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Continuing advances in interconnection
technology are seen as essential to continued
improvements in integrated circuit
performance. The recent introduction of
copper metallization, dual-damascene
processing, and fully articulated hierarchical
wiring structures, along with the imminent
introduction of low-dielectric-constant
insulating materials, indicates an accelerating
pace of innovation. Nevertheless, some
authors have argued that such innovations will
sustain chip-level performance improvements
for only another generation or two. In light of
this pessimism, current trends and probable
paths in the future evolution of interconnection
technology are reviewed. A simple model is
developed and used to estimate future wiring
requirements and to examine the value

of further innovations in materials and
architecture. As long as current trends
continue, with memory arrays filling an
increasing fraction of the total area of high-
performance microprocessor chips, wiring
need not be a performance limiter for at least
another decade. Alternative approaches, such
as optical interconnections on chip, have little
to offer while the incremental elaboration of
the traditional wiring systems is still rapidly
advancing.

Introduction
Advances in interconnection technology have played a key
role in the continued improvements in integrated circuit

density, performance, and cost per function. IBM has
made sustained and major contributions, such as the
planar multilevel metallization architecture [1] (introduced
into IBM manufacturing in 1988), in which planarity was
achieved by the extensive use of chemical-mechanical
polishing (CMP) [2] and chemical vapor deposition (CVD)
of conformal metals such as tungsten [1]. Planar wiring
was a key innovation which improved structural integrity
and facilitated continuous improvements in wiring pitch,
number of metal levels, and design features such as
stacked vias and local interconnections. These and other
contributions to IBM interconnection technology were
reviewed in the IBM Journal of Research and Development
in 1995 by Ryan et al. [3]. A chronology of technology
introductions was given, and the authors observed that
the rate of introductions appeared to be increasing. This
observation has been borne out by subsequent events.
IBM recently announced a six-level copper wiring
process as a feature of its CMOS 7S logic technology [4]
that is now in full-scale manufacturing. Along with the
complete replacement of aluminum by copper for on-chip
wiring, the technology represents a number of additional
firsts in microelectronics. The industry-standard
subtractive metal etching process has been replaced by a
damascene (metal inlay) process—wire patterns (trenches
and via holes) are etched in an insulator, then filled
with copper, and the excess copper is then removed by
chemical-mechanical planarization. For each wire level,
both the via and trench structures are filled in a single
step—the first use of a dual-damascene process for
chip wiring. Furthermore, the copper is electrolytically
deposited. With a minimum wiring pitch of 0.63 um and
aspect (height-to-width) ratios of the combined via and
trench structures of the order of 3 to 4, CMOS 7S marks
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Cross-sectional scanning electron micrograph showing typical
CMOS 78S interconnections with tungsten local interconnections
and six levels of copper wiring. From [16], reproduced with
permission of The Electrochemical Society, Inc.

the first industrial fabrication of deep-submicrometer-scale
features by an electrochemical process.

Copper interconnections fabricated by a dual-damascene
process offer advantages of performance, cost, and
reliability over existing aluminum wiring processes [4].
Performance is gained because the resistivity of copper is
approximately 40% lower than that of aluminum, so that
copper wires exhibit approximately 40% lower RC delay
than aluminum wires of the same cross section. Cost
reduction comes from the elimination of some process
steps and the simplification of other process steps in the
dual-damascene process. Reliability is improved because
the electrolytically deposited copper, when compared to
aluminum, exhibits far less electromigration and far less
stress migration. A detailed discussion of these advantages
can be found in Reference [4].

At the same time, the semiconductor industry is moving
toward the replacement of the traditional SiO, interlayer
dielectric with one or more materials having a lower
dielectric constant. Although the materials and related
process integration issues are formidable, it is believed
that a staged introduction of materials of lower and lower
dielectric constant will be possible, leading to further
improvements in wiring performance. Some companies
have announced plans to introduce these insulators with
the traditional aluminum wiring, while other companies
are introducing copper wiring first, and then implementing
new insulators. Paradoxically, in the midst of this rapid
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progress, a great deal of pessimism has been expressed
regarding the prospects for further improvements. Much
of this pessimism appears to be related to the fact that the
industry is, for the first time, compelled to introduce truly
hierarchical wiring systems.

