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Abstract: We propose an improved statistical approach for modeling interconnect slew that takes into account the

scattering effect of a nanoscale wire. We first propose a simple, closed-form scattering effect resistivity model,

considering the effects of both width and thickness. Then we use this model to derive statistical expressions of the

slew metrics using the SS2M model. We find that the delay and slew can be greatly increased when considering the

scattering effect. The proposed statistical SS2M model has an average error of 4. 16% with respect to SPICE

Monte Carlo simulations,with an average error of standard deviation of only 3.06%.
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1 Introduction

As the feature size of CMOS technology con-
tinues to scale down,the lateral dimension of con-
ductors is entering the deep nanometer regime, in
which wire diameter is in the range of or smaller
than the mean free path of an electron. In this re-
gime, due to the scattering effect, including sur-
face scattering and grain boundary scattering, the
effective electrical resistivity of metallic conduc-
tors is higher than that of bulk metal* . Until re-
cently, few experimental results on copper (Cu)
film or interconnect have been reported. The size
effect of copper thin film was studied in Ref.[3],
and the resistivity of copper wires with widths less
than 50nm was studied in Ref.[4]. It was found
that the resistivity of copper wires increases sig-
nificantly as the wire widths decrease, but no po-
tential solutions to this problem have been pro-
posed-.

Electron scattering models have been im-
proved and can now predict the rise of Cu resistiv-
ity as a function of line width and aspect ratio'*'.
However, they are so complicated that it is hard
to use them for interconnect delay and slew calcu-
lation or optimization. The authors of Ref. [5]
therefore proposed a simple, empirical model for
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wire sizing. However, they only considered the
width of the interconnect wire, neglecting the
effect of thickness on the resistivity. In this pa-
per,we further modify their method to propose a
new, simple and effective resistivity model that
takes into account the effects of both width and
thickness of the interconnect wire.

Another problem that has arisen as technolo-
gy enters the nanometer regime is that the impact
of process variation on a circuit’ s performance
has become critical. Traditionally, corner-based a-
nalysis has been used to determine the impact of
process variation. However, it was found in Ref.[6]
that this method can cause error when applied to
interconnect analysis. In previous work,a way was
proposed to capture the effect of interconnect
variability on timing analysis. For example, the
authors of Ref. [6] proposed an approach for
modeling interconnect delay under process varia-
tion for timing analysis and physical design opti-
mization. However,the expressions of 10% ~90%
slew,which is as important as delay, are not pro-
vided. Furthermore, the inductance is also not
considered. The authors of Ref. [ 7] considered
the statistical slew modeling (S2M model) of the
interconnect line. However, little analysis was
provided for the validation of that model,and we
have found that it is only accurate when the node
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is far away from the driver source. In this paper,
we modify the statistical S2ZM model and propose
a new statistical SS2ZM model.

2 Scattering effect modeling and im-
pact analysis

2.1 Modeling of scattering effect

Figure 1 shows a conductor’s effective resis-
tivity in different technology nodes from ITRS
2005 . As the wire width decreases, the effective
resistivity increases abruptly. From this figure we
can also see that the effective resistivity of the
global wire is smaller than that of the other types
of the interconnect wires. One reason is that the
thickness of the global wire is often larger than
that of the other types of wires.
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Fig.1 Resistivity of nanoscale wire

Based on curve fitting techniques, the au-
thors of Ref.[5] proposed an empirical equation,

‘O(W) - p() + % (1)

to predict the resistivity increase in a nanoscale
wire. This model is accurate compared with the
measured data from Ref. [5]. However, the au-
thors neglected the impact of thickness on the re-
sistivity of the nanoscale wire. In this paper,using
the same curve fitting techniques, we propose a
new empirical equation considering both the
width and thickness effects,
K, K,
‘O(W,I)—(OO+W+T (2)
where oy » K1,and K, are the fitting parameters.
In this paper,p, =1. 8pQ « cm, K; =1.03 X 10 ®
Q+m?,and K, = 2.33X10 %Q » m*.

