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Electroless Nickel Bumping of Aluminum
Bondpads—Part Il: Electroless Nickel Plating

David A. Hutt, Changqing Liu, Paul P. Conway, David C. Whalley, and Samjid H. Mannan

Abstract—Electroless nickel has been used for many decades totechniques required and the reliability of the final devices [6],
provide a hard, corrosion resistant surface finish to engineering [7].

components. In recent years its application has been extended to Electroless nickel has been used for many decades as a

the electronics industry for the production of solderable surfaces thod idi f finish . .
on printed circuit boards, which utilize a further thin gold coating method for providing a suriace Tinish on engineering compo-

to prevent oxidation of the nickel surface. The recent interest in NeNts due to its corrosion protection properties and hardness [8],
the use of flip-chip technology in electronics manufacture has re- [9]. However, it has also found increasing use in the electronics
quired the development of low cost methods for solder bumping industry as part of the electroless nickel-gold finish applied to
of semiconductor wafers. The electroless nickel process has beerb g for solderability preservation. The recent introduction of

considered as a suitable candidate for the deposition of a solder- . . .
able under bump metallization (UBM) layer onto the Al bondpads. electroless nickel plating, as part of the wafer bumping process,

However, the extension of existing electroless nickel plating pro- t0 provide an under bump metallization on the Al bondpads
cesses to this new application requires greater understanding of prior to solder deposition, has led to a number of challenges

the technique. In particular, the coating of the small isolated bond-  relating to the activation and plating of the relatively small

pads on the wafer surface introduces difficulties that make the use features on semiconductor devices compared to the larger
of many commercially available solutions impossible. This paper feat f . . i d PCB
reports the results of a number of experiments carried out to inves- eatures of engineering components an S.

tigate the electroless nickel bumping of Al bondpads and highlights ~ This paper reports a number of experimental studies of elec-
the issues that need to be considered when selecting materials androless nickel bumping that have been conducted as part of a

techniques. wider program of research on low cost flip-chip assembly. The
Index Terms—Electroless nickel, flip-chip, under bump metal- activation of the Al bondpads prior to electroless nickel plating
lization (UBM), wafer bumping, zincate. requires careful control and characterization and forms the basis

of another publication [10]. The present work only concerns
the issues relating to reliable and reproducible electroless nickel
bumping.
HE DEMAND for high performance and densely pack-
aged electronic devices is fueling the uptake of flip-chip Il. EXPERIMENTAL PROCEDURE

technology across the electronics industry and has led to the ge—w f
velopment of a range of interconnection technologies including aters
the use of conducting adhesives and solder [1], [2]. At present A number of devices and chip types (both test structures and
solder based interconnect offers an attractive option for low-cd€gl devices) have been investigated as part of this work. The
assembly as the process route merges well with the existing ofjority of the results presented in this work were obtained on
for surface mount technology. However, the low cost implavafers composed of daisy chain test structures comprised of
mentation of this technology into consumer products can orfyCu(1%) tracks and bondpads at pitches of 225 and 300
take place if competitively priced solder bumped die are readi{yafer types A and B). These bondpads weren3 thick and
available and this demand has led to the development of a rafgéagonal in shape with a circular passivation opening gfm5
of solder bumping techniques [1], [3]. One of the most populgiiameter. In addition to the flip-chip dimension pads, wafer type
and lowest cost technologies currently available is electrolé8£lso had a range of larger pads designed for BGA style inter-
nickel bumping followed by solder paste printing. This rout€onnection and with passivation openings of 580 diameter.
has been taken up by a number of companies (e.g., [4], [5]) and o
has prompted a number of studies related to both the proces&ihgBondpad Activation

The aluminum bondpads of semiconductor devices require a

_ _ _ number of pre-treatment steps to enable the deposition of elec-
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TABLE |

COMPOSITION AND OPERATING CONDITIONS OF ELECTROLESSNICKEL
BATHS USED

99

period of time, a number of defects began to occur in the plating
process. These defects were not isolated, but occurred across
the entire device. Three major types of defects were observed

