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1.1. A =474

1.1.1. Wh=A] A=} W3}

YA o= LSI FH elA Z+7Fe] 1P (Intellectual Property) o] A}
ole] AYAS fgt WO R AAE 2 X (System—on—chip, SOC) ¥}
Al2~El ¢l 3 7] %] (System—in—package) 7} AletE U1 o]E 3 3}7]
9ske] Z+2} On—chip wiring ¥+ In—packaging wiring®] AF&% 31tt.
18 Y On—chip wiring®} In—packaging wiring< 217} H]£3 39
= "HolA @A e 7HA I ]l ol & Eekshy] flstel v AEE
H]o}(Through Silicon Via, TSV) & ©]&3%F 32 LSI AE|7] A]|AH
(3D LSI stacking system) @Eje] o] A= dvt(1]. 17 1.1

Mgl 2 H, AlaE QL 717, 3R LSI 287 AJ2Fe] 7)d 2o



System on Chip System in Package 3D LSI Chip Stacking

SOC Technology SIP Technology System Technology
IP Chip
LSI Chip IP Block Package IP Chip
7~ AF ALF Through
4 Si Via
” 4 11O Buffer &
ESD Circuits

3D ICE Tz AA Folojg wre golojEo] A=Ho 9= Fx%

-

T o7]o] ZZoly AEE 19 IC W MEMS AlA o] ¥35+=
TZ2 AAEAQT[2]. 29 1.29 29 1.3 27 iy ~A95S 2

3 3D HER a3 MEMS Al =4 Fo] £9E 3ol

DRAN

A DR AN 3D SoC 3D Memory Stack

Z A 7
2V _J
'Amzm.lur
LN L
7T 77 A
A AF
W0 A7
V) ") M
VAT AT AV AT AT,
'1-2.“,’
VIV VS
NN

a9 1.2. 3D vlolaz Z2AA 9 3D HE 3 2a([2]

DRAM

SEAN

NICRO 3D Memory Stack 3D SoC
PROCESSOR



MEMs chip
CMOS RF-IC MM IC
Analog
Power IC Control
Logic IC | | |
Ll [1]

[ L [ [ | | | []DRAM

Processor
Interposer

29 1.3, 7Y AE = (2]

1.1.2. 329 A=A 37 71<2 Aok A+

Al

32k AA s 28 AAR Fdeke
Aleko] whEt}, S. Bhattacharya &< ©] 7<%

wE s dalof & WS AASHAT 3]

1.1.2.1. ke slols 5w
dolne AzaA B A9 #E A=

Aol e FAE =

| B5ols 4

AHgEE o

Forn REYXE Folof it

A FAIR dolHE AHelo] (Carrier) o £3 5 A

%A (Inter—level dielectric, ILD)S

Sensor chip

LSI
IC

|'] Flash memory

7HA "ol A e <l

Far

ol
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A ke
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oJof 3l HE 30-50 gmo FA dlo]H 7}t
Hg el gGA AMoAA= EAZE e
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1.1.2.2. dJoly #Hd =

ol

o359 flolH o] dEE o] = AHCAA EYES FA ok 1]
w Fol] 3 ojx = EA| (Warpage) 7F WAk 4= it} whabrd A 2-¢

29 240 gt A7 B s

1.1.2.3. dlo} Wo] g 4

5 A2 vetEs FAs7] 98 wlol & (Via hole) & &L

i3
0%
o
v
o
il
ok
N
ol
ol
~
o
ol
ol
2
N
X
Y
[-'O
I
)
[-'0
ol
e
e
u
a3
AU
r

1.1.2.4. 4 W= &4
A5 S dloldEo] A EHW AuUA HErt Srkste] &

A7 A weby 5d 9 AE SolHE a3 ATIAY MEE

1.1.3. 32k HA 3 ReM e & ZA

FH o] Z=oFx 8 Ax (Central processing unit, CPU) S04 =

J’—-! 'C':.' 1_'_]' T



ekl e o2 et HA ¢ xS Aol eyrEv[4]. TR

r1r

ol Fo7F Skl Qe 2l A2l %X| (Graphic processing
unit, GPU) = o 7le Z2AA ¢} wlel & 7FA o Qled], H3st
A AT CPURLE w2 A

=
HEE 7HA L Qlo] W& o= AREH AL 3t J. Appleyardel wEr

NVIDIA jie] 1319 Al Z* & 3kl Tesla C1060 1€ ik 9]

HEo ndestel A AVIE Eolde wHol 3Ad A5 Vs
AL oA A ity TR Qlete] V]E9 22k HAA R &

A dofl o3t ZAEo] TASHA HH, ] Fyol dFH= 2y

%= (Threshold temperature) &t} 2C A5sHA =W 72 9L 10%

AaFTTH9-10]. IR A Aol o] thefet JEj® o g o

HU
mlc%'

