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Abstract—This paper will review the manner in which elec-
tronic packaging will be driven by the high-level performance

requirements of next-generation mixed-signal systems, and by

the evolving characteristics of next-generation integrated circuits.
Present performance and fabrication limitations of the multichip

module (MCM) technology will be discussed, as well as possi-

modeling community can assist in the evolution of the overall
packaging technology.

These discussions will concentrate solely on MCM develop-
ment, since the related printed wiring board (PWB) technology
is considered mature. However, several comments regarding

ble approaches to remove or minimize these constraints. Areas simulation requirements do apply to the PWB technologies as

fruitful for research by the simulation community will be noted.

This review is intended to provide a broad applications-oriented
framework for the theoretical and simulation-directed papers in
this special issue on interconnect and packaging.

Index Terms—AID converters, digital receivers, digital-signal
processors, electromagnetic modeling, multichip modules,
S-parameters.

I. INTRODUCTION

HIS special issue of IEEE RENsAcTIONS ON MiCROWAVE

well. We define MCM'’s as multilayer sandwiches of dielectric

and conducting layers, on which integrated circuits (“chips”)

and passive components (if any) are mounted directly on (or
inside of) the sandwich structure, without separate packaging
for each of the active components. That is, the chips are
mounted “bare” onto the MCM'’s, which then provide the re-

quired power and ground, as well as all the signal interconnect
and the electrical interface to the external environment. The
entire MCM, including chips and passive components, may
be placed in a hermetic package much like a large single-chip

THEORY AND TECHNIQUES IS featuring current researchcarrier, or may be directly covered with a sealant material
into simulation approaches for advanced electronic packagifgych as epoxy or a glass passivation coating) to protect the
such as the still-emerging technology of multichip modulesomponents from physical damage.

(MCM’s), which are now available from a number of ven- Three general categories of MCM’s will be mentioned
dors and manufactured with a variety of different fabricatiorepeatedly.

recipes. This paper will provide a frame of reference for, 1) Laminate MCM's (MCM-L's)are manufactured through
and a tutorial introduction to, the algorithmic and simulation the lamination of sheet layers of organic dielectric,
work discussed throughout this special issue, and will provide  and are very similar to traditional printed circuit board
an update to the simulation community on the difficulties  technology; in fact, the dielectric layers and the inter-
confronted by the systems designers who wish to employ the  connects are developed in much the same way as for
MCM's and the vendors who must find ways to fabricate these  |aminated printed circuit boards [1]. The line geometries
structures. This paper will: 1) survey the state of the art of the  gnq via diameters are typically half or less the size
electronic packaging technology in terms of the commercial  of those found in traditional circuit boards. As will be

and military applications in which they are being employed; 2)  giscussed later in this paper, these MCM’s exhibit very
describe the strengths and weaknesses of the MCM's from the |5 line losses up to relatively high frequencies because

users’ and the fabricators’ point of view; 3) describe fruitful the lines are thick and wide: however. the vias are

areas for research at the materials and processing level,

and nically quite tall and also much wider than the lines,

4) offer suggestions for ways in which the simulation and ;5 causing substantial impedance discontinuities and

wavefront reflections for frequency components above
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(depending on the composition of the ceramic materialy
into a solid planar structure, onto which integrated I
circuits can be installed [2]. These MCM's can, if §
fabricated with excellent dimensional tolerance control i
exhibit low line losses for the same reasons as for th
MCM-L’s. Unfortunately, as will be discussed later, like
the MCM-L’s, their vias are also tall and wide, resulting
in substantial impedance discontinuities and wavefron
reflections for frequency components above 500 MHz.
3) Deposited MCM’'s (MCM-D’s) are manufactured
through the deposition of organic or inorganic [3]
dielectrics onto a silicon or alumina support substrate
After each dielectric layer is deposited, one of severa
techniques is used to pattern metal lines as well a
metal “vias” which penetrate the dielectric layers

are then installed on the upper surface, and attachejj
electrically through wire bonds or other means such a:
tape automated bond structures, or even by mounting tt
chips face down on the surface, with metal balls serving
as the electrical connections between the chip an&:
matching pads on the MCM’s. As will be discussed ifFig. 1. Photograph of specialized controller MCM for a consumer electronics

detail later, the MCM-D line cross sections are typicall?rOdUCt- Note, in addition to the four active integrated circuits, the large

, ) : . humber of discrete resistors and capacitors installed on the surface of this
smaller than for MCM-C's or MCM-L’s, resulting in seven-layer MCM-L. The MCM-L is typically covered with an epoxy over-

higher resistive line losses; however, their via heightsat, and solder attached to a motherboard using ball grid-array technology.
are typically quite small, and their via cross sections af&4433)
equivalent to the linewidths, resulting in low levels of
impedance discontinuity and wavefront reflections, ifinding their way into MCM's (Fig. 1). One company, using
comparison to the MCM-L’s and MCM-C's. inorganic chips-last MCM’s, has designed and manufactured
The variations (recipes) for the manufacture of MCM’'several generations of a complete UNIX-based microprocessor
which have been reported are almost endless, and incluseall enough to be employed in lap-top computers—tens of
“chips-first” structures [4]-[5], in which the chips are actuallfhousands of these units have been manufactured. Several
buried within the laminate; “chips-last” (described above), inther large consumer electronics companies are known to
which the chips are mounted directly on the upper surface loé developing similar products. These all-digital modules
the laminate [6]; MCM-DI/L, in which the lower layers areare designed to operate at clock rates of 100—200 MHz, a
laminated, but the upper layers are deposited, and so on. Thederately high clock rate for the consumer electronics world,
following discussion will attempt to remain generic, unlesbut as will be made clear later, a relatively slow rate compared
there is a specific reason to mention a particular fabricatibm a number of the evolving military applications.
recipe. Many of the commercial microprocessors themselves oper-
ate at much higher clock rates on-chip than the system boards
onto which they are mounted (the chips contain a phase-
Il. PRESENT COMMERCIAL APPLICATIONS OFMCM'S locked loop to count up the clock rate fed to them from the
During the past decade a considerable struggle has occursgstem board); the consumer electronics manufacturers have
to launch the new MCM packaging technology, including thieeen reluctant to operate their system boards at the micropro-
financial failure of a number of companies with potentiallgessor clock rates because of bandwidth limitations of large
excellent technology, but insufficient cash flow to continuBWB’s at elevated clock rates. The MCM technologies can
operations because of the slow buildup of business. Now, hoeasily support these higher clock rates, but the prior negative
ever, several stable manufacturing operations have emergederiences have resulted in the view (though incorrect) that
offering products employing all of the major types of MCM’sboard-level clock rates cannot exceed 100 MHz. The frequency
As is the case for integrated circuits, the commercial world iegime between 100-500 MHz is a good one for MCM'’s if
driving the volume production applications for MCM's, whilethe consumer companies can traverse the learning curve to
the U.S. military is driving the most technically sophisticatedllow proper exploitation of the technology. No automotive
applications for MCM's. applications for MCM’'s have emerged at the time of this
Commercial applications have to the present been concenriting, but can be expected within the next few years.
trated in “core” microprocessors, including the microprocessor The second significant area of development in the consumer
itself, the Level 2 (L2) cache, and occasionally a bus comarket is for systems which combine both digital and ana-
troller as well. Alternately, specialized controller functionsog integrated circuits on the same MCM, particularly for
using application-specific integrated circuits (ASIC’s) are alsmellular telephones and pagers. Such systems are referred to
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as “mixed-signal” or “mixed mode” systems, because of the DIGITAL WAVEFORM FROM TYPICAL COMMERCIAL APPLICATION
. .. . { Desired Signal 10X Greater Than Undesired )
combined analog and digital content. Because the designers e
of such systems are extremely cost conscious, manufacturing Undsies Signa (tise) - 100
. . . . % of Desires :
costs drive this market totally, in spite of the fact that the '
modules themselves must operate well at center frequencies | - T

