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Integrated Circuit Interconnect Wire Temperature Distribution Model
Considering Buffer Heat Transfer and Buffer Location Optimization
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Abstract; This paper analyzes the impact of temperature on the interconnect buffer insertion, and proposes an

interconnect temperature distribution new model considering the dielectrics, vias, and buffers heat transfer effect.

Single and multi-layer interconnect temperature distributions are calculated using 45 nm process parameters based on

the new model. The results show that the local interconnect line temperatures are affected a little by buffer heat

transfer, while the global interconnect lines are subject to significantly affected and lower 10 degrees Celstus than the

dielectric heat transfer model. Moreover, the temperature has a significant effect on buffer insertion locations.

Considering the substrate temperature gradient distribution, the location changes more than 10% compared to

uniform buffer insertion under 1. 5 mm interconnect wire length.
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tribution

1 5§

W& SRR B R RAFE R T 8948/, &
LR B4 BN BB R RUARER AL AR s R G PR RE A D
MEENER. BEFERST AR/, ShRTE
SN 12001, LR BB L 3 0 R L O

WmBM: 2013—01—27; {#EHHR: 2013—03—28

. EERLATE S, XL EE B LA S MR
MER. HAENERBEEREITEA2hS0 N EFHK
REESERTY. F6, B R Rt
REMITT SRR R ITTE, $55] R EELRRE LT
w2 BN R R AR e B — N E R E.
HEEFEM L, @REEL QRN






H128 THME S GO TE T2 BB S A UL B S RRE AR R BB A BRI 43

HH, 0./ R BREILNI BRI, o FREE
KRR, o REBMBIBEE. Hrb o, faf o
b

6' — Igms,ig
wzn,itgn,ikm
2 l k;:,i _ I?ms,if_)g
A= k., (tm,itins,i wrzn.itrzn.i)
KA ki AN RREUAFE.

2.1 BEEZELBEESH
EARAHHRY #HFERX (@, BEEELN
Y BT UE R
d’ Tline, (x)
dz?

= X T e, j (2)— AFT oy () — 67
P
Hrp,
o =6i[1 (tkz +C”‘°’")
2[ coshi; (xp — xa )_1:] ]

A} i (xp — x4k, » sinhd; (xp — xa)

WIRBERY S ET, B AT &, BY
AR MFREARR LS THIRERE, FHikwLEs
B ELUKE T SRR -

Tine; ()= Top +%T X

(1_Sinmi(13_.T)—i_SinhAi(x_IA)) €

sinhd; (xp —x4)

Ry xa flxp TR B IPESTEEEL TR,
A(® GEZERTHEXRP RS ELFAN K
ERIER, AT RIAE MR B4 B9 3L R THE
E78:- A
2.2 ZEEEZMBESH

ZEHEESHEAT, LEFENHREE LGSR
FYER, BV BIREERNK. LREELKE
BRI | ZHAET I TRERT .

_ S . e Wmp
AQ;, = Lw,,,; <j;HJ?ms,f b, ¥ or W, £ -+ df>
(9

AH,Livw,.: BARE BEEXHKEME R,
Joms g otmppr-de REF f BEELXKHBRH IR
MRE T BE . SRR R E M LR EE,
n AHEZNBER. BE AT . BEX:

1
2

AQ C
0i * Li o Wy, ¢ Lo +]"n“> Jms:i

A]rms.i = (

(10)
ALIEE .

)? _Jrzms.i]XLi * Wi,i ®
Lmi ® i an

B T LA R AT e, RSRAE R H LY HLE
Y EEREWRE, X TLELER, REFEHE
I TR T -

Jnm,e Foi ]rms,i+A.]7m:.z (12)
HH s T msrerr T i BEHESHNABIITRAR
HE. #4R0) KA TURAZEEELER
IR :

Ti,j (x)=

AQ = I:(Jmlsz + Aers,i

T, (I)—F%— X

(1 __sinhd; (zg — x)+ sinhd; (x —

sinbA; (x4 — xp)
BREHERBEZMEINTNZEEELSHIKZ
EiliopEE=S
AT(x)= 2 AT (2)= 2] 0/\—2

i=1

JCA))

13

(1__sinh,1,-(xg—x)—i—sinh/\i(x—xA)) (14)

sinh); (xp — x4)
KRHF,AT(x) FARTZEEEL SRR AL E R
#=, MARETLRETZETEL N TFHRE.