_VE

Wihe 742 39 T Ak ool kel dF= 7] "ol Alx

g w97l wolxwl FHO 2wt Holx7 Hol[11] FHo| FHol



olgfet &A= 53] ZIwo]l grobAl= FAlCIA W @Asith M.
Aoyagi & [11°] W=" 100 pm F71] 7]#e] A5 sdd Aol A
380 pm F719 7|HHET 2= WskEFo] 4u) o] Fo|irk. g 3D IC
o= Ho Footprint7b Zrolx a1 1o wel 3] EA A (Heat sink) 9]
AAE Zopx]7] wiite] dol 2 wbAqurbA] ok vk fvh2]. whE
A 3D ICE Tdsh] fleiMs 44 37t 9 37t Vel S8 S,
A5 R TxelMe] HAstE @ dgs vholaw a9l gk 9ol

= Txel dig e d 54 HF 2 AEdolds vieeR & 4

1.2. 32 g A3lze] &4 A4 <ld &%

V. Venkatadrii= 22+ 42 3209 HZA 329 Y7z W= 435
Ari(12]. 22 HA 3|29 Yz dAlo]#H (Thermosiphon), & 3}
o] 3 (Heat pipe), Q7|45 H I (Electro—osmotic pump), =ZAE

(Impinging jet), €77] W¥Z7] (Thermoelectric cooler), =7|%4=

12

A (Vapor compression heat pump) 5< ©]&3tt}t. dAfolH, A 3}
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N
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Z719H% 9 FLE Yzwst 2AAE olgde] vlolan Y 42
W& e
3ab0 WA sz Wz WEEe d RANNE olgste] oA Ei ]

Aol & d& H=Edt= wlolaE §-A &Y (Microfluidic channel),

AR SEYAE olgdtel FW BT YAAAE 1A 2

(Solid spreader) % 3Hd A E (Synthetic jet), @77] BE°] DC #

= kst sEAeE FH veolE WA= W Sol Atk
IBM#} EPFLZ wlolaz S o] §3te] 55 3xkd HAE 9
avs g v dk13].

3 &

pe

S WelE B thol Afold] A A9E w5 7]

[

25 94= v)& (Thermal interface material, TIM) 2] &2 o

2 9]

of o

ATF[14] 2 &4 vlo}(Thermal via)ol thd AFEo0] WaAHUTH2,

15]. Ael& FHo] PCBell A&%+= A%ols & % A% (Thermal

expansion coefficient) 7} t27] wjito]] HF=A] AT (Under—fill) &

gol s ojof st=d[16], dHZY 4 AELEE Bashy] 93 &

AZA dHF wide]l dastrt 2009del= 4 e AT vlop

(Through silicon fluidic via, FTSV) 7} A¢tE 7% sF3cH[17].
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1.3.1. @8ef 23 4 A

Aol o 4 Y B S vhekdt A volet e B, A7

o

o 7Hdste] ATEATH18-23]. X. Luo 5 [18] 19 1.49 #o]

=

ALdA Fee H tho] 9o U3t Heat fluxS TAA 7= LS

oX,

Agska 2 vl el obgiwal Swe] vl WaEE 4R sHgsgc
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a9 L4 A Aol o o A 2w =4 (18]

AlaEle] A 29 1.5 Zeol 9 fAC kEd Wb AEE,

Al o Rz YEEh

q
A Ty
L) ) Lu ‘
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| |
zy hi Tr

19 1.5, A]2E 9] Heat flow [18]
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A4 AbE] (Steady—state) o419l & A2 ofgfo] &l w2

=

(Laplace's equation) & W&t}

T+%% -9 (1)

223 teld] A 2des A F VS Rusdd 24

stk A theol o Siwa} ofsivo] Zhzh i A we] 4 AF

Frt

1
o

FEFL F AL BEHel (29 A2 Atk £38 A

COMSOL Multiphysics Al &# ol &5 o] g3t HA=3stt

(R s+Rhu)(R1D71+RsJ+Rhl)
R’ S+Rhu +R1D—1+Rs_l+Rhl

(2)

Riotal = Rip_cuu +

4 L
o o, Rip cuu. R ¢ Rhus Rip—ps Rsy Ry vzt 7%

r,
1o

P W A

3, 59 W AL, /1% ARoze gF A AP, /1% kel e

19 % 23k A% A AF, A% olgEAA Y oF 9 4G vhe

V. Kadambi 5 [23]> 2™t FH O 7| fo 48 & 713k
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2 A4 mae 4 A% ge 2EH U RS 44 9ok =9 A A
2 mageld Fod AL ddelie] exad, I AY ke Lok

wol Ho 255 72 & 2, wEhd S5 729 RHoa ] o

1.3.2. % A& vlo} 4 & nlo} A

ojdel wg A2 wlof = o Wlope] o Ad avkE AlEOIA
o BAZ =5 B, BE 3 ) e 5 789 vt vl (array)
of teted 2 WFomel d des LAAYI2, 15, 24-25], LED

el d 4 & 54 oAZdAlAdd weE= A Bk [25].
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2.1. 4 A& o] &

d A2 I 25 Aol o7 A oA o] o]F o FoHT,

o HAG ZITFEAAE HAE(Conduction), Wi (Convection), EA}

A= A A wjdoA] &% 7]&7] (Temperature gradient)

b EAE o gt e ouAE B2 AARFE ouATE A

& AR U4 duz AL QER $AEe] FEIAL 45
g & ul B Aolo] AuAZE o ek Roltk o] d A HA

T
a[N
flo

Ju

s &2 (Rate equation) ol oJ&lf =3t = sl=dl, Fel°l

1o

M2 (Fourier's law)olgbal e itk 1akel FwolM 2] u}
°

i

T2y TR AalA s o whg S22 ofgiek 2.