Desired Signal

of 900 MHz (in the United States) to 2.5 GHz (in Europe tes- Legic Wavetom) \
and the Far East). These systems are designed to tolerate |
wide ranges in MCM and component tolerances, so that

the assembled modules will work, regardless of the quality DEPICTION OF

of the individual components. To minimize manufacturing B esired Shnal 550X Sl Tham Urdesirady o
costs, the less precise but least costly MCM-L's (which, after ; : ‘

all, are an evolutionary step from the PWB technology) are ;

increasingly being manufactured within large panels, and are o J_J Undesired Signal 2
then separated from one another by sawing or snapping th&.. sgman | S : 9-9 (e.g. Clutter)
MCM's from the panels. Panelized MCM's are intended to be"*%am | - § : - |

run in fabrication lots of 10 000—-100 000 units per month. All L i ' /;

commercial MCM vendors seek such business in preference to
smaller run MCM'’s requiring higher levels of manufacturing | 2&2RED Sravas
precision, for both cost and profit reasons. 4my

*4% of Signal #2,

I1l. PRESENT MILITARY APPLICATIONS OFMCM’S 0.4% of Signal #1

( Represents LSB of
8 Bit ADC)

The U.S. military has envisioned many uses for all of
the MCM technologies, for completely digital systems and
also for very complex mixed-signal systems. As will be
noted below, the level of technical sophistication of the

military requirements far exceeds that of the most aggressive
y req 99 IIyig. 2. Conceptual illustration of time-domain waveform purity needed for

_CommerCial applications. However,. the req.Uired manufactyad-band high dynamic-range military systems relying on high-performance
ing volumes are extremely small, in the view of the MCM/D converters, in contradistinction to less stringent waveform-conformation

fabricators: a fabrication run of a few thousand units to satisf§Auirements of conventional digital systems. (14599)

the total requirements of a military system is simply not

attractive financially, in comparison to much larger production  over a battlefield to give friendly forces unprecedented
runs for commercial or consumer applications. This situation = communications capability;

places the military, which could propel the state of the MCM 3) complete navigation, communication, and sensor pack-
art, in the disadvantageous position of having little or no ages for very small UAV’s, with much less carrying
access to the manufacturing facilities which they require. A capacity than any earlier UAVS;

project sponsored by the Defense Advanced Research Projec#®) much of the processing electronics for next-generation
Agency (DARPA) over the past few years to provide low- combat aircraft such as the F-22 and Joint Strike Fighter;
volume manufacturing access to high-volume manufacturing5) next-generation radar, communications, and electronic
lines has not succeeded. Because this problem could jeopardize warfare (EW) receivers, which employ analog-to-digital
the success of a number of future Department of Defense (A/D) converters and digital-to-analog (D/A) convert-

(DOD) projects, it is presently being revisited by DARPA; ers operating in the gigahertz range to convert analog
another type of solution for low-volume, precision MCM signals to digital sample streams immediately behind
manufacturing is presently being developed. their receiving antennas, and thereafter, process the in-

The list of electronic systems which the DOD is considering coming information streams using modern digital signal
for implementation (and particularly miniaturization) using processing techniques.
MCM'’s is extremely broad, and includes all of the military A brief review of the requirements of number 4 above—the
services. A few examples which the DOD is investigatingmerging family of all-digital receivers—is a good example of
include: the performance capabilities which will be required of future
1) “universal” handheld radios for special forces and comlectronic packaging. The “front ends” of the emerging family
ventional ground troops which can communicate with af all-digital receivers consists of an analog noise shaping
variety of older radios employing different transmissiofilter with a high quality factor(@), a low noise amplifier
protocols; (LNA) to establish the noise figure of the system (at the
2) a complex communications system, essentially a commnimum possible value), an A/D converter to digitize the
bination of a telephone exchange and a multifrequenaycoming information at rates of 3—6 gigasamples/s (presently)
radio transceiver, made sufficiently light and compad¢d 25 gigasamples/s (within the next few years), and a dig-
that it will fit into the payload bay of a high altitudeital demultiplexer and first-stage digital-signal processor to
unmanned air vehicle (UAV)—which is then positionediecrease the effective data rates. The “front” of the front
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Fig. 3. Requirements for precision MCM'’s in support of next-generation all-digital receivers. Specific requirements are with reference to digitattual
receiver MCM (actual layout artwork shown) designed to accept a 3-gigasample/s 8-bit A/D converter and matching 9:72 demultiplexer chip. (14588)

end of these receivers places the strictest requirementsvamch performs this task for an 8-bit 3-GHz A/D converter
the packaging, because the A/D converters must digitideveloped for an experimental Navy radar system [7]. The
the incoming signal to a very high degree of accuracy. kesign and fabrication of an MCM to support such subsystems
these systems, the signal of interest is buried far beneath ihe&€omplex, and as in the MCM of Fig. 3, does not always
background noise; for example, the amplitude of the radaghieve all of the performance goals, due to limitations in the
return from a small sea-skimming cruise missile is much le§gpporting technologies for MCM's.

than the false return from the sea surface itself (referred to
as the “clutter”). This conceptual relationship between noise
amplitudes in digital systems and in mixed-signal systems is

illustrated diagrammatically in Fig. 2. . . .
A number of signal processing “tricks” can be used to. The difficulty in achieving these new capabilities, from the

recover a signal buried in noise, but only if the antenna outpYJ wpoint (_)f proposed n;ilir:ar)'(/lzy'atergs, is tt;)at z;\]ftelr)ggecr?de
has been digitized faithfully enough that the desired signg very active support of the Industry by the , the

still remains, accurately reproduced by the A/D convertetrgtal resources of the MCM fabrication industry are directed to

Signal conversion fidelity levels of 60-70 dB, or even mor(y,]e production of modules for the commercial and consumer

. . lectronics markets, with very minimal performance standards.
between the largest and smallest amplitude signal must be
) S . In‘many cases the MCM vendors do not clearly understand the
preserved. This level of fidelity in turn requires that th

