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SOURCES GIFSUIfiaCE ROUGITNESS

Unintentional seurces

— Technolegy limitations
— Process variations

Intentional seurces
— Electronic deposition
— Chemical etching
— Annealing

Elastic deformation

Enhance the cohesion between metal and
dielectric



Impact ol SHifeCeROUIHIESS O

IrEarnzl lepecelzigice
Interaction between tough surface and current

— —> —> — ——> — —> —>

Current under smooth surface Current under rough surface

More Higher
resistive loss resistance
Longer
current path Larger Higher internal

current loop inductance



HIGhpEREYUERCY EMECES

Rough sutface effects is insignificant in low
frequencies (latge skin depth, small roughness)

It becomes significant in high frequencies
(comparable skin depth and roughness)

Tooth structure
(4-7 microns)

Skin depth = 6.5microns when f =0.1 GHz (From Intel)



Mecleline

Model the impact of random rough
surface on interconnect internal
impedance



EffECHVEN=AlaIMELETS
Effective Resistivity @, & Effective Permeability [J_

Capturte the immcrease of tesistance and internal
inductance caused by sutface roughness

Layout
Information

Current Extraction
Tools




Analyacai =l 2o

For effective resistivity

2
P =pll+ gtanl(lAﬂ)
T o

— h — RMS height; 0 - skin depth
— Widely used in practical design, BUT

— Inaccurate (only h is considered)
For effective permeability

— Unavailable



NUigriericz] ForrmiilziEieor) of o

Smooth surface power loss

P 'O‘HO‘ZI

S )
Rough surface power loss

'OIZ_IO Re{jgdzu(z)}

4t
Power loss equivalence P, =P,
20
D
_ 2ok _ po
P =i Re{{gdzU(z)}
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NUigrierical Formmiilciiion o L.

Smooth surface magnetic energy
2
4 o ‘HO‘ |
S 2
Rough surface magnetic energy
_ udH,
W, =5 |m{j§dzu (z)}

Magnetic energy equivalence W, = W,

@

2W
= r Im dzU (z
E 5|Ho‘2| H o .( Y( )}

V
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GEOVEINMINGPEGUatiorn

6y(z)j2 0G(z,2")
0z on

jde(z z)U(z)_—H +H, dz\/ (

Green’s function  G(z,2)=H," (kl\/\z —Z

Surface unknown U(z2)= \/1+(8y(z)j oH EZ)
Oz on

Boundary condition

H(r)=H, res
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Viedeling| eiiRandoem ReuaiirSuiTace

Most rough sutrtacesiin reality are random

Described by stationary
stochastic process with
Probability Density
Function and
Correlation Function

& (zl,z ) =exp(—

exp(—

\Z—Z\

)

1l --- correlation length
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ConvenuenalsstatisticalrSolver
= Veesear oV ethien

Random Rough Surface Generator

A large number of
Sha surface realizations

Direct Integral Equation Solver

Corresponding

a a a Rn.1 m solutions
Com Itation Mean of the

i solution
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CimitatiensieiaV enite=-Ccan ermeinead

Probabilistic natute
— Miean value is also a random variable

Slow convergence

— Morte than 2500
runs to converge
within 1%
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Number of Monte—-Carlo runs
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CEMpPULELeN

Efficient Stochastic Integral Equation
(SIE) method
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Stochastic| Integral Equation (SIE) method
— Use mean value as unknown

— One-pass solution

— Deterministic natute

T'wo steps

— Zeroth-order approximation
(Uncorrelatedness assumption )

— Second-order correction

17



Asfo)if=Crclar Aoefedmzrion

Directly applying ensemble average on both sides

Ldz[{G(z,’z')‘U(Z)>]=%HO+HO dez<\/1+(5)é(zz)j 6Gézﬁ,z')>

IAVAN
1711

Ensem’blé average (f(x)= j_m R(T (X)) T(x)

Assummg the Green’s function G and the surface
unkn(,)’Wn U\are statistically independent
(Uncq)rrelaté;dness Assumption)

1 2 4G "
j dz[{G(z z)j U(z)> E|-|0+|_|0 dez<\/1+(8)é(zz)j ézﬁz)>

S
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Zeou=eEERARRIOXIIMaGN

Matrix equation format w
L
,&U — E Deterministic
guantities

A =(G(z,2)) = [ dyidy, P, (¥, V)G (Yi, Vi 2, Z)

Inaccurate zeroth-order approximation

0© = AL VO =g

Cause: uncorrelatedness assumption

(G(z,2)U(z))#(G(z,2"))(U(2))
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Primitve: SeconE-@ndern Corecuorn

Improve the accutacy: of the mean V.

