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1. Introduction

This report surveys the literature on multichip modules (MCMs) for pack-
aging and interconnecting multiple integrated circuits. It discusses proc-
essing, materials, and problems with obtaining known good dice (KGD),
and briefly reviews testing problems. Packaging for integrated circuits
seeks to support their speed, input/output (I/O) count, reliability, and
cost. After an Si integrated circuit or chip is fabricated and tested, the
MCM approach to packaging may be considered. This technique, which
uses planar and multilayer large-area processing, achieves denser electri-
cal interconnection and better mechanical support of a set of chips than
traditional single-chip packages can [1-3]. For advanced proposed circuits,
MCMs may approach the speed and one-third the density of integrated
circuits, which reduces the size and weight of packaging. MCM techniques
increase the interconnection densities notably and may increase both the
overall reliability and the speed of circuits. With proper design, the heat
dissipation of the mix of chips may be better controlled. The MCM ap-
proach can also reduce the size, weight, parts count, and connectors re-
quired by the system design. Most MCM fabrication techniques can im-
prove resistance to moisture, acceleration, and environmental effects.

MCM advocates are usually optimistic about the potential of MCMs but
do not yet claim that MCMs are ready to take over much of the packaging
market. MCMs at this time are aimed at custom circuit designs. There is
still limited experience with and knowledge of this design approach, its
tradeoffs, and actual production. The supporting processes and fabrication
experience are not structured for ready, routine use. The total manufactur-
ing equipment requirements are not minor.

Although it is not mentioned in the literature, we can imagine a generic
common carrier design for up to some maximum number of multiple
chips. Inclusion of more of a particular type of chip would increase the size
(as of random access memory, cache memory, or number of processors) or
the feature level. The MCM would be made with these and sealed, so addi-
tional chips would be outside that MCM. Such an approach would offer
the advantages of MCMs to at least part of a system design.

2. Basics of MCM Design

An MCM provides high-density interconnections between usually bare ac-
tive chips mounted on a supporting substrate and packaged as a group
[4,5]. MCMs can give a higher density of chips, with shorter interconnec-
tions, for a major portion of a system than can other packaging schemes.
Between chips, usually in one layer, four or more layers of metal intercon-
nections are connected by vertical vias and separated by dielectric layers.
A distinctly high 20 to 30 percent of the substrate area is covered by chips,
as opposed to 1 to 5 percent in traditional printed wiring board (same as
printed circuit board (PCB)) technology. Interconnection density and cov-
erage between chips is typically high. There are generally at least 100 1/O
leads to the MCM substrate package. '
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2.1

MCMs have been described as “multiple bare chips attached to a common
high-density substrate and packaged as a single interconnected group” [6].
The entire MCM is a sealed unit, not individual chips exposed to the envi-
ronment. The most complex MCM-D (deposited dielectric) in 1990 was
valued at $386. In the year 2000, this amount is projected to be about $71.

In contrast, the older hybrid approach involves a package that contains at
least an active semiconductor device and another component, usually on a
thick-film or a thin-film substrate, and the associated passive devices
needed for functionality. Hybrids emphasize passive devices and thicker
interconnections, which do not readily permit circuit density. MCMs were
first widely used in packaging for high-density telecommunication and
computer systems [7].

Chips are attached flat on the MCM substrate, but to reduce propagation
delay they may be stacked onto other layers. Chips could have all I/0
pads along one edge; laminated with epoxy spacers into a single unit, such
chips can also be flip-chip mounted on that edge by solder bumps. This
approach is particularly attractive for memory, with its associated lower
power dissipation. Chips can also be attached with tape-automated bond-
ing (TAB) and laser-deposited interconnections.

For this discussion, thick and thin films are defined by the following char-
acteristics: Thick films are conductive, resistive, or insulating and are
screen printed on insulating substrates such as 96-percent alumina. The
substrates are fired at high temperature before the chips are attached. Thin
films are usually photoimaged with photoresist and then selectively
etched. Of the three typical layers, the bottom is used to form resistors and
is used as an adhesion-promoting layer with the substrate; examples of
this are nichrome or tantalum nitride (TaN). The middle layer is a dielec-
tric such as polyimide. The top layer is a conductor such as electroplated
Au on a thin seed layer, which is typically sputtered Au. Au is convenient
for attaching leads by wire bonding and resists hostile environments.

MCM Types by Substrate

The four technologies for fabricating MCMs are defined by substrate type.
These types are MCM-L (laminate), MCM-C (ceramic), MCM-D (deposited
dielectric), and MCM-Si (silicon), which is similar to MCM-D. These are
the basic categories, but actually there is a continuum of MCM technolo-
gies. MCM-L is the simplest approach, typically using smaller interconnec-
tions than the normal PCB techniques [8]. This approach also sometimes
uses thin-film conductors. MCM-C is thick film on cofired (with the
screened paste) ceramic substrate. This technology is similar to single-die
ceramic packages and hybrids. MCM-D uses thin-film metal layers and
deposited dielectrics. MCM-D substrate may be ceramic or metal with a
dielectric film. MCM-Si has single-crystal Si substrate and usually Al or Cu
conductors and silicon dioxide dielectric.