; S fimits of their own processes. Manufacturing tolerances are
interconnects between the bandlimiting filter, the LNA, and t ry loose, apparently since digital and cellular-phone designs

A/D converter not contaminate the input signal with reﬂection!.;s,re developed to survive very poor component tolerances. Our

or standing waves over the entire input frequency band, amdings in this regard over the past decade, working with two

not contribute distortion or feedback signal from the outputf,;en vendors of MCM-L’s, MCM-C’s, and MCM-D's, are
to the inputs directly or through the power supply pin's Ofjystrative of the issues remaining to be addressed.

the A/D converter chip (i.e., through inadequate power and|mpedance control in the majority of MCM’s is very min-
ground supplies). Similar constraints are necessary for Difhal. Fig. 4 illustrates the results of testing a very large
converters used in direct digital synthesizers to generate puignber of 50 transmission lines on MCM'’s of the three
sine waves for a variety of synthesized waveform systemsajor types. Since the standard deviations are very large,
such as all digital radios. Finally, all-digital output bits fromwo different MCM’s from the same fabrication run may
an A/D converter system must often be timed to emergrve different line impedances by as much as 12914
from the A/D subsystem with very little phase skew. Fig. and still be within one standard deviation of the mean. The
incorporates a photo of the signal-layer artwork (for clarityapparently small standard deviation (tight grouping) of line
power and ground layers are not shown) for such an MCpedances for the MCM-C in the lower right panel of Fig. 4

IV. TECHNICAL LIMITATIONS OF
PRESENT MCM TECHNOLOGY
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Fig. 4. Combined characteristic impedance distribution of nominal25@icrostrip and stripline transmission lines in three types of MCM's. The apparent
tight grouping of the MCM-C structures is an artifact of the small number of structures measured in these substrates. Note considerable déeiation of t
mean impedances from 5Q and the large value of standard deviation in all MCM types. (14609)
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is an atypical result caused by the fact that all seven line s
measured were from a single coupon; even in these structur
the mean impedance was 5%Arather than 502. Further,
the line resistancesvere unacceptably high because the line
cross sections were very small, as will be discussed beloy
(Note that the 532 impedance value is not sacred; on-MCM
transmission lines can be adjusted for other impedance valu
such as 68 or 7% if more convenient. We selected 50

for the test lines measured here because it matches well w= .1.s 1 : -
commercially available microwave test equipment. The errol

in achieving the target line impedance, and tight statistic:

control, depicted in Fig. 4 with a 50- target, would be E 10 i = 2l D 120
expected to occur at other line impedances as well.) Becau Fregquency (G}

many of the wide bandwidth or high center frequency (or higl: ;

clock rate) military systems require a terminated transmissibig.- 5. Measured maximum and minimum insertion loss of 5-mm stripline
nsmission lines on large numbers of MCM-L and MCM-D test structures.

line enVIronmen_t’ these wide variations make it ImpOSSIbEmulated losses on optimized “MCM-X" structure indicate that improved
to choose termination network values with any assurang@rication techniques can significantly decrease these losses. The loss goal
that they will match the line impedances; in turn, virtuallyor 8-bit A/D converters is also indicated. (14553)
guaranteeing that standing waves will appear at one or more
locations along the input signal path between the filter, LNA, line over a range of frequencies, should be as close as
and A/D converter input. possible to 0 dB across the passband of interest to assure
When we employ microwave performance criteria for ththat all signal energy reaches its destination at the far end
interconnects by measuring carefully designed microwave te$teach interconnect. Fig. 5 shows measured levels,pffor
structures on a large number of MCM’s, we find that thesemm striplines on a large number of test structures fabricated
criteria confirm the poor control of fabricated parameters at both MCM-L and organic MCM-D technologies. Note
all levels of the process. Insertion losS;;, a measure of the wide variability between different samples, and the high
the amount of signal energy which reaches the far end loks levels. Conversely, simulations show that these losses
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[ MCMs Fabricated in the 1994/1995 Time Frame )
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Fig. 6. Scanning electron micrographs of typical interconnects in MCM-D’s, MCM-L'’s, and MCM-C’s manufactured with different fabrication Naipes.

the considerable variation from ideal rectangular cross section typical of most of the lines. Only Vendor A’s lines have a truly rectangulati@npssmdec

will behave well at high frequencies and “track” the EM models for these lines. Note “ears” and nonuniform cross sections in Vendor B’s linessroughnes
in Vendor C’s lines, which cause serious skin-effect problems; tiny cross sections of Vendor D’s lines. (14523)

can be substantially reduced: Fig. 5 depicts simulafed Similarly, via structures as fabricated are vastly different from
losses in a hypothetical “MCM-X" technology, which wagshose typically assumed in simulation models, as may be
postulated as a feasible extension of conventional orgawioserved in Fig. 7.
MCM-D processes presently in existence, simply by modifying The wire bonds used to provide electrical connections
a number of fabrication parameters such as linewidth, lineetween the MCM interconnects and the chip pads are also
thickness, sheet resistance of the as-deposited metal, efites for loss of signal integrity, as illustrated in the upper
each by a few tens of percentage points (i.e., no “heroipanels of Fig. 8 for both MCM-L’s and MCM-C'’s. The panels
values were assumed, only minor improvements acrossofaFig. 8 compare the effects of wire bonds of different
number of fabrication parameters). Note th&f; losses in lengths with so-called flip-chip attachment approaches, which
this “MCM-X" technology are substantially better than the asallow direct contact between the chip pads and matching
measured values. We believe that these improved paramepads on the MCM’s. As may be observed, the flip-chip
are achievable with improved fabrication methods. attachment typically displays the smalleSt; losses over
The primary causes of some of these problems can &mey given passband. Conversely, the wire-bond attachments
clearly observed by cross sectioning the MCM structureshow large variations, particularly for frequency components
Fig. 6 clearly shows that the lines are not rectangles or evgreater than 4 GHz. The lower panels of Fig. 8 depict return
trapezoids; they have a wide range of shapes, which in tloss, S1;, the amount of energy reflected back at the source.
creates two problems: first, the lines do not measure as thdgst discussions in the literature concentraten effects,
simulate because the simulations usually assume rectangblecause on first review they appear to be the most important.
or trapezoidal cross sections (in fact, the line cross sectiddewever, to assure a minimum amount of standing waves
in the MCM-C structures in the lower right panel were son an interconnect, and hence, the most uniform behavior
small as to be barely visible). Second, the uneven surfagsoss a wide range of frequencie¢g, should be less than
created by the rough line structures make it difficult to fabricate20 dB across the entire passband of interest. Here again,
more than a few metal layers, since the uppermost layers aiee bonds of all lengths perform at a significantly inferior
so nonplanar that it becomes impossible to apply subsequiaviel in comparison to flip-chip attachment for all frequency
layers of dielectric or metal as the structures are built upomponents above a few hundred MHz.
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{ MCMs Fabricated in the 1934/1995 Time Frame )
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Fig. 7. Scanning electron micrographs of typical via structures in MCM-D’s, MCM-L'’s, and MCM-C’s manufactured with different fabrication iéctpes.
the wide variety of substructural characteristics. Only Vendor D’s vias resemble the typical post assumed in EM models of these substrucl)res. (1452
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Fig. 8. Measured electrical performance of two methods of electrical contact, wire bonding and flip-chip attachment, between integrateddcaithiés an
ceramic or laminate MCM’s. In actual assemblies, 50-mil bond wires are the shortest practical lengths. Note degradation in insertion and feturn loss
even 40-50-mil bond wires in comparison to flip-chip contacts. (14684)