V=V (7@

Zeroth-order Second-order

approximation term correction term

V# =trace(A™' D)
vec(D) = QA— ,K) ® (A- ,E\)T)(J(o) ®J(o))

N2xN?

LLimit: Also time-consuming
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Compuiaienal Bt eneck
High dimensionaliinfinite integration in /7

4-D Infinite

integration Fam = <'Aﬁk A > - AA,

(AcA) =[] [] dvidy,dy, dy, Py (Vi Yior Yons Yo )G (¥ % IS (Vi Vi)

Standard technique: Gauss Hermite quadrature

— Complexity grows exponentially with the integral
dimension (Curse of dimensionality)

1—dimension — O N)
4 —dimension — O N4)
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NG: off Roinis ioEauss Hermmiiel@uaadature

Gauss Hermite
— — — Accurate Value

- IRy
More than 30

guadrature points

for 1D integration
(81000 points for 4D)

—

Number of quadrature points




IMprovedEeHTItIEnen o S| ENZDICasEe)

Translation invariance of Green’s function

G(Yi, ¥i) =Gy, Yi +¥4) =G(0,y,)
Thus G(Y;, Y;) =G(Y,)

@Q = (G(¥;, i) = J| dy;dy, P, (¥ Y )G (i Yi) (2D)
 =(G(y:) = [ dyPy(¥)6(y;) (D)

P, ,— Probability density function oty
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elgil P rolozojliny Papsiinyg Fupetion

1 AR
L SR
27h°v1-c

2h*(1-c?)
-
- 1 Vi =20y, (Y; + Yg ) + (Y + V4)°
P e i | |2 .
> (Yir Ya) o exp( 2he (- ) j
-

Pld(yd) :jdyilsz(Yi’ Yiamn yd)

" 2h \/7,1(1_(;) eXp[4h2_({§_C)}
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Improved Eerfulelen ol S| EN4DICasE)

(AcAw) = [] [] dyidy,dy,dy,Pu(¥i, Vi Vs Y2)G (¥ %G (Vi Vi)

Let Yo =% =Y Yo, =Y~ VYn
-,
(AcAm) =[] Y5, 84, Pog (Yo, Y, )G (¥, )G (Vi)

Whete
Pos (Yo, » Yo, ) = [ 0o, ¥ PuCYir s + Y o Yins Yoo + Y, )
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NUmerncal vsyATalVicalf Eermul 2o
(DifferentEarrelation; Lengtn)

—k— Analytical
- | —©S—SIE(m=h)
—&—SIE (n = 2h)




SIEVsIVIIEN(VEan: ps Ratio)

~%-ME(m=h)
——SIE(m=h)
-~ %~ MIE (n = 2h)
— SIE(n=2h)

] ] ] ] ]
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h/o

Gaussian surface (0= 1um)
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~ %~ MIE (n = h)
SIE (1 = h)

~ %~ MIE (n = 2h)
SIE (n = 2h)

Gaussian surface (0= 1um)




CPUTira Comleoscfison
(Unit: sasepe)!

h/76=1 WA
Methed
MIE
7160.3 14484.7
(1500run)
SIE
i 6367.3 6544.7
(Original)
SIE
) 198.7 200.3
(Modified)

(Gaussian rough surface - g =1 g'my, =1 1m)
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Cornecltision

An efficient numerical approach for
modeling the impact of surface
roughness on mterconnectinternal
impedance
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Corncliusiof

Numerical effective parameters

— Model the rough surface effects on internal
impedance

— Take all statistical information into account

Modified SIE method

— One-pass solution for mean values

— Halve infinite integral dimension by partial
PDF formulation
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