2.2

2.3

Interconnections

Several approaches may be used for interconnections. External or first-
level connections may be wire-bond, TAB, flip-chip, and/or even flip-TAB
for increased density. A flip-chip adhesive underfill may be used for sol-
der-ball connections to spread thermal stress for increased reliability. This
also provides lower inductance and noise [9]. The flip-chip technique may
have an overlying structure to remove heat from the back; flip-chip and
flip-TAB may have a final epoxy in the cavity above the substrate to en-
hance heat conduction [10]. First-level connections are between the chip
and the common circuit base, which is the substrate in chip-on-board tech-
nology (bare chips wire-bonded to a PCB) and in MCM-L. When multiple
layers are used, the common circuit base has the signal interconnection cir-
cuits as well as the power and ground distribution levels.

The second level of connections is to the PCB. Here there may be a heat
sink, mount, and transition from the MCM I/O to a larger pitch. A flip-
chip connection has a size of fan-out to the wiring plane of only up to two
times the die dimension and is reworkable [11]. Flip-chip has a connection
failure rate in computers of 10-13/(3600 s), while wire bond is 1000 times
that failure level. Thermocompression TAB or wire bonding has a typical
fan-out size of four times the die dimension. The relative failure probabili-
ties of contact bonds after 6 x 108 s (20 years) are 10-3 for mechanical con-
nections, 10~ for surface mount solder joint, 1076 for wire bond or TAB,
and 1078 for connection to Si [5].

TAB is available for all types of MCM and permits device burn-in and test-
ing at speed before assembly. This type of connection bonding is smaller,
higher performance, and more expensive than wire bonding. In a process
being developed for a TAB pitch of 100 um to as small as 25 pum, laser light
directed down fiber optics energizes a closed tip, for solderless metal-to-
metal diffusion at the lead-to-pad interface [12].

Comparisons

MCM-C is either high- or low-temperature cofired ceramic (HTCC or
LTCC). The relative dielectric constant is the ratio of the material dielectric
constant € to the dielectric constant of vacuum g, or ¢/¢,. Table 1
compares MCM types, in some cases for the highest such performance
processing.

The substrate I/O for MCM-D Si is by peripheral contacts, and for other
MCM types may be by peripheral contacts and array contacts. The vendor
base for MCM-L is large, for MCM-C is medium, and for MCM-D is small.
Potential applications for MCM-L are broad, for MCM-C HTCC are
claimed as medium, and for the rest are limited, at least with present tech-
nology. Technology for MCM-L and MCM-C is mature and for MCM-D is
less mature. -




Table 1. Characteristics of MCM basic types.

Via dimensions

Signal  Linewidth Spacing  Diameter Grid Pad/ Bonding
Type e/eg layers (um) (um) (um) (um) diameter pad (um)
MCM-L  3-5 <15 75-150, -40-75 150-200 12502 15 200-250
26042
MCM-C
HTCC 9.6 — 200-300 100-150 — — — —
LTCC 4.8-8 <50 100-150, 50-75 125, 125-450 @ — —
>754a 50-1002a
MCM-D 244 510 100-150 50-75 25-75 — — —
MCM-Si 354 <5 10-75, 5-30 15, — 25-754 — —
>ga 8-254
Thermal
Pinout Metal conductivity Area  Tooling and Cost
Type grid (um) layers (W/cm’C) (cm?) setup cost Low volume  High volume
MCM-L 2540 1-50 <0.15 6-500 Low Low Low
MCM-C
HTCC — — — <225 - Low Medium Medium/high
LTCC Staggered, 1-75 0.20-3 <225 High Medium/high Medium
1000-2540
MCM-D — 1-9 — <100 Medium High Medium
MCM-S  Peripheral, 1-8 0.5-15 <200 High High High
630

@Values reported by Tummala [11]

3. Types of MCMs

3.1

Substrate materials have a range of properties. Tables 2 and 3 give some of
them.

A new, very advanced substrate becoming available is the Norton Co.
DiamaTorr™, a 12.7-cm-diameter diamond substrate with a high thermal
conductivity of 20 W/cm®C; it is also electrically insulating. The coefficient
of thermal expansion (CTE) of diamond is 1 x 107¢/°C. This substrate has
the potential for three-dimensional use, with numerous stacked layers and
two faces as heat sinks, or possibly with liquid cooling. Another substrate
is a strong diamond-Cu-Ag alloy, which has a high thermal conductivity
of 4.2 W/cm°C, compared to 1.5 for Si; further development may increase
this value [13]. The CTE can be matched almost to that of Si.

MCM-L (Laminate)

MCM-L extends chip- on-board technology. In MCL-L, chips are usually
limited in number.and they are wire bonded thermosonically out to the




Table 2.
Characteristics of
MCM substrates and
dielectrics.?

Table 3. Some MCM-C

and MCM-D
substrates.

Fabrication Thermal
CTEP maximum  conductivity
Characteristic e/eg  (1076/°C) (°C) (W/cm°C)
Aluminum nitride (AIN) 8.8 6.6 1600 typical 2
Mullite + glass 5.9 3.5 1200 0.06
Borosilicate + alumina 5.6 4 900 0.06
Lead borosilicate + alumina 7.8 42 900 0.06
Glass-ceramic 5 3 950 0.07
Composite 5iO9 + glass 3.9 19 900 0.04
Epoxy resin 47 140 200 0.001
Polyimide resin 47 75 300 0.001
Maleimide-styril resin 37 68 250 0.001
Polyimide PMDA-ODA¢ 3.5 25-40 400 0.002
Polyimide BPDA-ODA4 3.0 2-6 400 0.002
Benzocyclobutene 27 65 350 0.002
Polyphenyl quinone (PPQ) 2.7 35 450 0.002
aValues reported by Tummala [11].
bCoefficient of thermal expansion.
CPyromellitic dianhydride oxydianiline.
dBiphenyl tetracarboxylic dianhydride oxydianiline.
£/& Dielectric Thermal
at at breakdown conductivity CTE?
Substrate 1MHz 1GHz  (V/ecm)  (W/cm°C)  (1076/°C)
Alumina 9.4 10.1 770 0.367 6.7
(10.7 at 9.9 GHz)
Beryllia 6.9 6.8 230 25 7.5
(5.74 at 8.6 GHz)
Glass — 5.84 — 0.017 4.6
Quartz 3.83 — 410 0.014 0.49
(3.82 at 6 GHz)
Sapphire  — 9.39 190 0.417 5.6 (parallel
{9.39 at 10 GHz) to c-axis)
5.0 (perpen-
dicular)
Bulk Tensile Surface
Substrate resistivity Thickness strength finish
- (1010Q/cm) (cm) (108 Pa) (um)
Alumina 3.16 0.25-1 — 1
Beryllia 10,000 0.635 1.6 15-20
Glass 10,000 0.81, — 1
1.63
Quartz 3.16 — 0.48 1
Sapphire 10,000 — 4 1

