








THE ELECTRONIC PACKAGING
PROGRAM

For a microelectronic system to work, each microchip must
be protectively nestled on a carefully engineered carrier made
out of plastic, composite, or ceramic. This carrier contains
hundreds of tiny metal interconnects that feed power to the
chips and transfer data among them. The carrier must also
remove chip-killing heat, and the interconnects must with-
stand the strains of thousands of cycles of thermal expansion
and contraction. An interconnected array of chip carriers may
be mounted on a computer card, and several of these cards
may be plugged into a larger circuit board. The technology
that results in this hierarchy of chips, carriers, cards, and boards
is the province of electronic packaging.

The importance of electronic packaging cannot be over-
stated. The gross annual revenue of the data-processing in-
dustry already exceeds that of the automobile industry, and it
is growing at a faster pace. Electronic packaging is crucial to
this whole enterprise, accounting for about 60 percent of the
cost of a computer.

A relentless reduction in the size of components plus the
demand for continual improvement in performance present
many challenges. The Cray 1 supercomputer, designed by
Seymour Cray in the late 1970s, filled an entire factory hall.
Today, the same computational power is provided by the Al-
pha machine, an engineering workstation built by Digital
Equipment Corporation. The Alpha can be packaged in a
single deskside cabinet with a volume comparable to a me-
dium-sized suitcase. According to projections made by the
Semiconductor Industry Association, the size of the smallest
features on silicon chips will continue to shrink throughout
the 1990s, while the size of the chips themselves is expected to
grow. This means that more and more integrated electronic
circuits can be placed on individual chips, and electronic sys-
tems will become yet more compact. Currently, portable sys-
tems represent the fastest-growing segment of the industry.

An Electronic Packaging Program has been set up to coor-
dinate a range of activides that take place at Cornell. Under
the directorship of Professor Che-Yu Li, of the Department
of Materials Science and Engineering, the program en-
compasses the Semiconductor Research Corporation (SRC)
Packaging Program and the Industry—-Cornell University
Alliance for Electronic Packaging.

The SRC is a consortium of leading United States semi-
conductor and systems companies, dedicated to supporting
research that both increases the knowledge base and provides

for the training of new researchers in fields of engineering
and the physical sciences that are involved with semiconduc-
tors and related technologies. The SRC Packaging Program
is a comprehensive, interdisciplinary research program that
was established at Cornell in 1986. It is supported by more
than twenty companies and has an annual budget of $600,000.

To expand Cornell’s research in electronic and optoelec-
tronic packaging, the Industry—Cornell University Alliance
for Electronic Packaging was formed in 1990. Participating
in this partnership are several companies, some of which are
also members of the SRC. A goal of the alliance is to achieve
a membership that spans the whole gamut from suppliers of
materials and components through companies that design and
manufacture systems. The mission of the alliance is to per-
form basic, precompetitive, and directed research that will help
the United States to achieve worldwide leadership in elec-
tronic packaging.

Current members of the alliance include Akzo Electronic
Products, Inc.; AMP, Inc.; the Carborundum Company; Digi-
tal Equipment Corporation; and IBM. The member compa-
nies contribute funds to support the research of the alliance
and assign industrial residents, who spend a major part of the
year at Cornell participating in specific research projects. In
addition to developing new materials and technologies, the
alliance provides valuable research experience and continued
education for the industrial residents, increases the number of
students who graduate with interests and backgrounds in elec-
tronic packaging, and facilitates technology transfer. The an-
nual budget of the alliance is currently about $875,000.

To provide a dedicated space for research, the Advanced
Electronic Packaging Facility is being established in an 8,000-
square-foot area on the first floor of Kimball Hall. The Na-
tional Science Foundation and Cornell University are shar-
ing the expense of renovating this area. Equipment will be
donated by the Digital Equipment Corporation and IBM, and
operating expenses will be partly defrayed by the State of New
York. A Class-1,000 clean room will take up 1,000 square feet
of the area, and there will be a complete line of equipment for
fabrication, characterization, and testing. The renovations are
scheduled for completion in December 1993.

