
Analytic Area Dissipating Cell
“ Chip
Cross Sectional View of Print Board 2 <
ith SEM i 2D -~ Heat
\_ (wi images, 2D) J Spreader
Y X
Multil Circuit Board
(3D Model (Print Board Level) g\ ultilayer Circuit Board
3D Model

Mask Layout Data of Print Board
(for Each Layer, 2D)

3D Mode
(Device 3D Model
\_ ~ Print Board Level) / \ (Chassis Level))

(Module Level, 10 nm ~ 10 mm)

4.3
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[4-12]

4.3

1 nm
1 mm

10 nm 10Y

1pum

100

1000
)

1000

1011

20

117

10 mm

10 mm



(Central Processing Unit)

)

HBT
MOS

MOS

MOS
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CPU



1000

HBT
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4.3 GaAs HBT

(HPA, High Power Amplifier)

HBT
GaAs
GaAs HBT  Si
GaAs HBT
4.4  HBT 4.4.1
4.4.2
4.4.2 HBT
HBT
HBT 4.4.1
HBT  1/3 HBT
[4-17][4-18][4-19]
(GaAs)
HBT
HBT
HBT
HBT
HBT
HBT

HBT
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HBT 441
HBT GaAs
PHS (Plated Heat
Sink) PHS
GaAs HBT
4.4.2 HBT HBT
GaAs
4.4.1 PHS HBT
HBT
HBT
HBT
PHS
HBT
HBT
HBT
[4-1][4-2][4-3][4-4][4-5]
HBT
HBT 441

HBT
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Collector wiring (metal 1)
i Collector eectrode (metal 2)

L
Insulator : GaAs
\ Collector (GaAs)

| == Tunneling barrier (InGaP)
\\\\GaAs

Base (GaAs)

_\Emitter (InGaP)”
GaAs (thickness = t)
Etch-stop (InGaP)"

PHS (metal 1)

GaAs substrate’

Conductive Epoxy
" The thickness of the emitter layer, etch-stop layer, PHS,
GaAssubstrateare 0.2t,0.06 t, 12.0t, and 30.0 t in the
original configuration.

4.4.1 HBT
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J—

-

Insul ator

—

\

\

—

]

_—

L~

/

Emitter wiring (metal 1)

T Emitter electrode (metal 2)

GaAs
Emitter (InGaP)"

— | Base(GaAs)

Collector (GaAs)
GaAs

GaAs substrate”
PHS (metal 1)

" The thickness of the emitter layer, PHS, GaAs substrate are
0.03t, 12.0t, 30.0t in the numerical analysis.

4.4.2 HBT
4.4 HBT HBT
HBT GaAs t

4.1
: Thermal Conductivity,
Materia % [W/(M-K)] y
GaAs 46.0
InGaP 9.0
Metal 1 (Au) 313.0
Metal 2 160.0
Insulator (SIO,) 1.5
Conductive epoxy (Ag paste) 30.0
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4.3.1
441 HBT
4.4.1 HBT
GaAs GaAs t
PHS PHS GaAs
4.4.1 HBT GaAs
4.4.1 GaAs t
PHS GaAs 0.2t 0.06
t 120t 30.0¢t
4.4.2 HBT
HBT 4.4.1 HBT
4.4.2 PHS GaAs
0.03¢ 120t 30.0t
HBT HBT
HBT
HBT
HBT HBT
HBT PHS
HBT PHS
HBT
HBT
4.4.1 HBT
GaAs t 4.4.1
HBT 4.4.2
HBT
4.5t 30t 4.4.1 4.4.2 PHS
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HBT
HBT
4.1
HBT T, HBT
T[max 1 W
4.4.1 HBT
HBT
PHS
HBT
4.3.2
45.1 HBT
4.5.2 4.5.1 HBT
GaAs PHS
4.6
4.4.2 HBT 44.1
HBT 2.18
4.3.3
4.6 PHS HBT

