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Abstract—This paper describes the performance improvements
of a reduced instruction set computer (RISC) microprocessor that
has migrated from a 2.5-V technology to a 1.8-V technology. The
1.8-V technology implements copper interconnects and lowVVV ttt

field-effect transistors in speed-critical paths and has anLLLe� of
0.12���m. Global clock latency and skew are improved by using
copper wires, and early mode timings are improved by reducing
clock skew and adding buffers. These enhancements, along with
an environment of 2.0 V, 85���C, and with a fast process, produced
a 480-MHz RISC microprocessor.

Index Terms—CMOS, copper, low threshold, microprocessor,
PowerPC, reduced instruction set computer (RISC).

I. INTRODUCTION

A 32-BIT 480-MHz PowerPC1 reduced instruction set com-
puter (RISC) microprocessor has been migrated into

an advanced 0.2-m CMOS technology with copper for its
interconnects and multithreshold transistors. The technology
features help to increase the microprocessor’s internal clock
frequency up to 480 MHz at 2.0 V and 85C, and at the
fast end of the process distribution. When operating at room
temperature, the clock frequency increases to over 500 MHz.

II. PROCESSORARCHITECTURE

The microprocessor’s architecture can dispatch two in-
structions per cycle by using two 32-KB L1 caches, one
for data and one for instructions. An integrated L2 cache
controller can work with L2 cache sizes of 256 KB, 512
KB, or 1 MB, and the I/O’s interface with the external bus
using an industry standard of 3.3 V. The 60bus has ratios
of 1 as well as 2 to 8 with 0.5 increments. The
L2 cache interface contains ratios of L2 bus frequency to
internal clock frequency of 1 : 1, 2 : 3, 1 : 2, 2 : 5, and 1 : 3. The
microprocessor has been successfully implemented in a 2.5-V
CMOS technology [1] and has migrated to a 1.8-V CMOS
technology (Fig. 1). The 1.8-V microprocessor has estimated
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SPECint95 and SPECfloat95 ratings of 20 and 12, respectively,
at 480 MHz with a 1-MB L2 cache running at 240 MHz and
a 60 bus frequency of 96 MHz. The 60 bus is the high-
speed 32- and 64-bit processor bus interface used throughout
the PowerPC family of processors.

III. T ECHNOLOGY

The 2.5-V CMOS technology, with a field-effect transistor
(FET) of 0.18 m, has five interconnect levels made of
aluminum, a tungsten local interconnect, and tungsten vies.
The local interconnect contacts both diffusion and polysilicon
by overlap. The contacted wiring pitch for the third level of
metal is 1.26 m. The metal thicknesses are 0.54m for M1,
0.73 m for M2, M3, and M4, and 2.07m for M5. The nom-
inal internal clock frequency is 221 MHz; but the frequency
increases to greater than 275 MHz when the line is tailored
shorter, the voltage is increased, and the maximum operating
temperature is reduced. The I/O’s were designed to interface
from the internal voltage of 2.5 V to the 3.3-V external bus.
The 6.4 million transistors fit into a 67 mmchip area.

The 1.8-V CMOS technology has a nominal NFET
of 0.12 m. This technology is a linear shrink from the 2.5-
V technology with some changes to the ground rules for the
local interconnect and the Si/local interconnect spacing. In this
technology, the microprocessor has six levels of metal (Fig. 2).
Metal-level thicknesses are 0.40m for M1 and M2, 0.55 m
for M3 and M4, and 1.20 m for M5 and M6. Beginning with
M1, all levels of metal and vias are fabricated with copper.
Again, a tungsten local interconnect with a tungsten via is used
to increase the overall density. The copper wires, manufactured
with a damascene process, are deposited via electroplating,
which provides lower costs and better connections to the vias
than the tungsten via and metal etch-back process used for
aluminum. A single damascene process is used for M1 and a
dual damascene process is used for the remaining metal levels.
The dual damascene process produces the via connections
and the metal level, in copper, at the same time. The third-
metal level has a reduced contacted pitch of 0.81m. This
microprocessor’s SRAM cell, used in several custom circuits,
is a migrated design with new ground-rule waivers measuring
7.6 m . The smallest SRAM cell available in the 1.8-V
technology, which measures 6.84m , was not selected in
order to maintain the M1 word line and not adversely affect the
development schedule. The technology offers FET’s with two
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TABLE I
TECHNOLOGY FEATURES

Fig. 2. Scanning electron microscope of six copper metal levels and local
interconnect.

wired with aluminum. Fig. 4 presents the same data with
the metal levels fabricated in copper; the path delay near
2.0 ns is reduced because the RC delay percentage on the
critical paths is decreased. Path delays less than 1.0 ns did
not change significantly because the paths contained little RC
delay. The top 5% of the paths have RC delay ranging from
5–25% of the total path delay, where the speed advantage

Fig. 3. Histogram of path delays with Al interconnects.

from copper is noticeable. The top 5% of the paths typically
contain 18–23 gates/cycle. With a higher percentage of the
critical path delay dominated by intrinsic gate delay, the
frequency of the microprocessor more easily increases at the
fast end of the process distribution, with either higher voltage
or lower temperature. Some of the late-mode critical timing
paths, which still contain a large amount of RC, are tripled
in width to decrease the RC delay further. Decreased cycle
time is accomplished without adding a pipe stage, so a high
frequency can be reached while still preserving the number
of instructions executed per cycle. A similar timing for early
mode was performed to compare clock paths to shortest delay
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