Hierarchical wiring

A representative cross section of CMOS 7S wiring is
shown in the scanning electron micrograph in Figure 1.
The use of dual-damascene metal fill is evidenced by the
absence of a seam between each copper wire layer and the
via layer immediately below. The liner isolating the copper
from the surrounding insulator is difficult to discern in

the figure because it is very thin compared to the wire
widths. Perhaps the most striking feature is the dramatic
difference in size between the bottom and top levels of
the wiring stack. Minimum contacted pitch is 0.63 um at
the high-density first copper level, 0.81 um at succeeding
levels, and the pitch and thickness of the fifth and sixth
levels can be optionally scaled by a factor of 2X, as shown
in the figure, for low RC delay.

CMOS 78 is thus an example of a hierarchical wiring
system in which successive wire levels at increasing
thickness and width enable long wire runs with low RC
delay. Increasing the height and width of a wire and
thickness of surrounding insulators, all by a factor of A,
leaves capacitance (C) per unit length unchanged, while
resistance (R) per unit length is reduced by a factor of
1/A%. In principle, RC delay can be reduced to arbitrarily
low values by implementation of such “fat wires.” This is
sometimes referred to as reverse scaling.

A more complete model of RC delay in a logic circuit
includes the effective internal resistance, R, of a driver
transistor and the input capacitance, C, of the transistors
that form the load, as well as the lumped resistance, R,
and lumped capacitance, C, of the connecting wire. The
total delay of the circuit is approximated by a weighted
sum of delay terms of the form R C , R C, R C , and
R.C,, with coefficients that depend on the circuit that is
modeled [S]. Thus, reverse-scaling wire cross-sectional
dimensions by A while leaving wire length and transistor
dimensions fixed causes R C_ and R C, to decrease as
1/A* while the third wire-related delay term, R C_, is
unchanged. This last term, if significant, can be reduced by
the use of a “wide” driver transistor which costs little in
terms of additional chip area. Thus, all wire-related
RC delays in this simple model circuit can easily be
reduced. In general, the combination of reverse scaling
and appropriate circuit design techniques prevents
interconnection delays from overwhelming transistor delays
in current microprocessor designs. Since a relatively small
fraction of the wires represent long or critical paths, the
cost of the additional metal area required to implement
fat wires has so far been acceptable.
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Will this situation continue? Can an existing
hierarchical wiring system be scaled to future transistor
densities, with acceptable wire-related RC delay at
acceptable cost? First, the minimum wiring pitch must
continue to scale with transistor dimensions. The scaling
rate can be estimated from historical data, as shown in
Figure 2. At the same time, an ever-increasing fraction
of the total wires on chip will have to be implemented
with larger pitches and thicknesses in order to meet RC
constraints. To see that this is true, consider a circuit in
which all transistor and wire dimensions are shrunk by a
factor of 1/s. Since the length of every wire in the circuit
shrinks as 1/s, R for any wire increases as s, while C_
decreases as 1/s, and R C_ remains constant. However,
in the simplest transistor scaling scenario, R, is constant,
C, decreases as 1/s, and thus R C, decreases as 1/s. Hence,
some fraction of the wire runs which are acceptable
in terms of RC delay before scaling will become
unacceptable (compared to transistor switching delays)
after scaling. To maintain parity with the improved
transistor performance, such wires must be moved up the
wiring hierarchy to the next larger pitch. This is awkward
because it means that an existing wiring layout cannot
be simply shrunk, but must instead be redesigned.
Furthermore, the area required for the new wiring layout
does not scale as 1/s°, so either the circuit area also fails
to scale as 1/s°, or additional wiring levels must be added
to contain those wires with pitches that do not scale. Since
these fat wires require more area than traditional wires
implemented at, or close to, minimum lithographic width,
aggressive implementation of hierarchical wiring could
drive the addition of wiring levels at a rate above the
historical norm and the current industry projections, which
are shown in Figure 3. The problem is compounded if,
instead of shrinking an existing design (constant number
of transistors), a new design is developed with more
transistors and consequently additional long wires that
must be implemented at large pitches.