The incorporation of passive elements, i.8, L, andC 90% passive components. The six-channel global positioning
components directly into the MCM substrates, is also a badlystem (GPS) receiver of Fig. 9 contains 150 components,
needed feature which is presently receiving much attentiaf. which only 11 are integrated circuits; the majority of the
Many systems targeted for MCM's consist of as much assembly cost was in the placement of the passives, which



1826 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 10, OCTOBER 1997

1. InputtOulpa Pinu | Conlrol, Poseds. Ground § % Low Moise Ampldier | 157 GHe 11 dB |

7 #Analog Filenrsg ¢ 107 GHr. 47 BMHr 8 BHE | 13 Buml Bown Congsision: 10D Gl Amphhealion

3 Anbernea Ssgnad Coaxisl Inged Canneclar 11, A&nslog Powsr Bwilch

d Oigilal Powsy 5"’"‘["'!! Fdbaring 17 Dmgilal Appbcabins F-pil-'.‘l- Inimgemied Cocuil | A&SHD )

b Frequency FAslsrsnce 12 Resd Time Clch | Daies, Time= |

E Digital Power Sapply Cosdralier 14 Qigial Pull-Llp Aecsbors

T peraling Soliware Random dccess Memory | FARN | 15 Operwiing Satiware Flash Erassels Restl Only Memory (EFROM
B Microperocescegs Linii | FIFWU. MCREEIATN |

Fig. 9. Physical circuit functions of the top and bottom surfaces on microminiaturized GPS receiver fabricated on double-sided laminate MCign®imens
of MCM are 1.37 inx 1.43 in. Of the 150 components, 11 are integrated circuits and 139 are passive components. (12920)

consumed half the total real estate on this 1.37xinl.43 the inorganic dielectrics such &0-, the same types ah
in MCM [8]. The substitution ofaccurate integral passive situ process control which are beginning to appear in the
components for the discretes will have a major positive impaategrated circuit manufacturing industry (but which are totally
on cost and size of these modules. absent from the MCM fabrication industry) could be applied to
control the deposition of inorganic dielectrics to less tha&it%
of the total dielectric thickness (i.e., the thickness tolerance of
a 10um dielectric layer could be controlled to better than
40.5 um). Initial studies recently conducted at a government-
Simulation studies conducted in our |ab0rat0ry, diSCUSSiO§§pported research fabrication fac|||ty appear to Support this
with numerous MCM fabricators, and some initial experimentgnclusion [9].
in government-supported research laboratories indicate thathe faprication of geometrically precise metal lines can
most, if not all, of the deficiencies in the MCM technolyjxewise be brought under tight control. Presently in MCM-L's
ogy cited above can be avoided through the application gy McM-D’s, metal line definition is conducted through
improved and/or more accurate process steps. photopatterning followed by a wet-etch process, with either
copper or aluminum as the conducting metal. The wet chemical
Metal Deposition and Patterning, Dielectric processes are inexpensive, but lack tight geometric control
Deposition, and In Situ Process Control (because (among other issues) of local differences in the con-
Figs. 6 and 7 illustrate the lack of control in the depositiof€ntration of the etchants within the baths, even with agitation,
of dielectric layers, and in the patterning of metal lines (i.e2nd the undercutting of the thin metal lines, which is typical of
the lack of control of the line cross sections) during thall wet-etch processes), a problem which was identified by the
fabrication of all types of MCM'’s. Dielectric thickness controlintegrated circuit fabrication industry some years ago. This
in MCM-L’s appears problematic though not impossible, sindatter industry is turning increasingly to dry-etch processes
the thickness of the cured laminate sublayand the adhesive such as reactive ion etching (RIE), which are slightly more
sublayers would both have to be under control. For organic agpensive than wet-etch processes but can achieve much better
inorganic MCM-D's, dielectric thickness control is presentlygontrol of the cross sections of interconnects. That the same
at £5-10um, whereas it should be atl zm. These levels of types of processes can almost certainly be applied successfully
control are not unachievable. One manufacturer of fabricatit® the fabrication of MCM’s was recently demonstrated at
equipment is developing a deposition coater for liquid-phasegovernment-supported fabrication facility, which produced
organic dielectrics with approximately-1-um control, and extremely rectangular line cross sections iaré of aluminum
has been reported to be achieving good initial success. @}, and the probability of maintaining similar control of line

V. How CAN THE LIMITATIONS OF
MCM TECHNOLOGY BE CORRECTEL?
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cross sections with layers of aluminum up to 7—1@ in TABLE |

thickness. Simulations in our Iaboratory indicate that these PosSIBLE APPROACHES TOASSIGNMENT OF METAL LAYERS IN MULTICHIP
. . . . . . L MobuLEs. WiTH ONLY ONE METAL LAYER, THE DESIGNER IS
improved line structures on thicker dielectrics will exhibit 2—4 o ceeiv ConsTRAINED WiTH 7—8 LAYERS, CONSIDERABLE DESIGN
dB less loss (at all frequencies up to 10 GHz) on a 12-mm FLEXIBILITY 1S AVAILABLE . THE PHRASE “ROUTING/ATTACH”

line than does the commercial version of this same process  INDICATES THAT A SNGLE PHYSICAL METAL PLANE IS USED
BOTH FOR ATTACHMENT PADS FOR CHIPS AND/OR PASSIVE

employing Zﬂm thick lines. ) ) CoOMPONENTS AS WELL AS FOR MICROSTRIP INTERCONNECT (14376)
Copper metallurgy, used since the early 1980s in many

MCM’s, typically relies on wet etching, or in some processes,

sputter deposition and plateup to define the interconnect lIN€%, o of
These processes do not always exhibit maximum uniformif§gtal Layers
and repeatability batch-to-batch or even line-to-line. However, 1

the integrated circuits industry is developing a highly precise

( lllustrative Implementations Only )

