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Nonhermetic Plastic Packaging of High Voltage
Electronic Switches Utilizing a Low-Stress Glob
Coating for 95/5Pb/Sn Solder Joints of Flip-Chip
Bonded Multichip Module High Voltage Devices

Ching Ping WongFellow, IEEE,John M. Segelkerkellow, IEEE,K. L. Tai, and C. C. Wong

Abstract—AT&T’s number five electronic switching system with a 95/5 (Pb/Sn), then reflowed on a ceramic substrate.
(ESS) is a state-of-the-art electronic switch that uses solid-state Sjlicone gel was used to glob-coating of the flip-chip GDX

gated-diode-crosspoint (GDX) for fast switching of telephone yayices hoth as underfill and overfill for reliability protection
calls. These GDX'’s operate at 375 V and require exceptional

protection and reliability performance of these packages. Ceramic (21, [3]. . . .

hermetic packages were used for these type of devices. In order The flip-chip solder (95/5 Pb/Sn) bumping process, the
to reduce the cost of these GDX'’s, a new type of flip-chip bonded reflow, cleaning, encapsulation and reliability testing of the
structure with 95/5 Pb/Sn solder joints GDX's was developed. GDX HIC are described as follows.

These flip-chip GDX's were surface-mounted on a conventional
ceramic substrate. An thixotropic silicone gel was used as an
underfill and overfill glob-coating to provide the ultrahigh relia-
bility performance of these high voltage devices and a silicone
elastomer was used to pot the hybrid surface-mounted GDX A. Flip Chip Solder (95Pb/5Sn) Bumping Process

multi-chip module structure to further enhance the robustness . .
of its StI‘FL)JCtUI‘e. To reduce the cost of the 5ESS switch, the expensive

In this paper, the materials such as the flip-chip solder (95/5 hermetic ceramic chip carrier is being replaced by direct
Pb/Sn), silicone gel, and elastomer, and their processes such adlip chip solder bonding of the Si IC's onto the ceramic
flip-chip bumping, reflow, cleaning, encapsulation and reliability hybrid IC followed by nonhermetic gel encapsulation. The
testing are described for this robust, high performance and low- flip chip bonding process developed for this purpose has
cost packages. . . .

o _ _ to be compatible with all wafer codes used in the HIC,

Index Terms— Elastomers, flip-chip, high voltage devices, including gated-diode-crosspoint (GDX), linear CMOS, and
MCM, nonhermetic packaging, silicone gels. digital bipolar devices. The process has to satisfy the following

criteria:

|. INTRODUCTION 1) approaching 100% bumping yield (defined as the ratio

ATED diode crosspoint (GDX) is the state-of-the-art ~ Of the number of good devices after bumping to the
high voltage switch that operates at 375 V. This solid-  nhumber before bumping); o
state switch is used in AT&T’s number five electronic switch 2) Passing the specified THB (temperature-humidity-bias)
system (ESS) that routes phone calls from customer premises gualification test; _
to and from the telephone central switching offices. An ul- 3) transparency to different device codes;
trahigh reliability switch is required for this system. Conven- 4) robustness in manufacturing.
tionally, the GDX is packaged in a hermetic leadless ceramicThe solder composition selected for this process is
package which is then surface-mounted on a ceramic hybrid %8%Pb—5%Sn, which has a higher melting point than eutectic
(HIC) [1]. These GDX HIC’s constitute a significant portionsolders. This is appropriate for chip level bonding to ensure
of the cost of the number five ESS. In order to cost redudeegrity of joints during subsequent board-level reflows.
the number five ESS, an effort was carried out by nonhermefibe solder joint itself is the sole mechanical and electrical
packaging of this module. The nonhermetic GDX high voltaggterconnection between the Si IC and the ceramic HIC. These
device was flip-chip bonded by solder bumping GDX device#fferent substrate materials, with vastly different coefficients
of thermal expansion, will induce stress in the solder joint
Manuscript revised January 1, 1998. during thermal cycling. To ensure sufficient thermal-fatigue
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Fig. 1. Flip-chip GDX HIC process flow-chart.