qQ"cond = _kd_T (3)

q"x (W/m2)= 4 % Heat flux) 024 x BFe] F23 BFor 1

e 29 W14 4 & Yehdg Al k(W/m-K)+ € IA:E%

(Thermal conductivity) 24 4 #HSF= 58S YEU = B4 0]
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azoldy Al A A AAW Afole] I abe] oA <

ol olEsHAl HH, FA9 HET}

3 ol

Kii=g=
7F ARG dF 4 dg

q"conv = h(Ts - Too)

(Phonon) ol 9Ja] o] &&= HAolvt. HAk= Ao

b

= wv

A EA A BEEH= olyAolH,
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q"rad =& G(Ts4 _Tsltr (5)
Tor o T8 <55 UYET 4 fF0 dHdS w3 2S Heat rate

2.2. JEDEC Standard

JEDEC Standard REE=A] Foko] 793 2FE @9dsts 718
JEDEC (Joint Electron Devices Engineering Council) oA HAE 4
Ao #Ek TS w3ttl. JEDEC StandardollA] 8F3]al 9l theks

HAE 3%+ Fo]A JESDSH1L @ HIEA tufo] Ao g4 =4 4

- 16 -



2.2.1. JA3s|2 47 545 fs ¥4 =3

JESDS1-2Ac14 = AHel o f Aeoa HE-F9 9 AL 374
g o] AP ARYS wAss] sl 84 x2de mEHetn

717 Atk el T asth At

r1r
&11
2
i
i
ol
X
o
>
lo

still airglal Ao, o]l# 3t 2AE s oA EF3tE H A
E RE 9o ZFFE 7|AE FA3h JESDS1-2AAM = 58S $
sk 2l AFxpe] Alo)=¢F A A, HAE HEO A 9x So it

&5 9 Sk

a9 2.1 HAE REQ MY W ([73]

a8 213 e yHyog HAE REE AHIL HAE REE

- 17 -
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AA S TRES &, U, EYTIRCIE, EYzeddy go] o

)
ki
o
©
p\v
flo
e
X,
o

do] ALE5 o], HAE REoA WA= Heof FHAsh

o] F&F= FoloF vk 1™ 2.29F 1™ 2304 A AL el A 9

12.5 Fackage mounted on board for test
152
3: — l’
25
}
171 Thermocouple
145
12
305 *

a9 2.2, HAE Fx 9 2y Ao 5w ([73]
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305

25

p[—=————=[4g

273

[+]
\Thermocouple

200

305

I9 2.3, HAE Fx 9 29 AApe] wbi [73]

T

2.22. 44 53L& T HAE WE 87

JESD51-9 ollA= 44 ZHol st 5= =stAl 918t
HAE BHE 2315 qrdstal ok o7]el= FR—-4 =42 PCB
HAE BEE 7 7|9 ¥He Axyd B4 57 o=
AN SFATH74]. H7)A] AFe]=7F 40 mm ©]8F1 9] PCB Alo] ==

101.5mm X 1145 mm X 1.6 mmeol¥, 7 7%= 19 2.1 3 7o}
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101.3 mm

— f=— 1.0 mm

99,5

mm

-

3.970 mma| }-ﬁ

240 mm
74.20 mm

1145 mm

95 mm

O% 24, HAE B A4 9 7] [74]
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3.1. Reference ¢

714ro 72

H (Finite volume method, FVM) <

S|
&

%

oF

T—
T

A2 R ol A

gt

o f

&9

AlEEOIH R o] &

ANSYS Icepaks

Eix

il

9 49 (Finite element method, FEM) ¥}

3.1

i

21 -



® 3.1 AEdeld fA 54

=4 2y ZA 17 B!
Air 0.00333 /K | 1.84e—5kg/m—s | 1005 J/kg—K
it Al 4 AEE a5 A
1m%s | 0.0261 Wm-K | 11614 kg/m’ 28.966 g/mol

2] ex e 9 Ee A4 G

25C 101,325 N/m” —-9.81 m/s* | 305%305x305 mm’
A Ew | 2 Ee AR A 21}
Laminar V=V,=V,=0 Steady—state | Surface—to—surface

waee] A4 P ARe Ao wdety] sl ofy wEI B
Mgz A teld 27 9 F, 99 A7) W g, whola
2 Wxel Aelzsl 4 @ o AEE, A wole] 279 717 W A