PHS 2
PHS 15 % (0.15 ) HBT
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21 %
InGaP InGaP
HBT
PHS 4.4.1
15 %
HBT 17 %
4.4.2 HBT HBT PHS
2 24t 0.03 t
HBT 218  0.79
HBT HBT
64 %
HBT HBT
13
4.3.4
HBT
HBT PHS
24t 0031 4.6
HBT 1/3
HBT
HBT
HBT HBT
MOS
4
4
1 10
4.7 4 HBT
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HBT
HBT
PHS
4.7 4 HBT
4.8 4 HBT
4.7 4.4.1
HBT GaAs 15
HBT HBT
4.8 PHS
4.9 410 4 HBT
4.9.1 4 HBT
4.9.2 49.1 4 HBT
4.9.2 4 2 ( 47 No.2 No.3)
HBT HBT
4.9 GaAs t 15
HBT
HBT
4
GaAs t
HBT
4.11 4.2 4.1 4 HBT
HBT PHS

HBT HBT
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No.1l HBT
4.2
411 No.1 HBT
28 %
3% No.2 No.3 No.4
No.1 HBT
14 %
PHS
4.2 4.7 HBT
No.4 No.2 No.3 PHS
4 HBT
HBT
HBT
No.1 No.2 No.3 No.4
HBT

128

4.11 4.7

4.11
72 % PHS
7% 4%
HBT
No.2 No.3
No.1
4.2

4.2

13% 14 %

No.2 No.3



Insulator

Metal 2

Collector (heat-generating layer)
Base

Emitter

Coallector wiring

|sothermal boundary (7,=const.)

AT = ix]ﬂo [%0]

GaAs substrate

J max b

4.5.1 HBT 4.5.2 HBT
4.5 HBT

GaAs

HBT Timax Tp AT
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225T—(T Ordinary emitter-up HBT

2007 i
1757 . . .
150; Original configuration
5 125; )
5 100— 100 — T 1= -
T®—= 1 5=ttt 71
o & S - 0 0.08t 0.16t .
.27 95— —<
S O ) d
8L god O
8582 1
© g £ g5 . / ,’g
Q c - -
O a o - e
& 3 b N ///’ _
N5 805 ® &: Thicknessof PHS= 12,0t
8s2 1 .- O : Thicknessof PHS= 240t
s E§ 753 - - ——
E o O LI I UL} I I I LI I LILEL I I UL} I
jo - 0 0.04t 0.08t 0.12t 0.16t 0.20t
= Thickness of emitter layer, normalized based on the

thickness of the GaAslayer "t " inFig. 4.4.1

4.6 HBT

4.4.1
PHS 441 GaAs t
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Finger pitch=15t,20t,30t,and 40t (15t, in original)
——

No. 1 No. 2 No. 3 No. 4

Emitter [ L lCoIIectorl | | | | |

: /Base —

—1 —1 —1 —

GaAs layer (thickness = 1)

ﬂ Conductive epoxy X

\PHS (thickness= 12t and 241) GaAs subsirate

4.7 4 HBT
15t
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Thicknessof | PHS

PHS|12 1|24

02t @[ O

O
o

100 emitter,
O\ Emitter
3

003t | O

00)
o

~
o

(o))
o

10t 20t 30t 40t

Thermal resistance of collector-up HBTS,
normalized based on the original
configurationin Fig. 4.7, [%]

of GaAslayer "t" inFig. 4.4.1

S0t

Finger pitch, normalized based on the thickness

4.8 4 HBT

4.7
441 GaAs t
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Collector
Base
Emitter 4.9.1

Conductive epoxy PHS

4.9.1 4 4.9.2 4
HBT HBT
4.9 HBT
GaAs AT
HBT Timax

Thp.
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layers, normalized based on the AT of

Temperature distribution of heat generating
original configuration, AT

Tj max'Tb1 [%]

Finger pitch=15t1
<—MQJ3—M<—»

100
sof /f\ R
: % I
60 [
[} | Thicknessof | PHS
40 F—F l emitter, PHS|12 t[24 t
[ A1 " [Emitter] 0.2t | == | —
/j 0.03t|==1|---
20 ‘o a P P PR L e e s s s s e T
-30t -20t -10t O 10t 20t 30t
Horizontal direction, normalized based on the
thickness of GaAslayer "t " inFig. 4.4.1
4.10 HBT
= 15t
AT = Tjmax - Tp
PHS 12 t 0.2t
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28% of heat generated in No.1 spreads to the collector wiring.
7%, 4%, and 3% of the heat generated in No.1