Until recently the introduction of fat wires and truly
hierarchical wiring structures has been avoided by the use
of modified scaling approaches in which pitch is reduced
while aspect ratio is increased [6]. However, with current
aspect ratios as high as 2.2 [7], there is little incentive for
further increases, at least from the point of view of RC
reduction. This is because the well-known contribution of
“sidewall” capacitance makes negligible the net reduction
in RC [8], and in addition greatly exacerbates the problem
of cross-coupling between adjacent wires. Introduction of
low-dielectric-constant (low-¢) insulators can compensate
for the increase in capacitance due to increasing aspect
ratio. For instance, in the high-aspect-ratio limit, it can be
readily shown that reducing the dielectric constant by 1/s,
while increasing the aspect ratio by s and reducing the
wire pitch, wire length, and transistor dimensions by 1/s,
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results in wire-related RC delay components (R C , R C,,
R C) that scale with transistor delay, R,C,. However,
reducing the dielectric constant of the insulator does not
reduce cross-coupling at all. This must be addressed by
greater attention to circuit layout and improved design
tools. Since the efficacy of future improvements in circuit

T. N. THEIS

381



382

e 1 —

1998

Schematic illustration of the likely evolution of interconnection architecture for high-performance CMOS logic. From [16], reproduced with

permission of The Electrochemical Society, Inc.

layout methodology is unknown, it is difficult to predict
the extent of future increases in wire aspect ratios. In the
projection of future wiring needs which follows [Figure 6
(shown later) and associated discussion], a significant
increase is assumed, roughly consistent with current
Semiconductor Industry Association projections.

Of course, RC constraints are not the only factor
driving the evolution of wiring systems. Wires for power
distribution must be scaled to limit IR voltage drops, and
must also avoid electromigration constraints. Long wires
that operate as transmission lines must scale in width
as the square root of the clock frequency for wires of
constant length; the thickness of transmission lines need
not increase at all with clock frequency once the thickness
significantly exceeds the skin depth. Such considerations
are additional reasons why, at this time, the metal
thickness and minimum pitch of last or global wiring levels
are no longer decreasing and will increase in the future.
The combined effects of shrinking the minimum pitch,
adding intermediate metal levels, and increasing the pitch
of global wiring levels are schematically illustrated in
Figure 4. Wiring systems will become increasingly
hierarchical and increasingly three-dimensional, with an
increasing disparity between minimum and maximum wire
dimensions.
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The wiring bottleneck

In principle, a hierarchical wiring system allows RC delay
contributions of future wiring systems to be scaled to
match improvements in device performance, but perhaps
at the cost of introducing additional wire levels at a rate
above the historical trend [3, 9] of roughly 0.75 levels per
lithography generation. The introduction of copper wiring
[4, 10] and, eventually, low-dielectric-constant insulators
is seen by some as a partial solution, containing the
proliferation of additional wiring levels for a generation or
two before chip-level performance becomes limited by
wiring [9]. Of course, wiring has long been identified as
an eventual limiter of integrated circuit performance
[11-14], but the National Technology Roadmap for
Semiconductors (NTRS) now estimates that without
radical material, design, or architectural innovations, this
point will be reached at the 0.1-um generation [15]. Here
we show that any such estimate is extremely sensitive

to some basic assumptions about chip design and
architecture. In particular, wiring demands are very
sensitive to the fraction of chip area that is devoted to
random logic, as opposed to more regular arrays such as
memory, registers, and so on. A brief version of this
argument has been published elsewhere [16].
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For purposes of this demonstration, the total area
occupied by wires on a chip is approximated by

A, = f w(L)Lf(L, N) dL, (1)

where w(L) is the wire pitch as a function of wire length,
L, and f(L, N) is the wire length distribution function
which must depend on N, the total number of transistors.
The usual starting point in determining f(L, N) is Rent’s
rule [17], an empirical relationship that specifies the
number of wires which cross the boundary of a block of
circuitry (input/output or I/O wires), K, in terms of the
number of transistors or nodes within the block, N, and
the number of wires, k, connecting each transistor to other
transistors within the block,

K = kN". )

The Rent exponent, p, is observed to vary from 0.55 <

p < 0.85, the lower values for highly regular circuits such
as memory, and the higher values for random logic. Thus,
memory chips require fewer interconnection levels than
logic chips of roughly the same size, as is evident from
Figure 3. Rent’s rule is observed to hold for circuit blocks
of widely varying size. If its validity is assumed at all
length scales greater than the transistor-to-transistor
spacing, a power-law distribution is obtained for the
number of wires as a function of wire length. For wires
on a chip, there is a natural cutoff in this distribution
function at wire lengths longer than roughly the length of
the chip. This cutoff has been treated with perhaps the
greatest degree of rigor by Davis et al. [18], and we use
the wire length distribution function derived by these
authors. The minimum wire pitch implemented in the first
Lmin> 18 always determined by lithographic
capabilities. Once w, . and the aspect ratio are set, there
will be maximum accyeptable wire length at minimum
pitch, L Lmax” The maximum run length, Ln,max, at minimum
allowed pitch, W, in® for each higher-lying wire level, n,

in the wiring hierarchy is chosen to satisfy a constraint

on minimum performance of the wiring system. The
particular constraint, or reverse-scaling relationship,
considered here is

wn,min « (Ln,max) 1/2' (3)