Cornell is also committed to making a sound education in
electronic packaging available to interested students. Che-Yu
Li, together with two coauthors from IBM, wrote the first
comprehensive textbook on this subject. Three special courses,
focusing on electrical, thermal, materials, and manufacturing

2 Cornell Engineering Quarterly










COH

@2

N

H

YaaWas

polyamic acid

MOO%

polyimide

Improving Adhesion

between Polyimide Layers

A group led by Edward J. Kramer is investi-
gating adhesion between polyimide layers.
Polyimides are a class of polymers with good
thermal stability and desirable mechanical
properties, as well as a relatively high glass-
transiton temperature. This makes them es-
pecially suitable for applications requiring
high-temperature processing, so they are used
in the chip-on-board mounting technology,
despite their somewhat high dielectric con-
stant (as compared with polymers such as
Teflon).

Polyimides are often used as interlayer di-
electrics, with a series of thin layers deposited
sequentially to form a microelectronic struc-
ture. Unfortunately, these layers display poor
self-adhesion, and their propensity to delami-
nate complicates processing and adversely af-
fects reliability. The difficulty arises, in part,
from the way in which polyimide layers are
prepared. Polyimide is not soluble in common
solvents, so it must be processed in a precur-
sor form such as polyamic acid or polyamic
alkyl ester. Using these materials, uniform
films can be cast from solution, dried, and ther-
mally treated to create the final polyimide
structure via a ring-closing reaction (see Fig-
ure 2). If the first layer is fully converted to
polyimide, subsequent layers spun-cast on top
of it will bond poorly. The adhesive strength
between the layers is related to the amount of
interdiffusion across the interface, and since

the polyimide and its precursor are essentdally
immiscible, diffusion is very limited.

The Kramer group is investgating the fac-
tors controlling the amount of interdiffusion
in the hope of improving adhesion between
polyimide layers. The way different polymer
architectures and spin-casting solvents affect
the amount of imidizaton and interface
properties is being explored using several
depth-profiling techniques. The material in
one of the layers is labeled by replacing some
of the hydrogen atoms of the polymer with
deuterium. Diffusion measurements can then
be made at Cornell’s ion-beam facility, using
forward recoil spectrometry (FRES), time-of-
flight FRES, and nuclear-reaction analysis (see
Quarterly 26(1):29-35). The depth resolution
of these techniques varies between 150 and
600 A. If higher resolution (in the vicinity of
10 A) is needed, neutron reflectivity measure-
ments are made at either Argonne National
Laboratories or at the National Institute of
Standards and Technology.

Kramer and his coworkers have found that
small changes in the architecture of the
polyamic ethyl ester can have a profound ef-
fect on imidization kinetics, even though they
lead to the same polyimide. For example, the
para-isomer has a higher degree of conversion
to polyimide than the corresponding meta-
isomer after identical thermal treatments. It
was also found that the imidization reaction
did not proceed uniformly as a function of
depth. Rather, there was less conversion in the

Figure 2. The conversion of
polyamic acid to polyimide. Since
polyamic acid is soluble, it can be
spun-cast as a liquid, then turned
into polyimide through a ring-
closing reaction that is promoted
by heating.
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Figure 3 (left). Interdiffusion
distance as a function of base-
layer imide fraction. The
penetration of the top layer into
the bottom layer decreases as
the bottom-layer imide fraction
increases.

Figure 4 (right). Fracture as a
function of imidization.
Interfacial fracture energy
decreases as degree of
conversion increases.

region within 2,000 A of the surface than in
the bulk (see Figure 3). In contrast, the meta-
isomer had a uniform degree of imidization as
a functon of depth. It may be possible to in-
tentionally tailor the imide fraction at the sur-
face and thus improve adhesion.

For the polyamic ethyl precursors of the
polyimide, PMDA/ODA, the amount of in-
terdiffusion depends on temperature and de-
gree of conversion to polyimide in the base
layer. The interfacial fracture energy decreases
rapidly from 1,500 to 200 joules per square
meter as the degree of conversion increases
from 50 to 100 percent (see Figure 4). In other
words, the amount of energy required to pull
the layers apart depends primarily on the
amount of interpenetration of the top layer
and the bottom layer. This is, in turn, depen-
dent on how thoroughly the base layer has
turned to imide.

The research group is currently exploring
several methods of strengthening the poly-
imide-polyimide interface by altering the re-
gion near the surface. The improvement in
self-adhesion that is expected to result will be
critical for several emerging electronic-pack-

aging technologies.