Adiabatic flow through fingers
boundary No. 2 through 4.
Do not heat
Conductive
epOXy
|sothermal boundary Adiabatic boundary

72% of the heat generated in No.1 spreads directly to PHS

4.11  HBT (No.1)
No. 1 72 % PHS

28 %
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4.2
15t,24t PHS 0.2t
70% 72% PHS

28% 30 %

Heat spreading through collector wiring
Finger to HBT fingers [%0]
generatedheat| No.1 | No.2 [ No.3 | No.4
No. 1 -28 7 4 3
No. 2 7 -30 6 4
No. 3 4 6 -30 7
No. 4 3 4 7 -28

28 — 30% of the heat generated in each HBT finger spread
to the collector wiring.
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4.3.4 HBT

GaAs
HBT

(1) HBT HBT
HBT 64 %
HBT PHS
HBT
2 HBT HBT

HBT
HBT

(3) HBT InGaP GaAs

InGaP

InGaP

15 % 17 %
(4) InGaP

(5) HBT

PHS

(6)

(7
HBT
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HBT

HBT
HBT
GaAs
PHS InGaP
HBT
HBT
HBT
15 % 4.5
HBT

2.18

138

HBT

4.1.2



4.4

HBT

GaAs HBT

HBT GaAs
HBT

InGaP

HBT

HTB

HBT

MOS

HBT

HBT
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4.4.1

€y
4.12.1

HBT

4.12.2

Sink)
4.12.2

HBT

10

100 pm

HBT

((E/B) junction)

4.12.2

140

4.12.1
4.12.2

PHS (Plated Heat
4.12.1
PHS



4.12.1
(Semiconductor substrate) PHS (Bonding paste- 1) (Heat
spreader) (Bonding paste- 2) (Multi layer circuit
board) (Thermal vias)
4.12.1
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FEM model

m————— Z Semiconductor substrate

Bonding paste - 1

[ Heat spreader

| L Bonding paste - 2

— Multi layer circuit board
—Thermal vias

4.12.1

Micro strip line (Emitter)

icro strip line
(Collector, Base)
TN Insulator
T Heat flow (E/B) junction
Semiconductor substrate
4.12.2 HBT

4.12 HBT
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(2)

4.12.1
1/4
4.13 4.13 (HBT finger)
4.12.2
+5 10%
1
1 150 pm
18 um 132 um
150 um 350 um 25
300 K [4-20]
SiO,
GaAs
4.3
20 70
100
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Yi

““"j}FEMmodeI

' (1/4 model)

/:V HBT finger

- X

prootooNooROOIOD \

- HBTs (alay)

\ u
— Semiconductor
substrate
4.13 1/4
4.3
Material D3ensity Specific heat Thermal conductivity
x10 [kglmﬁ [kJ(kg K)] [W/(m K)]
I nsulator 2.19 0.860 15
Semiconductor substrate (GaAs) 5.32 0.350 46.0
Micro strip line, PHS 19.30 0.131 313.0
Heat spreader (Cu) 8.93 0.397 395.0
Heat spreader (Al) 2.70 0.896 180.0
Heat spreader (Mo) 10.22 0.248 138.0
Thermal via 8.40 0.290 270.0
Multi layer circuit board 3.20 0.800 2.5
Bonding paste-1 4.50 0.320 30.0
Bonding paste-2 14.52 0.200 24.0
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AT 0
R =4T/0
(1)
(2)
(3)
(4)
2
(5) 3000
(6)
Model G1 230.4 GFLOPS
8 CPU
CPU 1
4.4.2
D
4.12 4.13
50um 1
2 umx 20 pm
1 16 x6 96

145

R
(4.4.2)
SR8000
128 GB
x 2
1 mm

4.13
14.5 um



PHS 1 2
1 50, 15, 30, 300, 30, 150 pm
4.13
1.3 mm 1.8 mm
2 3
4.14
4.15
4.14 4.15
ZLl’ls‘)‘ttl’
ths / thsﬁstd ths / thsﬁsld = 1
Rstd R /Rstd Lhs / ths_std =0
4.14 4.15
Ihs / thsﬁstd =0.5 1
4.16
4.13 Xy
Wchip 1 W
4.16
X
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y HBT