Assuming that aspect ratios and metal resistivity are
unchanged between wiring levels, this constraint
guarantees that maximum wire resistance is the same at
each level in the wiring hierarchy (constant-resistance
scaling). Thus, as successively longer lines are
implemented at successively higher levels in the wiring
hierarchy, the maximum R C  delay increases as L, and
therefore increases no faster than the delay of a lossless
transmission line. The maximum value for R C also

level of wiring, w
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increases as L, and the maximum value of R C, is
independent of L. These favorable scaling properties
ensure that the application of well-known design
approaches (repeaters, cascaded drivers) can reduce the
delay of critical paths toward the physical limit set by
transmission-line delays. Note, however, that Equation (3)
is not a unique constraint. A less aggressive reverse-
scaling scenario would require less wire area for a given
circuit, and might still yield acceptable interconnection
delay for a chip design.

Equations (1) and (3) imply a simple and idealized
interconnection system. Equation (1) implies that w(L)
is a single-valued function of L, whereas in actual
interconnection systems designers are generally free to
run wires of a given length at various widths equal to or
greater than the minimum specified width for each level.
Such “wide” wires (as opposed to fat wires) are used to
reduce wire resistance when this is a limiting factor (e.g.,
IR drops in power distribution), or to increase wire cross
section where current density is constrained (e.g., by
electromigration). Wide wires are also used to reduce
R C delays, but provide little benefit once the aspect
ratio is reduced toward 1 or less. Equation (3) implies that
all wires of length greater than L are implemented in
wire level n + 1 or above, whereas in actual wiring
systems not all wires are critical in terms of delay, and
the distribution of wire lengths in any particular wire
level may not have a sharp cutoff. Thus, the wire area
calculated using Equations (1) and (3) will differ from
the wire area of a real wiring system, even if the wire
distribution function, f(L, N), accurately models the
actual wire distribution function. However, we do not use
Equations (1) and (3) to generate values for the wire area,
but rather to calculate the relative increase in wire area as
a hierarchical wiring system is implemented with wires of
minimum width drawn at successively smaller lithographic
dimensions while simultaneously adding wire levels and
pitches to maintain the reverse-scaling scenario [Equation (3)].
Our results will be most accurate if wiring practices,
such as the relative use of wide versus fat wires, do not
change from lithography generation to lithography
generation. Our underlying assumption is that if we
underestimate the wiring area for the present generation,
we underestimate it for future generations as well by the
same factor, and the relative increase in wire area from
generation to generation is accurately estimated. Actually,
this underlying assumption is probably unduly pessimistic.
With more levels available in future wiring systems, and
with better circuit design tools able to optimize the use
of the hierarchical levels, we may expect less use of wide
wires, more area-efficient designs, and thus less relative
increase in wiring area than is projected by this simple
model.
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It would now be straightforward to choose values of
L, o > 1, 50 as to distribute the wire area [Equation (1)]
evenly among a discrete set of metal levels, and to
repeat this procedure iteratively, varying the total number
of metal levels so as to optimize the metal fill factor at
each level. However, here we avoid this tedious iterative
procedure by further idealizing our model wiring system—
we assume that for wires longer than L, wire pitch
varies smoothly as a function of wire leﬁgth,

woe LV2 (4)

so that each wire just satisfies the reverse-scaling
constraint on resistance as a function of length. Although
such an ideal minimum-area wiring system cannot be
realized in practice, a hierarchical wiring system becomes
a better approximation of the ideal system as more wire
levels are added. Future wiring will therefore better
approximate the ideal system of our model. Since we
compare future lithography generations to a current
generation, the relative increase in wire area projected
from our idealized model is expected to be pessimistically
large.

