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Thermal-Scalable 3D Parallel-Heat-Sinking Integration Methodology .
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Abstract  Present 3D vertical stacking technology is not thermal-scalable and is unable to stack
enough layers to maximize chip performance owing to intolerable hotness. This paper proposes a
novel thermal-scalable 3D parallel-heat-sinking (PHS) stacking methodology which stacks all lay-
ers parallel to the heat-sinking path. All layers are the same strip shape of short dimension paral-
lel to and long dimension vertical to the heat-sinking path. Therefore instead of thermal through-
silicon-via (TSV), each regular silicon substrate provides an independent shorter and perfect
heat-conduction path for its attached device layer because of silicon’s good heat conductance. As
a result, the peak substrate temperature of 3D PHS stacking chips does not increase as they stack
many more layers. This paper further proposes an analytical model to compute the peak substrate
temperature of 3D PHS stacking chips and to show the thermal-scalability of the methodology.
Experiments on 3D integration for the future on-chip thousand-core parallel computing draw the
conclusion that the 3D PHS methodology is of advantages including thermal scalability, thermal-
TSV free, and high yield high yield.
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Rair 0. 0003W/(cm * K) Adgie 1. 00cm?
h S5pum Dgie 1. 00cm
ha 50pm Arsy 0.025cm?
hs 500pm Py 15W/cm?
T, 45°C P>~ Py, 5W/cm?

K2 XTIDEEERTH Ta WEERR

M SOR i A A TR W2/ %
2 55.35 54. 96 —0.72
3 58. 84 58.05 —1.34
4 63.19 62.17 —1.62
5 68. 41 67. 32 —1.61
6 74.51 73.49 —1.37
7 81.47 0. 68 —0.96
8 89. 29 88. 90 —0.44
9 97.99 98. 15 0.16

10 107. 56 108. 42 0. 80

4 3D FITHRERTERE
oy AR B

4.1 HBHEMHEID FITEHMERF X

o T 3D T B4 AR TC A i T AT R A 1)
AL AT Y 3D ELAE AR MEUAE 3D A AP A
R A PE I AH TC Tl 52 75 2248 8CE 2 19 &1
BRI ERIBEIFATIHE S R T s 3D 1R
LA B AR e LA BEAT A R ) ol B AR SCHR Y T —
M@ i Z A48 1F 2 3D I AT BUIR AR BEOR  BIEE A7
P2 ORI S R K A BT BRI T8 7 1)
WAPAT T ECGE TE 5 18] BARUNIE 6 .

B 3D R L 2 2 3D IR AT A
B Y i i 20 AR R (1) i 3 G N A%
(KGD) 5B 7E i B (Waler) b il R 7R JH B 7
TEVARAT W LS B IS SR 05 BEAT U0

e JE AR AR R — B T N . (2) g TS e N % 38
IR R o RS 42 T AR R A B Y X M E AT LA
PEES TSV By, (3) Bk 5g Sy 3D S H
[ 5 7 B R LK I 3R — 1 3D IS . B RR S
R AL T 3D s i N AZ B I 1B 6 v I
R A T d R

3D JEAT AR BT I B A WA E R Ok
PIEERYT B (D BRI aRFEYEE T
PSS 0 AT IS o B T Rk A RHE — R AR 47 19 S FAbF
B REAERRZ 0T LGE T A O W R R e
AR S BB R BT LRSS E A B
O 7 4 HICHA T 38 PR AR SCH i 3D 4R R i
HATH AT HOEE 1. (2) XF T 3D I 47 B 4 B
s 1B S 8O R Z 08 0 B ol BLUE B R 2
BT LY BB Z AR T SRR T Z )
{18 422 il T R, () B R i AR I A RE . S A
s Y T A BB A5 R )2 B e L 3D 2 FAR BLE
LA R 11 2 fi B A AT B .