Individual formulation | Commercial solution and these are shown in Fig. 2. The major problems consisted

1;“31?61 S;Ilpha‘; Hel}’:i‘:hyhj‘[”'eh — ;j;_g}" Not known of conical bumps, where the spread of the bump appeared to be
odium OpROos: ¢ Monol ate B . . . .

e s Y oo — hindered and similarly, directional bumps where the flow of the
Acetic Acid — 15.5 crr;’ll;' stirred solution over the pad surface appeared to be preventing
tri — Sodjum Citrate Dihydrate 0-3.5gl «“ .
- Sodium Succinate Hexahydrate |29 gl = the spregd o_f the bump on the up-stream side. These defects
Glycine 0-3gl" were similar in appearance, and seemed to be related to the ac-
Thiourea 0— 0.7 mgl : H i
T cad Aceiaic Tahgdrate o Eme — tion of the _electroless nickel bath. T_he other form of defect in
pH 46-48 36-48 volved the influence of the bondpad interconnection. Small pads
Temperature 85°C 85°C that were connected to the large bondpads of wafer type B were
Coating Composition 3-5wt%P 6-8wt%P

plated very well, while isolated bondpads had either conical/di-
rectional bumps or, in severe cases, only nodular growth of elec-
ess nickel.

finish and stronger adhesion of the deposit could be obtainedt{)OI — .
he source of these defects was initially unclear and, in par-

using a double zincate treatment. This involved etching aw?g lar- th found to b fected by ch ; treat
the first zinc deposit layer in nitric acid and then reapplying the- - & Ny Were found to be unaiected by changes in pre-treat-

zincate treatment which was then thinner and finer grained th nts to the surface and bath agitation methods, indicating that
the single zincate process surface activation and gas bubble formation were not inducing

them. It was noted that using a bath made from individual com-
ponents (Table 1), that these defects did not occur, although the
smoothness of the deposit was not as good.

For the plating of electroless nickel onto the zincate activatedpPlating of a similar nature to these defects was observed by
bondpads a number of different solutions were evaluated, ifan der Putten and de Bakker [11], [12] and very recently by
cluding a commercially available system used for plating PC8henet al.[13] during their investigations of the effects of sta-
pads and others prepared from individual components that thestizers in electroless nickel plating. In order to study the factors
fore allowed the influence of each part to be investigated. Tablaffecting these defects, measured quantities of stabilizer were
details the compositions of the baths used. In general, acidic lagtded to a standard electroless nickel solution and the changes
pophosphite baths were used, operating at a pH of 4.6-4.8, fdrpthe bump quality assessed. Two stabilizers were investigated:
ducing nickel deposits with phosphorus incorporated into thethiourea and lead acetate, which are commonly used for elec-
Plating was carried out in 3.2l of solution into which samplegoless nickel plating. The stabilizers are present in electroless
were suspended vertically. The bath temperature was controligekel baths in mgt! concentrations, but have a very impor-
at 85 °C using a glass coated heating element and was stirtg@t role. First, they prevent the solution decomposing sponta-
using a magnetic stirrer bar. neously, by adsorbing onto the surfaces of particles formed in
the bulk of the solution and poisoning the further deposition of
electroless nickel on them and, similarly, they prevent the depo-

) i . sition of nickel onto other surfaces which are not to be plated
Good electroless nickel bumps could be obtained USiNds@ch as the plating tank walls

number of different solutions. Fig. 1 shows SEM images of
bondpads on wafer A bumped using both commercial and
individually simulated baths. As the electroless nickel proceBs Lead Acetate Stabilization
is isotropic, the bumps grew evenly in all directions, and when
above the level of the passivation, spread over it, sealing th

bondpad. This canb nclearlvinthe cr tion of Fid. 1 ology of the addition of lead acetate to the standard bath.
ondpad. Thiscanbe seen ciearly €Cross section oTFI9. ik Ly, 1d be noted that the concentrations of lead acetate indi-
The difference in bump height across a 4 in diameter wafer wal

Rted are only a guide to the total amount added to the solution
found to be less than Am for bumps grown to a thickness Ofas during plating, the Pb ions are incorporated into the deposit