Block Copolymers

for Superior Resists

Another research effort, led by the senior au-
thor, involves the development of block co-
polymer resists. Resists, which are used to pro-
duce the fine topological features required in
microelectronics, are polymers that are sensi-
tive to a specific type of radiation, becoming
either soluble or insoluble as a result of expo-

sure. In postexposure processing, the soluble
portions are removed, leaving either a posi-
tve or a negative mask to protect underlying
material during further processing.

Polymeric resists are commonly used to
produce microcircuitry by masking metallic
surfaces which are then etched away, leaving
narrow strips that conduct electricity between
devices. It would be advantageous if polymeric
resists could also be used to shape other poly-
mer films used as insulators. Graduate students
Allen Gabor and Eric Lehner took up the chal-
lenge, with support from the Semiconductor
Research Corporation’s Microscience and
Technology Program.

Their solution is to use a block copolymer,
which is a hybrid of two dissimilar polymers
linked by a covalent bond. One block produces
a phase with a high glass transition tempera-
ture that can be imaged with an electron beam.
The other block is rich in silicon, which makes
it able to resist reactive ion etching (RIE) in
an oxygen plasma, although it has a low glass
transition temperature and lacks the dimen-
sional stability needed to make a good resist.
By using the two phases together, inextricably
linked, it is possible to take advantage of their
strengths, while suppressing their weaknesses
(see Figure 5). The resulting material is much
like a composite in which one phase provides
the etch resistance and the other provides the
imaging capability.

Block copolymer resists can be imaged,
then processed to remove unexposed portions,
and will form a clean, hard mask over the poly-
mer film to be etched. Evaluation at the Na-
tional Nanofabrication Facility showed that
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SPIN-ON OXIDES

FOR MICROELECTRONICS

by Michael W. Russell, Gerald 'I. Kraus, and Emmanuel P. Giannelis

echnological advances in inte-

grated circuits have stimulated

rapid growth in the microelec-
tronics industry. In the 1950s, the bipolar
transistor replaced the vacuum tube, and
since 1975, the semiconductor integrated
circuit has for the most part replaced
discrete devices. Device miniaturization,
with its advantages of low power consump-
tion and high yield, has propelled digital
integrated circuits to the forefront of the
market.

More than one million devices can al-
ready be put on a single chip, and further
miniaturization presents a challenge to de-
signers and materials engineers. Reducing
the size of very-large-scale integrated
(VLSI) devices means reducing the area of
capacitor structures such as the storage ca-
pacitor in a dynamic random access memory
(DRAM). The capacitance of these struc-
tures is directly proportional to dielectric
constant and area, but inversely propor-
tional to film thickness. As components are
packed closer together, the area available for
each capacitor is reduced. In order to main-
tain the same capacitance, film thickness
must also be reduced.

In traditional DRAM architectures, the
dielectric medium is silicon dioxide (SiO,).
The storage capacitor of a one-million-bit
DRAM requires a silicon dioxide layer
that is only 10 nanometers thick. Unfortu-
nately, when silicon dioxide films are made this
thin, problems with defects, electrode sensi-
tivity, and breakdown begin to occur. To over-
come these difficuldes, researchers are
investigating insulators that have a higher
dielectric constant. Such insulators would
make it possible to use thicker films and still
achieve the required capacitive density. Mate-
rials with a high dielectric constant are also
needed for “decoupling capacitors,” which de-
crease inductance and control the switching-
noise level in a package.

The Advantages

of the Spin-on Process

The challenge is to make acceptable thin
films from materials that have appropriately
high dielectric constants. Thin films can be
deposited by either physical or chemical
techniques. With physical techniques, such
as sputtering and laser ablation, it is diffi-
cult to control film stoichiometry. Other
drawbacks are the difficulties of conformal
deposition in deep submicron applications
and the difficulties of adapting processes to
large-scale manufacturing. In contrast,
chemical techniques, such as spin-on pro-
cesses and chemical vapor deposition, offer
greater control of stoichiometry and better
step coverage. And of the two, spin-on tech-
niques have the advantage of simplicity and
low cost; wafers spin-coated with a thin film
of silicon dioxide, for example, can be pro-
duced for only 10 or 20 percent of what they
would cost if produced by chemical vapor
deposition.