=

o AH HAE BHE 7] 59 ARE ¥ 3.3 Fde0

i

=22 -




% 3.3. 7Ee RuEde A AR
QAh = A S Tz
2X1.6, 5X5, 6X6, 8X8,9X9,]| 30, 31,
t}o] 7] 10x10, 20.5%20.5 mm? 34, 37,
7 30, 50, 80 #m 38, 40
HAE 7] 200%x200% 1.6 mm® (2 chips) | 34
HE=E =4 FR4 (PCB) 34
0.1 xX0.1, 0.5X0.5, 1.0x1.0]|1, 2, 32,
7]
mm? 36
a4
12, 35,
g 0.8, 1, 1.8 W/mm®*
46, 51
7] A& 25 gm, F7 16 gm 31
wlo] g2
4 50-100 g¢m 31
B
d AEE 1.6 W/m—K 32
A | 737 W &4 | SiNx 1.2 gm, SiOy 1-2 ¢m 31-32
dy 4 | 4 =% |0.55 W/m-K 31
7] A& 80—200 gm 32,44, 45
H] o}
A 200 xm 32
e ARE vgos d A, 4 vlof T Heo 4 IS Lol

- 23 -



T olud FEE gt E2S Reference® Asto] Rdy syl 1

4 3.1 &5 759 AlEYeld 2ot PCB HAE BT 9o 4

92 slol7 Ar Mol olal AEEo) i, AelT fo]H el Foo]

2 glo]

Wiz =o] Qlch. Z4zte] A7l ®E 3.4e AEslth 49

Qs AL WAt Mo Ao, AT A 1 Wmnm?o]

th 3.20014 4 E2A7I= APZ doly Sl Aduta 9 SHE.

(a)

(b)

Silicon
Heat source ==~ Under-fill

PCB

PCB

a4 3.1 & AlEeld B4 (a) &, (b)) A

24 -

2 A& ot
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7 [mm]
1.6
0.005
0.05
A2

HEolth,

=

o3

100
10
10

2ol [mm]
0.5

100
10
10

3.4. Reference 24 A}o]
0.5

% [mm]

Ry
aL

== A

PCB
G
2

0

1
)

X
B

of M &=

Nfo

4r
afs!

—_
fite)

4 &=

Hhd e FR4W Y

< o el 29 1/3 ootk

e

Bl [J/kg—K]
1300
660

! =74
1250
2330

=

o
Y% [kg/m3]

3 AwEs} v,
3% 3.5. Reference R
=% [W/m—K]
0.35
0.5
148
- 25 -
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tholob =9l 7k Y /FH (CNT)

Fube] it =

S

=22 M WrEA] 2] Thermal Management©l] o]

W

L

A AL

2 AR E 1 dAEA TIMO ZH

by
2540

£ o] Ao

gy 7 YR HEE ofe] Zhde] widEof

A= ATH[39, 41].

|& AR 9

A
—

o

B
B

A5

gkis

(€]

e el A

Qe

- 26 -



' -~ — mfn’!:‘
ZWE e 4

i AV MO ST

% 3.2. MWCNT =9 SEM o|u]A] [42]

T3 EAS ztet o]gd EAJS Microelectronics®  Thermal

Management®] &84 H0AQ1 Ado=z 23}, e Al

A 58S AE3 =RE5S Fol »7] A5 =3 Suspended FE7}

old A d Hx: EAol #HA3| Wojx|i=d], SiO,

PEECE

Monolayer graphene? & AEEE A2oA ok 600 W/m—K&tal H

-27 -



aH AT [52].

12 3ko] E (Graphite) & ®49 FAARA 7] AEAHS 9=
Semimetal EZo|t}, I 3lo] EE Hexagonal lattice®s 7FA 11 Q1o
A7 2L 0.142 nm, 538 Ael= 335 nm®E & A 3lHH[48].
A2 A x| we} Natural Graphite, Pyrolytic Graphite, Highly
Ordered Pyrolytic Graphite (HOPG) % alpha—, beta—Graphite

S0 7 EFy¥ =4, Natural Graphite®} Pyrolytic Graphite2] 73-$-¢l|

X
F_>-‘l_'4

o ATT7F B2 29 5= B2 A XA w4

H

W/m-K= A7 W= Zo] Bag vk 9lrh[49]. 2010de] B
wgel o8t 1-20 79 F& ZE Multi Layer Graphene (MLG)
T+ Ultrathin Graphtie®] oFHo] Abgtute]] #pof QL& o, #o]o]g]
7t s s 4 dEwrt S7kek=d [47], o= Suspended ¥ E Q)
AN B Qe A= whdigke JelA FEET(50].
ol Iefgto] E S} Abstute] A3 el A4 9] Roughness9t Defectell 2] gt
FEol FAZE F7FEel wey A3 ZAehr] wEolvt