Design Restrictions Suggested Layer Assignments

Digital Systems Up to 25-50 MHz;

interconnect process using copper rather than aluminum (the 2 Ao mosirip. Iniareonnects. with " 1 Shared PoweriGround Plane
so-called copper damascene process, [10]), which may even- No Crossovers
tually apply to some inorganic MCM-D’s as well. Though the DO ot plans. Powes Dolery: 2 Routing;
y pp y g . _g_ 3 Analog Microwave Designs Gaing 1 Shared PowerlGraund Plane
bulk resistivity of copper is less than that of aluminum, it is the Microsirip Interconnects
as-deposited resistivity of the metal, not its bulk value, which Anamgital Systems Up 0 1 GHz: o 2 Routing;
i | 1 h f b 1 1 f . d it d Micrgslrip & S!riplir¥e Interconnect 1 Power Plane; 1 Ground Plane
is relevant in the fabrication of MCMs; copper deposition an
plating techniques typically yield only 80-85% of the bulk s g e e Boaah] { Powar PIaeCSing: d Planes
value of the metal. -
) . . L. . X gital Systems up to 10-12 GHz; 2 Routing;
Conversely, in the integrated circuit industry, aluminum is © Analog e G 2 Power Planes; 2 Ground Planes
the most common interconnect metal. This industry has devel- 2 Routing; 1 Routing/Attach;
. . . 7 _All Digital and All Analog or 1 Power Plane; 2 Ground Planes;
Oped so-called hot-metal depOSItlon technlques for alumlnum, Mixed Signal Designs are Feasible 1 Integrated Small Capacitor and/or

Embedded Resistor Layer

which result in sheet resistivities essentially the same as the 2 Fowtings 1 Fouting/Attach;
bulk metal. Aluminum is also the metal most compatible with s Mixed Signal Desians are Feseible | 1 Integrated Small Capactior andier
the dry-etch processes which have almost totally come ta Embedded Resistor Layer
dominate the industry. If aluminum is more tractable and CABithY corpanent Asachment Layer

be deposited in sufficient width and thickness to overcome

its resistivity handicap, it should not be rejected out of hand. .
Electromigration of the aluminum should not be a problerﬂ‘etal structures. This same problem has been encountered

in MCM’s, because the current densities in the interconnedfsthe integrated circuit industry, where the loss of planarity
are much lower than in the chip interconnects. Conversely, 0 limits the number of metal interconnect layers which
new interest in the integrated circuit industry in the damascef@" be achieved. Some sort of planarization is required to
process [10] may indicate that the difficulties of working wit@SSure absolute surface flatness as a preparatory step for the
copper may also eventually be overcome, and perhaps appﬁi&g)osmon of the subsequent dielectric or metal layer, which
in the fabrication of even better MCM's. Furthermore, neWill not only improve interconnect uniformity, but will also
approaches to the application of metal, such as chemical vafBProve most via fabrication processes as well.

deposition (CVD) of both aluminum and copper, presently For the inorganic MCM-D's (upper right-hand panels of
being implemented in the integrated circuit industry, are al$dgs. 6 and 7), chem-mechanical planarization (CMP) may be
eventual candidates for use in MCM fabrication. Although th@ useful approach [11]. CMP is presently being made cost
high-frequency electrical properties of these CVD-deposité&dfective for and by the integrated circuit industry, and there
metals are unknown at the present time, the nature of the C\@reason to believe it could be made cost effective for the
process should result in improved interconnect conductivity, MCM industry as well. CMP is also known to be compatible

comparison to metal deposited by plating or sputtering. with organic dielectrics, and is definitely worth pursuing.
Improvements in layer-to-layer planarity should enable the

Planarization and Increases in Layer Count incorporation of additional layers in all of the MCM-D pro-

The MCM-L processes have an advantage over the MCM48sses, increasing the layer count from the now-common four
processes—since they are derivatives of the PWB technolotfyers to six or even eight layers. A proof of the feasibility of
which assembles a stack of thin metal-covered dielectfiggher layer counts comes from one nonmerchant fabricator of
laminate layers, the MCM-L processes can support a largeganic MCM-D’s, which has repeatedly demonstrated eight-
number (at least 7-12) of metal layers. Some of the positila&yer MCM-D substrates; unfortunately, this capability is not
effect of this layer count is dissipated by the large vias whigkvailable to the commercial marketplace. Table I illustrates the
completely penetrate through the layer stack and compromfsanner in which additional layers would be used by systems
routing channels, but the layer count is irrefutably greatgesigners, if available.
than with the MCM-D processes. The problem for the MCM-

D technologies as presently implemented is that with tHBterconnects Between Layers of the MCM
addition of each layer, an increasing loss of surface planarityAs is apparent in Fig. 7, via fabrication remains a constraint
occurs as the dielectric flows unevenly over the underlyirgn high frequency performance for most MCM processes. So-
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{ individual Embedded Resistors, Capacitors, Inductors, and Trnasmission Lines;
Two Passive Filters (LC amd RLC). and Pseudo-Radar Analog Front End )
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Fig. 10. Photo of experimental inorganic MCM-D containing a number of integrated passive elements. Note the int€yfitexdand the LNA, mixer,
RLC filter, and wide-band amplifier in the right central portion of the MCM. This latter circuit represents a typical “front end” for a high-performance
digital receiver. (14803)

called spiral staircase vias are used in most MCM processed require large numbers (dozens to hundreds) of pasdive (
because the lack of layer-to-layer planarity and the open natureandC) components for power plane decoupling and for el-
of the via holes (with metallization only on their slopedements of passive filters. The cost, surface area, and assembly
sides) prevents placing vias penetrating single dielectric laygtiseld impacts of employing discrete passive components are
directly above one another; each single layer via must Be unacceptable that much more work will be needed to assure
offset from the one above and below by a small amounhe cost-effective integration of the passive elements directly
The resultant spiral via structure is very lossy (particulariyto the MCM substrates during their fabrication. Although
at high frequencies) and difficult to model accurately. Furthenitial steps have been taken to develop such a capability and
while the vias and associated capture pads of MCM-D’s aggen to integrate complete passive filters directly into MCM
no larger than the linewidths themselves, for MCM-L's andubstrates (as illustrated in Fig. 10), the integral components
MCM-C'’s the vias are typically at least twice the width of thgapricated to date have manufacturing tolerancesb®% for
lines, while the capture pads are three times the linewidthgsistors, and:20% or worse for capacitors and inductors.
These outsized via structures create significant impedancerhese tolerances need to be improved to the range of
discontinuities which degrade interconnect performance fQmo,_ 504 for all three types of passive components (which
frequency components greater than approximately 2-3 Ghigsg includes transformers as well as two-terminal induc-
These via effects amotapparent in the right-hand “MCM-C" t4r5)  The capacitors require exact definition of the plate

panels of Fig. 8, which employed simple microstrip linegreas, extremely accurate control of dielectric deposition,
without vias to allow the effects of the bond wires alone tgnq accurate control of the permittivity (the “K” value or

be analyzed. relative dielectric constant) of the dielectric material. The

_However, via structures can be improved. Solid post stackgeistors require accurate deposition of the resistor material,
vias have been demonstrated in some inorganic MCM-D apdl|aterq extent, thickness, and sheet resistivity. The inductors
in MCM-C processes (lower right-hand panel of Fig. 7), and @,ire the ability to fabricate metal lines with good edge

