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Millimeter-Wave Characteristics of Flip-Chip
Interconnects for Multichip Modules
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Abstract—Electromagnetic simulation and measurement data 15 15
of flip-chip transitions are presented. First-order effects are 10 phase constant B 10
identified and design criteria for millimeter-wave multichip in- =
terconnects are derived. Results cover chip detuning and bump = 5 without metalization 5
geometry as well as simplified modeling. In a coplanar environ- & gl 0
ment, the flip-chip scheme provides interconnects with excellent k]
low-reflective properties. For conductor-backed structures, par- § 5 < o -5
asitic modes occur leading to unwanted crosstalk. These effects 10 with metalization |
dominate the behavior so that overall performance of the flip-
chip scheme can be evaluated properly only in conjunction with 155 1002

the actual motherboard packaging setup. bump height h [um]

Index Terms— Finite-difference methods, flip-chip devices, (@)
MMIC multichip modules, packaging.

15 — 15
10 characteristic impedance Z 10
l. INTRODUCTION T s _ - 5
OST-EFFECTIVE packaging is a precondition for the s 0 without metalization 0
development of commercial millimeter-wave (mm-wave) B 5 -5
systems. Among the multichip module schemes available, é -10 - o -10
the flip-chip approach is one of the most promising ones. 15 with metalization 15
For single chips, excellent mm-wave properties have been 20 20
demonstrated [1]-[3]. It is not clear, however, whether these 10 _ 100
results can be generalized to more complex systems and which bump height h [um}
are the design criteria. Electromagnetic modeling of flip-chip (0)

interconnects has been the subject of several publications (e5g.,1. Deviations of CPW transmission-line parameters as a function of
| ; in-chip bump heighth for the case with and without metallization on
[4] [6].)’ bgt a_comprehenswe Freatme.nt .Of the. elegtromagneﬁ]ee surface of the motherboard below the chip {(ZPW with 50xm
be_ha\_/lor in view of the pragtlcal limitations is still MisSing.ground-to-ground spacing on GaAs). (a) Phase constameal (b) part of
This is the motivation for this paper. characteristic impedancs.
The purpose is to provide guidelines to the design engineer

what determines the mm-wave characteristics of fIip-chW. . . : . .
; . h th ly th height. Th
interconnects, how they should be designed from an electr(# the distance being approximately the bump height. This

. . . X . anges the electrical characteristics of the on-chip elements,
magnetic point of view, and what are suitable modeling tools, . : o
: which are especially pronounced for transmission lines. One
for practical system development.

The results presented in this paper are based on exteng\% to distinguish whether or not a metallization is present

simulations using a three-dimensional (3-D) finite-difference the motherboard below the chip. Fig. 1 illustrates the

frequency-domain (FDFD) code developed from [7] anBesuIting deviations for a typical coplanar waveguide with

backed by measurements of test structures. 50-um ground-to.-gro.und spacing on GaAs. o
From the data in Fig. 1, one concludes that any metallization

underneath the flipped chip has a significant influence. For
the nonmetallized case, bump heights in the order of:20
The first important parasitic effect introduced by flip-chigeaq to deviations below 2%, which usually can be tolerated.
mounting is detuning of the chip. Due to flipping, the surfacgging a metallized motherboard surface, however, one requires
of the motherboard is near to the elements on the chip surfaggsigerably larger heights in order to prevent severe detuning.
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Fig. 4. Reflection due to flip-chip mounting against frequency: measurement

and FDFD simulation data for the cases with and without metallization on the
motherboard surface below the chip. The chip contains a CPW through-line

Fig. 2. Reflection coefficient of a single flip-chip transition as a function dfoump height = 25 um, chip length 4.2 mm, and the rest of the data as

frequency with the bump heigltt as a parameter (5Q-CPW with 120¢m

in Fig. 2).

ground-to-ground spacing on motherboard and chip, bump cross section is 25

x 25 pm?).
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simulation results. In Fig. 2, the parameter is bump height
in Fig. 3, bump-pad length, (i.e., the bump-pad dimension
in the propagation direction) is varied.