T3 D JHelE) g Yl RH, gololrte] B4 W 3F

7bsd A7) st ARE ¥ 3.6-3.89] z+zF JERJ 9t

- 28 -



3% 3.6, 2 9 el E] EA W A7
d Ane B . -
(W/m—K] 7] 34 W 4 54 s g
21 layers Graphene flakes 47
1000(300K) | (~7.5nm) thick mechanically exfoliated
160 (300K) 1 layer Encased within dielectric
(~0.35nm) thick
3.2 X125 ym? Graphene flakes 54
600(RT) 1 layer thick mechanically exfoliated
on 300nm SiO,
900 - TPG by CVD using HC gas | 55
Metal encapsulated
>0.5X0.5mm?* CVD on 25 ¢#m Cu foil. 56
3100(350K) | 1 layer thick Suspended over holes with
diameter of 9.7 ym
1700 >30cm X 3m Pyrolytic graphite by CVD | 57
2.5cm thick
4.5%2cm? CVD on Cu catalyst using 58
4600—4900 1—-3 layers thick | CsH, (8007TC)
206nm Cu+300nm SiO,
X 3.7. 7HE UxFre B4 W A7
4 ARE A HF ] Ex )
[W/m—K] 7] > W 2 54 S
31 3-65.9 3?3—1000;zm Vacuum filtration met'hod 59
(out—plane) diameter . Suspended SWCNT film
55—142nm thick
3-17 10X 10mm” VACNT by CVD 60
(out—plane) 20—225 ¢ m thick | (Si + 100nm SiOy +
5nm Fe + CNT)
157 122—669 £m CNT film by dispersing in | 61
(in—plane) thick a solvent and filtering
1600 (Individual CNT)
(in—plane)

-29 .-



o,
N
W
)

% 3.8. HojotE o] &

d v B o N
[W/mK] 7] 34 W 4 54 s g
10X 10mm? CVD diamond on (111) p— | 62
500-1000 40—300 ¢ m thick | type Si.
Sputtered/electroplated Cu
1 X 1mm? Diamond coated on Si by a | 63
20 ¢ m thick hot filament diamond—
- coating system (seed layer
by immersing Si into
diamond solution=>CVD)
>100% 100 #m? Diamond is grown at 64
0.5 ¢ m thick 7507C for 3.5hrs by hot
- filament CVD.
Thermally stable at
1000TC
9900 5x10mm? Microwave enhanced 65
3300 28.4, 69.1, 185, plasma CVD on Siin ~100
408 1 m thick Torr and 800—900T

3.2.2. Al Ed°]A Input

o
=

13hg sy giskel mUY stk 3.19

i’
fol

Aol 4 A

i

Reference EHolA A dlol¥ WS 2 pm 72 dAsy o

Al Slel d EAIE F7EEY 7 Layers= A thol o] Aol T

- 30 -



Ho} itk A2 slolH e Wle] 77t AW A BAAE YAAQ

AL &S S 183 Aok, CMOS tufo]A 4 metal line 5°l

ol=of A& oF sttt 18 3.3¢] 4 +AH] BRES YERQITE 19
3.3(@ A= 2 AHS YRS, PCB HAE HE+= Akt
Aok douty & FBabrje] md Alo]= Wl BAL ¥ 3,99 ¥ 3.109]

7247 GeERd g th, deelAE 0.25 We] Heat rate7} A8 $he},

Spreader(1~10um)

Insulator(2um
Heat source Silicon( 50um )

— Under- f|||(50um)

(0.5%x0.5mm?2)
PCB(1.6mm)

(a) (b)

9 3.3, 49 A BE (A9, (bSH

- [mm] Z o] [mm] 7 [mm]
At 10 10 0.002
o FAab7] 10 10 variable
-31 -




¥ 3.10. 2dga & A BAA

o AT [W/m-K] | 9% [kg/m3] | 8] [J/kg—K]
At 1 2648 1000
o BEAL7) variable 2000 650
3.2.3. 4 #4719 4 Axro uE ®Hs)
d B E 9 Arnt g8 EAEE ASY S W 19 gE 2
= s et a9 348 AV 1 pmed 4 B4 4 A

EEE 1000 W/m—KellA 5000 W/m—K7+4 500 W/m—K4 %7147

W oew WakE seld Zolth o AERsl F74ee] we A vl d

A d AFS A7) el 24

719 9 AET7F 1000 W/m—-KQl 7%

L7} s

55C9 &% 4 avs gad 4

-32 -

1.7C, 5000 W/m—-K¢l ¢



=lum

+t

without spreader

(D,)2anmeladwag

on_H:u_._:._&.

2000 3000 4000 3000

1000

Spreader TC{W/mK)

a3}

719 A w2

=]
RUN

o]
=

3.2.4.

)

O
o
o

bea A

28

1 gmolA 10 pm7HA

719 FAE

}1\_]:

g

ojltt. &

A

O
i

A7 8 pm ©]

A1

[eZ]
=

o

o} 4 AE%7F 1000

s

A o

- 33 -
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80
without spreader
g |mrm g m e m T S
5 76 :
E 74 A T ® +  1000W/mK
hd
g . %% I * . = 2000W/mK
3 X a ™ * . 4 3000W/mK
& 70 L *
. 2 A T u < 4000W/mK
% ! ]
68 q— ? 5 A ¥ 5000W/mK
66 A !
0 2 4 6 8 10
Spreader Thickness(um)

3.3. 9 vlo} g

3.3.1. Al Ed°]A input

Reference E9oA 50 pgm FA9 AgZS #ES= 4 vlot=

rJ

F7reEAt. @ mlok= AlEd ol WA (meshh & 1E

- 34 -
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skewness& HAFTORE 7] fleto] WA FEE RIS B
ote] A7]%& 100%100 gm”e] 50 pme] F7& 7pxith vloh= 4 A
E57F 388 W/m—KQl F2lZ AYA™ Side walle]l 1 gm F4 9
SiO,= dAEo] Qlvk. 3 tho] AelA AE et vlot w4 (via
array) = Hjxstl o vlole] 1FAL 200 pm=z ASFk 1™ 3.6

of A& Yttt d o= 0.25 WO Heat rate?} A3 skc},

Heat source
(0.5%0.5mm?2)