[4-1](4-2] 4-3][4-4][4-5]

[4-6][4-7][4-8][4-9]

4.16
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Nondimensional thermal
resistance, R/ Ry * 100 [%0]

Nondimensional thermal
resistance, R/ Ry, * 100 [%0]

120

115 |

110 g

o5 L

105 |

100 |

—— CuHS
—— Al HS
—&— MOHS
0 0.5 1 15 2
Nondimensional thickness of heat spreader,
ths / ths std
4.14

125

120

115 L

1!

110 |

100 L

105 |

4

0

05 1 1.5

—g—1

2

—e— HS/Chip=1.1
—@— HS/Chip=13
—&— HS/Chip=15

Nondimensional thickness of heat spreader,

4.15

ths / ths std
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30

25

- 20
15
10
5

[T
ol

)

O W O 1 O W
—

[MM] 1V ‘9rJISgns J01oNpuodIwss Jo
a9eJIns do) ay) uo uonNngLISIp auneeduws |

0
GaAs

4.16
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(2)
4.12
PHS

4.17.1

100

+* 67 %

-4.7 %

4.13

GaAs
GaAs
104.3
+5%

4.17.2 PHS

4.17.3

1
+4.0 %

-0.7 %

4.17.5

GaAs

(GaAs)
1
75 % 94.7 125 %
GaAs + 25 %
+4.3 -15 % GaAs
PHS
4.14 4.15
PHS 67 %
-67 %
4.17.1
PHS GaAs
4.17.4 1 2
+ 33 %
2 + 33%
+0.6%
1
1
2
+ 33 % +7.3 %
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-4.2 %

4.17.6

4.17.7

4.18

-100 %
-15.2 % 3
4.17.1 4.17.6
4.18
+24.4 %

151

+6.0 %

-15.4 %
1/4



Nondimensiona Thermd Resistance,

[%0]

5 8

120

3

Q0
o

N
o

o

94.7

100.0

104.3

B N

-25%

[0 GaAs+PHS
[0 Bonding Paste 1
B Heat Spreader

[l Bonding Paste 2 &
Circuit Board

Typical

+25%

Thckness of GaAs Substrate

4.17.1

152

GaAs




Nondimensional Thermd Resstance,

[%]

5 8 8

120

3

N
o

o

104.3 100.0 98.5

N B

[0 GaAs+PHS
(0 Bonding Paste 1
B Heat Spreader

[l Bonding Paste 2 &
Circuit Board

-67% Typical +67%
Thickness of PHS

4.17.2 PHS
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Nondimensional Thermd Resstance,

[%]

5 8 8

120

3

N
o

o

95.3

o N

-33%

100.0

104.0

[0 GaAs+PHS
[JBonding Paste 1
B Heat Spreader

[l Bonding Paste 2 &
Circuit Board

Typical

+33%

Thickness of Bonding Paste 1

4.17.3
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Nondimensional Thermd Resstance,

[%]

5 8 8

120

3

N
o

o

99.3

H B

-33%

100.0

100.6

[0 GaAs+PHS
[JBonding Paste 1
B Heat Spreader

[l Bonding Paste 2 &
Circuit Board

Typical

+33%

Thickness of Bonding Paste 2

4.17.4
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Nondimensional Thermd Resstance,

[%]

5 8 8

120

3

N
o

o

107.3 100.0

B N

95.8

[0 GaAs+PHS
(0 Bonding Paste 1
B Heat Spreader

[l Bonding Paste 2 &
Circuit Board

-33% Typical

+33%

Thermal Conductivity of Bonding Paste 1

.17.5
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Nondimensional Thermd Resstance,

[%]

120

84.8
100 -
80 |
60 |
a0
20 |
o | Il

93.9 100.0 106.0

=8 F

-100% -50%  Typical

4.17.6

Number of Ceramic Layer

157

+50%

[0 GaAs+PHS
[JBonding Paste 1
B Heat Spreader

[l Bonding Paste 2 &
Circuit Board




Nondimensional Thermd Resstance,

[%]