30um. The P content of the bumps is listed in Table | togetheg small quantities and subsequently the solution concentration

C. Electroless Nickel Deposition

lll. RESULTS
Fig. 3 shows the effect on the electroless nickel bump mor-

; " : I

with the bath composition. Generally, the formulations use continually reduced [14]. Fig. 3(a) shows the bumps formed
: = 0 o o . Fig.

produced approm_mately 3-5 wt% P com_pared to 6-8 W.t/owithout the presence of stabilizer. As mentioned above, this so-

from the commercial bath. In agreement with other groups 'twﬂftion produced NiP bumps without defects, but the surface ex-

found that a cor_rectly operated Process gives smooth, evenibited a very grainy appearance. In addition, extraneous depo-
grown bumps, with no extra deposition onto the surface of tlg

- . . ftion onto defects in the passivation layer of the die and back
passivation material or backface of the die. and sides of the wafer also occurred. Addition of just 0.44Thg|
of lead acetate to the bath produced NiP bumps as displayed in
Fig. 3(b). These were much smoother and indicate the advantage
Initially, the commercial plating bath appeared to offer thef adding stabilizers to the bath. Furthermore, extra deposition
best process with a well characterized and understood chesfiNi onto the chip passivation was prevented. On addition of
istry. However, after operation of the bath for a relatively shomore lead acetate to the bath, the conical bumps of Fig. 3(c)

A. Identification of Plating Defects
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(b) (©

Fig. 1. SEM images of (a) bare Al bondpad before bumping, (b) bondpad after electroless nickel bumping, and (c) cross section of electrolespeitkel bum
bondpad.

@) (b) (©

Fig. 2. SEM images of defect structures obtained when bumping wafers using a commercial electroless nickel plating bath: (a) conical bumfisnéb) direc
bumps, and (c) connection effects.

were obtained and these were very similar to the defects @lfter which good quality bumps could again be obtained. Simi-

served with the commercial solution. larly, adding more stabilizer resulted in the return of the defects
Solution movement in the bath during plating caused by stie the plating process.

ring or convection currents also introduced directional effects

into the bumps, as indicated in the images of Fig. 3(d) and (€). Deposit Morphology

These images show that solution flow over the bump surfaceng gescribed above, the level of stabilizer in the bath had a

and the F:qnc_entratlon of stabl_llzer COUI_d ca_use dlrectlong.l %ﬁ'gnificantinfluence on the morphology of the final NiP deposit.
fects. This indicates that the arrival and diffusion of the Sft,‘"‘b'“zﬂowever, a number of other factors were also found to strongly
at the su'rface has a strong effect on the Ie\{el of stab|I|z§r ﬂ?:ﬁfect the morphology. The first of these was the zincate treat-
th_e solution can tolerate before defects pegln to occur. Finalljant As described elsewhere [10], the zincate layer helps to ini-
Fig. 3(f) shows three bondpads from a die that had both smallie e electroless nickel plating process on Al by exchange of
and large bondpads. The two pads with conical bumps were igs ,inc atoms with the Niions in solution, thereby creating a Ni
lated, while the well plated bondpad was connected {0 a larggq |ayer that can continue the autocatalytic deposition of NiP.
bondpad (out of picture). This again displayed strong similafyg patyre of the zincate layer not only affects the adhesion of
ties with the defects observed with the commercial bath. the deposit, but also influences the morphology by controlling
the number of nucleation sites and their distribution. In these
studies it was found that a double zincate treatment produced a
By contrast to the defects observed during the addition of leathoother NiP deposit which was attributed to the thinner, finer
acetate to the solution, thiourea had a much reduced impactgrained and more uniform zincate layer produced by the double
the shape of the NiP deposits. In Fig. 4, the effect of addirmincate compared to a single zincate treatment.
thiourea to the standard bath is displayed. Addition of small In addition to the zincate treatment, the original bondpad
guantities of thiourea clearly improved the quality of the destructure could also strongly influence the NiP deposit. The
posit, giving results similar to those for lead acetate [Fig. 4(b)@ffect of probe marks made by testing of the Al bondpads
However, addition of larger amounts did cause some directioqalor to deposition is illustrated in Fig. 5. These results were
effects when stirred and, more noticeably, introduced pores asfatained from a commercially available memory device and
pockmarks into the pad surfaces [Fig. 4(c) and (d)]. show clearly that for the as-received die, there were substantial
For both stabilizers, once the concentration had become tefects induced in the thin Al bondpad by test probing. Of
high in the bath, all subsequent plating operations produced deajor concern was the thinning of the pad material beneath
fective bumps. However, depletion of the stabilizer level coulthese probe marks, such that during pre-treatment of the die
be achieved by plating a large surface area material in the baihior to electroless nickel deposition the alkaline etches and