Istacked “coffee-cup” via approach is emr;]:)oned rc|>|utint_ely irr]‘ efinition and significant metal thickness (up to/&@ of metal
east one organic MCM-D process. Further, smaller vias ckness, more than is presently feasible). There is reason

been quons'grated n MCM-Ls, though not yet m_MCM-C_s or optimism, since the same precision fabrication techniques
Thus it is not impossible to produce vias penefrating multip hich will improve line impedance tolerances can be applied

gf(:egigg;zzriqwgthb%ogd zggc;?iitapl_egg;?g:;%f ?ﬁs'gn_erg the accurate fabrication of integral passive components as
u W imitatl PISell. These improvements should also encompass improved

and ove'rsized vias, and must press the fabricators to impr%\fSh-K and low-K dielectrics as well; though a separate disci-

via_ quality. pline in itself, we consider the need for improved dielectrics

) ) to be intimately linked to the development of improved

Development of Passive Components Integrated into MCM'§assives and have, therefore, included the requirement for
As illustrated in Fig. 9, many next-generation systems, pamproved dielectrics in the same “urgency category” as the

ticularly those containing both analog and digital componentsomponents themselves. There is some reason for optimism,
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(0.5 pum Nominal Film Thickness; 10x10 pm Shunt Capacitor on
50 Ohm Coplanar Waveguide )
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Fig. 11. Frequency dependent electrical properties of thin film high dielectric-constant (permittivity) lead manganese niobate materiabbedviornes.

Thickness of the dielectric in these samples was approximately:5Note that the permittivity does not decrease up to 5 GHz, though the dissipation

factor does increase at higher frequencies. The high dielectric constant values were observed to frequencies exceeding 10 GHz, and in many cases to 50
GHz. Dissipation factor can be traded off against dielectric constant by alterations in material formulation. (14338)

as several formulations of inorganic dielectrics show very high Another problem which has minimized the use of flip-
dielectric constants and acceptable dissipation factor well intbip attachment is that the developer of flip-chip meth-
the gigahertz frequency range (Fig. 11). ods—IBM—has traditionally spread their contact pads over
the entire chip area (“area-array” pads). Unfortunately, a chip

. . . . containing area-array pads cannot be wire bonded, since some
Flip-Chip Attachment or Chips-First Assembly bond wires would have to traverse half the width of the chip

For analog microwave integrated circuits, or for digital como reach internal pads. As a result, systems designers who
ponents operating at clock rates above 500 MHz (one vengast use a variety of components from many vendors have
of integrated circuits is actually deliveringicroprocessors peen reluctant to commit to area-array pads, since the option
for the consumer market, which operate at clock rates ofto wire bond is foreclosed on those chips. The IBM spacing
520 MHz!), the deleterious effects of wire bonds on electricaljles and technology for area-array pads has been 8-10 mil,
performance of interconnects (see Fig. 8) must be alleviatgghich, while fine for the area array, is too coarse if used as
The best approaches to this are the complete eliminationtgé pitch for peripheral pads for high pin count integrated
the wire bonds, either by embedding the chips in the substraifcuits. Recently however, several large integrated circuit
and passing all the interconnect over the tops of the chips aadrication facilities have begun to develop the technology to
directly to the chip pads (referred to as a “chips-first” assembdyipport flip-chip attachment of chips with peripheral pads on
process), or by flipping the chips over on a conventional MCI very tight 4.5-6-mil pitch. In such a case, a chip could be
substrate and using reflowed solder-ball connections betwag-chip attached or wire bonded at the discretion of the end
the chip pads and matching pads on the MCM's. This processer. Such changes will hopefully raise the acceptance level of
cannot be undertaken lightly; a chip contact pad intended fip-chip attachment, which in turn will improve the electrical
wire bonding is not quite the same as a pad intended feéhavior of the signal paths entering the highest performance
flip-chip attachment. In the latter case the (aluminum) chipntegrated circuits. The MCM-D technology can easily handle
pad metallurgy may need to be altered to be compatible wighese tight pitches, but the MCM-L and MCM-C technologies
the deposition of solder bumps, through the introduction @fe not yet up to this challenge.
a barrier and adhesion layer between the aluminum and the
solder material (aluminum will not wick solder). Further, the
opening in the final passivation layer which exposes the mefd!
of the pads may need to be of a different shape than for wireNext-generation integrated circuits will dissipate much more
bonding, again to accommodate the deposition of the soldeat per unit area than at present. Even microprocessors
ball and its subsequent reflow. These issues can be accoudedthe consumer market are now dissipating as much as
for easily by the chip designers if they are alerted ahead ® W/cn?; silicon components dissipating 150-200 W#cm
time to the desire of the users to employ flip-chip attachmertre on the horizon. Gallium arsenide (GaAs) A/D converter

ermomechanical Compatibility Issues
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{ Highest Chip Surface Temperature: 56.7°C for 7 mil Thick Chip in
Thermal-Well Configuration; Chip Attached to
Copper Heat Sink Using 1 mil Thick Silver-Filled Epoxy )
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Fig. 12. ANSYS 3-D thermal model depicting isotherms resulting from GaAs die heat flux of 593Witnheat sink back side held at €. The die was
thinned to 7 mil, and installed in a cavity in the MCM directly onto a copper heat stud. Note that chip temperature rise was constraiffétl {4 $3%4)

die are already dissipating 60 W/émwhich because of speed and user friendliness of the one-dimensional (1-D) and
the lower thermal conductivity of GaAs, is equivalent tdawo-dimensional (2-D) approximation tools now offered by
approximately 180-200 W/chmin silicon. The removal of the major CAD vendors. The thermomechanical challenge
these high heat loads from sensitive high power densitycludes an improved understanding of the effects of using so-
mixed-signal integrated circuits remains a difficult problengalled thermal underfill materials [12] between the chips and
which often must be addressed on a case-by-case basis. eeMCM'’s when a flip-chip attachment method is employed;
three-dimensional (3-D) thermal model of Fig. 12 illustrateihie exact thermomechanical behavior of the underfills (which
the maintenance of a small temperature rise in a 59-W/crare themselves still evolving) is still undergoing evolution.
GaAs A/D converter die using “heroic measures” including

special thermal wells and exotic high conductivity substrateow-Volume Access to High-Volume Manufacturing Lines

materials; however, these approaches are not presently coSthe |ack of low-volume access to high-volume production
effective except for the most expensive die. Better thermglag is perhaps the most vexing problem facing the U.S.
treatments for MCM's, such as embedded layers of thifop at present. This issue is more than just an economic
synthetic diamond, the use of aluminum nitride substrates, agge—it is temporal as well. A military system undergoes
the placement of die in wells directly on a cooling substratgeyeral stages of development lasting a number of years,
are being investigated and made more cost effective. during which only prototype quantities of modules are needed.
Further, because the thermal behavior of these die and thgihen the system enters “production,” the total fabrication run
mechanical interaction with the host MCM are truly 3-D anghay number only in the low thousands, equivalent to 1-2
time varying in nature (i.e., consisting of a transient componegkeks of production for a high-volume commercial component
and a steady state component), the thermal modeling toglse economicaspect of the problem). Because MCM vendors
generally available from the computer aided design (CARannot be expected to maintain a stable fabrication recipe
vendors are inadequate to the task. Conversely, although finéger the five—ten year development cycle of a military system
element analysis tools such as ANSYS developed for tlge temporal problem), methods must be foundthin the
aircraft industry are capable of conducting full 3-D timeCAD systemsto modify designs to accommodate changes in
varying thermomechanical transient and steady state analyigsication recipes. One approach to this problem would be
(as in Fig. 12), the use of these tools remains an art familidsrough an extension of the concept of “macros” used widely
to only a few engineers. in the integrated circuit design environment: if via stacks,
Development work will be required to yield new simulationinternal and peripheral pads, stripline and microstrip segments,
methods with the power of the finite-element tools and theassive components, etc., were treated thoroughly as library
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elements, it might be possible to replace the macro librariBs Full-Wave Solutions
as the MCM technologies evolve, and essentially retarget thery model the EM performance of the packaging and in-