Spin-on deposition is a process of solu-
tion casting in which a liquid precursor ap-
plied to a substrate is thinned out by cen-
trifugal force and then thermally cured. The
heat drives off the solvent and transforms
the precursor into an oxide. Spin casting
produces films of uniform thickness over the
substrate. Because of the spin-induced flow
of the precursor solution, the cured layer is
smoother than the underlayer. This is highly
desirable in a multilayer structure because
it eliminates problems from underlying to-

pography in high-density packaging.

The Polymer Precursor:

Synthesis of the Sol

To make high-dielectric-constant oxide
films, our group begins with an inorganic
polymer prepared by hydrolysis and con-
densation of a metal alkoxide. Hydrolysis
results in the formation of reactive mono-
mers, and during condensation these mono-

“spin-on techniques
have the advan-

tage of simplicity
and low cost”
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Figure 4 (top). Dielectric constant

and dielectric loss for tantalum
oxide thin films.

Figure 5 (bottom). Hysteresis of a
MOD PbZr, Ti, O, thin film,

03 0773

rapidly thermally annealed at

700°C.

Films approximately 70 nanometers thick
were formed by spin-casting on base electrodes
of metallized silicon and processing at tem-
peratures in excess of 250°C. Tantalum oxide
capacitors were then created by evaporating
gold top electrodes, and the dielectric behav-
ior of these films was investigated (see Figure
4). Over a large frequency range (from 0.1
kilohertz to 10 megahertz), the dielectric con-
stant remained at 25 for films processed at tem-
peratures of 400°C and above. Leakage cur-
rent s no greater than in Ta,O films prepared
by other processes.

Densification and crystallization of sol-gel-
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derived tantalum-oxide thin films were also
achieved using jon implantation in place of
conventional heat treatment. "ITransmission
electron microscopy (TEM) revealed the on-
set of crystallization for implant doses greater
than 1x10" Xe* ions per square centimeter.
Electron diffraction patterns were indexed to
orthorhombic B-Ta,0,. The electrical prop-
erties of films implanted with a dose of 5x10%
Xe' ions per square centimeter were compa-
rable to films processed by conventional heat
treatments.

Research on the Deposition

of Ferroelectric Thin Films

Another research objective has been to develop
spin-on techniques for depositing ferroelec-
tric thin films. Ferroelectrics have a dielectric
constant that is several times that of Ta,O,,
which would allow a further reducton in the
area of capacitors. In addition, they exhibit
reversible spontaneous electric polarization
that results in a hysteresis loop. This feature
can be exploited to store information in non-
volatile memory, which retains information
even when power is lost.

The ferroelectric used for spin-on experi-
ments was PbZr, 'Ti O, (PZT), a compound
that contains a relatively low zirconium con-
tent and may have good long-term resistance
to fatigue induced by switching. Fatigue resis-
tance is a critical obstacle that must be over-
come in order to develop practical materials
for nonvolatile memories. Sol derived PZT
films have a dielectric constant of 650 and show
characteristic hysteresis in the plot of polar-
ization versus electric field (see Figure 5).

Crystalline ferroelectric films have also
been formed by ion implantaton. Combin-
ing ion implantation with low temperature an-
nealing may diminish the processing incom-
patbility of PZT and aluminum. Current work
includes studying the stability of PZT films in
contact with metal electrodes and further in-
vestigation of the mechanisms of densification.

Potential Impact

of Spin-On Technology

The research conducted by our group has
made a significant contribution to knowledge
of the fundamental physics and chemistry of
spin-on film deposition. As a result, novel spin-
on materials and processes that are suitable












Figure 3. Capacitance gauge for
measuring out-of-plane displace-
ment of thin polymer adhesives.
The way capacitance varies with
load makes it possible to measure
displacement with nanometer
resolution.

Figure 4. Effect of adhesive
thickness on elastic modulus. The
largest value, at 4 mils, agrees
quite well with predictions based
on bulk modulus and mechanical
constraint.
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sive. Especially important is the adhesive’s
out-of-plane or thickness distortion and the
way this dimension changes with repeated
heating and cooling.

Excessive increase in the thickness of the
adhesive film is undesirable because it can
open the contact between the gold bumps.
In order to make such interconnects reli-
able, we need to know the coefficient of ther-
mal expansion and the elastic modulus of
the adhesive film in the thickness direction.
Because the of thinness of the film, the mea-
surement of these properties has not previ-
ously been possible. But the challenge was
taken up by a team including John Dion (an
industrial resident from Digital Equipment

Corporation), senior research associate Pe-
ter Bargesen, and staff engineer Boris Yost.