C. Thiourea Stabilizer
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(@) (b)

PRI B

(e)

Fig. 3. Effect on the electroless nickel bump shape following the addition of lead acetate stabilizer to the electroless nickel bath: (a) nqist@bdzengt*,
no stirring, (c) wafer type B, 0.74 mgt, no stirring, (d) wafer type B, 0.74 mgt effect of convection in unstirred solution, (e) large bondpad on wafer type B,
0.74 mgtt, solution stirred, and (f) wafer type B, 0.74 migl, no stirring, connection effect.

zincate treatments could cause the bottom of the probe markrtonediately after plating to preserve the solderability of the
be etched through to the underlying metallization [Fig. 5(c)hickel surface. In these trials, a gold flash was not used, as solder
Where this happened it led to uneven NiP bumping of tHmumping using solder paste printing was carried out within a
bondpad [Fig. 5(b)]. few days of the application of the UBM. It was found that with
the solder paste used, the flux activity was sufficient to enable
complete reflow of the solder onto the UBM whenever reflow
was conducted in a nitrogen atmosphere. This has a number of
In general an immersion gold coating, or “gold flash” arounddvantages for the overall process route: first, the immersion
50 to 100 nm thick is applied over the electroless nickel surfageld process is one of the most expensive steps of the bumping

E. Solderability of Deposits
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(@) (b)

(© (d)

Fig. 4. Effect of thiourea stabilizer on the morphology of the electroless nickel bumps as a function of concentration in the electroless nakél batngt*,
(b) 0.64 mgtt, (c) > 0.7 mgt?, stirred, and (d) pockmarked sample.

@) (b) (©

Fig. 5. Effect of bondpad probe marks on the morphology of the electroless nickel bumps: (a) as received bondpad, (b) after electroless nickahbdumping
(c) after zincate treatment.

process and typically involves solutions based on cyanide waimount of gold can segregate near the Ni pad, creating high local
their associated health risks and disposal issues (althoughoacentrations of AuSnintermetallics potentially resulting in
recent study [15] has demonstrated the use of cyanide frgemature device failure. Considering the lower pad surface
plating baths). Secondly, the absence of the gold coating from tirea to volume ratio of solder present in a BGA joint compared
electroless nickel bumps may help to enhance the reliability wf a flip-chip joint this issue should not be disregarded.

the final flip-chip joints due to the absence of any brittle AySn
intermetallics. Generally, it is accepted that a concentration of
goldinthe final solder joint of less than 3 wt% will not lead to the
formation of significant AuSn intermetallics. While the amount The results reported above for the action of stabilizers on the
of gold deposited in the flash is very small, the limited amount @lectroless nickel bump formation support the work of van der
solder in the flip-chip joint could make this quantity significantPutten and de Bakker [11], [12] who found that lead acetate pro-
However, of more concern are recent publications [16]-[19] imluced more shape defects than thiourea. However, in the present
vestigating the reliability of BGA devices attached to electrolessudy it was found that a much smaller level of stabilizer was re-
nickel/gold pads. Some of these have shown that even a sngalired to induce the same level of defects in the bump shape. In