original MCM design to the new MCM technology. Thisyeconnects with greater accuracy, more complicated formu-
is a problem (and a potential solution) which has not beely,ns have been proposed, including the spectral domain
addressed at all by the CAI_D tool_ vendors, but must b_e. dethod [23], [24], the Green's function approach [25], etc.
reprgsents an area where vitally important research will |b—%r antenna and microwave problems, the metal patch width
required to address the problem. is always assumed to be much greater than the metal thickness.
As a result, a “zero thickness assumption” can be used,
and a Fourier transform in the direction perpendicular to the
VI. IMPORTANT RESEARCH AREAS thickness direction can be employed, thereby simplifying the
FOR THE MODELING COMMUNITY mathematical treatment significantly. Because of the narrow

Based on the observable trends in advanced system dep@Pdwidth of many antenna and microwave problems, and
opment, in the following subsections we describe fruitful are§cause the skin depth is usually much less than the metal
for research which are seriously in need of exploration, afgickness, an impedance boundary condition can be employed,
which are well suited for study by the simulation communityonce again greatly simplifying the modeling problem. In
These areas will directly support the substrate and systéfntrast, high clock rate digital circuits are typified by a

development efforts described earlier in this paper. wide signal spectrum, from nearly dc to many gigahertz.
In addition, because the metal trace thickness in a typical

MCM is on the order of 6—-&:m, it is not correct to assume
that the line behavior is totally skin effect limited. In fact,
some penetration of current into the inner regions of the
conductor does occur, to such an extent that frequency-
dependent internal inductance and resistance must also be

Development of Rapidly Executing Truly 3-D Full
Wave Electromagnetic Modeling Tools

A. Quasi-Static Algorithms

accounted for.

The simulation packages that have been most widely use
to the present are based on quasi-static electromagnetic (EM
algorithms (QSA’s). The principal mathematical underpinning1
supporting these packages is the Green’'s function integra
equation formulation for 2-D and 3-D multiconductor and
multilayered transmission lines implemented with the method 1)
of moments (MOM), as originally proposed and amplified
by Harringtonet al. [13]-[14]. A number of refinements of,
and modifications to, the MOM have been made, including
the boundary-element method (BEM) [15], the singularity
treatment [16], the spectral domain method [17], the even/odd
basis function expansion [18], etc. In addition to the MOM
approaches, the finite difference (FD) method [19] and the
random walk method [20] have also been applied. Recently,
a fast multipole method has been proposed [21], which may
be a breakthrough for the computations of the capacitances of
very large structures and systems based on the QSA’s.

The standard static approaches can only obtain the dis-
tributed capacitances and external inductances of the trans-
mission lines. The resistances and conductances are typically
obtained based upon an assumption that the resistive and
conductive losses are low [22]. The mathematical simpli-
fications have made the quasi-static algorithms inaccurate,
especially for very thin striplines, very lossy substrates (doped
semiconductors), or at very high clock rates. It has been
reported that the QSA’s are valid only to 3-5 GHz for typical
packaging structures. Mathematically, the quasi-static solution
represents only a low frequency approximation to Maxwell's
equations, and in fact, many high frequency phenomena, e.g.,
dispersion, radiation, transverse currents, longitudinal fields,
etc. cannot be properly addressed by the QSA’s. Either it will
be necessary to develop extensions of the QSA'’s for higher2)
frequencies, or research efforts will have to concentrate on
truly full wave solutions.

o model the EM performance of the MCM’s faithfully,
comprehensive full wave analysis tools for complicated 3-D
ructures will definitely be required. The full wave methods
may be classified into three groups as follows.

The finite difference time domain (FDTD) method
This class of techniques includes the FD method
[26], [27] and its derivatives, the finite volume time
domain (FVTD) method [28], and the finite difference
frequency domain (FDFD) [29] method. It has been
demonstrated [30] that the transmission line matrix
(TLM) method is essentially equivalent to the FDTD
method. Because of its mathematical simplicity and its
flexibility in handling complex geometries, the FDTD
method has been widely employed by the modeling and
simulation community. In conjunction with absorbing
boundary conditions (ABC’s) and the concept of
perfectly matched layers (PML'’s), the FDTD approach
has been applied very successfully in computational
EM'’s. The disadvantage of the FDTD is its requirements
for very large amounts of local computer memory and
large amounts of central processing unit (CPU) time.
Recently, a wavelet based version of the FDTD has been
proposed. For a rectangular cavity problem, the new
method reduced the amount of local memory required
to execute an example problem by a factor of 125
[31]. Considerably more research will be required to
model conductors with finite conductivity and finite
thickness. To improve the versatility of this method,
nonuniform and nonorthogonal mesh structures need to
be incorporated with the FDTD.

The finite element method (FEMA\ node based FEM
has been used in EM modeling for decades. A problem
associated with the FEM is its tendency to generate
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spurious solutions [32]. Recently, new formulations of In summary, it seems clear that fast, accurate, and more
the edge based FEM, collectively referred to as theffective simulation tools using state-of-the-art theory and
edge element method (EEM), have been developed [38chniques need to be developed which will model 3-D struc-
[34]. This new literature indicates that the spurioutures efficiently. A combined FEM/IEM method employing
solutions (“modes”) observed in the FEM are completelgewly emerging fast computational methods, e.g., wavelets or
eliminated in the EEM. The EEM can handle conductoifast multipole approaches, appear to show the most promise.
of finite conductivity and thickness very efficiently.

