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Electrochemically Deposited Tin-Silver-Copper Ternary Solder
Alloys
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A study on film properties of electrochemically deposited tin-silver-copaAgCu)alloys was performed with an alkaline bath.

This research focused on the bath and process development for dendrite-free, near-eutectic SnAgCu alloy deposition through the
investigation of cathodic polarization, morphological transition, and film composition. Effects of process parameters on surface
morphology, film composition, and diffusion-limited current dengityD) were also examined. Ternary alloys were obtained

only when the current density was driven beyond the mass-transfer limitation of noble fsét&isand copper which seemed

to cause the transition of surface morphology and film composition with increasing current density. The morphological transition
occurred through four stagédendrites, suppression of dendrites, nodules, and columns/depdaitdghe content of noble metals

in the film tended to drop with increasing current density. With increasing the concentration of noble metals, bath temperature, and
agitation, the morphology at low current densities became increasingly dendrite-dominated and the content of noble metals in the
film was enhanced at a fixed current density. The morphology of stage four was influenced by the ratio of the applied current
density to the LCD, where the LCD was significantly influenced by the metal concentration, bath temperature, and agitation.
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Mounting is a critical step in semiconductor-related device among polarization, surface morphology, and film composition was
manufacture. With the electronic devices miniaturized and the cir-discussed. Effects of process parameters on surface morphology,
cuitry complicated, the mounting of a microelectronic substrate tofilm composition, and diffusion-limited current densityCD) were
another substrate becomes more and more difficult. Therefore, interalso examined.
connection techniques with high density, performance, and reliabil- .
ity are desirable for microelectronic substrates. Flip chip technology, Experimental
which involves turning over a chip and then bonding the terminals  \yafers.—Wafers for testing cathodic polarization had the struc-
directly to a wiring substrate, is used instead of conventional mount+re of Si(substrate)/SiJTIN (40 nm)/Pt(50 nm). Platinum seed
ing technologies such as wire bonding or tape automated bondingayer was sputter-deposited. Wafers for characterizing surface mor-
The advantages of this technology include high-density bonding,phology, film composition, and LCD had the structure of Si
gang bonding, improved electrical performance, self-alignment, ré{substrate)/SigQ/ Ta (25 nm)/Cu(100 nm)/Cu(5 wm). A thin copper

liability and manufacturability: o o layer was sputter-deposited, whereas the thick copper layer was
The most widely used solders for flip chip applications are basedg|ectrochemically deposited.

on lead-tin alloys. However, there is currently substantial interest in

looking for lead-free solder alloys because of legislation due to the ~Cathodic polarization—In order to mount the wafers in a con-
toxicity of lead® Another concern for upcoming technology genera- ventional rotating disk electrod®DE) with as little hydrodynamic
tions is soft error generation caused by lead in flip-chip solder con-disturbance as possible, a device was manufactured which is re-

nections. This is due to alpha particle emission from the feid- ~ ferred to as the modified rotating disk electrodéRDE) and is
silver and tin-silver-based alloys are being developed to use as leadlustrated in Fig. I:* To use this MRDE, the wafer was sectioned
free solder bumps1° into 1.5 1.5 cm pieces and the wafer piece was then mounted to

Near-eutectic SnAgCu alloys are receiving a growing interestthe MRDE. The result was that no conducting part except for the
due to such merits as good melting, solderability, ability to cope €xposed wafer with a 1.2 cm diam came into contact with the plat-
with lead contamination, and reliability:12 To use these alloys for ing solution. Additional characterization of the bath was performed
general purpose solders, the contents of silver and copper in alloydSing an EG&G platinum RDE wita 4 mm diam. The MRDE and
are limited to near-eutectic compositiof¥4-4.1 wt % Ag and 0.45-

0.9 wt % Cu)on account of the limited level of melting points for

bumping application&? S_nAgCu alloys are being investigated as electrical contact

alternatives to lead-bearing alloys for solder bumps, but the main-

stream method of formation has been limited to screen printing tech- rod to EG&G
/ power supply

nology, because this is a low-cost method for producing relatively .
large geometry bumps:1® However, this method has serious limi- St?_mless steel
tation as the size/pitch of solder bumps decreases. As the density of g fixture
patterns and the complexity of circuitry increase, electrodeposition
technology becomes preferred as an alternative method to screen &
printing?