Z BT LA BP0 A Y 8 B A R 2 B0
B 3D I AT ECASE B A IR FE A R 8 AR 5 A
A5 Rl EF A& 6 BR L 3D I AT MU AR BT AN T
S TSV, R4xp= A TSV FES Fr e FR 89 %45 28 7484
16 3D IAT IR U i b B AR O B
RIS BE R AT RS (9 T Y A% (KGD) 4 3 Y 35 3¢
Sl 3D AT HUA AR BUS B, i T8 A T N %
F8 T FRVEE /AN T DA T PR A 1 3 79 B it 23R AR e o 2 T
PRAE 3D JFAT HOAAR BGE R By R R

B2

AT R

I i

1) 75 1)

B 6 ZaFE 3D AT HUCHRA AR BUB AR 1) B 1 &
HHOR BE CR ¥ H B2 11D

T 3D AT B AR BGE AR g 8 e il
JE Ty » D 2408 2 R AR 2 PR )2 R HORY IR AR
Oy TN ERE S T Z AR C AR,
4.2 RAT3IDAATHASHASTHBERURE
TE 3D S Fr HFEAT O AR 15 )2 1 20 A1 SR I3 BT 4
TR AR SCHE R A BRI AT B LA
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(D3 3D FATHUAE BSOS B A S F2 B DU AR 1R 2 A9 BCER G %A L 57
AR IFE P BA A A B R AR 4.3 3D FITHRER B R RS TR

WA Ap=HXL, W&GMHFZHINFEELEN P, = W7 R, 3D FFAT AR B i Y B e IS
Py/Ap=P,/(HXL). M T 588 F 28 M TC 6, RS 80002 W DA%

(2) DL FAS IR BE hy Sy B A 45 4 2 i JERSHRS A 5, BT L 3D AT HUAEE i AR B A
H #5140 57 K A~ o, ot B A F PO vk AR ] 7 TR YRR AL 25 5L L T DA AR

K= H=h, (13) Ty s
R AR HERRBE R o TRV EROR T —T. +0.50 % P, +“2 (5 r Pyt
rg =hy —K, = hy, = 1.0 = h, QD) P

(3) 5 i MR B IT I TNAE BE Py 43 5lid it 7K (0.5r, +r )X K X P,
B BH A% B 4 IS CRGE A (P2 L B T AR =T, +0.5(K*+1)X ry XP, +r, Xx KXP,
12 3 Hh il 28 00 5 B O 0. Shy . BT LK S SABH (15)
0. 5r,. FeIRER 1 S8 v LLIRS 7, = 0. 05em’ « K/W

(D5 i NIREEAITTIINFER B Py AR 3 P2k Ml rg=0.159cm® « K/ W, #1# X (15) ek 5
JE LA M ETEAE R (i—1) X Py THEES B, ] Tuw =T, +0.5(K*41)0.05P,+K x0.159P,
RN FE R E N i X P,. =T, + (0.02540. 159K+0. 025K*)P, (16)
(5) il £ b Y #ht Uy rh b 2 ) BOIR O AR 16 AT AR OE T 3D Jf A7 B AR i Uy vk iy
BB R v s BT DOEBCRR 422 ik 1 380 55 1 4S9 2 TEEE (D) Tog, MR ZECM o6, B 3D 471K
BRI 0. 5hy BT LA S B A BH o A IE Y WA NI EEA Y By M. (2) Ty, ERT

HBH A 0. 57y WA ZINFEH L Pa. (3) Taw IEWT K BFT5 . 1 T
6) FHIZ N ME AL INFEERE N K=H/h, iU E 25 E H 80, T, &
KXP,. SO S R R . e R P PR AR P, A H
(T U VEEEA R 32 0 S OB o A MEL SR IB B FEAR T, B9 H Y. X T 2R 45 1F 2

(8) M T4 FEINA & A M G TE . Bt B s RN BT DRIERARAY T, -

Pd$ 0.5r, P, 5 0.57,

B
hy P,

AT

P,
1) 73 B R AR

$
T
T os:
$

-
0.57,

AR R A B

r

o 0

= RERLE IRl

7 3D FRATHOAE EGE A i 2 A AR BT A
T B BB eS8 3D AT HOGRE G R ZIRER E P, B 10W/em®. 7E SOR K fif )5 %
I AT I g M B L A S0 ) SR T 2 L) SOR SR A o TR IE SOR SRR B 1% . R Ky 50pm
7 RIAS SC B AT 3 SR A T, » o 8 1F (M AN & 500pm Y hy) B IE J5 BeXF 3D JF A7 # A 4k
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B R AT BRI X R TR TR B KOBOE . BT A
T oy W9 SRR AEL CHA OO BB T4 3 . ik 3 B
71 BB KU B A W3 s T o, RS 38 J0 JF 52
B R R L R T 5 KO HD Z
)77 75 — R 2 T ek B 56 & [ . 5 SOR 57 3%
HH EE A ST fff A 45 0 AR ORS B L B KR 22 /N T
0. 17 %+ R g A SC 14 fgf A A 784 ] LU 3 DR 43 A 3D
IFAT B BB T P RE.