The 2-D version of the EEM has sufficiently maturedrgols for Analysis of EMC/EMI Problems

that a commercial package using this technique is now

available. The large system of equations generated by theConcergihregardt;Pg E'\:l]C/EMI halvi[a geen raltsed ml rekcentt
eigenvalue and eigenvector problems resulting from ty&ars, and the problems have escalated as system clock rates

EEM can be solved by the so-called “subspace i,[er(,m\ggntinue to increase and the integration density of VLSI
method” (also referred to as the Lanczos algorith ircuits dramatically increases. Thus far, only very simple
to obtain the first few dominant modes. The EEM i odels of the EMC/EMI problem have been proposed. The

also able to analyze structures of increased geomet?l%nductmn and radiation emission and susceptibility models

complexity in comparison to the FEM approach. In Comt_hat have appeared in the recent literature remain far below

bination with local radiation boundary conditions [35]’tr1ethcomplexny oftrleal—\llvorlhqlprt%blelzrrésc./'g:gsl,aeRm?de(Ijs a(tjre ﬁt'"
and employing the so-called boundary conditions of € component level, while the standards have

third kind [36], a large number of electrical packag een established at the system or subsystem levels. The amount

ing and EM compatibility/EM interference (EMC/EMI) of EMI generated by a digital processor is directly related

problems (many of which have been under diSCUSSi(B?I the edge rates of the signals, the system clock rate, the
in the literature for years [37], [38]), can be solvedmal amount of switching current, and the size and shielding

effectively. A Green’s function is not even requireOEffeCt'Veness of the device or system [37], [38]. Due to the

for the EEM, which is a considerable advantage it n(irmous E(_)mglt(ajm:y °f_af‘ ?ctua:jpr?ctgisorlsystem, |rt]|s I|keg/
comparison to the integral equation method (IEM). at a compined deterministic and statistical approach may be

3) Integral equation methodwhile the FDTD and FEM hecessary to address these problems.
solve 3-D problems throughout the volume of interest
(that is, a mesh is created throughout the 3-D spabi@proved Understanding of Power/Ground
of interest), the IEM solves for the unknowns only orPlane Systems in PWB'’s and MCM’s

the boundary surfaces. For a physical problem with a For decades there has been widespread confusion and un-
linear dimension of intervals, the number of UnknOWI’lSCertainty regarding even the most generic h|gh frequency
for the FDTD and FEM is proportional te®, while pehavior of power/ground plane delivery systems. Generations
for the IEM the number of unknowns is proportionabf engineers have appliedi hocdesign rules to the decoupling
to n®. In comparison to the FEM, the IEM appearsf power and ground supplies from one another and the
to be much more computationally efficient. Howeversyppression of noise on these planes, such as: “Install one
the corresponding FEM matrix is sparse, while the IEMecoupling capacitor (two capacitors? three capacitors?) on
matrix is dense. the circuit board or MCM for each integrated circuit (for every
Recent attempts have been made to incorporate the resthitee integrated circuits? for every power pin?).” These rules
from wavelet theory into the IEM [39]. Due to the multiresoluhave become “lore” based upon individual successes, but have
tion analysis (MRA) features of wavelets, very sparse matrickad no theoretical underpinning.
have been obtained with the IEM. Mathematicians have provedThe past several years have witnessed remarkable theoret-
that the nonzero elements in the resultant impedance maidal progress in developing a comprehensive understanding
are proportional to: [40], rather than ta:%. Despite the con- of these important substructures [42]-[47]. It is beginning to
siderable potential of this combined technique, some workeappear that the “noise” on these planes is by no means a set
have claimed that the advantage of achieving sparse matriceafisandom fluctuations caused directly by the state switching
outweighted by the complexity and “overhead” of the waveletf the digital chips. Rather, the “noise” is actually a complex
method. The apparent reason for this expressed concern is thabnant behavior of an essentially hi@hcircuit with a very
most of the wavelets do not have closed form expressiofage number of resonant modes, which are in turn “pumped”
which makes the evaluation of the matrix elements (usualby harmonic components in the state switching currents of the
through Gaussian quadrature) more difficult. The authors iotegrated circuits.
[40] have demonstrated that by using Coifman wavelets (whichBecause many of the proposed next-generation analog- or
have zero moments for both the father and mother waveletsjixed-signal systems have already been demonstrated to be
the computation of the matrix elements can even be faster tretteptionally sensitive to disturbances on their power and
the co-location method (pulse basis and Dirac-delta testiggound planes [7], these resonances must be made amenable to
functions) [41]. Although a number of issues remain to beomplete characterization. Further, suppression of the resonant
addressed, the entire class of wavelet methods appearsntudes, at least within the signal passbands of interest [44]
represent a very powerful set of techniques worthy of furthéespecially in the development of all-digital receivers) will be
investigation. mandatory. Much more work will be required to understand
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Fig. 13. Noise surface display of disturbances in the power/ground plane sandwich of a typical MCM 0.5-in square. Note the distinct patterrreaf behavio
the peak-to-peak disturbances, illustrating that power/ground plane “noise” is actually a complex but repeatable phenomenon which can d understo
and dealt with within the context of higQ resonant circuits. (14647)

these phenomena in both the time and frequency domainsydeling tools. Although at present the finite element-based
thereafter, the design community will need numerically rdeols are widely used for this type of modeling, in the future,
bust CAD tools with user-friendly interfaces understandabtenlinear programming-based design optimization method-
by engineers without deep theoretical understanding of thibgies may be employed to evaluate and improve existing
underlying phenomena. Fig. 13, a “noise surface” of a smallectronic packages. Finally, an approach which combines
MCM exposed to a periodic disturbance, is a feasibilit€AD tools with experimentally driven prototype verification
demonstration that such CAD tools, supported by a theoreticafly need to be fully developed.

understanding of the underlying phenomena, are feasible.

] ) VIl. CONCLUSIONS
Improved 3-D Thermomechanical Modeling Tools , i i )
In this paper, we have reviewed the manner in which elec-

Cooling methods must be developed to handle the increasipgyic packaging will be driven by the high level performance
power-dissipation levels which have occurred over the pagly,irements of next-generation mixed-signal systems and

5" the evolving characteristics of next-generation integrated

few generations of processors, and which, as indicated earlg{
give every indication of continuing to increase. These hegfeits. Present performance and fabrication limitations of

removal methods must be cost effective, manufacturable, gad pmcm technology have been described, as well as possible
easily integrable into the server, desktop, special purpoggnroaches to remove or minimize these constraints. It appears
signal processor, and wireless/mobile markets. Critical arggs mjjitary applications will be more technically challenging,
for research concentration include advanced materials with X that the volumes of product required by the DOD will be
cellent thermal properties which will aid in heat removal, ang\ anvhelmed in the near term by less demanding, but much
a thorOL_Jgh understanding_ of integrgtion an_d manufacturabiliﬁ{ her volume, commercial and consumer applications. Areas
constraints. Package design techniques will be needed, Whicfyui for research by the simulation community have also
account for mismatches in coefficients of thermal expansigRen ejucidated. It is hoped that this review will provide a
(CTE), especially transient CTE mismatches. The design Qiaq applications-oriented framework for the theoretical and

packages which can support area array contacts on large i@y |ation-directed papers in this special issue on interconnect
grated circuits, and the techniques to assemble area array chipg packaging.

onto the MCM’s, must be understood for the newly emerg-
ing organic materials which are being applied to electronic
packaging. Thermomechanical modeling research needs to
concentrate on the identification of basic failure mechanisms,The authors wish to thank G. Fokken, M. Lorsung,
lifetime prediction models, and the development of improved. Schwab, and P. Zabinski of Mayo Foundation, Rochester,
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