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At present, the electronic industry is actively searching for Pb-free solders due to environmental
concerns over Pb-containing solders. Solder joints are widely used to bond chips to their substrates
for electrical connection and packaging. Lacking reliability data, many electronic companies will be
reluctant to adopt Pb-free solders in the advanced products. Hence, it is timely to review our
understanding of structure-property relationship and potential reliability issues of Pb-free solders. A
brief history of solder joint processes in electronic manufacturing is presented to serve as a
background for the review. It emphasizes the unique phenomenon of spalling of interfacial
intermetallic compound in solder reactions. Challenges for Pb-free solders from the point of view of
physics and materials are given since the reliability issues of solder joints will remain with us when

advanced Cu/lowk dielectric interconnect technology is introduced into microelectronic
devices. ©2003 American Institute of Physic§DOI: 10.1063/1.1517165
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During the decay, it emits alpha particles. When these par-
ticles pass through a Si device, they generate electrons and
holes. Before these charge carriers recombine, they may af-
fect the charge stored in the capacitGremory units of the
device, leading to “soft error” failuré.To prevent this prob-
lem, Pb-free solder is one of the solutions.

In the United States, there are four anti-Pb bills pending
in Congress. Europe has the Waste Electrical and Electronic
Equipment(WEEE) directive to ban the use of Pb in con-
sumer electronics by 2006In Japan, all major consumer

- C4 solder electronic manufacturers have announced accelerated sched-
* Z— Joints ules for Pb-free products.
Ceramic module One of the U.S. anti-Pb bills is from the Environmental

—_ Protection Agenc§:® The National Electronics Manufactur-

Eutect!

”; 7 ing Initiative (NEMI) has a Pb-free assembly project to ad-

///////////‘ dress solutions of Pb-free electronics manufacturing. NEMI
7. 27 has recommended replacing eutectic SnPb alloys by eutectic

SnAgCu alloys in reflow processing and eutectic SnCu al-
FR4 90%Pb/10% Sn loys in wave soldering.The term “reflow” means that a
board ball with eutectic solder joint experiences a temperature between room tem-

SnPb at both ends perature and a high temperature which is about 30 °C above

FIG. 1. (a) Area array of solder balls on a Si chip surfdceurtesy of W. J.  the melting point of the solder, with a duration of about 1

Choi, UCLA). (b) Cross section of two-level packaging: chip-to-ceramic min above the melting point. In electronic manufacturing, at

module and ceramic module-to-polymer board, where C-4 solder joints argy 55t vy reflows are required. The first reflow forms an area

controlled-collapse-chip-connection solder joints and BGA is ball-grid-array .

(after Ref. 3. array of solder bumps on a chip surface, and the second
reflow bonds the chip to a substrate. Actually, in manufactur-
ing the number of reflows could be more than two, e.g., due

Associationt Figure Xa) shows a scanning electron micro- to testing and repair of chips. The term “wave soldering”

scopic image of an array of solder bumps on a Si surface. means passing a packaging board over a fountain of molten

Solder alloy of 95 wt % Pb and 5 wt % $85Pb5Shhas  solder to achieve joining using pin-through-hole technology.
been used as solder bumps on Si chip surfaces in mainfranieue to capillary force, the molten solder will run into the
computer<. To join a chip to a ceramic module as shown in plated through holéholes plated with Cu and immersion in

Fig. 1(b), the chip is flipped upside down, i.e., the side hav-Sn) in the board and join a pin which has been inserted into

ing the active very-large-scale integrati®viLSI) of the de- the hole. This technology is required for the packaging of

vice is downward. It is known as flip chip technology. Then devices used in military equipment for high reliability.

the ceramic module is joined to a printed circuit board using  To replace the SnPb solders, we must consider what the

a second set of solder bumps, which are eutectic SnPb soldkey processes in solder joining are. To yield a solder joint,

(or a composite soldgrand the bump size is much bigger; the solder must wet a conductor, typically Cu, and the most

see Fig. 1b). Eutectic SnPb soldéB8 wt % Pb and 62 wt% challenging issue is how to control the wetting reaction. This

Sn) is used in the second set because it has a much lowés because the conductors on a Si chip are thin metal films.

melting point (183°C) than 95Pb5Sn solder (320 °C).During wetting reactions, the molten solder can consume a 1

Hence the high-Pb solder bumps will not melt during theum thick Cu thin film in less than 1 min. However, in manu-

joining of eutectic bumps. This is a two-level packagingfacturing a device or computer, the solder joints are required

scheme used in mainframe computers, first chip to ceramito go through several “reflows” or several wetting reactions.
and then ceramic to polymé? When the thin film is consumed, the interface of the solder

When low-cost large-volume consumer electronic prodjoint becomes very weakened mechanically due to the phe-
ucts are up graded by using advanced chips for better perfonomenon of “spalling”(to be discussed belowHence, the
mance, more 1/O will be needed so that flip chip technologysolder—thin film reaction is the most critical issue in elec-
will become attractive. But the high-cost ceramic moduletronic manufacturing.

should be removed so chips can be joined directly to poly- Since SnPb solders have been used for a long time, we

mer boards or cards. To do so, the high melting point ofmust examine the unique properties of Pb in SnPb solders.

95Pb5Sn solder can no longer be used because of the loiirst, Pb provides ductility and a shiny surface. Second, it
glass transition temperature of polymers. While the eutectitowers the surface and interfacial energies of the solder. The

SnPb meets the low melting point requirement, the electronieutectic SnPb solder has a very low wetting angle of 11° on

industry is, however, searching for Pb-free solders to replac€u, and the wetting angle of pure Sn on Cu is 35Phird,

Pb-containing solders because of environmental benigthe eutectic SnPb solder has a low melting temperature of

manufacturing':® 183 °C compared to the melting points of 232 and 327 °C of

Besides environmental concerns, Pb-containing soldensure Sn and Pb, respectively. Fourth, the high-Pb solder of
may have minute amounts of BBisotope. It decays to Bi. 95Pb5Sn has a very narrow temperature gap of about 10 °C,

ic
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TABLE I. Binary eutectic solders.

Eutectic Eutectic composition
temperature (wt % of the 2nd
System (°C) elemeny
Sn-Cu 227 0.7
Sn-Ag 221 3.5
Sn—Au 217 10
Sn-Zn 198.5 9
Sn—Pb 183 38.1
Sn—Bi 139 57
Sn—In 120 51

between its liquidus and solidus points, so it can be used as a
high temperature solder. Therefore, a high—low combination
of the high-Pb and the eutectic SnPb solders can be applied
in two-level packaging as shown in Fig(hl.

At present, most Pb-free solders are Sn based. A special
class of Pb-free solders is the binary eutectic alloys of Sn and
noble metal$Cu, Ag, and Ay shown in Table f The ternary
eutectic SnAgCu alloy has received much attentior.For
solder, a eutectic alloy is preferred since it has a single melt-
ing point and the entire joint will melt or solidify at the
eutectic temperature. Other elements such as Bi, In, Zn, Sb,
and Ge have been considered as eutectic partners with Sn,
but they are not as common as noble metals. The eutectic
composition and temperature of several Pb-free solder alloys
are compared with those of eutectic SnPb in Table I. The
Sn—Au alloy at 80 wt % of Au has a eutectic point of 280 °C.
At the moment it is the only alloy that could be considered a
high temperature Pb-free solder, yet it is known to have POOE|G. 3. cross-sectional SEM 3D images of the growth of scallop-type IMC

reflow behavior besides its cost. between eutectic SnPb and a Cu foil at 200 °C(@rl, (b) 10, and(c) 40
min (after Refs. 14 and 15

A. Solder reactions

Figure 2 is a cross-sectional scanning electron microséom anied by rivening. Thev arow biager but there are
copy (SEM) image of the interface between eutectic SnPh P y 1p 9: y 9 99

and thick Cu foilt*15The interfacial reaction forms interme- [CWer In the same area. It is nonconservative ripening, since
. . the total volume of the scallops has increased over time. The
tallic compoundsIMCs) of CugSry in a scallop-type mor-

phology. When the sample was deep etched to remove the Fgrc):allop-type IMC morphology 'S common in solder reac- .
(the Sn also goes awpaya much clearer three-dimensional tions. Besides the reaction between eutectic SnPb and Cu, it

(3D) image of the scallop-type IMC was revealed. Figure 3has been observed in wetting reactions between eutectic

. i . ; nPb and Ni? between eutectic SnAg and Guand also
is a series of images of the scallops formed over differen etween eutectic SnBi and G3We note that the scallop-
periods at 200 °C, taken at the same magnificatfofihe ) P

; . ) ; type morphology of growth is very different from the layer-
important finding here is that the growth of scallops is ac-type morphology of IMC growth observed in solid state
reactions, e.g., silicide formation between thin metal films
and Si.