2.2 Scattering effect on delay and slew

We assume that all the resistances in Fig. 4
(in the next section) are the same and that all the
capacitances are also the same,and we neglect the
inductance. The interconnect parameters are: w =
138nm is the width of the interconnect line, t =
234nm is the thickness of the interconnect line, &
=206nm is the thickness of the dielectric,and « =
138nm is an empirical parameter, which can be
found in Ref.[8]. The length of the interconnect
line is assumed to be Imm. We consider a 3-sigma
tolerance of £ 10nm in w,t and k& and perform
1000 Monte Carlo simulations. The results for
node 3 in Fig.4 are shown in Figs.2 and 3.
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Fig.2 Delay distribution from Monte Carlo simulations
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Fig.3 Comparison of slew distributions from Monte

Carlo simulations

The mean and standard deviation values of
the delay when considering the scattering effect
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are 302.8423 and 8.9739ps. respectively. The
mean and standard deviation values of the delay
without considering the scattering effect are
205. 0568 and 4. 9663ps, respectively. This means
that without considering the scattering effect, an
error of 47.69% may occur when computing the
delay time. Similar results are obtained for slew
time analysis as we can see in Fig. 3.

From these figures, we can draw the follow-
ing conclusions: (1) In the nanometer regime, the
scattering effect of the metal wire can not be neg-
lected. (2) If we assume that the width, thickness,
etc. have Gaussian distributions, then the delay
and slew of the interconnect line also have similar
Gaussian distributions. This characteristic is very
important since we can then modify our modeling
procedure and propose some simple analytical ex-
pressions for the delay and the slew.

3 Statistical timing analysis

3.1 Moment calculation

Instead of the RC tree presented in Ref.[6],
we take an RLC tree for an example in this pa-
per,as shown in Fig. 4. The moment concept can
still be applied to an RLC tree.

Fig.4 A simple RLC tree

We first use some empirical equations to cal-
culate the resistance, capacitance, and induct-

ancel**1,

R _p _
l wt

Soptptipliptem(Y)+

t

—_ + _

h B“( )
1

[ P 5} (3)

Here [ is the length, w the width.and ¢ the thick-

ness of the interconnect line; # is the thickness of

t

2

B g * B
L =

the dielectric; and all the parameters of « and 8
can be found in Ref.[8]. In order to obtain the
sensitivity of R, L,and C to the variation of w, ¢,
and i ,we can perform the following operations:

Iw dt
C = Com + (26
(57),.80+ (55) an

L= Lo+ (57) 50+ (55 )00

The first and second order moments of the RLC
tree can be obtained as
m, =— R, (C, + C, + C3)
m. =— R, (C, +C,+C;) - R,C,
m? =—R,(C,+C,+Cy) — R;C,

m.=- R, (Cim! + C,m’+ Cym’) -
L.(C,+C,+Cy
m: =— R, (Cym| + C,m’ + C,m?}) —
R,C,m, — L, (C, +C,+C;)~-L,C,
mi =— R, (Cim! + C.om’ + C,m’) —
R,C;m; - L,(C, +C, + Cy) — L,C,
(3

More generally, the p-order moment at node
i of an RLC tree can be calculated as

i i
m, = Z(_ R,-kamp,l
k

my, =1

Ikamp ))

(6)

where C, is the capacitance at node k and
R (L) denotes the total overlap resistance (in-
ductance) in the unique paths from the source
node to nodes i and k.