We have developed an innovative device
to measure the out-of-plane displacement
of thin polymer adhesives. Two rigid steel
substrates are glued together with a ring of
epoxy such as Araldite. An opening in the
middle of the upper substrate makes it pos-
sible to mount a capacitance gauge close to
the film. The capacitance in the air gap be-
tween the gauge and the bottom substrate
changes linearly with distance, providing an
indicator of displacement in the thickness
direction (see Figure 3).

We have found that the elastic modulus
of a thin film is significantly less than that
of the same material tested in bulk, and the
coefficient of thermal expansion increases
as thickness diminishes. Both phenomena
seem to be related to fundamental changes
in the morphology and structure of the poly-
mer chains. Polarized microscopy reveals
that the observed structural changes are as-
sociated with an increase in the orientation
of polymer molecules when films are thin-
ner than 4 mils (see Figure 4).

These findings have definite implications
for the design of adhesive-based microbump
interconnects. It seems clear that the compres-
sive stress generated during the curing of the
adhesive is sufficient to produce good electri-
cal contacts, but it is not clear that good elec-
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cal connection pins to the underlying cir-
cuit board. In this illustration, the heat sink
and the circuit board are cooled by ambient
air. Higher-performance packages typically
have multiple chips, multilayer ceramic sub-
strates, and forced air or liquid as a cooling
medium.

The integrated-circuit package and
board may be assembled into a further level
of packaging, as in the personal computer
shown in Figure 2 (where air-cooling paths
are shown schematically). In the future, the
functions shown in Figures 1 and 2 will be
compressed into ever smaller electronic
packages, with heat flows of several hundred
watts. Applications involving automotive
control and combustion will require such
packages to operate in hostile environments,
and cooling fans are likely to diminish in
size. The interrelationships between the
support structure and the cooling-air paths
will represent a major challenge for ther-
mal design engineers.

Resistance networks and air flow systems,
such as those illustrated in Figures 1 and 2,
are crucial to an understanding of the tem-
perature distribution and heat-transfer paths
in an electronic package. The chips gener-
ate thermal energy as a result of electrical
losses due to switching and to the distribu-
tion of power and signal in the microelec-
tronic circuitry. The thermal energy may be

thought of as emanating from the node lo-
cated at the center of the chip in Figure 1. A
network of thermal resistors in series and
parallel then carries the heat through the
structure to the ultimate thermodynamic
heat sink, represented by the two nodes
marked “air.” Since heat only flows from
regions of high temperature to regions of
low temperature, in accordance with the
Second Law of Thermodynamics (when no
external work is done on the system), the
highest temperatures occur at the “chip”
node and the lowest at the “air” nodes,
where the ambient atmosphere picks up the
heat generated by the package.

Efficient Dissipation of Heat:

A Challenge for Thermal Engineers

To minimize the operating temperatures
within the package, it is necessary to reduce
as much as possible the resistances in the
thermal network, and to optimize the net-
work geometry. The network resistors rep-
resent heat conduction paths within the
solid structures and heat convection paths
to the ambient air. Finite-element models
are often used to estimate thermal resis-
tances for the conduction paths. Structural
materials with high thermal conductivity
(aluminum, copper, aluminum nitride, sili-
con carbide), or thin films of very high con-
ductivity, such as those made of diamond,

Figure 2. The flow of air through
a personal computer. The air-flow
paths are designed to cool the
chip packages and printed-circuit
boards, the auxiliary systems,
and the power supply. They
must do so efficiently, with low
noise and minimum fan power.
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Figure 3. Three approaches to
cooling. Millichannel cooling
allows a cooling fluid to circulate
through the substrate; heat pipes
conduct the heat away from the
chips to a heat sink where it is
dissipated; and droplet impinge-
ment focuses a cooling spray
right where it is needed.

22 Cornell Engineering Quarterly

are used to lower the resistance to thermal
conduction in critical regions.

The resistances due to convective heat
transfer from the heatsink or the circuit board
to ambient air depend on the air-flow paths in
the environment surrounding the package. To
estimate these resistances, which are often the
largest in a thermal network, computational
fluid dynamics or laboratory experiments may
be used. Much effort has been directed to im-
proving air-cooling systems, resulting in bet-
ter ways to distribute air, better designs for
fins that transfer heat to the air, and the devel-
opment of high-performance, self-contained
thermal modules, which may employ internal
jets or phase-change heat transfer.