If the thick Cu foil is replaced by a thin Cu film, a
dramatic change in the IMC morphology occurs. Figure 4
shows a cross-sectional SEM image of eutectic SnPb solder
on a bilayer of thin film of 870 nm Cu/100 nm Ti on an
oxidized Si wafett”® After 10 min at 200 °C, the scallop-
type CySns IMC no longer exists, but rather the IMCs have
become spheroidal and some of them have left the substrate
and spalled into the solder. This is unexpected because when
the Cu film is completely consumed by the solder, we expect
the interfacial reaction to stop since there is no more Cu. Yet
the ripening reaction continues among the scallops. It
FIG. 2. Cross-sectional SEM image of scallop-type IMC formation at theCh@nges to conservative ripening under constant volume,
interface between eutectic SnPb and a thick Cu (ffler Refs. 3 and )7 driven by decreasing surface, and it transforms the hemi-
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= Ni(P): 10 um
= Au: 0.125 um

= Cu: 300 nm
= Ni(V): 400 nm

Al: 400 nm
= Passivation layer
™ Sio,

Au/Ni(P) bond-pad

(b) Cu/Ni(V)/Al UBM on Si chip

FIG. 4. Cross-sectional SEM image of the formation of spheroid-type
CusSry at the interface between eutectic SnPb and 870 nm Cu/100 nm Ti
thin film underbump metallization after 10 min at 200 °@) Two dimen-
sional (2D) image and(b) 3D image after etching away the sold@fter
Refs. 3, 17, and 18

spherical scallops into spheroids. The spheroids have a 180°
wetting angle on the Ti surface. Since there is no adhesion
between them, the spheroids can detach easily from the Ti
surface and migrate into the molten solder. This is the phe-
nomenon of “spalling™ of thin film IMC® When it OCCUrs, g, 6. (a)Schematic diagram depicting metallurgical structures across a
the molten solder has very little interaction with the unwettedreal solder joint. The UBM on the chip side consists of 300 nm of Cu/400

substrate and dewetting of the joint can occur. Figure 5 is am of Ni(V)/400 nm of Al. The thick metallic bond pad on the board side,

: ; : ; cross the solder bump, consists of 125 nm of Auyit0 of Ni(P)/a very
set of schematic dlagrams of the sequence of ripening, Spati]ick Cu pad.(b) Cross-sectional SEM image of such a solder joint which

ling, 5_md dewetting i_n a solder—thin ﬁlm_ reactiorin the bonded a chifithe botton to a boardthe top. The formation of a scallop-
following, we shall discuss why the spalling has become aype IMC at the two solder interfaces can be seeh.SEM image of the

recurring phenomenon in flip Chip technology. joint after 10 reflows. The IMC on the chip side has spalled into the solder
(after Ref. 8.
(a) Flux ripening Il. INTERFACIAL REACTIONS AND SPALLING

OF A THIN FILM IMC

Figure Ga) is a schematic diagram depicting the metal-
lurgical structures across a real solder joint. The thin film
under-bump metallizatiodJBM) on the chip side consists of
300 nm of Cu/400 nm of NV)/400 nm of Al. The thick
metallic bond pad on the board side, across the solder bump,
consists of 125 nm of Au/1@m of Ni(P)/a very thick Cu
pad. The Cu film and the Au film are, respectively, the sur-
face metallization on the chip side and the board side, and
between them is the eutectic SnAgCu solder bump. Figure

Flux 6(b) shows a cross-sectional scanning electron microscopy
Yenrux dewetting image of such a solder joint which bonded a cltipe bot-
(© o tom) to a boardthe top. The formation of scallop-type IMC
Yorrax Yeusn cu at the two solder interfaces can be seen. Figuoe shows
the same image of the joint after 10 reflows. The IMC on the
Si chip side has spalled into the solder.

. - : In the following, we shall review a series of reactions
FIG. 5. Schematic diagrams depicting the phenomerfa)afpening among . . . .
scallop-type IMCs(b) spalling of spheroid-type IMCs, ar(d) dewetting of ~ D€tween molten solder and thin metal films in electronic

the solder cap on a thin film underbump metallizatiafter Ref. 3. packaging technology, and we shall see that the spalling is a
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FIG. 7. Schematic diagram of a 95Pb5Sn solder bump joining the thin film
Au/Cu/Cu—Cr on a Si chip to a ceramic module.

recurring phenomenon and it remains a very challenging is-
sue for Pb-free solder.

A. No spalling in high-Pb solder on Au  /Cu/Cu—Cr
thin films

First, we review the controlled-collapse-chip-connection
(C-4) solder joint used in a mainframe computétigure 7 is
a schematic diagram of a 95Pb5Sn solder ball that joins a
thin film metallization which consists of 100 nm of Au/500
nm of Cu/300 nm of codeposited Cu—Cr to a ceramic mod-
ule. We note that each of trilayer of Au/Cu/Cu—Cr has been
chosen for a particular reason. Since solder does not wet the
very-large-scale-integrated Al wires on Si, Cu is selected for

Appl. Phys. Rev.: Tu, Gusak, and Li 1339

its reaction with Sn to achieve solder bonding. But becauseic. 9. High resolution TEM image of the mixed Cu and Cr layer in which

Cu does not adhere well to the interlayer dielectric Sand

the lattices of Cu and Cr are identifiécburtesy of N. Wang, Department of

the oxidized Al surface, Cr is selected as a glue layer for th&hysics, Hong Kong University of Science and Technology, Hong Kong

adhesion to Si@Qand Al. Yet Cu and Cr have poor adhesion

(after Ref. 3.

to each other, so the phased-in Cu—Cr or codeposited Cu—Cr

was developed to improve the adhesion. Because Cr and dfectron microscopyTEM) images of the trilayer thin film

are immiscible, their grains form an interlocking microstruc- strycture. A selected area diffraction pattern of the Cu—Cr
ture when they are codeposited. Finally, Au is used as gyer can be indexed as a mixture of reflection rings of Cu
surface coating to prevent the oxidation or corrosion of Cugnd Cr. A high resolution TEM image of the mixed Cu and

and to enhance solder wetting.

Cr layer is shown in Fig. 9, in which the lattice of Cu or Cr

Figure 8 shows bright-field cross-section transmissiortan pe identified. When a molten high-Pb solder of 95Pb5Sn

SiO,

FIG. 8. Bright-field cross-sectional TEM images of a trilayer thin film struc-
ture of Au/Cu/Cu—Cr(courtesy of N. Wang, Department of Physics, Hong
Kong University of Science and Technology, Hong Kpiafter Ref. 3.

wets this trilayer thin film metallization, it dissolves the Au,
forms AuSn compound particles in the solder, and forms a
Cu;Sn compound on the Cu—Cr layer. The metallurgical
structure is stable up to several reflows so the C-4 flip chip
solder joints have been used for over 30 years in mainframe
computers.

B. Spalling in eutectic SnPb solders on Au  /Cu/Cu—Cr
thin films

Due to the need for advanced chips in consumer elec-
tronic products and the need for more I/O interconnections
on a chip surface, flip chip technology has lately gained at-
tention in electronic manufacturing. In these products, chips
are joined to polymer boards and cards. The low melting
eutectic SnPb which can be reflowed at 220°C is suitable.
When the eutectic SnPb solder reacts with Cu at 220 °C, the
reaction product is Ggbry rather than CgSn. This is in
agreement with the ternary phase diagrams of Sn—Pb-Cu
shown in Fig. 10. The Gybny, however, is morphologically
unstable on the Cu—Cr surface, leading to spalling. Figure 11
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FIG. 11. Cross-sectional SEM image of a eutectic SnPb solder bump sand-
wiched between two Si chips with Au/Cu/Cu—Cr films. After 20 min at
200 °C, the CgSry spheroids have departed from the bottom surface and
moved towards the upper interface, assisted by gravitational f@ifter

Ref. 18.