IV. DISCUSSION
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BT

© (d

Fig. 6. Effect of internal connections on the activation and bumping process. a and c) normal bondpad following: (a) zincate treatment antbé&s) mildatto
bumping, (b) and (d) ground bondpad connected to Si substrate after (b) zincate treatment and (d) electroless nickel bumping.

their work, they describe the action of the stabilizer as poisoningln a similar set of experiments, Zhaegal. [14] studied the

the plating process by altering the electrochemical potential efectroless nickel plating of flip-chip size features on PCBs.
the surface after adsorption, thereby restricting the reductiontédwever, their paper challenges the electrochemical potential
Ni ions to Ni metal at the surface. The small isolated bondpattseory of van der Putten and de Bakker. While they agree that
are most affected by the stabilizer level, as these will be paienlinear diffusion of the stabilizers to the pad surfaces is the
soned more due to the increased concentration of stabilizer @ause of the irregular growth, they argue that it is simply the
riving at the surface from nonlinear diffusion. Non-linear difconcentration of the stabilizer at the surface that poisons the
fusion results in more rapid diffusion of species to the edge déposition rather than an electrochemical effect. In their work
the bondpads and in unstabilized solutions results in the thickieey observed only “skip” plating or good plating—no conical
build up of electroless nickel around the edge of the pad thanfeatures. They argue that this indicates only two mechanisms
the center [20] [see Figs. 3(a) and Fig. 4(a)]. Addition of smalvhich, once triggered, cannot be changed. The first mechanism
quantities of stabilizer results in the poisoning of the edges of tiwolves the almost immediate poisoning of the growth surface
bondpads in preference to the center and evens out the platiygthe stabilizer, leading to a skip. This occurs when the rate
across the pad. However, addition of too much stabilizer comf arrival of the stabilizer is greater than its incorporation into
bined with nonlinear diffusion to the edges of the pads resultstime coating. This results in a steady increase in stabilizer at the
excessive poisoning of the plating process and the growth is tswface, reducing the rate of NiP growth and, in turn, reducing
minated at the edges leading to the formation of conical bumjpise rate of incorporation. This leads to a faster build up of sta-
Stirring the solution clearly brings the stabilizer to the surfadglizer and termination of the plating. The second mechanism
preferentially in one direction and results in the distorted growthvolves the opposite situation, with the rate of incorporation of
of bumps in a direction parallel to the flow of solution across thiae lead ions into the NiP coating being more rapid than the rate
surface. Large bondpads are not affected as strongly by nohadsorption of lead ions. This encourages rapid growth of the
linear diffusion and therefore plate more evenly, although stileposit due to limited poisoning and leads to the formation of
exhibiting some edge effects. However, because the majoritygafod deposits.