The research group focusing on the ther-

mal aspects of electronic packaging has been
involved in finding solutions to a wide range
of design problems. Studies have ranged from
direct numerical simulation of the thermal
performance of packages to the design and
testing of specific cooling schemes. Configu-
rations under study (shown in Figure 3) in-
clude cooling schemes that are an integral part
of an electronic packaging substrate as well as
separate modules designed to be attached to
microelectronic devices. Yet other work aims
to develop methods for measuring the ther-
mal properties of materials used in micro-
electronic packages, especially thin-film
structures.

One way of making cooling an integral
part of the microelectronic package is illus-

substrates perforated
by millichannels
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trated in Figure 3a. In this approach, air or
water is pumped through millimeter-sized
channels in the substrate to provide efficient,
localized heat removal. This technique was
studied in an undergraduate project carried
out on the Cornell supercomputer by Timo-
thy S. Fisher. Subsequent geometric opti-
mization of the flow channels by under-
graduate David E. Hall and Stephen J.
Kostera, an industrial resident from IBM,
has led to improved designs that can hold
the temperature of chips mounted on a 10-
centimeter-square substrate under 100°C.
The heat-removal rate, with air cooling, is
up to 1,000 watts, and with water cooling,
10,000 watts.

Heat Pipes and

Impingement Cooling

Self-contained cooling modules that may be
attached to microelectronic packages that
are manufactured separately make use of
“heat pipes” and “impingement cooling”
(see Figure 3b,c). A heat pipe is a pathway
with very high thermal conductivity that
leads directly from a heat source to a heat
sink. The heat pipe employs a contained
working fluid (water under low pressure or
various fluid mixtures) that is evaporated at
the heat source and condensed at the heat
sink, with the condensate returning to the

evaporator section by a wicking action in
the containing walls. Well-designed heat
pipes have an effective thermal conductiv-
ity many times that of diamond, the mate-
rial with the highest known passive thermal
conductivity. This makes heat pipes attrac-
tive for enhancing the thermal conductivity
of less expensive materials such as copper,
silicon, or aluminum nitride.

Experimental heat pipes developed by
graduate student Mark North support
finned arrays that are cooled by ambient
air (see Figure 4). Testing in a specially
constructed wind tunnel revealed heat-
removal rates of nearly 1,000 watts for sur-
face temperatures under 100°C, which is
often considered the limit of reliable opera-
tion for semiconductor chips. The proto-
type measures about 7 by 7 by 14 centimeters,
but much smaller versions are currently
under development. Such self-contained
and extensible modules are being consid-
ered for use in future high-performance
workstations.

Impingement cooling involves heat
transfer through direct contact between a
jet of cool fluid and a hot surface. Current
research includes studies of air jets, liquid
sprays, and droplets. The way droplets col-
lapse against an obstacle, with a jet of liquid
spreading rapidly at the surface, greatly

Figure 4. A prototype for
collecting heat through heat
pipes and dissipating it through a

finned array.
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SIMULATING SYSTEM CONSTRAINTS
IN COMPUTER PACKAGING

“we are trying to
achieve a better
understanding of the
way the physical
structure of
computer affects its
functionalsty,
performance, cost,
and reliability.”

Figure 1. Chip set for a model
RISC workstation. The nine chips
are attached to a substrate with
an array of solder bumps. The
heavy black line shows the critical
path, whose length limits the
computer’s speed.
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by J. Peter Krusius

dvances in miniaturization have

already shrunk computers to a

mere fraction of their former size,
and this trend is expected to continue
through the next decade. Such a radical
change in scale implies a series of other sys-
temic changes that require a complete rethink-
ing of the physical structure of all computers,
including supercomputers, mainframes, work-
stations, personal computers, notebooks, and
hand-held units.

A research group that I lead is examining
the impact of changing constraints on the
packaging of computer systems with the aid
of computer simulation. Graduate students
who have been involved in this work during
the past academic year are Lipeng Cao, Bruce
Hahne, Henry Lin, and David O’Brien. To-
gether, we are trying to achieve a better un-
derstanding of the way the physical structure
of a computer affects its functionality, perfor-
mance, cost, and reliability. To do this, we build
a large set of linked models describing every
conceivable characteristic of the system,
whether physical or functional , and then simu-
late their interaction. The program we have
developed is called AUDJT, for Automated
Design Trade-off Simulator. Similar methods
of system simulation have been applied to com-
plex problems involving airline traffic, urban
infrastructure, weather, and planetary ecosys-
tems. (The computer game SimEarth allows
players to design and manage entire planets.)
What we do follows the same principles, al-
though the content differs: We use computers
to simulate computers.