To establish a baseline for our projections, we pick
L roughly appropriate for an existing CMOS

1,max

generation. The pitch of all runs of length L = L, _ is
w

while the pitch of all runs of length L = L is

1,max
(i, )", (5)

consistent with Equation (4). We now choose a
lithographic scaling scenario for the wiring system. To
maintain ideal scaling of transistor density, w, . must
scale as 1/s. We choose to scale L, as 1/s*, which
means that the maximum number of gate pitches spanned
by a wire at minimum width scales as 1/s, and the
maximum number of transistors that can be connected

by wires at minimum pitch scales as 1/s>. This choice
guarantees that the maximum resistance of a wire of
minimum width is constant over lithographic generations.
(Note that this choice is independent of our choice of a
constant-resistance reverse-scaling scenario, which ensures
that the maximum wire resistance is the same for each
wire level.) Scaling L, as 1/s* results in wires of
minimum lithographic width having maximum wire-related
delays of the forms R C,, R C , and R C scaling as 1/s,
1/s*, and 1/s°, respectively. That is, for wires of minimum
lithographic width, all wire-related delays scale as fast as
or faster than device delay.

The relative increase in metal area required to wire the
system can now be calculated from Equation (1) as w
is scaled with each lithographic generation. In the
following discussion, each lithography generation
corresponds to a full 1/V/2 reduction in all minimum
lithographic dimensions, or a doubling of transistor
density. Three scenarios are considered: 1) the number

1,min’

w=[w

1,min

1,min
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of transistors doubles with each lithographic generation
(N = s7) to fill a chip of constant size; 2) the number of
transistors doubles every two lithographic generations

(N « ) to fill a diminishing fraction, 1/s, of a chip of
constant size; and 3) the number of transistors is constant
over lithography generations, filling a rapidly diminishing
fraction, 1/s%, of a chip of constant size.

Using the reverse scaling relationship, Equation (5), and
scalingw, . asl/sand L, as 1/s%, it is easy to verify that
wires of constant length (the longest wires in scenario 1)
are of constant width, and thus have a maximum delay of
the form R C, which scales with lithographic generation
as 1/s, and maximum delays of the forms R,C_ and R C_
which are constant from generation to generation. Thus,
for wires of fixed length, our model scales wire RC delay
much more aggressively than the historic trend, in which
delay has actually increased by a factor of about 1.26 per
lithography generation [9]. However, the historic trend is
not a good guide to the future, as wire-related delays have
only recently become an issue. Since interconnection delay
does not scale with device delay for interconnections
which do not scale in length, our model is probably too
conservative for cases in which the transistor count grows
from generation to generation (scenarios 1 and 2) and the
clock is to be distributed globally. For scenario 1, in which
the longest wires are of fixed length, the use of optimized
repeaters [19] allows delay to scale no faster than 1/s"°.
Thus, scenarios 1 and 2 are more appropriate for
modeling the wire demands of a hierarchical clock system,
in which a core runs at the highest clock frequency, with
peripheral circuitry clocked at a lower rate. Furthermore,
our model considers only RC delays. As time-of-flight
delays become significant in future chips, the longer
interconnections must approximate lossless transmission
lines. In the limit that skin depth is small compared to
metal thickness, the width of transmission lines of fixed
length (scenario 1) must scale as the square root of
clocking frequency in order to limit resistive loss. Since
scaling of device delay accounts for only about half of
the historical rate of improvement in clock frequency,
scaling the width of wires of fixed length as s is roughly
equivalent to scaling the width as the square root of
clock frequency. In summary, our model probably
underestimates the wire demands of blocks of random
logic which grow in transistor count from generation to
generation and which require global distribution of the
clock frequency.

On the other hand, our model is certainly adequate
for the case in which a block of random logic of fixed
transistor count is shrunk through many lithographic
generations. For scenario 3, the longest wires in the
system scale in length and width as 1/s and have maximum
delays of the forms R C,, R,C , and R_C_ which all scale
as 1/s. Thus, our choice of constant-resistance reverse

IBM J. RES. DEVELOP. VOL. 44 NO. 3 MAY 2000



scaling and constant maximum wire resistance over
lithographic generations allows us to scale a circuit of
fixed transistor count from generation to generation while
ensuring that all wire-related delay components scale with
device delay. This will be true regardless of the number of
transistors in the initial design. For example, a processor
designed at 0.25-um lithographic ground rules and
containing ten million transistors, operating at a clock
frequency of 500 MHz, and with total clock cycle time
partitioned evenly between device delay and interconnection
delay, would, six lithographic generations later, occupy
1/64th the original area, operate at 4 GHz, and still have
a total cycle time evenly partitioned between device delay
and interconnection delay.