5

[0 GaAs+PHS
[JBonding Paste 1
B Heat Spreader

[l Bonding Paste 2 &
Circuit Board

84.6 100.0 124.4
120 |
100
80
60 -
40 -
4l B .
0
Min Typical Max
Total Effect of Evaluation Items
4.17.7
4.17
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*1:BP :Bonding Paste
*2: )k  : Thermal Conductivity
*3: PKG : Number of Ceramic Layer

8

5

110 -

3
[
[]

Nondimensiond Therma Resistance,
[%]

GaAs  PHS  BPI'L BP2!  }_ g2 PKG'3Alignment Total

Thickness
Evauation Items

4.18
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3

Standard model

Through-type model

4.19

50, 300, 450 um

86.6 13.4 %
GSM

1 5.0 ms
3/4 (Duty 1/4)
4.21 4.4

4.20. 4.21

A Tstd
4.20 4.21
A Tstd

160

1/4

4.20

100 :



PHS
(Semiconductor substrate / PHS) 1 (Bonding paste - 1 / Heat
spreader) 2 (Bonding paste - 2 / Circuit board)
A Tstd
4.20 4.21 10 50.0 ms
4.21 6
90.7 % ATys 78.6%
10 A Ty 81.8%
100 : 86.6 81.8 : 78.6
13.4 % 4%
ATy 90%
ijax
Tbottom Qmax
R
R < (ijax Tbottom) / Qmax (442)
25 %
25 %
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3/4

Duty 1/4 25 %

100

FEM mode Semiconductor substrate FEM moael

PHS———~~_ 0 ~"~"7~77° — 1
Bonding paste - 1
Heat spreader
Bonding paste - 2
| I Multi layer circuit

—_

— i board = '
: | Thermal vias :
Through-type model (1/4 model) Standard model (1/4 model)
4.19
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=
N
o

=
o
o

0]
o

(o))
o

AN
o

A T/A T4 *100 [%]

N
o

Temperature distribution,

o

=
N
o

=
o
o

o8]
o

o))
o

N
o

A T/A Ty *100 [%]

N
o

Temperature distribution,

o

— Junction (max,
steady-state)

4| —®— Junction (max)

QX Lkl ~o- Junction (av)
VIV IV IV IV IV | St
AN

—=— Bonding paste 1/
O 10 20 30 40 50| Heating mode

//

Heat spreader
Operation time [mg]

4.20

— Junction (max,
steady-state)

—&- Junction (max)

I I I
86.6% oOf AT,
/

/ 78.6% of AT,

LL REses _» Semiconductor
LIV I \\L\\&

-0- Junction (av)

Substrate /PHS

_» Bonding paste 1/
Heat spreader

_eBonding paste 2/
Circuit board

]

0 10 20 30 40 50
Operation time [mg]

4.21
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4.4
M odel Steady state | Transient
Standard model 100 818
Through-type model 86.6 78.6
Through-type/Standard 86.6 96.1
4.4.3
HBT
4
4.16
4.12
422 14 Liu
[4-1][4-2][4-3] 2 umx 20 um
12 x 8 96 20 um
3 60 um
PHS 1 2 1
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50, 15, 30, 300, 30, 150 um

4.22
1.3 mm 1.8 mm
(1) 2.5 um
(2) 1/2 10 um
(3 240 pm
4.23
4,22 X
4.23
100 4.24 4.25 4.26
4.23
4.23
4.23 1st Line 4th Line
1st Line
4th Line
4.23

165

2

4.27

40 pm



34.9 %
35 %
4.24 4.25 4.23
4.5 4,23 4.24
4.25 4.5
4.23
100 46 4.7

4.24 4.25

4.24 4.23

1st Line 4th Line

4.24
4.23 3 %
4.23 83 %
4.25
4.24
1st Line 4
4th Line 4.23
10 %
53 %
4.25 4.6
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2
4.25
1% Line-p, EIEERERR
ond Line/;:'::"l\\ 10 201 201 201 20! 201 [ 10¢m]
3rd|_ine un\ 3OII ﬂ{; %'15 ﬂ’jﬁ‘V
4th Lin T S e
O
S
1Y 18t 2nd 3rd 4th Sth 6th
(FlE /NLIL rr?]ggzll) Semiconductor
substrate HBT finger
4.22 174
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[EEN
o
o