3 ZMmBRRNGLEXIRERRM

SCERC12] R IR B4 R rh A A T B R A
A, BN AHR AR R R, g ABRE CL, & T
EREM, BN B/ EELDERE L, M
ZPEERT Sop -

roc(,(l"l"%)

rce

Sopp = ] & (15)

A 7o conep v Flle BRSNS bt i
BT AFRA A EELR AN K EEEMA
NRKERE. WRERGTEEXKKEN W - fMlc A

%, ®HFR A5, XE[13] AH TRMEZ I
BOA
E=—0. 5+J1 +Rd<2£L+Zc (16)

KA Ry Co T C, 23 52 5 o0 25 0 i i B B A
HAMGHEA. HREPEEAERN L/(k+D.

EEMTHE AR - Mo BEEARE, KA
H B B A IR B A RR AR R e 3R Bl i B AT LASR
™A

Ri(x)=Ru (1 +BTw(x)) (17



44

Bl T2 AL

2013 4

H Ro RREWMSFESHERE TR, 8 hE
hES I FIEE RE(1/C), Tew(x) RATIEREA
BETAHRESN. LELNAHESRESRMEX
R, QB RO,

Re(x)=R,(14+8+ AT (x)) (18)
XFR BRSFIRE FHBRA KR, g &AM
AHRE R E(1/C). AlMRREZSERES
fEHER.

R RCAERY, KEEN L W E LA
kAR EsE R ER AR

oy
D= Z; (I r(r) (c(x;, — )+ G )a’r)—i—

X
i1

C.+Ce

B+
ZRd (i) (c(x; — X )+CL _"_Cp) (19

R 21225052 Kk f%@%&ﬁﬁﬁ%imé&
*/"ﬁs T ~Lhty ﬁ%’l%‘%ﬂ: O Ly r.c ﬁi{jﬁfgﬁﬂz
SHEMABR. o TLARAREREZL, - 28
BERZ R R (o) R Bh 2R B4R vh 48 B AT IR B
BRI, S5 H0% T8 B ELKIER,
BB IR R PR RS FEER. BT 19) B
eRER, B R r TT AR, T AR B S I /N Y

EARNE, TTRME—BIE N

aRd (x1)

Jilr(t)dt-+ Lrl—-xz)r(xx)+-<xz

—x+
c

+Rd<10 >_Rd(11>: 0

)

311

szr(t)dt + (s —x3)r(x:)+ (-’/Cs —x +

jlk r(e)dt + (xy — 2 ()t (bu —x,

Te1

4 HEERESH

# 1 B N{E R ITRS' 45 nm i H % T 2.3
ZEUE17-1BIEENSE. LRI EELANF
HIBR AR TTREBH N 5. 15 X10° A/em?, FHRIZH
BEEEXTHAEREYS. AE2FUEN, B
ERERREERSIRE, LELS5HEMNIRER
BiK6.3C. FEEMBIBAMEME, LiELBE
TF, BRI SHRIEEAMAR. HitldaEZHs
WESTE AN, BN LB RN, XA AA
RIETOELHE, BRIKEERERIRE, 2
W/ MES S HELE .

£1 S ITEESH

ta/OM tn /oM wn/nm o /Qm g/ct

4,3X107°

S8 320 2 900 180 1.6x10°¢

KPR B, TR AR A R B B
[, PRI EEHASEAL AL AEI 8. B 3 Nt RIRE
BRI M B LB IE A K. W 3 AT LUE
. EEKBKEERZ#H EIH, ERHENE
ALLE, HTRMSNEELRBENERIEM, ©
FELIRE 2 TR SRR REE.

KT o3 GR wha tk RUN  H AR AN T
MR, AR 1 SEOTE T HIRE i 5 B

C;iACP>

aRd (z3) ‘|—Rd (1 )_Rd (x2)=0
812

20)

aRB (x )

axk

CL+CP> +Rp(xpq )~ Ry ()= 0

7

[=,%
=}

—

wn
v

-
Py

w
W

Temperature Rise/C

[\S]
Temperature Rise/C

S

—_
—

=1

o .
4 6
X107

2
L/m

[=]

0.5 1
L/m X107

(2) | mmAE % L& 8 & 45 A (b) 0.5 mmE 3% £ iR & 4 A
EH2 HOWREELZEBEEST

AR I LR B Y B i il BT PSR R DL R A Ak
W ES R/ N ER, BARGERINE 2 fim. WK 2
FELIE®, WAELL T, TR iR EEAM
[l EIRE rhaRMVE RIRT, FEEL M TR B MR
/NFER B AR T 2 M R vh AR A5 PR OSSR