Insulator(2Zum)
Silicon(50um)
Under-fill(50um)

Pitch©.2mm) pCB(L6mm)

2 oupte] b 2k ghae] v

rr

FF= Fdsiin. 149 3.7 1
=

232 eIt 66 olake] WAelHE Ao

- 35 -



rO
_O|L
32
o

79

785

T8

without thermal via

775

Temperature('C)

77

765

76

GxE Qx9 12x12 15x15

Mumber of thermal vias

" 3.7, F o] eltel] fAgE Hlope] Frofl mE A 2 WS}

3.8¢l

1
o2 ex

Y= Feld 4 ) 15x15 wdolA 2.5C, 66

WAL 1708 eEsk Fastgon, 1 olse WA ex

7

fol

317} 9}

U9 3.73% 19 3.89 A¥E Blaste] B 49

71&7] W37} vidjoltt. 1% 3.7 & Mlolrt el FgoloA AN

2 s vd e Aol ¥ 3.82 o Hlobl FAFREE T

solZ s v W] dytelrh. F, A Hlofel] AT 2% AL a3

- 36 -
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= o o} eluht we] QiAo uheh gebrth ks A9 2o

Aokt B o wlobl FEaFAC JFL Witk A % & Yok

EPFLAA B33 8 ol A9 kel o wlobg wAsh

He geksith66].
785
. — e — e — -
without thermal via
- F75
& »
w77
=
% 765 *
B >
£ 76 r >
F 755
75
745 T T T T T T T T T T T T T 1
A K o o ©
4" ] ] {i'+ {,;r
Mumber of vias
2% 3.8, 3 o] F40 AT wole] Fo] BE AY L% W

Hlo} widel 9142 19 3.99 2o el W YR o
s mgkeh, of wli wlol o wAgle] LE A ik = e
VA itk 8 3909 Aol B Exakn Qe Hebrt ¢l

- 37 -
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e, ol el £z AL ARk 4 woke Aelzke] gste] 3
wu7] WEel 2oz woln, slEe] WEAUD =R g AX
TH53]. 919 ABES Ba) 4 wokE MAT Wi Active devicelt

Signal TSVE wWsast#] gomA Hujst g9 7prtole] wjxA]7] L

_

Heat fluxE A &+ AE AAsfoF g2 & 4 Qloh. a8y 4w
ol 71EAog Ho A 2EE WFU|HT= HA3 2o oy HE
o] &% z2E Fol& dell azA 7ol " vE 4 dd 7%

s} g7 AHEE= 0] ETH66].

(a) (b)

%" 3.9, v f1Ae] 4 wlel v

-38 -
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3.4. d T2 BdY

oAl A A9 A wlotef] % 2% i A diE] w45k
o} o] FelAs ol WY VIHE Bt FrHE 2% Uax AYE
B Rl 2E gAiEiy 1 Ase stk EHe MEe A
S ok AEE dolF 9 ¥ rfolEe] 4 ArLEUF w& EAS 4
date]l 4 BEE VEE Aotk o)E fste] F24 A7 (wet etch) o]
U DRIE 74 & E3te] dlojs ¥ Atol=ef Adg FAdstal, o] A
Yo =5 s Fate e T ARt dRmvE 2 BAS A
A ¥ BYE 2ys 19 3,100 4 529 MEEE Hol F£9l

Heat path(0.5um)

Heat source
(0.5x0.5mm?2)

(a) (b)

A

o,

a% 3.10. 4 TE MEE, ()

o Aoz 7P E= Active deviced

dol J4= 2 flel & a7k g Eh

-39 -

Heat spreader(lum)
Insulator(2um)
Silicon(50um)
Under-fill(50um)

(B

(b) =



AR A7) AE% =3 7] g dd Az A7) 257t FAH

ol
>
o
o2
2
<
Y

3.4.1. A1 EY°]A input

2% 3119 o] A weFe] kst d 22 tRlakl)

& 0.5X0.5 mm®e A7) 0.25 We] Heat rateE WA 7131, &

71 1000 W/m—-K9 4 dAx%e 1 pm FAE nAs3Th o

B4 9 AR} 388 Wm—Ke Feeha 7-gshelrh

10mm =

2w

Heat source
(0.5x0.5mm2)

(a) (b)

a3 311 AAF € T2 YAl (a)

3.4.2. 4 2 A7) 9 ddef] mE 25 W

d TR FAL Fol dig 2k WIE

- 40 -

Heat path(0.5um)

o n@
e

o
i

Heat spreader(10x10mm2, 1um)
Insulator(10x10mm?2, 2um)
Silicon(10x10mm?Z, 50um)
Under-fill(10x10mm?2, 50um)

PCB(100x100x1.6mm?3)