The purpose of this study was to develop a bath and process that
could produce dendrite-free, near-eutectic SnAgCu alloys for lead-
free bumping applications. Within this study, several process condi-
tions using an alkaline bath were tested and their influences were
measured. For example, the cathodic polarization tests of a new bath
were conducted, surface morphology and film composition were in-
vestigated with varying current densities, and the relationship

bolt

~\

wafer with seed layer nonconductive paint

* Electrochemical Society Active Member. ] ) )
Z E-mail: bkim@semitool.com Figure 1. Schematic drawing of MRDE.
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Table I. Summary of process conditions used for experiments. - 60
g
Parameters Conditions 4
Bath concentration Bath type Sn Ag Cu E 40 -
(mol/L) 1 0.500 0.008 0.004 ~
2 0.500 0.012 0.004 é’
3 0.500 0.012 0.006 z
4 0.500 0.024 0.012 S
5 0.750 0.012 0.006 = 20 -
6 0.400 0.010 0.010 s
7 0.400 0.005 0.005 o)
Temperaturg°C) 20, 30, 40, and 50+0.5) 6
Agitation (rpm) 0, 100, and 200 £10) 0
pH 7.5,8.5, and 9.540.2) 20.17 037 -0.57 -077 097 -1.17 -137 -1.57
(@ Cathodic Potential (Volts vs. SHE)
10

RDE were rotated at the desired rpm using an EG&G model 616>
RDE motor. The potentiostat used for linear scans was the EG&G E
model 263A with EG&G 270 electrochemical software. The scan 8 1
rate was 20 mV/s. An Ag/AgClreference electrode was used and the E
measured potential was converted to standard hydrogen electrod
(SHE).

Surface morphology, film composition, and LEBTo evaluate
film properties, wafer segments with an area of approximately potential ‘a’
3.0 cnt were used as a cathode and a large area of platinized- \
titanium sheet was used as an anode. Experiments were performe
in a 1.5 L beaker containing 1 L of plating solution. The power
supply used for these experiments was an HP model E3617E DC 0
The deposition time for each current density was adjusted to mee -0.17 -027 -037 -047 -057 -067 -0.77
the target thicknesglO pum). For example, it took 25 min to deposit (b) . .

a 10 pm thick film with a current density of 10 mA/éntat room Cathodic Potential (Volts vs. SHE)

temperature and no agitatipriThis rate was used as a reference ) o )

value to set up the deposition time for different current densities.Figure 2. (a) Cathodic polarization curve of SnAgCu bath showing two
Tested process conditions including bath concentrations are listed imztte:fut?ﬁ %’:%(%; fﬂﬁiz;??)Z?{giﬂfﬂr:'gmﬁtritt'%rfa?égﬁﬂﬁ dm;égfs‘?‘t?odntgﬁtce’tnhtgl by
Table |. Each bath was composed of tin lons, silver ions, COPPeLy- sed for potentiostatic deposition. 20 mV/s scan rate, batf.8 mol/L

1ons, and two C_Omp'ex'”g agents. Complex_lng'agents were used t%n, 0.01 mol/L Ag, and 0.01 mol/L Guroom temperature, 100 rpm, and pH
shift the reduction potential of noble metal iofsslver and copper) g5
to more cathodic values by forming ion complexes. A scanning elec-
tron microscope(SEM, AMRAY model 3600 FE SEMand an
energy-dispersive spectromet&DS, Noran Voyagerwere used to
observe surface morphology and examine film composition, respec-
tively. Film thickness was measured with a Veeco surface metrology Cathodic polarization, morphological transition, and film
tool (Dektak 300-Si). Chronopotentiometric data were obtained with composition.—A cyanide-free, alkaline bath was developed for elec-
the same potentiostat in order to evaluate the LCD of ternary alloytrochemically depositing ternary SnAgCu solder alloys. As the con-
deposition. tents of silver and copper in these alloys for bumping applications
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Figure 3. (a) EDS spectrunfaverage composition in wt %: 56 Ag-44 Cand (b) surface morphology of deposit obtained at potential “a”. Batt®& mol/L
Sn, 0.01 mol/L Ag, and 0.01 mol/L Guroom temperature, 100 rpm, and pH 9.5.
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Figure 4. Morphological transition with increasing current density. Electric charge density of 18Gfceach current density, bath(8.75 mol/L Sn, 0.012
mol/L Ag, and 0.006 mol/L Cy 40°C, 200 rpm, and pH 9.5.