Ehr ULSI v 2R HEL, KPR EE
ZiRERE, SIRMBRER, INTFEHAKR
BRWE LS, MRZBENRN LELKBEENES
Bl B EEREERKNFERER, &ERIR
REIRE. KT U rhaZ T B A TSGR B
W, HEEMRIR 9 R EELKED N



$1280 FHME S M0k T LT 2R b3S 5 RB0I RS R B R RIRE R RS m AR R 40

110 50

~
n

=) ~ [~
(= (=1 <
T T T
[ >
“ <

(9.3
(=2
Temperature Rise/C

Temperature Rise/C

H

(=1
w
<

W
(=1
T

0 1 é 3 250 l 2 3
Lim X10° L/m x10%
(@) ImmEERBES A (0) B— MRS LERAEN T
B3 HESESHEEZEESH
100,200,500,1 000,2 000,3 000,4 000.5 000 F
6 000 um, HARHXSHSHE 7], Bikink 3
Fim. B4 IR =MERNZREEELREED
i, NPT LLE N, MEEELRERR, BEE
MERRERERE, 8 9 REELRNER L ZE
MhER e PV R EOIR BERERUAR HL B R 2 10°C 5 B 18
P LA BRAE N B LR A B PR ES
R B BOE R B2 1 2 A A .
F2 ARARTTHEEXRRBRE.
TR E R A IE RS

Li/mm N Tux/C Tag/C  Dun/ns

(33
(=3

T8 rhaS A5 3 0 106.5 106.4  0.284
5 0 106.5 106.5  0.620
9 0 106.5 106.5 1.676
15 0 106.5 106.5  4.219

ZRBFRERER 3 4 106.3 1049  0.266
5 7 106.3 105.4  0.529
9 13 106.3 105.7  1.099
15 22 106.3 105.9  2.253

x3 FHEFAMNEZEZSY

KA FEE/om  JBEE/om [E@E/om AE/nm

SR 120 260 120 290

g 240 550 240 290

25 430 700 430 290

B (16) BEB 18 B RIR B H 51 A 5
A R MR (B R IR R B 5
B, 35 AZ WS A RS B R A A E R, B
(200 AT LAMS B FEAT IR BB BE A AR I BB /)
ZrhaEARNE, RIS EINE 4 FR.

70

|~ B mE '
60F —- ftJR. Jﬁ:ﬂi&‘#‘
sl —— A . B AL R Bufferi
a0t
N
w30}

20

L 2 3 4 5 6 7 8 9
HA%EN
B4 SEEEZMNBESS
F4 HEFMANEESHY
g/C! c/pt o/t r/kQ co/ff
4X107% 180 0.6 13. 56 0.9

45 nm

BRRHBZE EHELLKH 1.5 mm, #fIRIEEH
BERALIEE R 5C, BA—ITR RN, TERFR
/NIRENT, S TR E A R PR R AL E
. B 5 A LA, R % Ak B R IR 932
AL, B% i as£x 16 R B BB B 7 1 2 3l L PRI R
Xof FIE B BRI 5 R % R 2R e i oL L B I E AR AL B S
B TR nhas e BHAZ IR R e LUk FHAR BE R, IRE
ThE 6 R v s PR GE B R, O T IR/NEERT, SRnp
R EERR T B 3. 2555 B R M
g% e B AR B A AR A R OO I, 2R mh i AfL B 2
W BRI TFE 5 (b) Al Ce) BIRIF e 8] B9 A
8, B S(DWIEETX—H.

R TH R
x=7500 m
@ > >
x=767u m
®) > -
x=694 1 m
©
»=715um

(@

5 1500 um EEZHEHBEBANCE
(a) e FELAIZE PR AR et LR BRI 2515 (b) 2R
SRR (o Frhas s HRGREE; () L&
BELANZE w58 e I AR BEIRL B A
LB EHERBRKNFEHAKRERZE WS,
XAERTIHET 3 mm &K R E A LTEE
H25~55 CHBREELR FME WS E. hk
S5HILIEH, M AMMEMRAT S rhafEA
M EmEBE 13%, ERREEET 7%, FHRE
®5 HEZELEHBHEEURER

#E  o/nm x/nm x/nm xy/nm D/ns
¥4 600 1200 1800 2400 0. 257
B 546 1120 1720 2350 0. 238
wE 9.0%  13.3% 13.3%  8.3% 7.4%




46 e T 5L

2013 4F

BEEASINT, MR opIAL &R ACRER Bk 5%
HEHT.