The unexpected finding is that bump-pad length is the
most important parameter in the mm-wave frequency range
while bump height does not influence reflection significantly
(the differences at lower frequencies are caused by detuning
effects mentioned above and not by parasitics of the transition
itself). Further investigations reveal that the transition shows
a capacitive behavior and not an inductive one, as might
be expected when describing the bump section by a three-
conductor line in air (e.g., [5]). The cross section of the bump
(circular, elliptic, or rectangular shape), on the other hand, is
of minor influence.

Quantitatively, the return loss data in Figs. 2 and 3 are
excellent and demonstrate the potential of the flip-chip tech-
nique for mm-wave applications. When evaluating practical
relevance, however, the transitions have to be considered
together with the motherboard packaging scheme, as explained
in Section IV.

Fig. 3. Reflection coefficient of a single flip-chip transition against frequency

with the bump-pad lengtli, as the parameter,( denotes the bump-pad

dimension in the propagation direction; bump height and width are both

25 um, with the rest of the data as in Fig. 2).

IV. PARASITIC MODES

A. General Considerations

when using microstrip lines instead of CPW, one obtains even

larger deviations. Of course, a defined detuning can be takerBesides the reflection of the CPW mode at the interconnect,
into account already in circuit design. But this requires speci#le existence of parasitic substrate modes in the motherboard
modeling tools and chip measurement setups. Hence, from fRest be accounted for. For the flip-chip scheme, mainly two
electromagnetic point of view, the nonmetallized case shol#es of parasitic modes are relevant.

clear advantages.

I1l. REFLECTION OFCOPLANAR MODE AT THE INTERCONNECT

« When using a metallized motherboard surface below the
chip, an additional parallel-plate mode exists in the air
region between the two substrates (see also [6]). This
causes parasitic coupling and half-wavelength resonances.

In this section, a single transition from a CPW line on the In Fig. 4, measurement and simulation results for a test

motherboard to a CPW line on the flipped chip is considered.
The question is how bump geometry influences the reflection
of the transition. Figs. 2 and 3 present 3-D electromagnetic

structure are given. As expected, one observes parasitic
resonances, which cause reflection coefficient values of
—10 dB already at 10 GHz.
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Fig. 5. Transmission into parasitic PPL modes at a single flip-chip transitirid- 6. Transmission into parasitic PPL modes at a single flip-chip tran-

with bump heighth as the parameter (for mode definition see inset, and ti§éion with bump-pad lengthi, as parameter; foSppr2 the curves for
other data are as in Fig. 2). lp, = 30---50 pm coincide (for mode definition see inset, with the rest

of the data as in Fig. 3).

« In common packaging setups, the backside of the mother- CPW stub
board is conducting. The conductor is formed either by the chip Stubs

backside metallization or by the bottom plane of the pack-
age. Therefore, in both cases, a parasitic parallel-plate
(PPL) mode is propagating in the motherboard. It couples motherboard
to the desired CPW mode at any discontinuity, i.e., at
bump interconnects as well as at package feedthroughg, 7. Test structure for determining crosstalk: flipped chip with two
etc. The results are parasitic paths that reduce isolatiemposite CPW open stubs (ideally, there should be no transmission).
between ports (see also [6], [8]), which may cause severe

circuit instabilities. This situation is treated in more detail 55 4g and, therefore, can be neglected for most practical

in Section 1V-B. applications.
What does PPL-mode coupling mean for multichip arrange-
B. The Conductor-Backed Case ments? In order to clarify this, the structure shown in Fig. 7 is

First, a single interconnect is studied (see the inset wé&ated. It contains a flipped chip with two opposite CPW open
Fig. 5). Due to the existence of the PPL modes, a part of teeubs. Ideally, i.e., without the PPL mode, transmission should
incoming CPW signal is scattered at the bump interconndm zero since the distance between the stubs is large so that
into a forward and a backward PPL mode. In Fig. 5, thePW coupling vanishes. But, since the ground metallization
transmission coefficients into the two PPL modes are plottednnects both ports, the PPL mode can propagate in the entire
with the bump height: as a parameter. Fig. 6 provides thenotherboard. The edges of the motherboard present a highly
corresponding curves for different bump-pad lengths. The masflective boundary to the PPL mode, which is described by
striking observation is that coupling to the PPL mode ithe reflection coefficient-ppr, in the model of Fig. 8. The
forward direction(Spp12) is above—20 dB, which is larger parameterrpp;, can be approximated by-1, i.e., a short
than the CPW reflection (see Figs. 2 and Spp1.2 depends circuit, if CPW ground and backside conductors are connected
only on bump heighth and shows a slight decrease witthy the package, or by1, i.e., an open, if there is no electrical
growing h. connection nor radiation. In both cases, the motherboard forms