Note, finally, that none of these scenarios precludes
additional improvements in clock frequency through
advances in design and architecture. For many years,
CMOS microprocessor clock frequencies have increased at
a rate only partially explained by reduction in device delay
due to scaling. Much of the additional improvement has
come from architectural advances (primarily reduced
switching operations per clock cycle) and design advances
(for example, better timing of critical paths, leading to
better “speed sorts” in manufacturing and testing). Such
improvements do not require that wire RC delays scale
any faster than device delay.

Figure 5 shows the relative increase in the number of
wire levels required at each lithography generation for a
hierarchical wiring system which is scaled according to the
preceding discussion. In this and the other projections
that follow, the value for the Rent exponent is chosen as
p = 0.85, valid only for random logic, and a pessimistic
estimate even in that case. At lithography generation 0,
the maximum run at the minimum lithographically allowed
wire width is chosen as L, = 0.4N"? (that is, 0.4 chip
lengths), a value roughly appropriate for the 0.25-um
lithography generation and aluminum wiring. Thus, the
projection of wiring needs extends about six lithographic
generations beyond 0.25 um. (The general results and
trends obtained here are insensitive to the precise choice
of L, )

As can be seen, filling a chip of constant size with an
exponentially increasing number of transistors (scenario 1;
N = s%) soon leads to an explosion in the number of wire
levels required to avoid an RC delay bottleneck. If the
number of wiring levels at generation 0 is taken to be
six, scenario 1 indicates that about nine times as many
levels (54 levels!) would be required four lithography
generations later. On the other hand, scenario 2 (N = s)
and scenario 3 (constant transistor count) appear much
more manageable. Scenario 2 may be closer to reality than
scenario 1, since the largest chips for the most demanding
logic applications are being increasingly filled with
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memory and other regular arrays, while random logic
appears to be shrinking in absolute area.
What is the value of introducing new materials? Figure 6
shows the same three scenarios as Figure 5, but we
introduce new materials and higher-aspect-ratio wires in a 385
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manner roughly following the National Technology
Roadmap for Semiconductors [15]. At lithography
generations 2 and 4, L, is held constant (rather than
being scaled as 1/s°), and the material properties and
aspect ratios are chosen so that all wire-related delays
continue to scale with device delay for wires which scale
in length as 1/s. Specifically, at lithography generation 2
we introduce copper wires and a low-¢ insulator (e = 3.5)
and increase the aspect ratio by a factor of 4/3. At
lithography generation 4 we introduce a lower-dielectric-
constant insulator (¢ = 1.9) and further increase the wire
aspect ratio by a factor of 2. The resulting very aggressive
aspect ratio of 4.8 for lithography generations 4 through 6
is necessary to meet the constraint of our model that all
wire-related RC components scale with device delay. This
should not be taken as a recipe for design of a practical
wiring system, since consideration of cross-coupling may
limit aspect ratios to lower values. Reducing the dielectric
constant to 1.3 and increasing the aspect ratio to a smaller
value of 3.5 at lithography generation 4, consistent with
Roadmap targets, would still reduce delays of the form
R.C, and R C_ by 1/s or more, but would allow R C,
delays to increase. Since delay terms of the latter form are
usually insignificant for longer wires, the lack of scaling
for a single lithography generation would almost certainly
be acceptable.

The number of wire levels still quickly becomes
unmanageable in scenario 1, but remains tractable at least
to generation 4 or 5 in scenario 2, and barely increases at
all in scenario 3. Scenario 3 implies that any wire which
spans a certain number of gate pitches at lithography
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generation 0 will still span that many gate pitches at
lithography generation 4. The wire RC delay will scale
approximately with the device delay; indeed, the rate of
improvement in material properties was chosen to ensure
this result. Such a scenario is attractive for several
reasons. Existing circuit layouts can be relatively easily
scaled to reduced lithographic dimensions, without the
substantial redesign required if additional metal levels

are added to the wiring hierarchy. Design tools need not
evolve as rapidly as they must if increasingly hierarchical
wiring systems are needed to wire circuits of fixed size.
Such advantages of scalability of designs and tools, rather
than the need to avoid a looming crisis in wirability, justify
the improvements in materials and wire aspect ratio called
for by the National Technology Roadmap for
Semiconductors.

Scenario 3 of Figure 6 also implies that 64 present-day
microprocessors could eventually be wired on a single
chip, each core surrounded by memory and running at a
multigigahertz clock rate, all with about six or seven levels
of metal. Note that for many (perhaps most) applications,
the processors can cooperate effectively without having to
exchange information at the clock rate of the individual
processors. Simple switching and routing protocols might
therefore allow communication between processors at
negligible cost in terms of additional wire area. The point
is that while a wiring bottleneck must eventually limit
progress in the implementation of ever-more-complex,
ever-faster random logic circuits, architectural solutions
may allow the limit to be avoided. Wiring issues need not
halt the exciting progress in microelectronics technology
for the foreseeable future.