Kirkendall voids. Figure 1®) shows a cross-sectional TEM
image of the interface after additional annealing of 5 min at

0¥ x o - T 200°C. Neither Kirkendall voids nor G8n grains can be
s 0 (Sn) 20 40 €0 80 (Pb)1go Pb observed. The Gg&n; showed some grain growth but at-
wt.% Pb tached very well to the NV). Even after 20—40 min anneal-

FIG. 10. Ternary phase diagram of Sn—Pb—Cuaatl70 and(b) 200 °C; ing at _220 C, very little Change. was fou.nd' ar_1d the Sy
the diagram at 220 °C is basically the same. and NiV) layers were stable. Figure 3 is a higher mag-

nification image of the NV) layer and its interface with the

shows a cross-sectional SEM image of a eutectic SnPb solder

bump sandwiched between two Si chips with Au/Cu/Cu—Cr @

films.18 After 20 min at 200 °C, the Gysns spheroids have dr, _~ Att,
departed from the bottom surface and moved towards the

upper interface, assisted by gravitational force. Figur@)12

depicts the conservative or constant volume ripening be- : 5 - d<—dr2
tween two neighboring scallops and a large gap between TiorCr | o= EXROSeratas
them. The gap allows the molten solder to be in contact with Si Substrate
the Cr surface, which is unwetted by the molten solder. Fig-
ure 12b) depicts the transformation from a hemispherical- (b)
type particle to a sphere driven by lowering the sum of sur- Molten Solder
face and interfacial energies in conservative ripening.
d

C. No spalling in eutectic SnPb on Cu /Ni(V)/Al Cr Cr
thin films Hemispherical CugSn;

Due to the spalling behavior discussed above, the UBM CugSn, Spheroid

structure of Cu/NiV)/Al thin films was introduced for eutec-
tic SnPb solder bumping. Figure (BB shows a Cross- gig 12, schematic diagram depicting conservative or constant volume rip-
sectional TEM image of the solder—thin film interface afterening between two neighboring scallops and the opening of a large gap
one reflow, wherein the Si, SiQ a bilayer of Al, NiV), and between them. The dotted and solid hemispheres represent scallops before
CusSry are seer® Within the CySn layer, isolated regions 2d after ripening, respectively. After ripening, a gapofs exposed(b)

’ Schematic diagram depicting the transformation from a hemispherical-type
of unreacted Cu surrounded by a cluster of smalkSu particle to a sphere driven by lowering the sum of surface and interfacial

grains were found. Between the £3n and Cu, there are energies in conservative ripening.
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Ni
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FIG. 13. (a)Cross-sectional TEM image of the interface between eutectic
SnPb and Cu/NV)/Al thin film metallization after one reflow, wherein the
Si, SiG,, a bilayer of Al, NiV), and CySn; are seen. Within the G&ny
layer, isolated regions of unreacted Cu surrounded by a cluster of small
Cu;Sn grains were found. Between the Sa and Cu, there are Kirkendall
voids. (b) Cross-sectional TEM image of the interface after additional an-
nealing of 5 min at 200 °C. Neither Kirkendall voids nor4{Sm grains are
found. The CySn; showed some grain growth but it attached very well to L COMPO 150K X700 tjan —
the Ni(V). (c) Higher magnification TEM image of the i) layer and its
interface with the CgSn layer. A large number of twin boundaries in the Ni
are seerjcourtesy of George T. T. Sheng ad C. H. Tung, Institute of Micro-
electronics, Singapoyeafter Ref. 20.

FIG. 14. SEM backscattering images at high magnification showing the
evolution of the AI/N{V)/Cu UBM structure with the number of reflows in
SnAgCu solder(a) After 1 reflow, the Cu layer was consumed and con-
. . o .. verted to CySns, while the Ni{V) layer was intact(b) After 5 reflows,
QUGSTB Iayfar- When Ni contains more than 7 Wt% V, it IS white patches were seen in the(M) layer. The patches were confirmed by
diamagnetic and can be sputtered at a high rate. The V seerapx as mainly containing Sn and &) After 10 reflows, the white patches
to have lowered the stacking fault energy of Ni, so a |argeiominated the NV) layer. (d) After 20 reflows, the NIV) layer disappeared

. . . . . . and a layer of Sn separated the IMC from the Al layer. It is Sn rather than
number of twin boundaries in the NI are seen' In FIg(CJ.3 the Ni—Sn IMC that is found in place of the original (Vi) layer (after Ref.
Why does the CgBns not transform into spheroids and spall 5.
into the solder? A plausible answer is that the interface be-
tween CySns and NiV) is a very low energy interface,

hence it is stable against morphological transformatfon.
o ) ) shows SEM backscattering images of cross sections of
t?w.inslfi)lﬂlsng in eutectic SnAgCu solder on Cu  /Ni(V)AI samples of eutectic SnAgCu solder on AKM)/Cu thin
films after 1(i.e., the as-bonded conditipn5, 10, and 20
Since the Cu/NV)/Al UBM is stable with eutectic reflows. Two types of IMC, C48ry [also (Cu,NixSn)] and
SnPb, it has been applied to Pb-free sofdeFigure 14  Ags;Sn, were found in the solder bump after these reflows.
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The CySn; is located mainly at the interface, although some
large amounts of Gy also existed inside the solder.

After one reflow, the Cu layer was consumed and con-
verted to CySry while the NiV) layer was intact as shown
in Fig. 14(a). After five reflows, the morphology of the IMC
changed from a rounded scallop shape to an elongated scal-
lop or rod shape with an increase in the aspect ratio. The
IMC was faceted and some of them had broken away from
the UBM. Since the 300 nm Cu layer in the UBM had been
consumed after one refloithe as-bonded conditionthe
volume of the CySns IMC might not be expected to in-
crease much during subsequent reflows. However, the cross-
sectional SEM images shown in Fig. (b#indicate that the
IMC volume does increase with the number of reflows due to
the alloying of Ni in CygSrny, transforming it to
(Cu,Ni)¢Sn;. Energy dispersive x-rafEDX) analyses have
confirmed the transformation. White patches were seen in the
Ni(V) layer shown in Fig. 1éb). The patches were confirmed
by EDX as mainly containing Sn and V. With the number of
reflows increased to 10, the white patches dominated the
Ni(V) layer as shown in Fig. 14). After 20 reflows, the
Ni(V) layer disappeared and a layer of Sn separated the IMC
from the Al layer; see Fig. 1d). It is Sn rather than Ni—Sn
IMC that is found in place of the original K¥) layer. Some
of inermetalc rods detached fom the UBM and spalled8, 13, 5510 b g g et
into th.e solder. Clearly, th_e UBM becomes unstable Wlth260°C in molten SnAgCu solder. The annealing times v{a)es,g(]b) 10,
eutectic SnAgCu after multiple reflows. and (c) 20 min (after Ref. 21.

The dissolution of NIV) by the molten Pb-free solder is
nonuniform and seems to have initiated on certain weak
spots on the NV) surface and spread laterally. SEM back- . . )
scattering images of the eutectic SnAgCu solder on Alf°lder joint, enhanced spalling of the IMC occurs. The dis-
Ni(V)/Cu thin films annealed at 260 °C for 5, 10, and 20 minspluuon of pure Ni into the molten solder enhances dissolu-
are shown in Figs. 18)—-15c), respectively. The nonuni- tion of the CgSn; compound and €xposes the() Iayer to
form dissolution of the NV) layer and the formation of the molten solder. The enhanced dissolution of$y is due
white patches in the layer increased with the amount of ant© the formation of (Cu,NgSrs.
nealing.

COMPO 150kV  X7,000 an WD 8.0mm

[Il. MORPHOLOGICAL CHANGES OF INTERFACIAL
E. Enhanced spalling due to interaction across INTERMETALLIC COMPOUNDS

a solder joint
) i i As discussed in the above, spalling is a consequence of a
The (Cu,Ni)Srs particles from the Cu/NV)/Al thin 5 hological change of the IMC at an interface. In the fol-

film UBM, discussed in Sec. IID, can be induced to spalljgying, we investigate the morphological changes of IMCs
quickly by interaction of the metallization on the other side 4¢ected by solder composition and solid state aging.
of the solder joint. Figure 6 has already shown such a case.