R3 XTIDHTHAER TR HESHIRIEE T, B AR

K=H/h; SOR ATk R/ %
2 19. 35 19.43 0.167
3 52.19 52.27 0.158
4 55.53 55. 61 0.149
5 59. 37 59. 45 0.139
6 63. 71 63.79 0. 130
7 68.55 68. 63 0.121
8 73. 89 73.97 0.112
9 79.73 79. 81 0.104
10 86. 07 86. 15 0. 096

5 T4 SOC Hy 3D Azt

XFF HATR A 45nm A2 77 ) Xeon 7400 £ 514k
B N w1 43em®, e R IAE N
130W, £ 5% 6 >4k BR 4% 50T, i BRBE /R & A, 72 10
FERNIC TEBERS 4 4, B 45nm—32nm—22nm
—15nm—>10nm, HER)EHRE 16 5, i LIFE 1. 43cm?®
AR A 96 A%, BAZ I AE AT A 72 1W Z2
fi.oZWT MOS & T2 85 200, 10nm DL 5 Y
TR T T I SR B M TR L2 AT
T ISR IR GE A 3D HEGE R 2 BORE A e 1S
DUGRAFCS 7 46 0 RE A AN T 482 T ey 3 T 4% SOC ik
17 3D AR B — AN R SR e

TET# SOC 1y 3D ZE b, JATTa] DRSS A
KM 10nm T2, LA ALK 0. 0lem® (B 1mm®) ,
BAZINFER 0. 2W CR @RI AE ) WIIE |
XFT 4% SOC 1y 3D 4 k47 B it R4 10nm
TEESKREREEATTEZN. R R, T
# SOC BN T Ak 10em® , TIFE 2y 200W. AR ik
KL gy 2D & #EA7 Bt i IR (D 5 50(2)
AT RATHSE B 0 O e IS IR B Dy 49, 38°C L/ TR
BT 70°CHR EERR (BB 10em® N A% TH A A 2 1
AR R AR JE A B IAE Y 2D S it Oy
ZORTTI T T AR 3 00 R T 3D T AR AR
3D FFA7 B AR X T 4% SOC 19 3D 4 A
BT AT BT W58 48 U R T i i e
R E T

501 MITH3DEEERFE

16 3D e B A BT B B R ik e 2R
— PR 2R P B SRR SRR E N
P, Py =3P, AU 2 19 BT 45 th ) A A B B
BT 3D T E AR BRI O W B R AT IR R R
T XN T 2~5 A EAFJ2 19 3D 3 B 5 it 5
LB S BB I A3 4 h. B & 3D ity i 4k
B PFEH MO BN, T LLE B R 2 )2 R
Ap AW IR 3D S i 5 HCHA R i fi i AR
WAEA WK />, R Py AP, A /> 53, (B
5 Z 6] b AR R AN AR (B 3D 2 B B A Y
T oy EVAE KRG 0. A R H HE A S 1 )2
%ﬁiﬁ%’j‘ﬁﬁﬁlﬁ T(‘hip =64. 91°C ,%}f‘, T(‘hip<
70°C BT LR AHXS TR 2 R & T
A E A B R 5. Ocm® , Qi bk K T AR A P4 A%
W23 3 AR 1 R 3. BRI, &2 IR F 3D Al AR
B AR AT bk, T4% SOC 1 3D 1B BLAE Ky
FAEANERE AN R 3 Z A A XE LA A o7 i

®4 IDEEEATHFIRETSH

M Agie/cm? Py/(W/ecm?) P;/(W/cm?) Tenip/C
2 5. 00 30. 00 10. 00 64.91
3 3. 33 36. 00 12. 00 76.32
4 2.50 40. 00 13.33 90. 79
5 2.00 42. 86 14. 29 108. 76