aCoefficient of thermal expansion.




substrate at room temperature. Substrate types are usually FR-4 epoxy-
glass laminate, bismaleimide triazine (BT) epoxy, polyimide, or cyanate
ester, all in E-glass fabric (see table 4). A few epoxies are photoimageable.
The £/ &, is usually low for interconnection speed; a number as low as fea-
sible is desired. Reliability is usually better for a higher glass transition
temperature, T, [14]. Subsequent processing must not reach this glass
transition temperature The CTE, particularly in-plane, must be close or
equal to that of nearby materials.

There are between six and eight layers on the typical MCM; two are for
signals, and the others are power, ground, and distribution or pad, which
is Au for wire bonding. The ground plane is at least 13 pm thick. Simple
“C" stage laminate is 0.0106 cm thick, and single-ply prepeg (partially
cured with sheet or resin in fabric) is thinner; when these are combined,
even 10 to 12 layers are thinner than 0.16 cm.

PCB technology has Cu foil on plastic laminate dielectric, which is glass
fabric with epoxy resin. MCM-L adds the etching of thin conductors to a
76.2-um width and excimer laser drilling or ablation of vias as small as
152.4 pm across. Cu can also be electroplated economically, such as
through a 3-um-linewidth photoresist mask, or can be electroless (catalyti-
cally) plated on a seeding layer. Bonding can have 10-um wires on 40-um
pitch; a 3500-pum length has a controllable, low 175-um height. Chips may
be mounted on both sides of the substrate.

MCM-L laminates generally have poor heat conduction. The CTE of an Si
die is 2.6 x 107%/°C and generally does not match that of the substrate.
MCM-L is most often used in computer workstations and small equipment
to 100 MHz with up to 25 chips, most of them memory chips.

MCM-L is low cost and often cost-effective [14]. For a density not available
with PCB, four layers with 100-um lines and spaces and 300-um vias can
cost $0.15/cm? (compare MCM-C at $1.5/cm? and MCM-D at $15/cm?).
Chips can generally cover up to 40 percent of the substrate. The laminates

Table 4. MCM-L typical substrates.

£/g Dielectric b .

Substrate At << At loss CTE® (10-5/°C) Tolass Relative
type? 1MHz 1MHz at1MHz Inplane  Out of plane (°C) cost
FR-4 epoxy 4.8¢ 45 0.03 1.6 8 125 1

BT epoxy 4.2¢ 41 002 14 7.5 180 1.8
Polyimide 4.5¢ 45 0.01 1.3 7 250 35
Cyanate ester ~ 4.5¢ — — 1.5 — 230 4.5
PCL 5114 — 3.46 0.0003 1.5 8.5 190 —

4All substrates are in E-glass fabric; resin content is 45 percent.

PCoefficient of thermal expansion.

cResm content is not reported; probably 45 to 50 percent
dResin content is 50 percent.
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3.2

used in this process do not generally fracture very easily. The MCM may
have perimeter pads for edge connection or pins, or have lands on the bot-
tom for ball-grid array or pin-grid array connections. Epoxy overmolding
or liquid-epoxy encapsulation is compatible with outside interconnections.
The substrate may be the final package interconnection and may not need
environmental protection. Assembly may be automated for quality, reli-
ability, and lower cost. Chips are often bonded with epoxy having high
strength and little hydrolyzable chlorine to corrode metallization. Power
dissipation may exceed 0.32 W/cm? without thermal vias such as Cu or,
sometimes, insulating SiO,.

An emerging technology, MCM-L/D is defined as using MCM-L process-
ing for most steps and a layer or more of surface MCM-D processing for
more performance. It has interconnections with 25-um linewidth and 50-
um vias, as opposed to MCM-L’s 75- and 150-pm, respectively. Obviously
a design with its accompanying performance and cost could be tailored,
rather than the designer’s having to accept one of these two very different
values.

In MCM-L, thermal fatigue of the plating metal of plated-through
via holes, caused by out-of-plane expansion, presently limits the lifetime.
FR-4 substrates with 10 layers and 330-pum vias survive an impressive 100
cycles from -65 to 125°C. Epoxy liquid encapsulants with more than
60 percent by weight fused silica (CTE 5 x 1077/°C) have their CTE re-
duced to 107°/°C, reducing distortion of larger areas. A silicone gel has
been suggested outside the epoxy for chemical and moisture protection.
MCM-L may be larger than other MCM.