Without metallization on the other side of a solder joint, i.e.,
just a bump of eutectic SnCuAg on Cu(Mi/Al, spalling ) , _ S _
was observed after 20 reflows. With a metallization of Au/TABLE 1. Dissolution of Ni(V) thin film in Cu/Ni(V)/Al UBM after mul-

R . . tiple reflow.

Ni(P) joined to the other side of the bump, the spalling oc- pe refow

curs after five reflows. Table Il compares the effects on spal- Fraction of N{V) dissolved
ling with and without the interaction of metallization from Joint structure Solder by molten solder
the other side of a solder joint. Both SnPb and Pb-free soldeg,ye on cumivy/al Sn—37Pb No dissolution after

joints were studied and similar results are shown in Table 20 reflows
II,13 UBM (without Au) Sn—-3.5Ag-1.0Cu 60% after 10 reflows

In the molten solder, the diffusivity is about 10 cn/s, Ni(P)/Au bond Sn—37Pb 30% after 10 reflows; 100%
hence it takes only 10 s for atoms to diffuse across a moltefaq soldered after 20 reflows
solder joint 100um in diameter. Since there are Au, Ni, and on Cu/NiV)/Al
P on the other side of the solder joint, one of them couldU i

. . . BM (with Au)

have enhanced the spalling. It turns out that if the A(PNi
is replaced by a piece of pure Ni on the other side of the

Sn—-3.5Ag-1.0Cu 50% after 1 reflow; 100%
after 3 reflows
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/Pb-rich Phase

Sn-rich Phase
Cu,sSn,

FIG. 17. (a) SEM image of an eutectic SnPb bump on a thick Cu substrate
reflowed twice at 200 °C(b) SEM image of the sample with additional
aging at 170 °C for 1000 h. After aging, both {&8mn; and CySn compounds
show a layer-type morphology and their interfaces are rather (Bdter
Ref. 25.

The effect of annealing time on the morphology of scal-
lops between Cu and eutectic SnPb was shown in Fig. 3. In
10 min, the scallops grow big but the morphology does not
change much. However, when the annealing time in molten
eutectic SnPb solder was extended to tens of hours, long
whiskers of CySn; were observed?®?3

The effect of temperature on the morphology of scallops
FIG. 16. (a) SEM images of the top view of the morphology of @, 1S SMall when the solder is in the molten state. Within 50 °C
formed between Cu and pure Sn after etching the Sn away. Tgsrgu Or SO above the melting point of the solder, the change in
compound formed with pure Sn is highly faceted) Morphology between  morphology of the scallops is small. However, across the
Cu and eutectic SnPb the same compound is rounded with eutectic S”Prji’lelting point of the solder, it has a dramatic change. This
(courtesy of Jong-ook Suh, UCLA . )

will be discussed below.

A. Effect of solder composition on the morphology of
IMCs B. Effect of wetting reactions and solid state aging

Figures 16a) and 16b) show top-view SEM images of on the morphology of IMCs

the morphology of CgSn; formed between Cu and pure Sn A reaction above the melting point of the solder is de-
and between Cu and eutectic SnPb, respectively, after etcfined as a wetting reaction. Below the melting point, it is
ing the solder away. The interfacial compound formed is thedefined as solid state aging. The major difference between
same, yet the morphology is different. The (Su; com-  them is the amount of reaction time and the morphology of
pound formed on pure Sn is highly faceted, but it is roundedhe reaction products. In the wetting reaction, it is about 1
on eutectic SnPb. Clearly this is due to the change in intermin, yet in solid state aging, it is over hundreds of hadr®.
facial energy between the molten solder and;®hy; the  Figure 17a) shows a SEM image of a eutectic SnPb bump
interfacial energy is highly anisotropic with molten pure Sn.on a thick Cu substrate reflowed twice at 200°C. Figure
We found that if we take the scallops formed in eutecticl7(b) is an image of the sample with additional aging at
SnPb as the reference, they become more faceted when sei0 °C for 1000 h. After aging, both G8rs and CuSn
eral percent of Sn is added to the eutectic, but they becomeompounds show a layer-type morphology: their interfaces
more rounded when several percent of Pb is added to thare rather flat. Specifically, the €8s no longer shows the
eutectic. The Pb tends to make the interfacial energy of scathannels in a scallop-type morphology and the;&uis a
lops more isotropic. No high-Pb result is reviewed here sincevery thick layer. Since the sample was reflowed twice before
it forms a different compound of G&n. aging, it must possess scallops of¢Su in the initial stage
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(a) P arE—
" ‘3’ ' Eutectic SnPb
347 R ‘

-

FIG. 19. Schematic diagram depicting the reaction between molten solder
and the layer-type Gy and the transformation of the layer-type Suy

back into scallop type. The reaction begins by wetting the large angle grain
boundaries in the layer-type 3.

must be quite high, so they can be replaced by the low en-
ergy interfaces of the molten solder andgSt; (og)).

During wetting reactions, the neighboring scallops will
not join together and form grain boundaries. Therefore they
can only grow biggefsidewise by ripening or they have to
grow in height. The sidewise growth is parasitic. On the
other hand, the scallops cannot keep on growing sidewise
and become very big. This is because the bigger the scallops,
the lesser the channels per unit area of the interface. Since
channels are the short circuit paths for Cu atoms to reach the
molten solder, scallop-type growth will slow down when the
FIG. 18. (a) SEM image of the cross section of eutectic SnPb on Cu foil num_ber ‘?f Cha,nnels IS reducedf Indeed, over very long an-
which was aged at 170 °C for 960 h. In the layered IMC, a few grains withN€@ling times in molten eutectic SnPb solder on Cu, the
vertical flat grain boundaries are seen as well as a rather thick layer 0€U6SN5 has grown into whiskers rather than big scaffép3.
Cu;Sn that formed below the G8n; . (b) SEM image of the sample after an The activation energy of the wetting reaction was found
additional reflow at 200 °C 40 min; the €8y grains transformed back into to be about 0.2—0.3 eV/atoM.This is comparable to the
scallops(after Ref. 32 activation energy of dissolution of Cu into Sn in the reaction

between Cu and molten Sn, i.e., 0.18 eV in the range of
. o _ _ . 240-280 °C%° The wetting reaction is a very low activation
of aging, shown in Fig. 1(@). During solid state aging the energy process. On the other hand, in solid state aging of
morphology of CySn; has changed from scallop type t0 gytectic SnPb on Cu, the activation energy of the growth of
layer type. _ _ layer-type CySns, or Cu;Sn (or the total thickness of the

Interestingly, if we wet the layered IMC with molten o jayers, is about 1 eV/ator?® So solid state aging is a
eutectic SnPb solder again, the scallop-type morphology ofy,ch slower kinetic process. A direct way to compare the
CugSry returns. Figure 1@) shows a SEM image of the \yetiing reaction and solid state aging is to compare the pe-
cross section of a sample of eutectic SnPb on Cu foil whichijgg of time needed to form the same amount of IMC. In a
was aged at 170 °C for 960 h. In the layered IMC, a few Ofwetting reaction at 200 °C, it takes only a few minutes to
the grains with vertical flat grain boundaries are shown, as igyrm a few microns of CgSny, but in solid state aging at
a rather thick layer of Cybn that formed below the G8rs. 170 °C| it takes 1000 h to do so. So the wetting reaction is
When this sample was given an additional reflow at 200 °Gqyr orders of magnitudén terms of time faster than solid
for 40 min, the grains transformed back into scallops, asate aging, although the difference in temperature between
shown in Fig. 180). We found that only 1 min at 200°C is 200 and 170°C is only 30 °C. Table IIl lists the differences
enough to transform layer-type g8n; back to scallop-type penween these two reactio#s.