3.2 Improved statistical slew analysis

The authors of Ref. [ 7] proposed D2M and
SZM metrics to calculate the distributions of delay
and slew. Here we propose some improved timing
metrics to enhance the slew analysis accuracy. We
also propose the statistical SS2ZM metrics. We
should state that although the metrics of SS2M are
not new,to the best of our knowledge this is the
first time that they have been used in statistical
timing analysis. Firstly, we approximate the moments
by using the first order Gaussian distribution:

M, & Miom + kyAW + kKAt + kAR
My 22 Moom + JuwAW + jIAL + joAR
The SSZM slew model of the interconnect line

D)

can then be expressed as
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SS2M = SS2M,on (1 + ByAw + BAt + B,Ah)

B, = k. 4 jw - anomOkw . jw
2M 1 mon 2My . om — MY om 4m ;. om
B, = k. + Ji — ml-,nom?kt _ J
2Mimon  2Myom — M oom %M 2.00m
B, = ku + Jn — mldlom?kh _ Jn
211 mon 2M 3 om — M7 pom 4my pom
€))
where
SS2Myom = In(9) Y ELmom /o o — o
A M2 nom
Stdv = SS2M,om+/ Bio., + Bio. + Bio,
D)

Note that for an RLC tree, Equation (9) can be
used when 4m, —3m?>=0 is satisfied because then
2m,— m>>=0.1If 4m, — 3m?* <0, there still exist
cases when 2m, — mf = 0. However, this is not
globally true,and thus these metrics cannot be ap-

plied to the case of 4m, —3m?<0 in general"'"’.
3.3 Experimental results

Figure 5 shows the testbench for model veri-
fication, obtained from Ref. [6]. The length of
the interconnect line is Imm.and the interconnect
line is divided into 30 identical segments.
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Fig.5 Testbench for model verification™

Slew distribution comparisons are provided in
Fig. 6 and Table 1. We performed 1000 Monte
Carlo simulations for ecach node. From these re-
sults, we find that even with large variations in ge-
ometric dimensions, the slew distribution remains
Gaussian. We also find that the S2ZM model is ac-
curate only when the node is far away from the
driver source. When the position of the node is
near the driver source,the error can be large. For
example,the mean slew time for S2M at node 5 is
63. 48ns, while the SPICE Monte Carlo result is
46. 49ns,an error of 35. 9% occurs. However, our
new model performs well in the whole range of
nodes. The average mean error of the proposed
model is only 4. 16% , much smaller than that of
the S2M model, which is about 8.42% . The aver-
age standard deviation error of the proposed mod-
el is only 3.06%, with a reduction of 63.22%

compared to the SZM model.
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Fig.6 Slew distribution using statistical S2M, SS2M

compared to Monte Carlo simulation

Table 1 Mean and standard deviation of slew distri-

bution along various nodes in a simple 30-segment line

Norm Mean/ns Stedev/ns

slew | SPICE| $2M | $$2M | SPICE| $2M SSZM

Node

5 46.51 | 46.49 | 63.18 | 50.86 | 1.405 | 1.897 | 1.527

10 71.40 | 71.36 | 78.89 | 72.75 | 2. 157 | 2.367 | 2.183

15 82.87 | 82.84 | 85.43 | 84.08 | 2.504 | 2.563 | 2.523

20 87.70 | 87.66 | 87.81 | 89.58 | 2.650 | 2.634 | 2.688

25 88.76 | 88.73 | 88.39 | 91.89 | 2.682 | 2.652 | 2.757

30 88.82 | 88.79 | 88.43 | 94.43 | 2.684 | 2.654 | 2.777

Maximum error 35.9% (9. 40% - 35.0% | 8.68%

Average error 8.42% |4.16% - |8.32%| 3.06%

Stedev of error 14.0% [3.11% - 13.5% | 2.94%

4 Conclusion

We have presented a statistical approach for
modeling interconnect slew that takes into ac-
count the scattering effect of a nanoscale inter-
connect wire. We proposed a simple. closed-form
scattering effect resistivity model. To the best of
our knowledge, this is the first simple model that
considers both width and thickness effects. We
used this model to derive statistical expressions of
the slew of interconnect lines and found that the
delay and slew can be greatly increased when con-
sidering this effect’s impact on the interconnect
line’ s effective resistivity. The statistical SS2M
model has an average error of 4. 16% for calculat-
ing mean delay time compared to SPICE Monte
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Carlo simulation, with an average error in stand-
ard deviation of only 3. 06%.
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