MCM-C (Ceramic)

MCM-C consists of hybrid circuits on a ceramic substrate with bare chips
and screen-printed interconnections. Substrate materials may be 96- or
99.5-percent alumina, or 99.5-percent beryllia (BeO). For 99.5-percent alu-
mina, £/ & to 1 GHz is about 9.8, and the dissipation factor is 4 x 10~%. The
thermal conductivity is 0.367 W/cm®C at 25°C and 0.187 at 300°C. The CTE
to 300°C is 6.6 x 107°/°C. Tensile strength is 1.93 x 108 Pa (28,000 Ib/in.2).
Surface finish is 0.1 um RMS.

In MCM-C, green (unfired) dielectric sheets of alumina powder, glass, and
organic material are formed and dried; vias and screen-printed conductors
are imprinted. From this parallel process, acceptable sheets are then
stacked, aligned, and laminated at temperature and pressure. With high
alumina content, HTCC is fired at 1600°C, which allows only the use of W
and Mo-Mn as conductors. HTCC has shrinkage and few options. LTCC
fired at 850°C permits Au, Ag, and Cu as conductors; the dielectric is
alumina-filled glass or crystallized ceramic. Chips are attached by flip-chip
or perhaps in individual carriers. Shrinkage during firing affects dimen-
sional control; this restricts reduction of dimensions. LTCC may have a
beneficially low &/¢&,. Resistors, capacitors, and inductors may be buried
[9] in the substrate. Ball grid arrays have larger solder bumps to attach the
package to the PCB. Speed may exceed 100 MHz with proper design.
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3.3

MCM-C is used in mainframe computers and some military systems. In
general, for corrosion protection, Cu may be coated with Cr or electroless
Ni, but at high frequency the system sees this coating’s higher resistivity,
because the skin depth restricts the current toward the conductor’s surface.

MCM-C can have higher density interconnections with a thick-film photo-
sensitive conductor and dielectric, such as Dupont’s Fodel™ [15]. This can
be fabricated into a 20 x 20 cm double-sided memory module with seven
conductive layers. The dielectric is LTCC, 20 um thick per application; two
applications give a 40-um layer, which may have a 50 x 50 um via. The di-
electric fires to become a glass-ceramic. A conductor 9 um thick can have a
linewidth of 25 pm with 50-pm spaces; it fires to a ceramic-metal, so hu-
midity does not corrode it. Table 5 has electrical and thermal comparisons
of MCM types. A top conductive layer is generally used for protection
from moisture.

MCM-D (Deposited Dielectric) and MCM-Si

MCM-D uses some of the complex and expensive high technology of inte-
grated circuits. Thin-film interconnections are layered between deposited
polymer dielectrics or plasma-enhanced chemical vapor deposited (CVD)
SiO, on an Si, ceramic, metal, or PCB laminate support. Wet etching of
conductors and the polyimide precursor is generally the technique of
choice. MCM-D is also fabricated by high-technology techniques associ-
ated with chip fabrication, such as plasma etching of organic dielectrics,
mechanical polishing for planarity, and similar processing. Compared to
chips, MCMs and flat-panel displays have more comparable dimensions
and resolutions, and may use similar fabrication equipment with lower
price per unit area. Sputtered, evaporated, or electroplated conductors are
patterned by photolithography with wet or plasma etching. Liftoff metalli-
zation may be used, through a removable organic mask with edges under-
cut at the opening. Patterning may be by laser deposition. Repairs are per-
formed after each level has been fabricated.

In MCM-D, a polymer such as polyimide, which has a lower €/ &,, reduces
capacitive loading. This, along with shorter interconnection paths, permits
higher circuit speeds. The CTE of the chip and the Si substrate match.

Table 5. Electrical and thermal comparisons of MCM types [15].

Electrical Thermal Dielectric thickness  Dielectric thermal
conductivity conductivity between conductive conductance
Characteristic (m£/square) (W/cm°C) layers (um) (W/°C)
MCM-L 0.9 (Cu) 0.2 200 0.17
MCM-C 4 (Au) 35 40 0.9
MCM-D 5 (Cu) 0.2 20 0.33
(25-pum linewidth)

MCM-Si 6 (Cu) 4 - 8 2

15 (Al : : '
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Chips may occupy half the substrate. The literature indicates that Si wafer
substrate may have unscribed chips fabricated onto the surface for built-in
decoupling capacitors or possibly off-chip drivers, voltage regulators, and
even memory. The substrate needs a mechanical support structure for
strength and does not have foreseeable grid array connections. Conductors
of Al are not as highly conductive as is desired at high frequency, so Cu is
now being substituted for Al

A variant of MCM-C, MCM-CD is defined as having one or two layers of
MCM-D on top of MCM-C. This type is used for high-speed mainframe
computers and is also called IBM’s thermal conduction module. That mod-
ule increases computational performance by increasing heat dissipation
and off-chip speed and density, as are required for very-high-speed bipo-
lar digital logic. Mainframe technology has recently changed from
biopolar logic to denser and lower powered complementary metal oxide
semiconductor. The thermal conduction module is not optimum for other
applications; particularly, its metal pistons, which are cooled by He to a
metal package with forced air (or earlier water) cooling apparatus, are
heavy and difficult to manufacture. The glass-ceramic’s CTE is chosen to
minimize the maximum solder shear strain. In 1990, two thin-film layers
for signal redistribution were on 63 layers of glass-ceramic with Cu. This
12.75 x 12.75 cm square had 121 chips with 648 interconnections each and
27 W each; smaller linewidths would need fewer layers [11]. Wiring den-
sity was 844 cm/cm?; the bottom had 2772 pins for I/O. This expensive
MCM includes engineering-change pads. Versions less intensively cooled
but with high performance are used in computer workstations. The func-
tion of packaging, including MCMs, is to interconnect, power, cool, and
protect the chips. The computer’s cycle time is slowed by package and
chips; it is easier to achieve 12 ns with MCMs, and achieving 8 ns basically
requires MCMs. An MCM can reduce the cycles per instruction. An MCM-
CD excluding its chips must be more reliable than those chips in an
unpackaged state.