90

80

70

60

of semiconductor substrate [%]

50

Temperature distribution on top surface

4.23

110

[EEN
o
(@)

90

80

70

60

of semiconductor substrate [%]

50

Temperature distribution on top surface

4.24

- — 1st Line
A 2nd Line
AT, ; 34.9% of o i
thermal resistance 3rd Line
—4th Line
0 20 40 60 80 100 120 140 160
Distance from module center [x 10°m]
GaAs
- — 1 Line
I 2nd Line
i ----3rd Line
" [82.6 % of AT, —4thlLine
- | in Figure 4.23
0 20 40 60 80 100 120 140 160

Distance from module center [x 10-°m]

GaAs

168

2



Temperature distribution on top surface
of semiconductor substrate [%]

[EEN
o
(@)

50

—1st Line
------- 2nd Line

----3rd Line

4th Line

51.9 % of AT]j
in Figure 4.23

4.25

40

60

80

100

120 140 160

Distance from module center [x 10°m]

GaAs
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HBT

D

4.5
Distance between center position of
adjacent HBT fingers R=
[x 10°m] ATIQ AT/
1st 1St 2nd 3rd 4th 5th [0/0] [%]
F| g _2nd _3rd _4th _5th _6th

4.23 20 20 20 20 20 20( 100.0| 100.0

4.24 40 40 25 10 10 10 97.0| 826

4.25 30| 275 25| 225 15 10 89.6| 519

* AT] = T/'max - ijin
4.6 HBT
(2)
Distance between center position of
adjacent HBT fingers R=
[ 105m] ATIQ AT/
1t 1st 2nd 3rd Ath 5th [%] [0/0]
Fi g. -2nd - 3rd -4th - 5th _6th

4.25 30| 275 25| 225 15 10 89.6| 519
- 30 30 25 20 15 10 90.4| 532
- 30 30| 275 20| 125 10 91.1| 531
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4.4_4
4,23
426 4.27 4.7
4.26 0.2 um
4.7
16:16:18:1.8:2.2:3.0
4.25 4.6
4th Line
4.25
4,23

45 %

4.27 4.26
4.23

426 4.27

Liu [4-1]
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4.26

10

— 1stLine
------- 2nd Line
----3rd Line
———4thLineI

44.6 % of AT]j
in Figure 4.23

=
o
o

of semiconductor substrate [%]

A A
\\
| |

20 40 60 80 100 120 140 160
Distance from module center [x 10°m]

Temperature distribution on top surface

(@]

4.26 GaAs
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Q
11
"§ — Of —1st Line
ié 100 [ D 2nd Line
=) i -
2R i ----3rd Line
C S
S® 9 | : — 4th Line
S 3 131.1 % of AT
= 5 in Figure 4.23
28
Bg .
28 \
: R
'B \
: i
E RTI AN N
0 20 40 60 80 100 120 140 160
Distance from module center_[x 10'?m]
4.27 GaAs
4.7 HBT
Width of HBT fingers
R=
[x 10°m] ATIQ ATJ-*
1t 1st 2nd 3rd Ath 5th [0/0] [0/0]
Fi g. -2nd - 3rd -4th - 5th _6th
4.23 2.0 2.0 2.0 2.0 2.0 2.0( 100.0| 100.0
4.26 1.6 1.6 1.8 1.8 2.2 3.0 909 446
4.27 1.0 1.0 1.0 1.0 4.0 40] 105.1] 1311
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4_.4.5 HBT

(1)

(2)

(1)

(2)

©)

(4) 25 %
25 % 80 %
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(1)

(2)

(3

(4)

1/2

GaAs

HBT

175

10 %



5 TEG

5 TEG

5.1

5.1.1

4 HBT

3 100 pm
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5 TEG

5.1.2
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5 TEG

5.1.3

€y

(2)
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5 TEG

SPICE (Simulation Program with Integrated Circuit Emphasis)

SPICE
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