CugSns. The results in Fig. 18 show that scallop-type grains  \we can look at the difference from another angle.
are stable when in contact with molten solder, but the layeraomic diffusivity in the liquid state is about 18 cn#/s,
type grains are stable when in contact with solid solder.  anq the diffusivity in a face-centered-cubic metal near its

The stability is due to minimization of interfacial and melting point is about 108 cn/s. Across the melting point
grain boundary energies. The interfacial energy between a

molten solder and G$n; is less than that between a solid

solder and CgSns, so the scallop-type morphology of grains TABLE Ill. A comparison between the solder wetting reaction and solid

persists in wetting reactions and the layer-type morphologytate aging.

persists in solid state aging. When the molten solder reacts ) _ ) : :
. . . Solder reaction Wetting reaction Solid state aging

with the layer-type CgSrny and transforms it back into

scallop-type CgSn;, the reaction begins by wetting the Temperature and time 200 °C, 2 min 170°C, 1500 h

large angle grain boundaries in the layer-type;8y, as (90 000 min
depicted in Fig. 19. This implies that the energy of the inter-Mor'DhoIogy Scallop-type IMC Layer-type IMC
P g. 9. P ay Growth velocity v=1pm/min v=10"* um/min

face between solid solder and {3n; (059 as well as the  aciivation enthalpy AH=02-03eV  AH=1.0-11eV
energy of large angle grain boundaries ingSy (ogp)
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there is a difference of three orders of magnitude in diffusiv- (a)
ity. Thus, if we perform the wetting reaction a few degrees P i ey
above the melting point and solid state aging a few degrees Ve N
below the melting point, we will find a similar difference in 7/ N
their reaction rates. This difference in diffusivity is in agree- 7 - N
ment with the difference in time found in the reactions to !/ T 1 \
form the same amount of IMC on the basis of the diffusion 7
relation ofx?~Dt. /
Knowing the activation energy of 1 eV/atom of solid
state reaction, we ask, if the growth of thegSu, compound
during the wetting reaction at 200 °C assumes a layer-type
morphology, what would happen? Consider the formation of
a layer of 1um thick Cy;Sny by consuming about 0.am of
Cu. It would have taken more than 1000 s for Cu atoms to
diffuse through such a GBn layer, so it becomes a diffu-
sion barrier and the rate of reaction becomes very slow. On
the other hand, it actually takes less than 1 min to consume
0.5 wm of Cu and form CgSry scallops in a wetting
reaction?’ In other words, the rate of free energy gain will be
much faster in scallop-type growth than in layer-type growth.
Therefore, it is the rate of change of free energy, rather than
the change of free energy itself which determines scallop-
type IMC growth. The morphology of the reaction product in
the form of scallops has enabled a high rate of reaction to
take place in wetting reactions. The radius of the scallop
cannot remain constant because it must grow bigger over
time, so ripening occurs. What the distribution of the size of
scallops is an important question in kinetic analysis. Whether
the distribution function is time dependent and whether it is
the same function given by classic Lifshitz—Slezov—Wagner
(LSW) theory of ripening®~*°will be analyzed in Sec. IV.

IV. KINETIC THEORY OF RIPENING OF INTERFACIAL
INTERMETALLIC COMPOUNDS

A. Ripening under constant surface and increasing
volume

) ) . FIG. 20. (a) Schematic diagram of the cross section of an array of hemi-
Figure 2@a) shows a schematic diagram of the crossspherical CySry scallops grown on Cu, represented by the solid curi®s.

section of an array of hemispherical £8n scallops grown  Cross-sectional TEM image of g8n; scallops, channels, and a thin layer
on Cu, shown by the solid curves. The following assump-Of CuzSn on Cu. The channel, indicated by an arrow, has Width of less than
. L 50 nm (courtesy of George T. T. Sheng, MXIC, Hsinchu, Taiwan, ROC
tions are made to analyze the kinetics of scallop grotvth) (after Ref. 31,

The presence of G&n and Pb in the reaction is ignored for

convenience(b) A liquid channel exists between two scal-

lops, the depth of which reaches the Cu surface. The width dfig. 20(a), if we represent the cross section of a large hemi-
the channeb is assumed to be small compared to the radiuspherical scallop by the broken half circle, its surface is
of the scallops. The morphology of scallops and channels i25°®, the same as the sum of the surfaces of the smaller
assumed to be thermodynamically stable in the presence stallops represented by solid curves. Hence, while growth
molten soldef?3® The channels serve as rapid diffusion increases the total volume, it does not change the total sur-
paths for Cu to go into the molten solder to grow the scalface area of the scallop&d) By conservation of mass, we
lops. Although the scallops are separated by channels, thessume that all influx of Cu from the Cu substrate is con-
remain in close contact with each other; see FigblLl&-ig-  sumed by the growth of scallops. Hence, the outflux of Cu
ure 20b) is a cross-sectional transmission electron micro<from the ripening zone into the bulk of the molten solder is
scopic image of CgSny scallops, channels, and a thin layer assumed to be negligible.

of Cu;Sn on Cu. The channel, indicated by an arrow, has  Since growth of a scallop must occur at the expense of
width less than 50 nni{c) For simple mathematical analysis, its neighbors, it is a ripening process. In this ripening pro-
the geometrical shape of the scallops is represented by theess, there are two important constraints. The first constraint
hemisphere. On a given interfacial areadff® between the is that the interface of reaction is constant. When the scallops
scallops and the Cu, the total surface area between all hemire assumed to be hemispherical, it also means that the total
spherical scallops and molten solder is just twi&®2. In  surface area of scallops is constant. Therefore we have a
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ripening process which proceeds under a constant surfaaensity,j(R), on each individual scallop. The expression for
with increasing volume. The second constraint is conservai(R) is usually found to be a quasistationary solution of the
tion of mass, in which all the influx of Cu is consumed by diffusion problem in infinite space around a spherical grain
scallop growth. It is different from classical ripening, in with fixed supersaturatiofC)— C¢ at infinity. Then
which the process proceeds under an almost constant vol- i o
ume, so the decrease of surfa@nd surface energypro- UR:d_R:_ @: EE—<C>_(C +a/R)_ (9)
vides the driving force. dt niCi i G R

Let f(t,R) be the size distribution function of scallops,

. While this expression is good for LSW theory, it is not good
so that the total number of scallops is equal to ! 'S &Xp onis g Y I g

for the present case because the scallops are on an interface

o and the distance between them is of the same order of mag-
N(t)= fo f(t,R)dR, @) nitude as the size of scallops. On the other hand, diffusion in
the melt is very fast, so we suggest that the expression of
and the average values are j(R) can be obtained by assuming that the fluxionout of
1 (e each individual scallop should be proportional to the differ-
(R™= Nj R™f(t,R)dR. (2) ence between the average chemical potential of copgar
0 the reaction zonéwe take it to be the same everywhere, the
The first constraint of the constant interface takes themean-field approximatiorand the chemical potential at the
form of curved scallop—melt interface,,.+ B/R, and B=2():
” 2 _ ctotal free— qtotal__ —i(R)=L _ _ ﬁ dR — L _ _ ﬂ
Jo 7mRf(t,R)dR= S'°®?¥'— S'ee= gloldl= const, (3) J(R)=L| p— proe R/'dt nC B e R
(10)

The cross-sectional area of all channels for copper supply is )
where the parameterd B,u—u. are determined self-

consistently from the above mentioned two constraints of the
constant surface, E¢3), and mass conservation, H). We
obtain

)
Sree= fo >27Rf(t,R)dR. (4)

The total volume of the growing scallops is

.o _dR_k 1 . (R) "
vi=f 3 "RF(LR)IAR (5) RTatT9(RH—(RZ\T R/’ (D
0
According to the second constraint, we have =2 " bcb—coys (12
2 niCi ’
i .
niCi at =Jnsree (6) During nonconservative flux-driven ripening, the rate of

_ . o _ growth/shrinkage of each scallop is determined not only by
Heren; is the atomic density in the IMC, i.e., the num- gifusivity and the average size of all scallog®), but also
ber of atoms per unit volume, ai] is the atomic fraction of by the capacity of channels to supply Cu for the reaction.