the surface is not poisoned, the electrochemical potential of thelThe observation of conical defects and directional bumps in
pad is maintained at that established by the electroless nicttés work, does not fit with the two-state mechanism proposed
process and so, therefore, is any small bondpad connected tbytZhanget al., but appears to be more closely explained by
This results in small bondpads connected to large ones platthg theory of van der Putten and de Bakker. The similarity be-
well, while isolated bondpads produce conical bumps, as diaeen the effects induced by the addition of lead acetate to a
served here. standard bath and the defects observed with the commercial so-
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lution leads to the conclusion that too high a level of stabilizemd the bondpad and possibly the trapping of corrosive plating
(probably lead acetate) in the commercial solution was the causemicals within the structure. While the study of these effects
of the defective bumping. This highlights the major differencdid not form part of this work, Taet al. [5] have investigated
between a solution optimized for plating of relatively large arge merits of probing wafers before and after electroless nickel
features compared to the small and isolated bondpads of a Bilmping to determine these effects. In their work they found that
icon chip. In the case of the commercial solution, this will bearge probe marks did not significantly affect the reliability of
heavily stabilized to ensure the extended life of the bath withe Ni/Au bumped assemblies, but suggested that probing after
limited amounts of unwanted deposition onto tank walls. In thidi/Au bumping was a preferred option providing the overdrive
study it was observed that, on occasion, the commercial solutimithe probing system was not so high as to damage the coating.
could operate correctly for a short time before defects started tdrinally, a comment should be made regarding the back face
occur. In particular, good plating took place when the bath wasating of the wafers prior to plating. This has been highlighted
fresh and a smaller volume of solution was used. This leadskp Ostmannret al. [21] as an important issue for devices that
the suggestion that the bath became over-stabilized during opEmmtain bondpads with direct electrical contact with the Si sub-
ation i.e., the lead acetate concentration increased with timestnate. In this situation a galvanic cell can be created in the
relation to the other components, due to not enough of it beiagtivation and plating solutions through contact with exposed
incorporated into the NiP deposit. The commercial solution &eas of Si. This results in a varied rate of etching/deposition,
designed to operate with a high workload of 0.5 to 2.7 drh leading to poor activation, damage to the bondpad, or an un-
surface area to be plated for every liter of solution. However,ewen NiP plating thickness. In these experiments no back face
typical 4 in wafer used in this study had a total bondpad areaating was applied to the test wafers employed, as all the bond-
of only 0.01 dnd, but the solution volume was 3.2 I. This ispads were separated from the Si substrate by a thermal oxide
clearly a situation where over-stabilization may occur and layer and the back faces of the wafers had a defect free oxide
supported by the observation above, that for formulations piayer. However, for the memory devices shown in Fig. 5 above,
pared from individual components, increasing the bath workne ground pad of the device was directly attached to the sub-
load temporarily produced well formed bumps from a solutiostrate. This showed significant variations in zincate activation
that had previously resulted in defects. A possible method fand subsequent electroless nickel plating as a result of this gal-
the prevention of defects with a commercial bath could be imanic cell effect. Fig. 6 shows pictures comparing the surfaces
plemented by plating a large object together with the wafers fi the ground bondpad with other pads after zincate treatment
order to maintain the bath workload, but with an inevitable wasgand after electroless nickel plating. It is clear that very little zin-
of other chemicals due to the unrequired coating produced. cate deposition occurred on the ground pad during the zincate
While the conical bumps formed by an incorrectly stabilizetteatment, in comparison with the ordinary pads and this sub-
bath are undesirable in a standard electroless nickel bumpseguently affected the morphology of the electroless nickel de-
process, it may represent a useful way of overcoming the prgimsit. Unfortunately, no suitable resists were available during
lems presented by the isotropic growth of the bump on fine pitthese trials with which to protect the rear of the die in order to
devices. Semiconductor devices designed for wire-bonding ajonfirm that these effects could be removed by isolating the Si
plications typically use large pads at relatively fine pitch to erfrom the solution.
able the maximum number of connections to be made around the
periphery of the die. For flip-chip assembly, this arrangement is V. CONCLUSION
undesirable as the close proximity of the edge of one bondpad to ) . )
the next, means that the isotropic growth of the electroless nickell e €lectroless nickel bumping of Al bondpads is a conve-
could produce a short between neighboring pads. If the stabilifé¢nt, maskless method for the deposition of an under-bump
level within the electroless nickel bath can be controlled, théhetallization that is suitable for solder deposition and sub-
conical bumps could be grown preventing the outward Spremcs&quent flip-chip interconnect. However, the work presented
the NiP thereby avoiding this problem. While this might not bBere and by others has demonstrated that to reproducibly bump
of use for solder bumped devices due to the spread of the solf@fers, carefully controlled bath formulations are required
ball, this might find application for anisotropic conducting adthat, in particular, offer close control over the stabilizer level.
hesive interconnect. Furthermore, the treatment of wafers at other steps in the
The electroless nickel bumping of bondpads that had pe@gnufacturing process needs to be considered in order to
test probed, resulted in the formation of deposits with unev&fsure a uniform deposit. Nevertheless, the electroless nickel
surfaces. While this level of unevenness is unlikely to cau8#mping process is now being carried out commercially by a
problems for subsequent solder bumping, it could present Cmuml?er of organizations, indicating thaj[ it |s.rap|dly becoming
ficulties for processes such as anisotropic conductive adhesh/@ainstream technology for low cost flip-chip assembly.
attachment. However, of more concern is the effect that the
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