5.2 3DHITHHRERAR

XFF 3D FRAT B AR U AR SR AT (16)
FitBE X T AAFE P, AK ) 3D IR AT IR
B R B Ta (8. ITASEINTHRS h.E K=
H/hy BIHGIN s T, AS Wi 3G K 6 HREAR K AT H (Y
A BEREAR Too. 7R 5 P 3K A8 DX BT X 7 114
W B YRS RIE Tow, <<70°C M3 2ER. X F
WAZTET R 10em® IHAE R 200W B F-4% SOC, B 15
HIFE% 5N P, =20W/cm® , i K=4 B},
Ty = 66. 22°C o il & T, <<70°C By B E R, M4
K=4B,H=K Xh; =4X500pm=0. 2cm. 2} T {#
WEER A Z MK/ A B A SO L= 2. 5em, JE
WK/ m A 12,5, W E L Ay =0. 5em”, B
T N 20 7 RN A RE R AR T % SOC 1y
10cm® WAZ AL B 3D FF47 B B0 A 5 i
B B4 fih T A Avartace = MOX Ry X L =20 X 0. 05 X
2.5=2.5cm”, W] 3D FFATHUAAE ot B 2 %
R HO it m AR & 6 51 TR A Py =20W/cm’
M K=4 1y 3D FfA7 B A BT X)L 19 B A A& 1T
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RS XEFARE P, K B 3D FTHREREFE Tow

K Tenip/C

P,=5 P;=10 P;=15 P,=20
2 47. 215 49. 43 51. 645 53. 86
3 48. 635 52. 27 55. 905 59. 54
4 50. 305 55. 61 60. 915 66. 22
5 92-225 59. 45 66. 675 73.90
6 54. 395 63.79 73.185 82.58
7 56. 815 68. 63 80. 445 92. 26
8 59. 485 73.97 88. 455 102. 94
9 62. 405 79. 81 97. 215 114. 62
10 65.575 86. 15 106. 725 127. 30

R 6 3D FITHAENTERRITARNRZITSH

2 B 2 HE
Py 20W/cm? Adie 0. 5cm?
K 4 M 20
H 0. 2cm Anterface 2. 5cm?
L 2. 5cm T chip 66.22°C

SEA R 3D 3 B AR M H AR SCHR Y
3D FFATHCAAE W7 5 s R A0 R (D) B e
B Z A B 2 A B EoRGEE R B
3D FFATHUMGE B 5 OO 22 1] B0 45 fl i BLUE e T
P ZBBH MOERIE T T o, ANBE M 3 0 4%
K@) THFH TSV A2l kN RE TSV
AN T 4. (3D e R 2. 3D IR 47 B R il 2
AT B AR 22 J2 1 TC 8 N A%« T e A AZ B/ 1) TN A%
T ARLORAIEE J A AR 19 Rk R BRI AR AIE 3D JF
FTRCHRGE A 1A B 1 L R

6 3D FITHRERBANNARE
8 X A 8] 7

PE S —Fh A3 i 3D B A L 3D I AT B SR
JLAL AT A T — L Y H AR AL U T G — 2 5 Ah
AR B A ME R TR RS TLAS 5 H Y B AR R A G
(B R AT 08 o DA 3 — 25 30 W] X I R A 0 v
S HIE.

6.1 3D HITHAEREHBIFTIHERA

AR TEA 3D & B B 1 B9 HOE 8514 )= . 3D
FEAT O BT 2 T 2508 KGD B a8 11 )2 . R
TR RE5H A RE S B R Gtk B i B KAk 2 T i
X XA [ R AT 18 A

W 6 FiR 7T 4% SOC 1y 3D H-AT B4 A
Bt MR 6 kiS40 20 TN B
(KGD) )2 £ 4 A 1000 A~ A0 Bl 4, F 24 4~ TG
I A A A 1 J2 B A 50 S Ak B g X TR T CPU A+
L1Cache+ L2Cache+ L3Cache [ £ # 31711 5
AR AE—DHIE 2 b AT LR AT &L 8 fir R 1 A

OB A0k AT A EIFA7 315 KGD B 50 4> 4k 3
ar Al LLoro 5 A, AL G 10 AL s AR g
—> L3Cache; — MM LIyl 2 T4 T4
A6 5 A AR S — 4> L2Cache, 3L — 4> 3D
By A A Ak PR g AL A — A P AR GE AT
)5 —AE B L1Cache.