4. Consideration of Advantages for Implementation

With MCM technology, smaller size, higher speeds, and even reduced
power compared to other packaging are possible. MCM-D, particularly
with flip-chip solder bump connections, makes an 1/0 negligibly cheap,
small, and (if local) low power. Almost all MCM designs are customer-
specific; hence, standardization or high volume for low cost is often diffi-
cult to obtain, and the cost is higher. The first MCM users sought higher
performance, the second users seek reliability or reduced size, and the
later users will seek a cost advantage.

MCMs reduce life-cycle cost by reducing the fabrication cost. An addi-
tional benefit is the reduction in size and weight. MCM technology con-
solidates connections from each die to its usual single-die package with
connections beyond that package; fewer mechanical connections and
shorter interconnections increase reliability [16]. There are notably fewer
solder joints for the complexity of the package, and a shorter lid seal. The
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reliability is better for monometallic interconnections, which cannot have
intermetallic growth problems. The often more controlled and cooler chip
temperatures reduce interconnect diffusion and grain growth. More of the
electronic systems are sealed from corrosion and environmental concerns.
An MCM must be easily aligned and ruggedly assembled into any further
packaging or system motherboard. Although MCM materials may be se-
lected for greater thermal conductivity, and although closer chip place-
ment may use less drive power, denser packaging increases the overall
power density.

For higher speed, higher interconnection density, and higher power den-
sity, the MCM transmission-line I/O has certain requirements [6]. These
include an uninterrupted ground, a low parasitic power-supply bus ex-
changer, and a flexible second-level interface for thermal and electrical in-
terconnections. MCMs in future designs will connect with a plug-in board
or with other, stacked MCMs. Such connections could replace backplanes,
connectors, and associated circuitry. Preferably, the interconnection line
height approaches its width, so the resistance is desirably less than 0.2
times its characteristic impedance [17].

MCMs could be improved if some of the Si chip designs were specifically
optimized for MCM use, instead of for the existing single type of package
[17]. Additional chips would then be designed to use the improved inter-
connections of MCMs. MCMs could have an area array of 1000 to 2000
I/Os, without the processing yield failure of wafer scale integration. Chips
custom designed for the load of one MCM or of similar MCMs could have

. faster drive stages because of reduced drive current, [10]. For a given Si

process, dense integration permits the output drives of one-die leading-
edge microprocessors to have only limited capability. In an MCM, chips
mounted in closer proximity would have less capacitive interconnection
load to drive and hence less power dissipation. Another improvement
with MCMs could be one or more additional chips with improved output
drives. One-chip microprocessors also contain a limited-size, high-speed
cache memory (presently up to tens of kilobytes) and somewhat limited
logic. The microprocessor could use one or more chips of high-speed cache
memory, with the cache readable within one instruction cycle of the proc-
essor for avoiding wait states [10]. The Si area for logic would be larger,
potentially far larger.

For a given price and a given Si process, a multichip microprocessor de-
signed for an MCM could give better performance than the one-chip mi-
croprocessor version. This assumes that design costs are comparable or are
amortized over sufficient volume to be small. Achieving such high volume
with MCMs is not likely within a few years; for example, some types of
MCM would need a partial redesign to handle a shrunken chip.

Because of advanced interconnections of chips provided by the MCM,
an MCM could incorporate application-specific integrated circuits, not
necessary replace them. As leading-edge chips tend to become larger,
using MCMs to incorporate them is a partial substitute for wafer-scale
integration. '




5. Processing and Its Materials

The physical structure of an MCM is fabricated with semiconductor pro-
cessing techniques. Process improvements and the introduction of new
materials have been evolutionary. Personnel at the Army Research Labora-
tory have developed some familiarity with these techniques by processing
devices.

Solder can be evaporated through an Mo mask clamped and mechanically
aligned with the substrate. This layer is of high purity and has few in-
cluded voids. Solder can also be electroplated, but with lower purity and
possible voids. This process is accomplished through a hot-rolled or
vacuum-laminated and patterned Riston™ dry-sheet photoresist mask
with a 50- to 75-um thickness to keep growth vertical, or through photore-
sist [18]. Corrosion of Al can be a problem with this process.

Electroless plating of Ni below 100°C is planar and gives adequate conduc-
tivity and stability beyond 400°C for later processing. For example, selec-
tive via filling first etches Cr from Cu in the exposed areas, and then aque-
ous palladium chloride or evaporated palladium leaves a few atomic lay-
ers of palladium as a catalytic surface for self-alignment. A plating solution
with nickel chloride and sodium borohydride for Ni/1-percent boron is
not too basic for polyimide; this solution plates at a rate of 1.7 nm/s at
60°C.

Compared to the Si chip fabrication process, MCM technology requires
photolithography with larger linewidths and a much larger physical area.
Patterning systems need a lower numerical aperture for a larger depth of
focus compared to wafer processing [17]. A larger depth of focus does not
require as flat a surface. Hence, when a typical thickness of 25 pm of
photoimageable polyimide is built up in many layers, it would require less
frequent planarization.