A Demonstration of the Technique
Using a Model Computer

To illustrate how we study the system con-
straints of physical structure—or, more pre-
cisely, of packaging architecture—I will de-
scribe the thermal constraints on engineering
workstations patterned after the IBM RS/
6000. This machine has been designed as a

reduced-instruction-set computer (RISC) and
has nine silicon integrated-circuit chips in its
central computational complex. This chip set
performs all the computational functions of
which the computer is capable. The chips are
implemented in a complementary metal-ox-
ide-semiconductor (CMOS) circuit technol-
ogy with a I-micron minimum feature size.
CMOS is currently the dominant integrated-
circuit technology, and it is expected to main-
tain this position throughout the 1990s.

Each of the chips has a specific funcdon:
an instruction cache unit (ICU) stores instruc-
tions temporarily; a fixed-point unit (FXU)
executes commands applied to integer num-
bers; a floatng-point unit (FPU) executes com-
mands on floating-point numbers; four data
cache units (DCU) store temporary data; a
storage control unit (SCU) controls the stor-
age of datwa in the temporary and permanent
memories of the computer; and an input/out-
putinterface unit (I/O) controls all input/out-
put operations (see Figure 1).

The performance of this RISC computer
is limited primarily by a single signal path,
called the critical path, which runs from the
FXU to one of the DCUs. Data travels on this
path when the FXU chip reads it from or writes
it back to the temporary storage (DCU). It

ICU FXU = FPU
sCu DCU m DCU
1/0 DCU DCU




single-chip
package

printed
wirin
boar:

integrated-

circuit chips ~ T~

muhtichip
module

should be noted that the critical path runs on
two chips (FXU, DCU) and on the packaging
medium between the chips.

For purposes of demonstration, we will
consider two different ways of packaging
this chip set. The first alternative involves
placing each chip in its own package, which
must provide the required signals, electric
power, and cooling functions. The single-
chip packages (SCPs) are then placed on a
printed wiring board (PWB) in a three-by-
three array as shown in Figure 2. The board
provides all signal wires (interconnects) and
electrical power leads that are required be-
tween the chips. The second alternative in-
volves placing all chips on a single substrate,
called a multichip module (MCM), in a
three-by-three array with no intervening
package walls. The whole MCM is placed
in its own package.

MCMs differ in the combination of mate-
rials from which they are made. We will con-
sider three possibilities:

1. tungsten metal interconnects laminated with
a ceramic material such as aluminum ni-

tride into a multilayer ceramic structure
(MCM-C)

2. copper metal interconnects deposited on
organic polyimide insulator layers in a
multilayer structure on top of a ceramic
substrate (MCM-D)

3. copper interconnects laminated with or-
ganic layers into a multilayer organic struc-
ture (MCM-L)

Key characteristics for each of these three
interconnect technologies are shown in Table
1. Values given for the line width and line space
of metal interconnects reflect current manu-
facturing capability. Permitivity depends on
the dielectric between the metal lines and is
determined by the specific ceramic or organic
materials used. Commercial MCM work-
stations of this type are not yet on the market.

Results of the Simulation:
Size and Performance
AUDIT was used to generate key characteris-
tics of the RISC workstation under discussion,
implemented according to the four packaging
architectures outlined above. Of particular
interest are the relationships between size, per-
formance, and cooling.

The relationship of system size to packag-
ing efficiency and cycle time is given in Table

A Comparison of Four Substrates

SCP/PWB MCM-C MCM-D MCM-L
Line width 150 um 100 um 12 um 100 um
Line spacing 225 um 100 um 16 um 125 um
Layers 4 4 4 4
Permitivity 4.8 8.9 3.5 3.9

Figure 2. Competing
architectures for the RISC
workstation chip set. Each chip
on the printed wiring board is in
its own package, while all the
chips on the multichip module
are in a single package.

Table 1. Key parameters vary
depending on the substrate used
for the interconnect lines
between the chips. The four
packaging architectures are
described in the text.
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