Cu in the IMC, which is 6/11 in Gns. The influx is taken Thus in the mean-field approximation, the basic equation
approximately as for the distribution function has the following form:
_ Ce+ (a/R)]-CP
g _pplC(@RI-CY @ Ak R i1 1 (13
R s 9(RH—(R)?IR| \(R) R/

where n is the atomic density in solder, «
=(2yQ/ksT)CE®, v is isotropic surface tension at the IMC/
melt interface(} is the molar volumek is Boltzmann con-
stant, andr is the temperatureC® andCP are defined as the
equilibrium concentratioiithe atomic fraction of Cu in mol-
ten soldey on a flat surface and the concentration at the B R RI(byB  3—4¢&
entrance of the channelsorresponding to the concentration R)= bt WEGXP{ J mdf]
of Cu in the molten solder on the substrate surfacespec-

where the rate coefficierk is determined by the incoming
flux conditions, which in turn are determined by the chan-
nels.

The formal solution of our distribution function is

tively.
Since scallops must grow and shrink atom by atom, the =—¢(n),7=bt, 7= (on) 7 (14)
distribution function should satisfy the usual continuity equa-
tion in size space: glotal
B=—r———. (15
N9 tuy ®) wrf%(n)dn
at R R 0

where the velocity in size spaceg, is simply the growth The parameteb should be found self-consistently.
rate of scallops with radiuR and is determined by the flux Standard integration gives

Downloaded 04 Jul 2003 to 128.97.83.216. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 93, No. 3, 1 February 2003 Appl. Phys. Rev.: Tu, Gusak, and Li 1347

005 == i i N : ternary phase diagrams of Sn—Pb—Cu at 200 and 170°C,
04s |! L ; shown in Fig. 10, are not much different from the point of

L view of phase formation. Both the reactions at 200 and

0044~ 170 °C lead to formation of G$ns and CuSn. The forma-

; tion energy of the IMC at these two temperatures is nearly
et the same since its dependence on the temperature is small,
yet the reaction rates are different by four orders of magni-
tude. While the difference can be explained by the difference
in atomic diffusivity between the molten state and solid state,
it is the morphology that dictates the kinetic path. In order to
understand why in a wetting reaction, the IMC has scallop-
type morphology and why in solid state aging, it changes to
layered-type morphology, we need to calculate the surface
and interfacial energies in these reactions. No doubt, the cal-
culation and measurement of many surface and interfacial
energies have been performed, e.g., in adhesion studies, yet
we need to consider ternary systems here. Besides, in molten
solder alloys, we must take into account the effect of surface
FIG. 21. Plot of the asymptotic size distribution function. segregation on the surface energy. Due to fast atomic diffu-

sion, solute or solvent atoms can segregate to the surface of
a molten solder rapidly. It was reported that the measured

0,025 ,
sl
0,015 '
o}

0,005 |

3 surface energies of molten Pb and Pb—Sn alloys up to about
e(n)=07>{5], 20 at. % of Sn are essentially the saifv&How to calculate
these surface energies and solder/IMC interfacial energies is
Ui 3 3 challenging.
o(m)=rg—zexp| —5—|. 0<n<|3|. (19 ang
3 3 2
5 n 5 n

B. Unstable wetting tip
The plot of ¢(7) vs 5 is shown in Fig. 21. Thus, we have a

. . : . L . The classic Young's equation of an equilibrium wetting
unique asymptotical solution which satisfies the unlversa{ip was derived by minimizing the total surface and interfa-
scaling expression in Eq15). Also, we have

cial energies involved, and no free energy of formation of the
(7 —(5)?=0.0615( ) =3/4{ °)=0.5535. interfacial IMC was included®3’ The wetting angle is de-
fined by the equilibrium condition among the surface and

Parameter . d . . . .
interfacial energies at the wetting tip. Assuming that the wet-
. K ko k ting tip (or a wetting capconfiguration is achieved instanta-
" 9((n®—(5)® " 05535 (%) neously, the free energy of IMC formation may be ignored if

the rate to form the interfacial IMC is much slower than the
spreading rate for a drop of molten solder on a metal surface.
(R®)=(&%bt=Kkt. Here we shall present two phenomena in solder reactions
wherein the wetting tip is unstable. The first one is the wet-
ting of molten SnPb on Pd and Au. They show no stable
B s 3 v U3 wetting angle. In the case of eutectic SnPb on Pd, the tip
(Ry=(&)(bY) -2 m& =0.913k0)™ advances on the Pd surface unceasingly until the solder is
consumed entirel§f In the case of 95Pb5Sn solder on Au,
the molten solder has an interface that sinks into Au which
deepens over tim&.In both cases, the wetting angle and the
3 tip configuration change over time. It is because of the rapid
rate .constank~4><.10. cm/s. Foifxample,.for anneal- reaction that forms the IMC in the SnPb/Pd case, and it is
ing time t=300s, it givesR~5x10"" cm, which agrees .5, se of rapid dissolution of Au into the molten solder in

very well with the experimental data. The rate of ripeningy,o gnppy/Ay cas. The other one concerns the wetting of a
and growth ofR is determined by the incoming flux condi- \qen eutectic SnPb cap on Cu. While there is a stable

tion. wetting angle, the tip is unstable in the sense that it grows a
halo. The halo spreads out unceasingly due to the formation
V. PHYSICS CHALLENGES of a very thin layer of IMC below the halo. The halo has also
been found in front of a molten tip of eutectic SnPb on Ni.
To study the effect of IMC formation on a reactive wet-
The rate of the solder reaction should depend on théing tip, we must study the very early stages of the wetting
thermodynamic driving force and kinetics. It seems that, aseaction. Using a lithographic technique, etched V grooves
discussed in Sec. lll, it also depends on morphology. Thalong[110] directions on(001) surfaces of Si coated with a

Hence, the average cube of the grain size is equal to

The average size will be

If we take n/n;~1, C,=6/11, D~10 ° cnf/s, &~5
X 1078 cm, CP—C®~0.001, where the concentrati@?f is
taken for equilibrium of the melt with the G8n, phase, the

A. Calculation of surface and interfacial energies
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FIG. 22. (a)Schematic diagram of the cross section of a V-groove (@nd
cross-sectional TEM image of a V grooteurtesy of N. Wang, Department
of Physics, Hong Kong University of Science and Technology, Hong Kong
(after Ref. 55.

bilayer of Cu/Cr film were made. A schematic diagram of the
cross section of a V groove and a corresponding TEM image
are shown in Figs. 22) and 22b), respectively. Molten pure
Pb will not run into the V groove, but molten F3n) alloys
having only 1%—5% of Sn will run into it because of being

driven by the horizontal capillary force, as shown in the _ _ _ o
| t of Eig. 23. The more Sn in the molten solder theFIG' 23. Five SEM images in the upper part that show a side view of SnPb
ower par g. 2o ’ solders on the Cu surface, illustrating the decrease of the wetting angle with
longer the length of the rufor the faster the runThe length  an increase of Sn in Pb. The five SEM images in the lower part show,
of the run shows a direct Correspondence to the Wetting ang@rrespondingly, the run of the solders in the V grooves with an increase of
of Cu as a function of the Sn concentration in the moltenS" N Pb. Molten pure Pb will not run into the V groove, but molteriS?