™, (b) 59

o,



mmolA 1.0 mm7bA WA 713, FAE 1 gmolx] 10 gm7HA w3}

N EA AR gelagty 1 AaE 19 3.120) vehlich

77

765 #w=0.1mm
- 76 .’—Q Y Ww=02mm
a Aw=0.3mm

3 755 a ._._.
= X, — s w=04mm

E 75 e % ; Y

A Aw=05

g 745 ® x @ e w=0.5mm
- + < hd % S w=0.6mm

74 s ?
L +w=0.7mm

735 @
=w=0_8mm
= I I I ' ' w=09mm

0 2 4 & 8 10
*w=1.0mm

Path thickness{um)
9 3.12. 9 B2 Z3 T 2 99 &% ¥}
3.1.2404 4 AEE 1000 Wm-K, T2 1 gm F712 4 #A7]

7 98 Ao 99 &%l 76.6TCYUTE 19 31204 o ERE

AT (effective thermal conductivity) 7} =718+ Zo] dloleta 4

2 % 9k 19 313 wW 309 LR Aadr] A4 3.8%

- 41 -



o Agze TR dASE Ak A ¢ 5 ok A T

rl

-

d AEEE wstd 3.8%9 AAo] thAlE Bl 17 4 Axke

158.6 W/m—Kolth. & d&Z9 fa & AEx7F 7.2% F7herel u

RE
rlj
T
Ac)
I
[m
s
I
I
vl
i
(G
i
iy
kit
it
N
>
oto
i,
32
N
R
_1
2

77

765

76

73.5 “iib‘
75 T

745
74 L 4

Temperature('C)

735

?3 T T T T T T T 1
Q a5 1 15 2 25 3 35 4

2% 3.13. AEE dol¥ win] & T2 Fyje] wE 2k w3

e Bl A F2Y Ru b AnoR 9 wE 540
FolA RS otk A 29 ¥/t BAT W AR W] e

<5 RSE gl Bokth flolM dAad AR B 4 TRE ™

40 -
o A—I L= r:_] '5} T

i - N -



Lole} s, A® 2 XA 2 AW 3 A ol gAY E Ee

O

= YERit <&

3
rr

HeFo = &gith. 19 3.14e 7 HHe K<
F29 FAE 5 gmolH, £& (a)7} 0.5 mm, (b) ¢ ()& A wF

o] BAFEZ APt

N

I 10mm

(a) (b) (c)

a9 3.14. Al 74 HEe] A B2 ()", ) HE2, (o) HE3

% 3.15004 Al ZHA siERle] theiA 2= RistZE ofwlA dEebA =

)
At
S
o
fz
32
nt
£
i
Do
1o
rfo
Frt
p
b
ol
=
X
X
o
N
g
£
i
w
1o

n
o

N
=

e 2% Ha 53E HolA o= e & F otk ol 4 T2

rlo
o
i

A dold WA AAsHs Pk gHeE 9 AY 54

T AT S AuEth Al 7HA dEe A, Rl A9 44

32
=

o] A FAFZRE FH volo rPEAElR Hd Az Wl

lo

HE2= SHFZNE AlFst] 7R 7P w A7 o) 9l

- 43 -



F el

5
Rl

bt

Atolo] &% A7} Aol

H7he S AA

5
=

il = dol

9]

_ﬂ

o u ABololty. 1A of F

F7F Al 9l

e

39 A5 2k

B

A —h—h—k—h—h—k—h—h—

# Patternl

M Patternz

¢

A Pattern3

*

77

765

(o )aunyeaadwag

10

Path thickness{um)

1 3}

2z

d T2 Rl wE

13 3.15.

- 44 -
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A o}, A BE UAUAS v

o
Y
[40
ol
\1]
wW
2
ro,
4 l
EN

= Al 7E2E A9 4 A AlEdeld Y

& ZRAAE =48, Hlud A ZA dF 2 vAs vy

Layer= 7Fefsisie] elo] =Qlsh3it.

4.1. 32} Reference g 4 o 2A

4.1.1. 32}¥ Reference Ed

A FA7], d vlol T HO d AEe Eobge oud 7 RE fle
2498 Reference® A3sto] RdE sQlth. o] EEojx = AMD
Athlon IT X2 240 Processor”7} Layer 1°l| Qlil, Layer 2%} Layer 3¢l
= SRAMo] AFH o] 3= & 7Hg8k3lt. S. Redal69]+= &&= AlA]

£ o] &3}e] AMD jit2 Athlon II X2 240 Processor® €Y< HA=3}

e

Atk 19410049 2ol 14x8.5 mm’Y W] R Holsl g
of ol TRAMNAN FAH Ao AAEo] o EAH 9

o ZRAAMA BAgeE A 0.8-1 Wmm e® d#A glH12,

- 45 -



ATh Ak ElolM zzAM e mEee] e A7 72 0.15%

0.15 mm? ¢} 1x1 mm?o]t}.