And what if we dream about materials that do not yet
exist? The capacitance per unit length is insensitive to
the cross-sectional geometry, and the insulator dielectric
constant cannot be reduced below 1. But cryogenic cooling
dramatically reduces the resistivities of both aluminum
and copper, and furthermore, wiring materials with a
vanishingly small resistivity are possible. Surprisingly, the
value of a zero-resistivity conductor is not that great, at
least for the next few lithographic generations. Figure 7
shows how the projected wiring needs of Figure 6 are
reduced in the case of an ideal conductor which allows
all wires, regardless of length, to be implemented at the
minimum lithographically determined width. An ideal
conductor would not greatly reduce the metal area of
current wiring systems because the vast majority of all
wires on a chip are short, and therefore are implemented
at, or close to, minimum lithographic dimension.
Furthermore, an ideal conductor only delays the
inevitable explosion in wire levels that must occur
for two-dimensional integration of ever more devices,
so long as the Rent exponent is greater than 0.5.
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Optical interconnections

With growing awareness of wiring as a potential
performance bottleneck has come a growing interest in the
possibility of replacing electrical connections with optical
connections. Most proposals suggest a hybrid approach in
which optical signals are generated in, routed through, and
received in an optical “interposer” which is to be bonded
to the silicon chip. This avoids the very difficult problem
of integrating optically active elements, especially light
emitters, into silicon technology. Recent progress in
fabricating dense arrays of tiny vertical-cavity surface-
emitting lasers (VCSELSs), electro-optic modulators, and
optical detectors gives some substance to these proposals
[20].

Miller [20, 21] has listed and discussed potential
technical advantages of optical interconnections,
including elimination of resistive losses, reduced power
consumption, avoidance of frequency-dependent cross-
coupling, and improved electrical noise immunity. These
advantages provide a convincing rationale for the eventual
replacement of electrical connections at all length scales
down to the chip scale, and perhaps for replacement of
some wiring on chip. But when, at a given length scale,
will optical interconnections be cheaper than wires that
perform the same function? In the case of on-chip wiring,
certainly not until the replacement of wires results in
smaller-area and (therefore) cheaper chips.

Recent comprehensive tests of a six-layer copper/silicon
dioxide wire structure showed that coupled wire pairs of
approximately 1.2 wm thickness and 4.5 um pitch will
sustain clock frequencies in excess of 5 GHz over
distances of about 1 cm [22]. At this frequency, these
wires are already operating in the limit at which the
electrical skin depth is of the order of the wire thickness.
Thus, scaling to higher frequencies or longer runs requires
only an increase in wire width, not thickness. To contain
resistive losses, wire width should scale as the wire length
and as the square root of the frequency. The minimum
pitch of practical optical waveguides is of the order of
10 to 20 wm. So long as each optical waveguide replaces
only one electrical wire, it will be decades before optical
interconnections can compete on the basis of areal
density. Waveguides are eliminated in proposals for free-
space propagation of optical signals [20]. Waveguides
based on the photonic bandgap principle [23] might
reduce the width to a few micrometers, and should be
investigated. However, the greatest hope for increased
areal density of interconnections is to exploit the
wavelength division multiplexing (WDM) capabilities of
optical interconnections so that one optical connection
replaces many wires.

Miller and Ozaktas [24] have shown that the maximum
number of bits per second that can be carried by a simple
electrical interconnection is
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in which A4 is the cross-sectional area of the conductor, L
is the interconnection length, and B, is weakly dependent
on geometry with a value of about 10' bits/s for wires on
a chip. The dimensionless ratio, V/A/L, thus determines
the bit rate which can be supported by a wire. Because
optical waveguides are not subject to the resistive loss
physics that gives rise to Equation (6), the bit rates
supported by long optical interconnections of a given
VAJL can vastly exceed the bit rates supported by long
wires with the same VA/L. Miller and Ozaktas estimate
that this inherent superiority of optical interconnections,
currently exploited at length scales of meters to thousands
of kilometers, may eventually be exploited for on-chip
interconnections as information bandwidths on chip
approach 1 Tb/s.

