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Outline

 Interconnect and Technology Scaling

=P m [nterconnect technology: background and trends
m Interconnect parasitics: R-L-C
m Elmore delay formalism

m Interconnect scaling: implications for technology and
design
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Interconnect Technology: Past and Present

A brief review of the past interconnect technologies.....(Al, AICu, W-vias,
Al-vias, silicides, doped poly etc)
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Wire Vs Gate Delay.....

Delay Time (ns)
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Optimal Interconnect Delay
_ | Interconnect delay has
Global Wires become the dominant
factor determining chip
performance...

Typical Gate Delay
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K. Banerjee et al., Proc. IEEE, May 2001.
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Interconnect Parasitics

[ Interconnect parasitics
m affect performance and power consumption
m affect reliability

 Classes of parasitics
m Capacitive
m Resistive
m Inductive
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Wire Resistance

I
-

/% ( Sheet Resistance

—»D D_,

By adjusting L/W ratios.....
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Interconnect Material Resistivity

Material p (€2-m) at room temp.
Silver (Ag) 1.6 x 1078
Copper (Cu) 1.7 x 1078
Gold (Au) 2.2x 1078
Aluminum (Al) 2.7 % 1078
Tungsten (W) 5.5 x 1078
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VLSI Interconnect Structure

-1 Cinter -1
M- veas
Cintra

B Adjacent wires are orthogonal...
HC

intra

Is the dominating capacitance...
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Wire Capacitance: The Parallel Plate Model

1-dimensional model

Valid when, W>>t,

Current flow

W Electrical-field lines

Substrate

c. = JaWwL

It
1:di
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Wire Capacitance: Fringing Vs Parallel Plate
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Note: aspect ratio = H/W (from [Bakoglu89)])
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Impact of Interwire Capacitance

Capacitance (pF/cm)

For a fixed dielectric and wire thickness

T | I | T | I
1 pym field oxide
1 pm metal

1 pm sin cap layer .

ooono

lf:irn’rerwire

Design rule (um)

W/H =1.75
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* Reduce wire width, w
» Reduce spacing (=w)
* Ctotal = Cground T Cinterwire

* Cground = Cp-p + Cfringing

Interwire cap. (crosstalk) becomes
important in a multi-level structure

More imp. For higher level wires that
are far away from substrates

(from [Bakoglu89])
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Accurate Interconnect Capacitance Extraction

1 Requires full 3-D electromagnetic simulation

d FASTCAP (from MIT) is a widely used tool

m See K. Nabors and J. White, “FastCap: a multipole accelerated 3-D
capacitance extraction program,” IEEE Trans. Computer-Aided Des.
Integr. Circuits Syst., vol. 10, no. 11, pp. 1447-1459, Nov. 1991.

 Can be time consuming for complex interconnect topologies
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Permittivity of Materials

Material e,

Free space 1
Acrogels ~1.5
Polyimides (organic) 3-4
Silicon dioxide 3.9

Glass-epoxy (PC board) 5
Silicon Nitride (S1;N,) 7.5
Alumina (package) 9.5
Silicon 11.7
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RC Delay: Design Rules of Thumb

1 RC delays should only be considered when t ¢ of

gate
the driving gate

Lerit >> V tya/0.381C

1 RC delays should only be considered when the rise (fall)
time at the line input is smaller than RC, the rise (fall) time of
the line

I’ISG < RC

m When not met, the change in the signal is slower than the
propagation delay of the wire
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Elmore Delay-RC Chain (Branched)

W. C. Elmore, “The transient response of damped linear
networks,” J. Appl. Phys., vol. 19, pp. 55-63, Jan. 1948. PR
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If a step input Vin is
applied at t=0
N = # of

N
Elmore Delay at node i: TD:' E CkR;-:'k capacitances in

_ _ the network
(First-order time constant of the network)

k=1
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Wire Model

For a non-branched RC chain: \
TDN:ZQ RI t,,=C,R, +C, (R1+R2)+ _______ +C, (R1+R2+"'Ri)
=1
If wire modeled by N equal-length segments (R, = rL/N, C,= cL/N)
2
TpN = (é) (re¢ +2rc+ ... + Nrc) = (r L)N(N"‘l) reNt1
r 2N° 2N

For large values of N:

_ RC rel”
N T 3T 3
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Definition of Inductance (L)

|_ij = geometrical constant of proportionality between the magnetic flux
through victim loop | and the current running on aggressor loop i
causing it

Yo 1o dr -dr,
L. — b _ - J'B().dsj : i' §§ |r _r|

See A. E. Ruehli, “Inductance calculations in a complex integrated circuit
environment,” IBM J. Res. Develop., pp. 470-481, Sept. 1972.
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Accurate Interconnect Inductance Extraction

1 Requires full 3-D electromagnetic simulation

d FASTHENRY (from MIT) is a widely used tool

m See M. Kamon, M. J. Tsuk, and J. K. White, “FASTHENRY:Amultipole-
accelerated 3-D inductance extraction program,” IEEE Trans. Microwave
Theory Techn., vol. 42, pp. 1750-1758, Sept. 1994.

m Can be time consuming for complex interconnect topologies
m Has limitations at very high frequencies....
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On-Chip Inductance

L starts to play a role at high
GHz frequencies

1 Effect increases for Cu: lower
resistivity

(1 Can increase interconnect
delay

(1 Can cause overshoot and
undershoot effects

1 Can cause switching noise:
Ldi/dt voltage drops

From Maxwell's Laws:

:l:l:CO
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Z=R+jalL

Inductance of a wire surrounded
by a uniform dielectric:

Cl=cu

C = cap. per unit length

| = inductance per unit length

v = propagation speed of EM wave

C, = speed of light in vacuum =30 cm/ns
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Wire Length Dependency of L Effects

= 5 /
o | 9ate Inductance v
S |dominated dominated ~ rc dominated ./’ , Trisev
£ : ’ min 2
.2z,
| max
r
/ —
" Ty
Lo Line length

R. Suaya et al., Advanced Metallization Conf. 2006
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RLC Delay: Design Rules of Thumb

Wires in RLC domain:

t., =JLC+ TF204 +0.72,C, ., if

J Rdriver < 3ZO

Also see: A. Deutsch, et al., “When are transmission-line effects important for
on-chip interconnections?,” IEEE Trans. Microwave Theory Tech., vol. 45, pp.
1836-1846, Oct. 1997.
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Repeater Insertion

B RC-Delay of wire increases quadratically with its length

B Repeater (inverter) or buffer insertion makes the delay
Increase proportional to its length

B Repeater size and inter-repeater separation can be optimized
to give minimal delay

opt

(from [Bakoglu89])
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Driver-Interconnect-Load Equivalent Circuit

M Interconnect segment of length | between two inverters

— \,, == <>V Co= c| ——

I tr

Schematic - — - = =
RC equivalent circuit

mV is the voltage at the input capacitance that controls the
voltage source V,,

B R, Is the driver transistor resistance, C, Is output parasitic
capacitance

B C, is the load capacitance of next stage, r and c are interconnect

resistance and capacitance per unit length respectively
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Interconnect Scaling

Interconnect Scaling Scenarios

B Performance of a technology can be summarized by the time
delay, t;:

1
ty =R¢ (Cp +C )+ (R c+r Cp)I +§rcl2
intrinsic stage delay + load delay + interconnect delay

B [f s is a scaling parameter: ratio of the feature size at a newer
technology node to the feature size at an older node, then s < 1.

B Two simple scaling scenarios
B scale metal pitch at constant thickness
B scale metal pitch and the metal thickness

ECE 225, Lecture 4

24



Interconnect Scaling

Implications of Technology Scaling on Technology
Performance

B Scaling metal pitch at constant thickness.

B |oad delay, line delay, and current density will scale as 1/s,
1/s2, and 1/s respectively.

B Scaling metal pitch and the metal thickness.

B |oad delay, line delay, and current density will scale as 1/s?,
1/s?, and 1/s? respectively.

B Hence, interconnect delay begin to dominate technology
performance and current density increases with scaling.

ECE 225, Lecture 4

25



Interconnect Technology Scaling Trends

B Interconnect scaling requirements drive several
technology enhancements:

M use of low-dielectric constant (low-k) materials lowers
the interconnect capacitance per unit length (c) and
therefore reduces the delay time.

B lower ¢ helps in minimizing cross-talk noise.

M lower c also helps to reduce the dynamic power
dissipation during switching of gates.

B lower interconnect resistance and higher current
density requirements have driven the use of new
metallization, such as Cu.
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