448

SRAM Layout

a9 4.1, Z2 A4 (AMD) ¢+ WlE 2 (SRAM) & o] &3t d

- 46 -



a9 4.2¢] 2Ee] 7 x2E YeERd. JEDEC standard® 283t
A7 =4S 7Fgsle] 305%305%305 mm®e] &4 99 Yol PCB
AE HESL AP do|urt dAvide o8 giol wof Qlal, e
Aol flele= d FAI7 dawst @A FEEo vk Z47te] A7
o 4 Hg SAS % 4.1 dYsidih. 492 #dA 1 W/mm22
A& st Wer AFson, ZAAe wEee] d4 st
A A= A2 ZH2E 225 mW 9 9.6 mWeolt ZF Layereol|A ¢ &

de ¥ 4.2¢ Aok

Cabinet(all 4 &)

/ (305%305%305mm?)

Heat source
(1x1mm?)

Dielectric
(10x10x0.002mm?)

Heat source
(0.15%0.15mm?2)

0x10x0.05mm3)
~ Under-ill

(10x10x0.06mm3)
. PCB test board
(100x100X1.6mm3)

(a)

- 47 -



(unit: mm)

Layer 1(CPU)

Layer 2(Memory)

Layer 3(Memoary)

(b)

Layer 3

Layer 2 Heat source
Insulator-Si0O,(2um)

Silicon wafer(50um)

Layer 1
Under-fill(50um

PCB(1.6mm)

(c)

0% 4.2 wF AEA B4 (@339, )W, (5

- 48 -
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E 4129 737 9 EA

W(mm) L(mm) H(mm) == H|1
R 305 305 305 Air o ML & 0.0261 W/m-K
HAERE 100 100 16 FR4 9 ME = 0.0261 W/m-K
Layer 1 Under-fill 10 10 0.05 Polymer | € Mz & 0.5 W/m-K
Silicon wafer | 10 10 0.05 Silicon 9 Mzt 148 W/m-K
Dielectric 10 10 0.002 Si0; o FMEzL 1 W/mK
Heat source 0.15 0.15 - - # 20, Heat rate 22.5mW each
Layer2 Underfill 10 10 0.05 Polymer | € Mz & 0.5 W/m-K
Silicon wafer 10 10 0.05 Silicon 9 MEZ T 148 W/m-K
Dielectric 10 10 0.002 Si0; o FMe 1 W/m-K
Heat source 1 1 - - # 8, Heat rate 9.6mW each
Layer3 Under-fill 10 10 0.05 Polymer | @ FZ & 0.5 W/m-K
Silicon wafer 10 10 0.05 Silicon 9 FE s 148 W/m-K
Dielectric 10 10 0.002 SiO; A EEE 1 Wm-K
Heat source 1 1 - - # 8, Heat rate 9.6mW each

¥ 4.2 78 999 77 2 WA= Heat rate

Layer 1 Layer 2 Layer 3
7
=71 0.15%0.15 1x1 1%1
[mm~]
Heat rate 7} 22.5 mW 7} 9.6 mW Z} 9.6 mW
[W] A4 20 7N A 870 AL 87

4.1.2. 9 #A

4.1.19)4 AA S+ Reference FEo &% BXE o] 19| e}

At

- 49 -




remperature /AN IS

T 106.400

Min. : 96.8°C
Mean : 100°C
AT :9.6 °C

Std dev. : 1.54°C

105.100

103.800

102.500

101.200

99.9000

98.6000

97.3000

96.0000

(a)

Max. : 102.5°C
Min. : 97.9°C
Mean : 100°C
AT:44°C

Std dev. : 1.05°C

105.100
103.800
102.500
101.200
99.9000
98.6000

phitindt_default_side_miny 97.3000

96.0000

(b)

- 50 -



Temperature AN Max. : 102.5°C
106.400
Min. : 97.9°C
Mean : 100°C
AT : 44 °C
Std dev. : 1.05°C

105.100

103.800

102.500

101.200

99.9000

98.6000

97.3000

phbimdt_default_side_miny

96.0000

1% 4.3. Reference REl2 &% ®3X (a)Layer 1, (b)Layer 2,

7 43904 2 7 ARdE S = ok 3 WAl 7 Layer
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ABSTRACT

Seonghun Jang
Department of Electrical Engineering and Computer Science

Seoul National University

In this thesis, a design of a heat spreading structure for a
thermal management in 3D ICs and a guideline for chip design
concerning heat problems is suggested. 3—stack chip with an area
of 10X10 mm?® and a thickness of 50 gm which comprises a
processor layer and two memory layers is thermally analyzed by
simulation results. Heat spreading effect of heat spreader and
thermal via is verified in a single layer silicon wafer and heat path is
suggested for performance enhancement. The effect of each
element on the maximum temperature in a chip is analyzed with a
parameter variation in order to apply to a 3D IC. Heat spreader
material is assumed a CVD diamond of which thermal conductivity is
1000 W/m—K and temperature variation is analyzed with a variable
thickness. Thermal via, which has an area of 100X100 gm?® and a

pitch of 200 g m, is also analyzed for optimum number and position.
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Heat path is suggested in order to lower thermal resistance using a
backside of a silicon wafer. Heat path material is assumed copper
which has a thermal conductivity of 388 W/m—K and temperature
variation is analyzed with a variable thickness, width and pattern.

Using suggested design, the maximum temperature in a 3D IC is
decreased up to 8.4C and temperature distribution is more uniform

resulting in less temperature gradient.

Keywords : Heat spreader, Thermal via, Heat path

Student Number : 2011-20921
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