The entire process from a finished Si wafer to solder During this reflow, which is aided with the applied flux,
mounted and encapsulated flip chips on the ceramic HICti®e solder bump from the Si chip wets the base metal layers
shown in Fig. 1. This section addresses part A: the act of the ceramic HIC and spreads to the extent defined by the
forming solder bumps of appropriate dimensions and propase metal pad. The bump shape transforms from a sphere
erties on individual Si wafers. The best known wafer scateuncated on one side to one truncated to two sides. If the
solder bumping process in production is IBM’s C4 (controlledump is initially misaligned with respect to the bond pad on
collapse chip connection) process [4], which is based d¢ime ceramic HIC, surface energy forces will bring the chip
evaporating base metal layers and solder through a metab alignment such that a near-perfect truncated sphere can
mask aligned onto a wafer. Electroplating of solder is aldme formed. This property is known as self-alignment and is
in production, although on a smaller scale. Currently, theean important benefit of the solder reflow process. It relaxes
are many processes for this type of flip-chip interconnectidghe tolerance for mechanical alignment of chip to module
technology [5]-[11]. tremendously.

With the proper reflow parameters, flipped chips will self-
align onto their mating substrates and solder joints will ap-

B. Assembly of Flip Chips onto Ceramic HICs proach their equilibrium shape as dictated by the relative

Bumped Si IC’s are flip-chip bonded onto ceramic HIC's foglmep§|ons of Wettable_ dllamet(.ers and joint he[ght: Under these
onditions, the solder joints will have an equilibrium density

multichip modules which are then assembled into boards for . T . . .

. . T . aqd uniform distribution of porosity. These microvoids have
the 5ESS. The landing site for the Si chips consists of a layqéjeen shown to exist in healthy joints and do not appear to
of contact pads resembling the layout on the Si chip. The b%se

metals on the ceramic is a multilayer stack of Ti/Pd/Cu/Ni/A ave any effect on the mechanical strength of the Jo!nt. Qn

: . . ; e other hand, a poor reflow process could result in chip

with layer thicknesses typically higher than those used on Si-~ . . - : .

S ) . misalignment, distorted joint shapes which lead to localized

The bumped Si chips are first temporarily mounted onto the . o

. . “ . ", @reas of concentrated stress, and macrovoids within the solder.
ceramic module using a procedure known as “tacking.

this process, the ceramic substrate is held on a bottom platet]nese effects could promote drastically different modes of

oint failure and result in much reduced joint strength and

at a temperature about half of the reflow temperature, an ?. : . ;

N . . . Tatigue life. The GDX HIC reflow process is described on
fluxed Si chip is held on a mechanical pick-up tool. Optics.
are arranged such that the layout of the solder bumps ard
superimposed on the layout of the contact pads on the ceramic.
Alignment is done, and the Si chip is brought into contact With - pre-Encapsulation Cleaning of GDX HIC Process
its ceramic mate, with a slight pressure being imposed in the

process. With the correct settings of temperature, pressure an§Ince flux (Alpha 100) was usgd in the GDX l_.“C reflow
tacking time, the solder will soften enough to initiate adhesi ocess, cleaning was required prior to encapsulation to ensure

with the contact pads. The sticky flux also helps hold g€ long-term device reliability. A non-CFC, terpene-based
ensemble together. The alignment only has to be accur 8'7R _(manufactured by Petroferm, Inc.)_Was u_sed to remove
to within one pitch of the pads, because of the property gpy re3|dl_Je flux contaminant. An automatic semiaquous wash-
self-alignment, which will be described later. The tempora g machine (Detrex model) was used in this process. EC-7R

assembly is then sent through a reflow oven similar to the off@S SPrayed on the DGX HIC first, then with DI water through
described earlier. a conveyer-belt washer. Results are listed on Table I.
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Fig. 2. FT-IR spectra of uncured silicone gel.
TABLE | Ill. RESULTS AND DISCUSSIONS

CONTACT ANGLES MEASUREMENTS OFEC-7R QEANED GDX HIC

A. Flip-Chip Bumping and Reflow of GDX HIC

Sample 3] .
As Received (Before cleaning) 46 We have developed a solder bumping process based on
solder evaporation, but which uses a resist mask instead of
After EC-R clean 32 a rigid metal mask. The tedious mechanical alignment of
EC-TR plus UV-0, 0 the metal mask scheme, with its associated problems such

as mask warpage and tolerance, is now replaced by the
well-established and accepted discipline of photolithography.
This improvement brings the entire solder bumping oper-

D. Glob-Coating of Flip-Chip GDX HIC With Silicone Gel ation into closer alignment with the practices of standard
IC facility. For the thickness of the solder involved, we