5 HFRIE

SO T IR B 8 FLRZR bR A5 BN
AR BE MR, 45 T HE R IR E TR
A SREENFAGESLWERAE L, Zrhas e
BEGSHA B R B R S YR . T PR 1B 2% vh s fE
RN R E A AL AR rhas AL BB
EEFERT , %5 SR A B 38 FL 0GR i A PR A 1R E AR
BRI RPN B RSB AR T LA R BB 44 v, BBE B
ERBOTEE.

B

[1] Zhou Guofei, Jin Depeng, Zeng Lieguang. Improved
delay estimation method for RLC interconnects [ ] .
Journal of Tsinghua University, 2008,48(1):46-50,

[2] Quming Zhou, Kartik Mohanram. Elmore model for
energy estimation in RC trees [C] //43¢ ACM/IEEE
Design Automation Conference. San Francisco, USA:
ACM Press, 2006:965-970.

[3] Labun A. Rapid detailed temperature estimation for
highly coupled IC interconnect [ J]. Computer-Aided
Design of Integrated Circuits and Systems, 2008, 27
(10): 1840-1851.

[4] Chiang T Y, Banerjee K, Saraswat K C. Effect of via
separation and low-k dielectric materials on the ther-
mal characteristics of Cu interconnects[ C]// Interna-
tional Electron Devices Meeting 2000. San Francico,
USA: IEDM Press, 2000 261-264.

[5] Banerjee K, Amerasekera A. The effect of intercon-
nect scaling and low-k dielectric on the thermal charac-
teristics of the IC metal [C] // International Electron
Devices Meeting 1996. San Francisco, USA: IEDM
Press, 1996 ;65-68.

(61 Amir H Ajami, Kaustav Banerjee, Massoud Pedram.
Modeling and analysis of nonuniform substrate tem-
perature effects on global ULSI interconnects [ J].
IEEE trans. on Computer-Aided Design of Integrated
Circuits and Systems,2005,24(6) ;849-861.

(7] SFAEL, AHRE, SAIB. 5. % @ LB i sk
P K B EELRB BRI ] YR
2009,58(10) ;: 7130-7135.

[8] Banerjee K, Wu G, Igeta M, et al. Investigation of

self-heating phenomenon in small geometry vias using

scanning Joule expansion microscopy [ C] //Proc. IR-
PS. San Diego, USA; IEEE Press, 1999,297-302.

[9] Chiang Tingyen, Kaustav Banerjee, Krishna C Saras-
wat. Effect of via separation and low-k dielectric mate-
rials on the thermal characteristics of Cu interconnects
[C]// International Electron Devices Meeting 2000.
San Francisco, USA.IEDM Press,2000.261-264,

[10] Chapman A J.- Fundamentals of heat transfer[ M. 4th
ed. USA, New York:Macemillan Cou Div,1984.

[11] Schafft H A. Thermal analysis of electromigration test
structutes [ J]. IEEE trans. on Electron Device, 1987,
34(3) . 664-672,

[12] Otten R H J M, Brayton R K. Planning for perform-
ance [C] //35® DAC., San Francico, USA: ACM
Press,1998.122-127.

[13] Alpert C, Devgan A. Wire segmenting for improved
buffer insertion [ C]//34® DAC. California, USA.
ACM Press, 1997, 588-593.

[14] Yang E S. Microelectronic devices{ M]. New York,
USA.: McGraw-Hill Inc, , 1988.

[15] ZarkeshHa P, Mule T, Meindl J D. Characterization
and modeling of clock skew with pmcess variation [C]
//Proceeding of the IEEE 1999 Custom Integrated
Circuits Conf. San Diego, CA, USA: IEEE Press,
1999. 441-444,

[16] ITRS. International technology roadmap for semicon-
ductors[ EB/OL]. [2013-11-087. http: //www. itrs.
net, 2012.

[17] Sunil P Khatri, Amit Mehrotra, Robert K Brayton, et
al. A novel VLSI layout fabric for deep sub-micron
applications [C] //ACM Des Autom Conf. New Orle-
ans. Louisiana, USA; ACM Press, 1999 491-496,

[18] Dennis Sylvester, Kurt Keutzer. A global wiring para-
digm for deep submicron design [J]. IEEE Transac-
tions on Computer Aided Design of Integrated Circuits
and Systems, 2000, 19(2).:242-252.

EEE

EMBE B A978—) W, PHIm. BFFE 7 @ RS B
BT S L.

B R 53,0969, L, BIHE. FT507 @ A EBIE R
LRI

XiEgE  H, (1988 ), WL BF 5 Iy 18] K HU 4R B %
wit.

BB M TR cpu IR R A HA.