. . . . alloys having only 1%—-5% of Sn will. The more Sn in the molten solder, the
solder; .See the SEM images shown in the upper part of I:lgonger the length of the rufor the faster the run(after Ref. 4.
23. While pure Pb unwets Cu, the (Sin) alloy wets Cu and
the wetting angle decreases with increasing amount of Sn in ) i
Pb4! Since the addition of a few percent of Sn does notC. In situ study of molten solder—metal interfaces

and reactions

change the surface energy of the molten softtét, no
change in wetting angle is expected on the basis of Young’s The atomic model of molten solder interfaces is of inter-
equation. Hence, the change is due to Cu—Sn interfacial reest. The interface between molten solder, say, eutectic SnPb,
action in forming the IMC. How to calculate the change inand Cu at 200°C is unstable due to IMC formation. The
wetting angle and in turn the wetting rate as a function of thanterface between molten eutectic SnPb and;Ty at
solder composition shown in Fig. 23 is challenging. The wet200 °C or that between high-Pb solder and;8u are also
ting rate has been given by the Washburn equation and camstable due to the growth of the IMC, neverthelgssitu
be measured using a charge coupled devi€&CD) study of these solder/IMC interfaces by synchrotron radia-
camerd?~**Knowing the rate, it is possible to estimate the tion or other means is of interest. The very early stages of
rate of IMC formation in a very early stage of the wetting reaction, i.e., nucleation of the IMC on Cu and growth of the
reaction. IMC before ripening, are also of interest.
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(a) i
i Solder ball
Si chip Q ¢
Organic module (FR4) | UBM
i
(b) a4l Al
—>| <« > |e
FIG. 24. SEM image of a large A8n plate-type precipitate in the eutectic
SnAg solder(after Ref. 8.
VI. MATERIALS CHALLENGES (© ar  ar
»||e
A. Microstructure-properties relations of Pb-free ”
solders
In Sec. |, we discussed the eutectic solders of Sn and
noble metals. Their microstructure is a mixture of Sn and
IMC, unlike that of eutectic SnPb which has no IMC. The

mechanical properties of these Pb-free eutectic solders will
be aniSOtmpiC when dispersion of the IMC in Sn is inhomo'FIG. 25. Schematic diagrams illustrating the large thermal stress in flip chip
geneous. In the case of Au—Sn, the formation of AUSN on organic substrate) Before solder joining(b) When the solder is in the
means that one Au atom will attract four Sn atoms. Hence, &olten state, there is no thermal stress although the board has expanded
small amount of Au can lead to a Iarge amount of IMC much more than the chigc) Upon c_op!ing to the solidification tem_peratu_re
. . .. . .. of the solder, when the solder solidifies, thermal mismatch begins to inter-

formation. This is the origin of a brittle “cold” joint when &  ere_ if we assume the chip is rigid, the board will bend and the curvature is
solder joint contains more than 5 wt % At.*’ In the cases downwardly concave.
of eutectic SnAg and eutectic SnAgCu, the;8g precipi-
tates are plate like, as shown in Fig. 24. If such a%wm
crystal has formed in a stress concentration region, e.g., thdue to combined forces that are chemical, mechanical, elec-
corner region between a solder bump and under-bump metrical, and thermal in nature. We shall briefly discuss thermal
allization, cracks can initiate and can propagate along thstress and electromigration here.
interface between the A§n and the solder. In the case of
eutectic SnCu, it has only 0.7 wt % of Cu, so the bulk of the
solder is Sn. Then, the phenomena of Sn whiéket® Sn
pest*and Sn cry are of concern. In addition, how to control The thermal stress in flip chip on organic substrates is
the solder composition, say, to within0.5 wt% of the eu- very large, as shown in Fig. 28, due to the very large
tectic SnCu composition, is also quite challenging when thelifference in coefficients of thermal expansion between Si
method of production is electroplating. (e=2.6 ppm/C) and an organic FR4 boarda (
=18 ppm/C)>8 When the solder is in the molten std&ee
Fig. 25b)], there is no thermal stress although the board has
expanded much more than the chip. But upon cooling, when
the solder solidifies, thermal mismatch begins to interfere.

The reliability of the solder joints in flip chip technology We shall take the difference in temperature to be that be-
can be challenged by multiple forces. The very large differtween room temperature and 183 °C, the solidification tem-
ence in coefficients of thermal expansion between the Si chiperature of eutectic SnPb solder. And we consider a bump at
and the organic substrate is a concern because of thermahe corner of a 1cmlcm chip. The shear is equal to
mechanical stress. Due to the small size of the solder bum@ I/l =A«AT. We obtain a value oAl =18 yum if we take
electromigration is also a concern because of the high currett=(y2)/2 cm, which is the distance of half the diagonal of
density and the very fast atomic diffusivity at ambient tem-the chip. If we assume the chip to be rigid, the board will
perature in the solder all6y:°>® We have already discussed bend and the curvature will be downwardly concave. This is
chemical reactions between the solder and thin film UBM inbecause the solid bumps will prevent the upper surface of the
Sec. Il. Then temperature gradients due to local Joule heatingoard from shrinking, so the board will bend when its lower
cannot be ignored. It is interesting to point out that in thepart shrinks; see Fig. 26).
classic Soret effect, a homogeneous alloy becomes inho- Due to the bending and the fact that the solder joints and
mogeneous (dealloying under a temperature gradient. the chip are not rigid, the actuall will be less than the
Hence, the solder joint has a complicated reliability naturecalculated value of 1@m given in the last paragraph. Figure

C. Thermal stress

B. Effects of irreversible processes on solder
joint reliability
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correlated to the grain orientation and various phases in the
solder joint.

The electronic industry has introduced epoxy underfill
between the chip and the board to redistribute thermal
stres< nevertheless it remains a reliability issue. In a multi-
chip module with underfill, how to repair a defective chip on
the module remains unresolved. If we introduce underfill in
Si chip the configuration shown in Fig. 2§, the solder joints have
already been strained. Hence, it is better to apply underfill to
unstrained solder joints. Assuming it can be done, e.g., we
can use a laser to heat each of the solder joints locally, one
Organic substrate by one, then the thermal stress in the joint at the corner
should be much less. However, we still cannot avoid the
problem of thermal stress. This is because in subsequent re-
flows, solid state aging, and device operation the stress
comes back. During normal device operation, where the chip
will experience temperature near 80—100°C due to Joule
heating, it produces low cycle thermal stress and causes fa-
tigue of the solder joints. If the joint or one of its interfaces
is mechanically weak, stress can break it. We note that it is
this large shear strain shown in Fig. 26 which limits the size
of a Si chip in flip chip manufacturing. Unless we can solve
the thermal stress problem, the chip size will be limited to
about 1-2 crh

(a) Cutting line

s L /
_ s uUBM

FIG. 26. (a)Schematic diagram of eutectic SnPb solder bumps between g Electromigration
flip chip and a FR4 boardb) Cross-sectional SEM images of a solder joint

in the center part of the chip, where the alignment between the top UBMon  For electromigration, the design rule is to distribute 1 A

the chip and the bottom bond-pad on the board is géodA joint at the ver five solder bumps. or 0.2 A/bump. For a solder bump 50
right-hand side corner of the chip, where the bottom bond pad on the boar8 PS, ) P- P

has been displaced to the right by abouta, relative to the upper UBM pmon dlazmet_er* the current denS”y will be a_bOUt 3
on the chip(d) A joint at the left-hand side corner of the chip, with the same X 10° A/lcm?. Since the contact area of the bump is much

displacement of the bond pad but to the Igfiter Ref. 58. smaller than the cross section of the bump, the actual current
density will reach about T0A/cm? at the solder bump con-
tact. While this current density is about one order of magni-
26(a) shows a schematic diagram and cross-sectional SENude less than that in Al or Cu interconnef4s’* electromi-
images of eutectic SnPb solder bumps between a flip chigration in a solder bump is a reliability concern, and it is
and a FR4 boardf Figure 26b) shows a joint in the center different from that in Al or Cu interconnects for the follow-
part of the chip, where the alignment between the top UBMing reasons. First, because of the low melting point and high
on the chip and the bottom bond pad on the board is goodatomic diffusivity of solder alloys, the rate of electromigra-
Figure 26c¢) shows a joint at the right-hand side corner of thetion is fast even near room temperature. Second, because of
chip, where we see that the bottom bond pad on the boarthe line-to-bump configuration, a large change in current
has been displaced to the right by aboutlf relative to the  density occurs when the current enters the solder bump from
upper UBM on the chip. Figure 26) shows a joint at the the interconnect lingor vice versy resulting in current
left-hand side corner of the chip, and the same displacementrowding at the contact between théfthird, because sol-
of the bond pad is to the left. The nominal shear strain isders are eutectic alloys, there is no chemical potential gradi-
Al/h=10/60, whereh=60 um is the gap between the chip ent as a function of composition below the eutectic tempera-
and the board. However, the shear in the solder bump iture. Hence, electromigration can induce a very large
Al/h"=10/30, wheren’ =30 um is the thickness of the sol- compositional redistribution in a eutectic solder joint without
der between the UBM and the bond pad. In addition, weopposition. Fourth, because noble and near-noble metals are
found that the chip is bent and has a downwardly concavéast diffusers in solder alloys and they are used as UBMs in
curvature of 57 cm. Clearly, the chip, the board, and thesolder joints, their combination allows a rapid dissolution of
bumps are stressed. Besides the shear strain, there is normi#8M from the cathode side and extensive formation of
strain in the solder joint. The stress or strain distribution in alMCs at the anode side. For Sn-based solders, since the IMC
solder joint has been investigated using mdiinges®~%' s the eutectic partner of Sn, a very large amount of IMC can
We can also use microdiffraction in synchrotron radiation tobe formed at the anode side of the solder joint when a thick
map the strain distribution. The high intensity x-ray beamUBM of noble or near-noble metal at the cathode side is
can be focused to less thanuIn in diameter, and it can be dissolved.
scanned over the entire cross section of a solder joint as Experimentally, a substantial amount of electromigration
shown in Fig. 26. The measured strain distribution can béias been found in eutectic SnPb solder bumps powered by a
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FIG. 27. (a) SEM image of a solder line in a VV groove, approximately 200
pm long, 100«m wide, and around 6&m deep. The lines were stressed at
current density .Of %10 Ncn? at room temp_erature(b), (c) SEM images FIG. 28. (a) Compositional analysis of Sn along the solder line performed
of h”mP and void growth in the line after being stressed for 192 and 288 hby EDX spots on the surface as well as on the polished surfaces, which were
respectively(after Ref. 56. about 14 and 24um below the original surface(b) The change in Sn
concentration in the vertical direction, near the anode &fter Ref. 56.