To ensure the high voltage nonhermetic flip-chip GDX HIG5ye decided to use liftoff, instead of etching, to define the
and long-term reliability, an ultrahigh purity, low-modulussgger humps. In the conventional understanding of liftoff,
silicone gel with vinyl and hydride cure siloxane gel was usfle thickness of the liftoff resist mask has to be higher than
to glob-coating of the GDX HIC. The thixotropic silicone gelyq thickness of the intended deposit, which, in our case, is
was dispensed (glob) on the GDX devices, vacuum applied @ the order of 75:m. We have chosen dry films (such as
28 in mercury pressure for 2 min to remove any entrappgql;honrs Riston) for this application. These dry films are
bubble and ensure the complete coating of the flip-chip soldgminated onto a clean Si wafer, exposed in a conventional
joints. The vacuum de-aired silicone gel was then cured §fgner/exposure tool, and developed in either solvent or
135°C for 2 h. FT-IR and microdielectrometry was used 194,eous based chemicals. The resultant structure is a polymer
monitor the gel curing to optimize its performance. Resuligyer with vias at the interconnection points where bumps
are shown on and Figs. 2—4. are to be formed. The dry film we have chosen behaves as

a negative resist, with an important property—the vias have a
reentrant profile such that deposits do not cover the sidewall
E. Reliability Testing of the Nonhermetic Flip-Chip GDX HICof the via, allowing solvents to enter the via and interact

Given the Stringent re||ab|||ty requirements of the AT&lereCtly with the resist dUring the liftoff process. Profile control
number five ESS, the GDX HIC underwent a thorough prélepends on the optimization of exposure and development
production qualification to ensure its flip-chip nonhermetiparameters.
packaging reliability testing. Temperature-humidity bias A reliable solder joint can be viewed as consisting of two
(85°C, 85% RH, 600 V) 1000 h was used to accelerafarts:
the electrical performance of this new process. Temperaturel) the solder joint itself which supplies the mechanical
cycling (—40°C-125°C) 1000 cycles was used to test the strength, the electrical connection, and the appropriate
solder joint mechanical reliability and MIL-STD 883C method clearance between the two surfaces to be joined;
was also added to ensure the reliability of the process. Result?) the base metals on the two substrates on either side of the
of this testing are shown on Table II. joint which serves as the basis for wetting and adhesion.
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Fig. 3. FT-IR spectra of cured silicone gel.

3 ; 22z TABLE I
i ReuABILITY TESTING OF FLIP-CHIP GDX HIC

Test Method Results (No. of
Failure)
Temperature Cycle
(-40°C—125°C)1000 Cycles 0/125
Temperature Humidity Bias
(85°C/85%RH/600V d-c) 0/125
2 I 1 1 ] e High Temperature Storage
8 58 188 158 288 258 (125°C for 30 days) 0/125
TIME C(minl}
MIL STD 883C 0/125

Fig. 4. Microdielectrometry study of silicone gel.

The base metals have to have sufficient adhesive strengti\ll base metal layers are deposited in one pumpdown in
to both the underlying substrate and to the solder. Sinaesputtering system. Sputtering is chosen as the deposition
solders typically wet metal films through chemical interaanethod for the base metals because of the uniformity, ease of
tions such as dissolution and intermetallic formation, armbntrol and ease of scaling. Just prior to sputtering, the resist-
the thickness of solder deposits are much larger than tbeated wafers are treated with ion-milling, which is integrated
thicknesses of the metal thin films, it is possible that theith the loadlock of the sputtering system. The ion milling
entire base metal layer is totally consumed during multipideans the bottom of the resist via and removes the oxide
reflows, thus leading to joint delamination. The base metiibm the Al bond pads on the Si wafers. The via is typically
layers chosen for the Si IC consists of a multilayer staclightly larger than the Al bond pad so that Al is not exposed
designed for sustained adhesion through multiple reflows aadall after the solder bump is formed. This helps eliminate
prolonged temperature and humidity testing. It is based opnrrosion problems during THB testing.

the Cr/Cu system and includes a co-deposited layer whereThe wafer then proceeds into another vacuum chamber
both metals coexist in a fine-grained structure. The Cu contevitere solder is being evaporated. For this process, we have
is intended for interacting with the solder during reflow andhosen inductively-coupled thermal evaporation sources with
Cr, which is inert to solder, serves as a background threslloy solder charges. The solder charges have compositions
dimensional mesh which interlocks mechanically with thdesigned to produce a 95Pb/5Sn solid deposit on the wafers.
penetrated solder and holds it in place. The fine structure Tfie charges are pre-weighed and evaporated to completion.
Cr means that such an adhesion mechanism could be vBecause of the much higher vapor pressure of Pb compared to
strong, provided the appropriate layer thickness and mateisal, Pb evaporates first and Sn evaporates last. Thus, the solder
ratio are chosen. The entire stack consists of the followleposit formed on the wafer is segregated, with the bulk of
ing: Cr/CrCu/Cu/Au. The top Au finish provides oxidatiorthe solder being Pb at the bottom, while the top of the solder
protection for the Cu. deposit is mostly pure Sn. This is only an interesting aspect of
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e o Fig. 6. Solder bump prior to reflow.