SIS L1 Cache %31)% 5

a3
L2Cache

Iz

JEZL3Cache L2Cache

BT 5 4R
8 50 Bk KGD A I PR % B R L 2 4D

B8 BT s By A i X E 2B R i~ H .
(D RAFHHAERE. th TRl ThRE% M & . b 4%
#%.0> > 1L1Cache>>1L2Cache, fif DL ¥ = HE MK K HEF
RN R B Ak B2 A0 R I ) TR ARG
. (2) AW AL B fifs 4745 2R . T DS 5 v %L B
R B 58, (3 mYERE A L M. 20 4210 )2
BZPA 10 4> 3D B dy #% . A7 LAY Bl — > 20 X 10
M b 2% A i AR S B RS AL 5 A b
FABREE . T KGD BEE /N 600pm, ik
W0 245 76 B R 7 0] FLA B8/ 1 B SE SR L i DL 3D JF
PR B 50T LA 3RS — A m M RE A L R 2%
6.2 TSIEEER 3D FHITHIMERIEA

S IA 3D EMB AT REREAL GG
B0 3 2 B TS 1 3D IR AT HUAR 1t ] R —
o ARAT PR RE A $E T

JE R B 8 BT 7m ) 2 A% A7 R D 28 0T 3k
AR 5 B PERE B L2Cache F] L3Cache fi% 255 44
i, K L3Cache JE 55 Ah— A #5182 1WA L3k
9 TR 5 2B R L 3R G A B L UIRTS B S 1 O
IS g IR B 3R IC T R Y. T
3D FEATHUHAAE 5 15 1 B A 1 2 KGD (G HE
)« T AT A& 9 7R (1 X 2 KGD ] DL #%
PEAT AT AR . 7RI 9w, RS2 KGD ey J6 %t i
CRR 2 X B AR 2D 1) WA 25 44 J2 4 o L — AN 47
02 5 A I o T A7 T80 e AR 1 A 3L 2 A
L1Cache fl L2Cache.3D i %%, 5 — 1834 2 B
A B ALK T A BRI AR L3Cache. i W4
PR AE 2 L I A % G A & TSV 1) §E 17
WAE I HEE R EE AR /N (<10pm) , 5 L2 &2
AEEAT 0 A5 1 B2 BE B AR 5 A, BB mT AR AR AR H
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R A B B Rt 48 gy Ak B B B AR TR
i, {1 F L3 Cache By IIFEHAG . & A C 1Y Y W 4 IR
A KA AR 64 5 BT TR AT DL AR 4 i B 6 . (H
Xt F i Z2 RS L3 Cache g F)= - i T ICAHAR 1Y
ORI H O BT A TR T T AR U
K B T A IR S O RS IS S DADRAIE & 9 P RE.

XX%%#H%Z' B 3 4] L3Cache o g 0 pf: =2
) 1) H 1% ) %Mﬂ“lﬁiﬂ%#% Py WO R
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WA I

e
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Background

It is becoming increasingly difficult to scale as IC tech-
nology moves into 32nm and beyond process due both to
physics and economics. Three-dimension (3D) vertical inte-
gration is one lower cost alternative to further drive cost-per-
function down following Moore's law. Existing 3D ICs based
on stacking chips are vertical-heat-sinking (VHS) schemes,
which mean that the heat sinking direction is vertical to the
chips themselves. Although 3D VHS ICs reduces the global
wire delay considerably compared to traditional planar (2D)
chips, offers higher packaging density, smaller chip areas,
and flexible integration of heterogeneous technologies, they
imposes a major challenge in thermal management due to
power density increasing linearly in the number of vertically
stacked device layers. Therefore, researchers have tried to
alleviate the thermal issue in 3D ICs through thermal TSVs,
thermal-aware floor planning or task scheduling.

In this work, we first show with an accurate thermal
analysis model that present vertical stacking technology for
3D ICs is not thermally scalable. Then, for the first time,
we propose a novel 3D parallel-heat-sinking (PHS) integra-
tion methodology whose thermal performance is independent

of the number of stacking chip layers. An analytic model is
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further proposed to estimate the peak substrate temperature
of the 3D PHS stacking chip. At last, this work uses the 3D
PHS stacking methodology to analyze a hypothetic future
thousand-core design for parallel computing. Analysis shows
that the 3D PHS methodology is the attractive alternative
technology to extend the Moore’s law because of its thermal
scalability, free of thermal TSVs, and high yield.

In order to further efficiently analyze and design 3D ICs,
we have developed a Windows-OS based GPU cluster of 16.
3TFLOPS peak computing capacity. Then based on the GPU
cluster, we want to research hierarchical parallel algorithms
for electro-thermal analysis and optimization for 3D chips.
Thanks many CPUs and GPUs, each CPU of 2-6 threads and
each GPU of more than 300 processing cores, hierarchical
parallel algorithms can manage the complexity increases orig-
inal from 3D chips through combining inter-CPU OpenMPI,
intra-CPU OpenMP, and GPU-oriented CUDA programming
technologies.
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