depth of the V-groove trench (um)

current density of & 10° A/lcm? after a few hundred hours
at 150°C."3"* At the cathode side, voids were observed. Atamount of Sn at the anode side is consistently higher than
the anode side, a pileup of Pb was observed, indicating thdhat at the cathode side. The increase of Sn towards the cath-
Pb is the dominant diffusing species. The mean time to fail-ode has occurred not only on the top surface but also on the
ure (MTTF) measured for the eutectic SnPb solder joint ispolished surfaces, at a slower rate with increasing depth into
far below the 10000 h required by the packaging industry. the line, as shown in Fig. 28). In Fig. 28b), the Sn change
Eutectic SnPb lines in V grooves for electromigrationin concentration versus depth, in the vertical direction, near
study were conducted. Two Cu wires at both ends of the the anode side is shown.
groove served as electrod®s’ A V-shaped solder line ap- The compositional profiles of Sn show that the elec-
proximately 200um long, 100um wide, and around 6&m  tromigration of Sn atoms is against the concentration gradi-
deep is shown in Fig. 2@). The lines were stressed at cur- ent of Sn(uphill diffusion). However, the concentration gra-
rent density of 5 10°A/cm? at room temperature as well as dient exerts no driving force on the diffusion of Sn since
at 150 °C. Figures 2B) and 27c) illustrate scanning elec- there is no chemical potential gradient. We note that this is
tronic microscope images of hump and void growth at roomdifferent from the effect of backstress in short strips of Al
temperature after being stressed for 192 and 288 h, respeinduced by electromigratiof:°® Backstress produces a con-
tively. Both the accumulation at the anode side and theentration gradient of vacancies along the strip, in turn, a
depletion at the cathode side grew bigger over time. Besideastom flux opposing electromigration. It is also different from
these morphological changes, compositional changes in thtbe classic Soret effect of thermomigration in solid
line were investigated. solutions® Here, the compositional change in the longitudi-
For compositional analysis, a series of EDX spots alonghal direction is due to electromigration, but in the vertical
the solder line was performed on the surface as well as on thdirection it might include other forces due to the stress gra-
polished surfaces, which were about 14 ang@4below the  dient or temperature gradient. However, if it is assumed that
original surface, and the results are plotted in Figa28The the surface of the sample serves as the source of vacancies
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for Sn diffusion, it naturally leads to a redistribution of Sn in
the vertical direction.

The finding that Sn and Pb are, respectively, the domi-
nant diffusing species in electromigration at room tempera-
ture and at 150 °C®73~"®js in agreement with a study of
tracer diffusion in eutectic SnPb solder. The study showed
that below 100°C, Sn diffuses faster than Pb, but above
100°C, Pb is the faster diffusétThis behavior of crossover
will impose a serious limitation on accelerated tests of elec-
tromigration in solder joints. Accelerated tests which are car-
ried out at temperatures above 100 °C may not predict failure
at temperatures below 100 °C. However, if the actual oper-
ating temperature of solder joints is close to 100 °C, there is
no room for accelerated tests. No doubt, this is a challenging
issue.

Another very unique and important electromigration be-
havior in solder joints is the polarity effect on IMC growth at
the cathode and anode. Electromigration drives atoms from
the cathode to the anode. Therefore, it tends to dissolve or ’
retard the growth IMC at the cathode but build ups or en- (c) Solder A Cathode |
hances the growth IMC at the anotle® Figures 2%a) and '
29(b) show SEM images of IMC Gg&ry and CuSn growth
at the anode side in a eutectic SnAgCu V-groove sample with
Cu electrodes. The sample was tested with current density of
3.2x10* Alcm? at 180 °C for 10 and 87 h, respectively. Fig-
ures 29c) and 29d) show corresponding images at the cath-
ode side. The IMC at the anode is much thicker than that at
the cathode. In Fig. 28), voids can be seen between the
solder and the IMC.

When a thin film UBM is used at the cathode, dissolu-
tion of the thin film UBM into the solder and being driven
toward the anode due to electromigration are other reliability
issues. Since noble and near-noble metals are known to dif-
fuse interstitially in solder alloys, the effect of electromigra-
tion of these metals in a solder alloy is extremely fasf!

(@) solder ‘ie‘ ., Anode

' «Sn

FIG. 29. SEM images of IMC Gg8n; and CySn growth at the anode and
cathode in a eutectic SnAgCu V-groove sample with Cu electrodes; the
sample was tested with current density of 320" A/lcm? at 180 °C. (a)

_In Fig. 1(b), we showed a two-level packaging structure 223%’) ig&gg:’silgem;’f)t:r”ggiaigf F";‘fetfrfg lfc) cathode side after 10 h,
using a high—low combination of solder joints of 95Pb5Sn
and eutectic SnPb. At present, there are Pb-free solders
which can replace eutectic SnPb, but there is none to replace
high Pb. We listed 80Au20Sn with a eutectic point of
280°C, yet this eutectic alloy is known to have poor reflowbient. One can start a solder project with a hot plate, a pol-
properties because it does not react readily with Cu or Niishing wheel, and an optical microscoffdn this review we
The Sn in the alloy tends to stay with Au because it is adiscussed the metallurgical reliability issues or microstruc-
eutectic consisting of two Au—-Sn compounds. In order totyre changes of flip chip solder joints when they are sub-
react with Cu or Ni, the Sn atoms must dissociate themselvegcted to chemical, mechanical, electrical, and thermal
from the Au atoms, so that the driving force is reduced. Oryorces. Due to the trend towards miniaturization, these issues
the other hand, a eutectic alloy having pure Sn as a eutectigi hecome more serious. In advanced Cu/lvidielectric

component is much more reactive, but it will have a meltingg,nstany interconnects, we must not allow molten solder to
point less than that of pure Sn. Amongl the eutectic allqys Of/vet Cu lines. The weak mechanical properties of loma-
?nste;rg]?sngfblsenmsflséxve”kr;(:]v(;/ ;E:y (;';tle_rﬁgi?ul;i;ger bmﬁgteerials may be incompatible with the large thermal strain in
Y ' ’ ’ Y PaS&ider bumps as mentionekh. situ study of the solder wet-
diagrams are unavailable. . o : . L
ting reaction is of interest, e.g., using synchrotron radiation.
Numerical simulation of reliability behavior of solder joints
under multiple driving forces will be of great value to indus-
The study of solder reaction was a low cost researctiry. For applications in mainframe computers, aerospace and

project. The solder flux serves as a poor-man’s vacuum anmilitary equipment, and high temperature devices, the elec-

E. High temperature Pb-free solders

VIl. SUMMARY
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tronic industry cannot give up the reliability of Pb-containing
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solders because of environmental concerns, So Pb-free rgT Young, Philos. Trans. R. Soc. Lond®, 65 (1805.

search should still be active for a while.
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