ionic corrosive agents. Its purpose is to reduce the oxides
S Reflow covering the solder deposits and allow the bumps to settle
Fig. 5. Formation of flip-chip solder by lift-off process. to their lowest surface energy state. Thus consolidated, the
bumped wafers are then cleaned, tested, diced, sorted, and
kaged for subsequent assembly onto ceramic HIC’s.
he sequence outlined above is shown schematically in

the evaporation of the Pb/Sn system, and does not have Qﬁ&?
implications on subsequent processing.

The solder covered wafers are then immersed in a hot bgljﬂ' _2' i
of solvents designed to strip the resist, along with the liftoff Micrographs of solder bumps produced using the process

sheet of solder, without affecting the solder. Most commercidfScribed above are shown in Figs. 6 and 7, for pre-reflowed
strippers can be used for this purpose, with slight modificatioA8d Post-reflowed bumps respectively. The as-deposited bump
to improve the cleanliness of the liftoff. At this point, the'@S the shape of a truncated cone and the reflowed bump,
wafer surface will be covered with solder bumps with a sligiffat of a truncated sphere. The bump heights within a wafer
conical shape, which is a function of the reentrant profile 4t have a uniformity of about=7%, both before and after
the resist via. Since a single layer of resist is used for both tfflow- This is an indication that the entire bump shape, not just
sputtering of base metals and for the evaporation of soldéf, N€ight, is extremely uniform. Otherwise, reflow will bring
the footprint of the solder matches closely with the footpririPout & wider distribution of bump heights than that obtained
of the base metals. This does not always have to be the cadter deposition. This uniformity is controlled primarily in the
One patterning step can be used for the liftoff of the bagsocessing of the dry film and in the design of wafer-holding
metals and another, with a different via diameter, can be udégures within the evaporation chamber. The bumping yield,
to liftoff the solder. In this case, the second patterning st@$ defined earlier, typically approaches 100% and sometimes
can be used to produce a via with a much larger diamet8¥en surpasses it. The apparent anomaly has to do with good
and thus, a solder deposit which is larger in diameter than #Bips being initially pronounced defective because of errors in
wettable base metal area. The advantage of this is that, witht@fting, usually because of poor contacts. Bumped chips offer
enlarged diameter, a smaller solder deposit height can provigiter contacts for test probes; thus, nominally “defective”
a similar volume of solder (see Fig. 5). During reflow, th€hips can now be pronounced “good,” and bumping yield can
solder will withdraw from the unwettable areas and confingurpass 100% in principle, and sometimes in practice.
itself to within the wettable base, producing a bump similar We have initiated an independent isothermal low-cycle
in characteristics to the one produced by the first instandatigue testing of typical joints produced with the standard
The modified scheme is useful for relieving the bottlenegiocess. The complete testing scheme and its results are
in evaporation, which is typically the step with the lowesteported elsewhere [11]. The highlights of the test reveal
throughput in the entire sequence. that cylindrically-shaped joints tend to distribute the cycling-
The reflow step is used to consolidate the solder bumps frangluced damage throughout the solder volume and eventual
a stack of segregated layers into an alloy, establish wettifigcture occurs through intergranular cracking, with a strong
between the solder and the base metals, and to transform ahsponent of grain boundary sliding. The more natural barrel-
bump shapes from truncated cones into truncated spheresshaped joints have areas of reduced cross section at both the
flux is dispensed onto the wafer surface and the wafer s¢ap and the bottom of the joint, where the induced stress
through a belt oven, set with a peak temperature slightly high@nd strain) is concentrated. Thus, the damage is not shared
than the liquidus temperature of 95Pb/5Sn. The flux (Alphaniformly by the rest of the joint; it is localized to parallel
100) we used is based on organic materials and containsfracture planes along these regions of reduced cross section.
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Fig. 8. Nonhermetic flip-chip bonded GDX HIC (on the right) versus
hermetic ceramic packaged GDX HIC.

Fig. 7. Solder bump after reflow.