The results of a recent theoretical investigation [25]
suggest that it may be possible, utilizing photonic bandgap
materials and techniques, to eventually miniaturize WDM
components to the point at which they can be integrated
on chip or in chip-scale interposers. This approach
is of great interest and should be pursued. However,
optical interconnections will never replace all wires on a
chip. With minimum wire pitches of about 0.6 wm already
in production, waveguides are simply too large to replace
the vast majority of wires on current chips, not to mention
the much smaller wires on future chips. Indeed, at
sufficiently short distances, current wiring systems can, in
principle, already support aggregate data rates greater
than 1 Tb/s. Thus, for microprocessor architectures, the
use of on-chip optical interconnections may be limited to
replacement of only the widest and thickest signal wires.

Novel architectures

The speed of light will soon begin to limit interconnection
performance, and this will be equally true of optical
waveguides or conductive wires. For the last two decades,
CMOS microprocessor clock speeds have increased at a
rate of about 30 percent per year, so that the distance a
signal can propagate in a clock cycle has decreased by

a factor of about 0.75 each year. Currently, a signal
propagates about 20 cm in a single 700-MHz clock cycle.
If the trend in clock rate continues, this distance will
shrink to 1 cm in about ten years. Reduction in insulator
dielectric constant can increase signal propagation velocity
by a factor of 2 at best, adding only two to three years to
this scenario. One solution may be the implementation

of a hierarchy of clock frequencies on a chip, with the
highest frequency distributed only within a comparatively
small logic core and its associated registers and fast cache.
Such an architecture can be viewed as a simple mapping
of current practice at the board and system level to future
chips, and can obviously be extended to the implementation
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of multiple processors on a chip, as suggested above
in the discussion of Figure 6.

There also appears to be ample room for architectural
improvements at the level of individual processors
[26]. Such architectures reduce the need for global
communications within a processor by clustering execution
units with associated data and instruction storage. Within
each of these clusters, communications are reduced
by extending the storage hierarchy to the level of
individual execution unit inputs. Finally, when global
communications are required, these are implemented over
a shared packet network by a variety of simple switching
and routing schemes. Such architectures appear capable of
greatly reducing bandwidth (hence wire area) requirements
for global communications, although many issues such as
compiler and run-time software optimization remain
to be addressed [27].

An optimistic view

There are many reasons to take a guardedly optimistic
view of future interconnection technology development.
Some estimates of future wiring needs make the worst-
case assumption that high-performance random logic
completely fills chips of ever-increasing area. A more
realistic assessment takes account of the fact that, in the
most aggressive current microprocessor designs, random
logic is actually shrinking while memory is growing as a
fraction of total chip area. As discussed above, this
significantly delays (but does not eliminate) the need
for additional wiring levels.

Also, as wire delays become increasingly important, we
can expect further innovation in design methodologies and
architectures. Design tools must eventually account for
signal delay at all levels of the wiring hierarchy and
in all stages of the design process. Novel, currently
experimental, architectures appear capable of significantly
reducing wiring needs. We can foresee innovations such
as stacked device structures and active devices in the
interconnection levels (three-dimensional integration), and
optical links on chip (no faster than electrical transmission
lines, but operating at lower power and with the potential
for much higher bandwidth through wavelength division
multiplexing). Such advances are more likely as increased
resources are devoted to the “interconnection problem.”
The Microelectronics Advanced Research Corporation
(MARCO) [28], a recently formed subsidiary of the
Semiconductor Research Corporation, has significantly
increased university funding for long-time-horizon
research in architecture and design, as well as materials,
processes, and structures.

Finally, we are just beginning to implement fully
hierarchical wiring systems and just learning to integrate
copper with low-dielectric-constant insulators. Aspect
ratios will be further increased as design tools and
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methodology are further improved to avoid the penalties
imposed by increased cross-coupling. Copper wiring
patterned by the dual-damascene method offers
substantial process simplification, with an accompanying
potential for cost reduction and improved manufacturing
yields. Thus, the addition of many more wire levels,
perhaps more than the NTRS estimate of nine in the year
2012, may be economically viable. Certainly, an important
and inescapable challenge for future interconnection
technology is to continue to articulate the wiring
hierarchy, with an ever-increasing disparity between the
minimum pitches of first and last metal levels, and a
steadily increasing number of intermediate levels at
intermediate pitches—an increasingly three-dimensional
system. The extension of the technology should keep many
talented scientists and engineers busy for the foreseeable
future.
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