Advances in processing include additional dielectric materials. 5iO, can-
not be deposited more than 1 pm thick without developing cracks. Over
higher topography, MCMs require economical large-area metallization,
lithography (50 x 60 cm), and polymer deposition. Divinylsiloxane bis-
benzocyclobutene, usually called BCB [19,20], is an organic dielectric
tailored for MCM-D and MCM-L. It is either spray coated (so that the
maximum fraction of material is used) or, after an adhesion promoter,
spun on. Extrusion coating is also mentioned in the literature [17]. BCB's
low water absorption eliminates the moisture bakeout steps required
for polyimide films. BCB has low stress (25 to 40 MPa) and a CTE of 5.2 X
10-5/°C, compatible with the usual substrates. BCB has a low &/ g, of 2.7
independent of temperature, and a low loss of 0.0008 at 1 MHz. At 10 GHz,
€/ & is 2.58 and loss is 0.002 (polyimide is far lossier).

BCB'’s formula is 1,3-bis(2-bicyclo[4.2.0]octa-1,3,5-trien-3-ylethenyl)-
1,1,3,3-tetramethyl-disiloxane (mixed isomers) with an antioxidant
additive. Simply, from a central -O- are two -S5i(CH;),CH=CH-; call all
this -R-. To each side of =R~ is a benzene-like C;H, ring with, on the far
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side, a <CH,CH,~ closing a ring of four C. Thermally, this becomes an in-
termediate structure having, connected to —-R-, two rings of

_c=cH-c/“P2_c/rHo_cp,

Polymerization of this material crosslinks a percentage of the material,
producing no volatiles. In a planar drawing of the polymer, to the top of a
benzene-like ring of -CH'\CC/CHCH ,C~ is -CH, \CHC/HCH,~ (clock-
wise from left, the two “~” close the ring), closing a cyclohexane-like ring
of six C. Repeat this two-ring structure to the bottom right of the benzene-
like ring. From the first cyclohexane-like ring to the upper left extends —
Si(CH,),~O- (giving good thermal stability), and to the upper right is the
bottom left of another benzene-like ring.

A 20-um film of BCB at 350°C in N, has a weight loss of 2 percent in 7200 s.
If the temperature is ramped at 0.17°C/s, weight loss begins at 417°C in
N,; this stability is usable for MCM fabrication and rework and for perma-
nence below 180°C. When the film is 70-percent polymerized, Tglass is
130°C; at 80 percent, it is 200°C; and at 100 percent, it is more than 350°C.
By comparison, T, is 300 to 320°C for some polyimides. This organic di-
electric has a distinctly negligible 0.14-percent H,O uptake, of which three-
fourths dissipates in 90 s at 6-percent relative humidity. BCB withstands
boiling water for 14,400 s, with adherence maintained on Al or Si0,; H,O
uptake is 0.25 percent. Moisture uptake increases &/ &, by less than 2.2 per-
cent typically, by 10 percent in 50-percent relative humidity air at 100°C
after 10 years, or at 125°C after a year. Hence BCB does not need to be her-
metically sealed in practical use. BCB does not need a transformation such
as imidization to become a usable end structure; as applied in a solvent
mixture, it is 35-percent polymerized; 210°C in N, for 1800 s cures this to
70 percent. It is usually spun, giving 1 to 25 um. With Cu, it does not need
an adhesion glue layer or, unlike polyimide, a diffusion barrier. BCB is not
lonic, acidic, or basic. With most of the solvent evaporating during the
spin-on, heat treatment shrinks BCB less than 5 percent.

The photoimageable version of BCB crosslinks to stay where exposed, like
a negative photoresist, but remains permanently. The one photocross-
linking agent (two for 20 um) and an antioxidant cause curing to shrink
BCB about 10 to 17 percent, which is smaller than polyimide or most or-
ganic dielectrics. With rounded 75° walls, sputtered metal would not
readily deposit discontinuously or break; 25 x 25 um vias are patternable
in a 10-um film, or 12-pm lines and spaces in a 5.6-um film. In the cure
cycle in N, to 90-percent polymer, the temperature ramps from 50°C to
100°C in 300 s, stays for 900 s, ramps to 150°C in 900 s, stays for 900 s,
ramps to 250°C in 3600 s, stays for 3600 s, cools to 100°C in 7200 s, and
cools to ambient with low surface stress. Patterning of nonphotoimageable
BCB is by O,-fluorinated plasma etching.

Adhesion of films enables small-geometry fabrication. Before the adhesion
promoter for BCB is applied, O, plasma treatment for 1800 s for Si wafers
with native SiO, gives a better film adhesion. To improve the usually diffi-
cult adhesion of metal on polymer, the manufacturer will not have cured
the BCB above 70 percent [21], and its surface is roughened inherently




Table 6. Planarization
by benzocyclobutene
(5 um thick over a 2.5-
pm-high line).

when receiving metallization by argon sputtering or when in O, plasma
treatment. BCB needs the O, plasma treatment for evaporated Al to ad-
here; sputtered metallization is the preferred process. Adhesion of BCB on
Al is improved with an adhesion promoter. After two adhesion promoters,
BCB adheres on plated or evaporated Au. For Au, an underlying 7.5 nm of
Ti gives adhesion to a substrate, and a removable 1.2-nm Ti overlayer
holds photoresist, through which Au can be plated [22]. After Cu is treated
with dilute acetic acid and adhesion promoter, BCB adheres. BCB adheres
well to a previous layer of BCB that has cured less than 80 percent; a target
is 70 percent.