A special effect should be noted in this regard. At a bumg low-loss resonator for the PPL mode that is coupled to
height of 10,,m, degeneracy phenomena occur for the givahe CPW transmission lines at each bump interconnect. Fig. 8
geometry, because the propagation constants of CPW and RIReIonstrates the result: parasitic crosstalk is observed between
mode in the chip section approach each other in a certdite CPW stubs with transmission peaks approaching 0 dB at
frequency range. This leads to coupling coefficients in excesartain frequencies.
of —5 dB. In its pure form, this effect is mainly of academic In order to illustrate the influence of the PPL-mode res-
interest, but it indicates potential problems in practice if bumgnance phenomena, the case= 0 is plotted in Fig. 8
height is small and if the chip and motherboard substrates ai® well. This condition refers to an extremely low-quality
of similar permittivity. resonator, i.e., power leaks away at the substrate edges.

In contrast toSppr2, transmission into the backward PPLAs a consequence, the peaks vanish almost completely, but
mode (Sppr.1) remains small with magnitude values belowevertheless parasitic coupling in the order 080 dB is
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(1) Ceow orw. (2 model, one obtains.good accuracy. The capacit&ioan b_e
o [S] s®  sw ' [g] - related to the stacking of the chip and the motherboard in the
fPPL = . TeeL bump section. Thus, one has high-substrates both below
2mm Smm 2mm and above the CPW conductors, which represents an excess
0 capacitance. In this way; can be approximated by means of
closed-form expressions.
-20 In order to determine parasitic-mode couplifgpr.z2, the
-40 method of [8] can be applied. Using this approach, one obtains
“E accurate information without computationally expensive 3-D
= -60 calculations. The magnitude d&fppr;, on the other hand, is
~ .80 7 small so that it may be neglected in most applications.
-100 -
~~~~~~~ ISCNI - rpp =1 —IS(21)l - rpp =0
-120 VI. CONCLUSIONS
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frequency [GHZ] Electromagnetic simulation of the flip-chip transition yields

some important design criteria for multichip module schemes.

Fig. 8. Transmission between CPW stubs against frequency (test structure o .
see Fig. 7); the outer PPL ports are matched with reflection coefficignt. ¢ Metallization on the motherboard below the chip should

Total motherboard length: 2 mak 3 mm+ 2 mm= 7 mm. be avoided. For common bump heights below ;2%,
it causes severe detuning and parasitic half-wavelength
bump-pad length I, motherboard chip section resonances.

* In a coplanar environment, the reflection characteristics
of the bump structure itself are excellent up to the mm-
wave range. The first-order parameter is the longitudinal
dimension of the bump pad, not the bump height. The in-

— IS(11)I - FDFD fluen_ce_of th_e cros_s—se_ctional shape (rectangular, circular,

220 || = 1S(11)1 - model or elliptical) is of minor importance and can be adapted to
the fabrication process. For common bump and substrate
geometries, the transition shows a capacitive behavior.
A simplified description of the transition by a lumped
capacitance yields good accuracy.

e Since in most practical multichip schemes one has a
conducting backside, the key issue is not the bump
interconnect itself but the motherboard packaging con-
cept. Due to conductor-backing, the structure supports a

Zepwm TC Zepwes

[omm————

S [dB]

45 parasitic mode with a volume-type field pattern between
0 10 20 30 40 S50 60 70 the backside and the CPW ground metallization. This
frequency [GHz] mode gives rise to coupling and resonances between

Fig. 9. Simple equivalent-circuit model of the flip-chip interconnect by using ~ POrts, especially in the mm-wave range, where chip
a single capacitanc€’ (see inset): comparison to FDFD results in Fig. 3 dimensions exceed half the wavelength. Hence, when
(parameter: bump-pad lengtp). The other data are as in Fig. 3. developing a unified approach for mm-wave MCM's, flip-

chip mounting needs to be considered together with the

observed, which may be too large for modules with high- motherboard packaging concept.
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