D. Reliability Testing of the Nonhermetic Flip-Chip GDX HIC

Nevertheles;, the parrel-;hapgd joints have s.ufficient. fatiguel.o ensure the AT&T number five ESS superior performance,
life }‘or most_lntenFs |r_10Iud|ng th'?’ effort. The pomt. here is th xtensive reliability testing were performance to ensure it's
a higher fatigue life in solder joints may be obtained throu

desi d trol of the ioint sh liability. Temperature cycling£40° — 125°C) 1000 cycles
proper design and control of e joint shape. was used to ensure the reliability of the flip-chip solder joints.
Test vehicles with flip chip solder joints of all relevant Waferl’emperature humidity bias (at 8E, 85% RH and 600 V) for
codes have been fabricated with the standard bumping proc&gn y \yas used to ensure the anti-corrosion reliability of the

A parallel effort is undertaken to optimize the gel composition10 ules and MIL STD 883 C with standard salt spray, highly
and the Freatment Process. Fully assgrnbl_ed and gncapsu! t@ lerated stress test (HAST) with 12@, 2 atm pressure,

test vehicles are subjected to qgal|f|cat|on testings Wh'% 125°C were used to ensure the module reliability. The gel-
include THB and temperature cycling. coated GDX HIC performance perfectly. Results are shown

on Table II.
B. Pre-Encapsulation Cleaning of GDX HIC

Since Alphal00, a mild activated flux, was used to re- IV. CONCLUSION

flow the flip-chip GDX onto the ceramic substrate, pre- \we have developed a high reliability flip-chip bonded 95/5
encapsulation cleaning prior to silicone gel coating is needegy;sn solder joints for the high voltage GDX HIC electronic
for this process to ensure the long-term reliability of the GDXitch for use in AT&T’s number five ESS, and a robust non-
HIC. An EC-7R, a terpene-based orange peel extract, was Upgdmetic packaging structure which consists of a coating of an
to remove the reflux residence and DI water rinse and dry prigfirasoft silicone gel and an elastomeric silicone. Silicone with

to the gel coating [12]. This EC-7R semi-aqueous cleaning superior electrical property, can nonhermetically protects
solution provides excellent cleaning results. Contact angle agpg high voltage (375 V versus normal 3-5 V device) GDX
surface analysis shows low angte 80°) and low contaminant geyices. When proper materials are chosen and processes are

after this cleaning process. carefully monitored and controlled, a reliable flip-chip high
voltage device can be manufactured with tremendous cost
C. Glob-Coating of Flip-Chip GDX HIC savings (in excess of tens of millions of dollars per year).

A thixotropic silicone gel with silica filler was used to
glob-coat the flip-chip GDX HIC. This silicone gel was
formulated to have an extremely low modulug (L psi) [1] C. P.Wong and R. McBride, “Robust titanate-modified encapsulant for

by intentionally under-crosslinking the polymer network that  high voltage potting of MCM/HIC IC,"IEEE Trans. Comp., Packag.,
Manufact. Technol.vol. 16, p. 868, 1993.

dqring temperature cycling and thermal shock testing, Ny c. p. wong, J. M. Segelken. and J. Balde, “Understanding the use of
failure was observed. Table Il shows the results of these silicone gels for nonhermetic plastic packagintZEE Trans. Comp.,

il i i i Hybrids, Manufact. Technolvol. 12, p. 421, 1989.
performances. The silica filler also acted as thixotropic age%] E. Suhir and J. M. Segelken, “Mechanical behavior of flip-chip encap-

that controls the flow of the silicone gel. The glob-coating ~ syjants,”J. Electron. Packag.vol. 12, p. 327, 1990. _
flowed evenly under those solder joints and stop wicking of4] N. Koopman, T. Reiley, and P. Totta, “Chip to package intercon-

; ; : nections,”Microelectronics Packaging HandbooR. Tummala and E.
bleeding excess outside the globed GDX devices. Furthermore, Rymaszewski, Eds. New York: Van Nostrand Reinhold, 1989, p. 366.

the glob-coating GDX HIC was placed inside an Ultem[s] E. Yung and I. Turlik, “Electroplated solder joints for flip-chip appli-
elastomeric (from GE Plastics Inc.) plastic casing and potted gigogSSv;'EgE tTfallgziCOmp-, Hybrids, Manufact. Technebl. 14, pp.

. . T . - -559, Sept. .
with a silicone for further reliability protecuon of film IC for [6] E. Zakel, J. Gwiasda, J. Kloeser, J. Eldring, G. Engelmann, and H.
a robust GDX HIC structure (see Fig. 8). Reichl, “Fluxless flip chip assembly on rigid and flexible polymer
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