The surface topography may not be planar because of patterned conduc-
tors, dielectrics, or even placement of components. To planarize, or level,
surface topography, BCB is the best material available at this time, since
there is relatively little shrinkage from solvent loss or thermal polymeriza-
tion. Solventless epoxy has low thermal stability; spin-on glass needs ther-
mal processing and cracks if thicker than 1 um [23]. BCB flows thermally in
the planar configuration during polymerization, then during later heating
is thermoset, unlike polyimide, which is thermoplastic. In planarization,
the height of the overlying feature in the surface of BCB over a line is re-
duced or flattened by a percentage compared to the height of the line. BCB
that is 10 um thick planarizes an isolated line 4.5 um high and 50 um wide
by 90.3 percent (flatter); 7.5-um-thick BCB planarizes a line 1.08 um high
by 95 percent. This is per coating, independent of final polymer thickness
after it is two to three times as thick as the feature. Photoimageable BCB
5 um thick over an isolated 2.5-um-high line planarizes larger linewidths
much better than does polyimide not terminated by acetylene [24]. Table 6
gives such planarization by benzocyclobutene. By being planar, a dielectric
has a constant, and usually smaller, thickness. This permits a smaller pitch
and more levels, but fabricating the required stacked vias requires electro-
less plating or other complexity. The dielectric has thickness variations
with interconnection line density. In general, a via may be unfilled or filled
with metal, or be a plated-up post; stacked vias are denser than vias of
nested steps.

Polyimide is the most widely used organic dielectric, but presents prob-
lems [22,24] in that it requires imidizing by ramping to 400°C, is degraded
by H,O uptake, and shrinks to have less planarization. Its precursor
polyamic acid in a solvent is not sprayed or extruded but spun on, flinging
off more material than remains. This material loss is expensive, particu-

Isolated Planarization
linewidth (um) (%)
5 91
10 83
15 70
33 . 50
100 24
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larly for the larger areas and 10- to 15-um finished thickness of MCMs.
This precursor material must then be completely imidized to polyimide,
releasing acidic H,O, which corrodes Cu; compatible processing is com-
plex. Later, precautionary bakeouts of absorbed H,O are necessary. Most
polyimide can notably withstand up to 400°C, and polyimide siloxane can
withstand up to 450°C. Properties vary; modified types may lose chemical
resistance. Some types are negatively photoimageable. Pre-imidized
polyimide is not widely used. Imidization shrinks the thickness by more
than 25 percent and often by 50 percent. Accordingly, patterns withdraw
from the edges by a distance smaller than the shrinkage. The low solids
content and large shrinkage permit only 30 percent or less planarization.
Low-stress polyimide with low in-plane CTE has much higher z-axis ¢/¢,
and CTE.

Among common organic dielectrics, only the parylenes are vapor depos-
ited. This vapor deposition is at or below room temperature and hence
coats uniformly and very conformally. Parylenes are used as an outer coat-
ing and can be O,-plasma patterned at a slow rate through a metal mask.
The metal must later be etched without other materials being etched; one
possibility is Ti removed by H,0,. H,O uptake is a negligible 0.06 percent.
Parylene-c is poly(chloro-para-xylylene), the polymer of -CH,—~(benzene-
like C;H5Cl ring)-CH,~. The substrate is soaked in its adhesion promoter
solution, which may leave O in the film [25]. Then deposition is at room
temperature in a vacuum of up to 10 Pa. Parylene-c melts at 280°C. Replac-
ing the Cl with an H produces parylene-n, which has a phase transition at
220°C, melts at 405°C, and has a low &/ gy of 2.65. It protects solder when
deposited at least 3 um thick on a chip that is flip-chip bonded by con-
trolled-collapse chip-connection solder balls; solder’s under-bump metal-
lurgy achieves good adhesion, a diffusion barrier, and a solderable base of
controlled wetting area [26]. The low permeability of parylene-n blocks O,,
H,0, and CO, from corroding solder. During thermal cycling, parylene-n
reduces shear strain from 3.7 to 2.9 percent, doubling the solder’s lifetime.

Parylene-f withstands heat better than the other parylenes [25,27]. Itis o o’
o o’ poly-tetrafluoro-para-xylylene, the polymer of -CF,~(benzene-like
CgH, ring)-CF,—. It is polymerized as deposited at -30 to —20°C for good
yield and adheres well. Vertical texturing starts at 350°C. A weblike micro-
structure develops at 425°C, as opposed to 350°C for parylene-n. Tempera-
tures used in soldering and MCM repair reach 300 to 450°C, which
parylene-f tolerates; it can withstand 480°C without losing weight. In 40 Pa
of air, it densifies 4.2 percent at 250°C and 9.7 percent at 425°C. Its depos-
ited volume resistivity is 1.3 x 1016 Q-cm, its CTE is a smaller 2.7 x 1075/ °C,
and its £/ &, of 2.38 is the lowest value of adhering candidate films. Stress
for parylene-f as deposited is ~10 MPa and after annealing at 350°C is 20
MPa, half that of parylene-n. Without an adhesion promoter, parylene-f
adheres to dry Al and to wet or dry Si. Like parylene-n, its coating for a 1-
Hm-wide, 2-um-deep trench was conformal and without pinholes. The out-
ermost 100 nm is twice as hard, perhaps from shorter, denser polymer
chains that crystallize easily. Crystallinity is initially low but, like that of
parylene-c and parylene-n, increases much faster than the annealing tem-




perature increases. At 13 to 40 Pa of air, Cu diffuses into parylene-f as 3.5 X
1073 exp(-1.14 eV /kT) cm?/s, where k is Boltzmann'’s constant in electron
volts per kelvin and T is temperature. This diffusion is modest below
350°C for MCM's larger thicknesses, and no diffusion barrier is usually re-
quired. Cr on parylene-n is a proven glue layer. Cr on parylene-f could
possibly be a glue layer for and a diffusion barrier to Cu, to prevent Cu at
temperatures above 350°C from delaminating. Cr on Al could be an adhe-
sion layer for circuits passivated with parylene-f.

6. Difficulties with MCMs

6.1

6.2

The need for MCMs more advanced than hybrid circuits has increased
over the years [6]. Although more chips give additional complexity within
the MCM package, MCMs are gradually becoming established as a more
standard packaging approach, rather than as custom packages. One re-
quirement before MCMs gain widespread acceptance is the elimination of
multiple repair cycles during the fabrication phase. Test standards,
fixturing for testing unpopulated MCM substrates, and final testing must
be developed. Detailed information about chips from suppliers, certainly
more than test vectors, could help tame MCM diagnosis and repair. This
would also aid fabrication in the long run.

Repairs, particularly of high-value MCMs, are often of interconnection
lines; a laser can separate shorted lines or can be used in CVD of metal to
repair lines [11]. A few vias that are open can be repaired by engineering-
change wiring on expensive MCMs. Rework usually means replacement of
the defective chip.

Testing

Adequate testing of chips and of MCMs is enormously important [28,29].
Testing requirements are time consuming and expensive. Testing systems
must accommodate a complex MCM that accomplishes a new level of per-
formance, function, and fabricated structure.

Basic chip testing by wafer probe includes static or low-frequency probing
for minimal functionality. This may include hot chuck probing, voltage
stress testing, and full testing for full functionality and any speed grading.
A burn-in with electrical stressing accelerates early failures that later test-
ing rejects, particularly for an advanced die with low yield. Full testing is
usually the final step. Testing includes a boundary-scan test of intercon-
nections and continuity, a functional test of full-speed functionality and
device interactions, and an external I/O pin parametric test [30].

Known Good Dice (KGD)

The yield of an MCM s, at best, the product of the yield of each of its chips
or dice. KGD are a difficult goal. KGD are widely agreed to be the largest
obstacle to wide use of MCMs. KGD suitable for MCMs are more than just
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tested bare chips. Genuine KGD are at least fully tested, all burned in, 100-
percent proven to be good, undamaged by handling, and adequately de-
scribed by geometric, electrical, thermal, supply, process, logic simulation,
timing, and test-development data. KGD were and may still be difficult to
obtain, especially outside a vertically integrated systems manufacturer
that produces all the chips and its own MCM. Without the availability of
KGD, an MCM with more than the few chips that are currently typical
would tend to have a low yield.

Generally, it is not a good or economical approach to de-encapsulate chips
packaged in epoxy. Chips are typically de-encapsulated by enclosed
heated fuming nitric acid, a costly process that has a significant degrading
effect on the chip.

Bare semiconductor chips (few are now KGD) might be at least 15 percent
of production at the end of this decade [31,32]. Manufacturers such as Mi-
cron, Intel, National Semiconductor, IBM, Motorola, and Samsung are now
selling some chips as at least partially KGD. Wafer-level burn-in might fi-
nally be developed to meet this requirement in future years and would re-
duce the piecework effort later. This approach would need to accommo-
date less chip variety than the currently available packaged chips. Test cir-
cuitry might be fabricated on the wafer around each chip. This built-in test
(BIT) for each die would facilitate consistent chip testing at all levels of
MCM assembly [9].

Testing of bare chips separated from the wafer is unattractively difficult.
Ways to hold the dice during testing include soft connections, minimal
packages, and temporary carriers. With temporary carriers, desoldering is
rough, so that solder balls must be reformed at higher temperature. One
can do chip-level burn-in and testing by automatically optically aligning
and clamping the chip in a temporary carrier for testing [28]; neither this
procedure nor handling is feasible with existing techniques. An alignable,
reusable carrier and a reusable, gentle mechanical-only contact set have
only recently been developed.

High-speed testing [28] is an additional difficulty. Current cantilever
probe cards such as blade and epoxy ring probe cards give fewer than 400
connections and are slower than possible future membrane probe cards,
flexible circuit interconnection sockets, and Si probe cards. Chips with sol-
der-ball array contacts have more I/O connections than are currently
available. A buckling beam contact is a vertical probe wire that curves
when it touches a die pad. IBM’s Cobra Probe fixture pre-curves the buck-
ling beam to control the force. The pattern at both ends of the probe wire is
that of the solder-ball array.

7. Design and CAD Requirements

Initial design should accommodate manufacturability, testing, repairabil-
ity, performance, reliability, and cost. Computer-aided design (CAD), in-
cluding simulation programs, has begun to appear for MCM interconnec-
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tions and parasitic capacitance analysis. Industry standards aim for the re-
quired exchangeability of information [30]. An alliance functioning like a
vertical integration between MCM industry sectors could improve the in-
formation depth, accuracy, usability, and cost. If great progress were made
in establishing teamwork between industry sectors for experience, this
could support the learning curve and lead to a positive perception of
MCM. Thoroughly developed CAD would have a recommended method-
ology of design, containing cross sections and materials, and would be a
useful starting point. The level of integration beyond the MCM could also
be simulated. Complex MCMs must be designed for testability. For even
the most popular MCM types, limited CAD usage and continual improve-
ment of MCMs delay complete development of CAD.

8. Conclusions
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