are very low(generally,<4.1 wt %Ag and<0.9 wt %Cu)*? the EDS spectrum. It was found from more studies that the composition
bath also contains small amounts of silver and copper. Baths useff binary alloys varied with changing potential due to the difference
for these experiments are listed in Table |. These baths did not showf deposition potential between silver and copper in the bath. The
any precipitation or color change for more than 6 months withoutdeposit was very dendritic as seen in Fig. 3b, and there was no
applying current. change of induced current density in a wide range of potential as
Polarization tests were conducted with an MRDE to characterizeseen in Fig. 2b. It can be deduced from these results that the first
the surface morphology and film composition of deposits obtained aplateau comes from the mass-transfer limitation of noble metal ions
each potential. Experiments were performed with bath 6 at roomand that ternary alloys are obtained only when the current density is
temperature, 100 rpm, and pH 9.5. The result is illustrated in Fig. 2adriven beyond the mass-transfer limitation of noble metals. Driving
The initial part that was gently sloping and then forming a plateau,current density beyond this point causes the voltage to increase to a
shown in Fig. 2b, corresponds to the potentials at which primarily point where tin is codeposited, leading to ternary alloy deposition.
the binary silver-copper alloys are deposited. As shown in Fig. 3aAt a potential of approximately-0.7 V, the curve begins to rise
the deposit obtained potentiostatically from the deposition potentialsharply until it reaches the potential where the mass-transfer limita-
a in Fig. 2b was a binary alloy composed of 56 wt % Ag and 44 wt tion of tin ions occurs. This rise is related to the inclusion of the tin
% Cu. No tin was observed in this alloy, as can be seen from thdan the deposit, as mentioned previously. Therefore, ternary alloys
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Figure 5. Approximated relationship between polarization curve and surface
morphology.

can be obtained from this potential. Another rise at abet5 V
after the second plateau results from proton dischédrgérogen gas
evolution). After the polarization tests were completed, electrodepo-
sition runs were conducted at various current densities in order to
investigate the transition of surface morphology and film composi-
tion with varying current densities.

The morphological transition of ternary alloys with increasing
current density was examined and is shown in Fig. 4. The morpho-
logical transition of deposits occurred through four stages with in-
creasing current density; dendritic grow@$tage 1), suppression of
dendritegstage 2), nodular growtfstage 3), and columnar/dendritic
growth (stage 4). The following can be considered as the driving
force for the morphological transition with increasing current den-
sity. Stage 1 seems to result from the mass-transfer limitation of
silver and copper as seen from Fig. 3, where the ternary alloy depo-
sition occurs at a current density higher than the formation of the
dendritic, binary silver-copper alloys. Up to a certain potential after
the first plateau, the initial, ternary alloys containing high amounts
of noble metals can also be under the influence of the mass-transfel
limitation of noble metals. In order words, the low concentration of
noble metals in the bath can be the source of dendrites. Because o
the higher(less cathodicyeduction potential of silver and copper
relative to tin, these ions tend to be preferentially deposited at low
potentials. However, the supply of these ions to the surface is very
limited, resulting in dendrites at low potentials. Tin is deposited
preferentially with an increase in current density, suppressing den-
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Figure 7. Effects of process parameters on the noble metal LBt pla-
teau).(a) Effect of the concentration of noble metals. 20 mV/s scan rate, bath

(0.4 mol/L Sn, 0.01 mol/L Ag, and 0.01 mol/L Cand bath 70.4 mol/L

Sn, 0.005 mol/L Ag, and 0.005 mol/L ¢uL000 rpm, room temperature, and
pH 9.5.(b) Effect of bath temperature: 20 mV/s scan rate, batB.Z mol/L
Sn, 0.005 mol/L Ag, and 0.005 mol/L Gu1000 rpm, and pH 9.5c) Effect
of agitation. 20 mV/s scan rate, bath(&4 mol/L Sn, 0.01 mol/L Ag, and
.01 mol/L Cu), room temperature, and pH 9.5.

rites induced by the mass-transfer limitation of noble mettkge

2). In this case, the transition seems to occur between 10 and
20 mA/cnt. Fully suppressed, smooth surfaces were obtained be-
tween 60 and 70 mA/cfn Deposits were transformed to stage 3
(development of nodulgswith further increasing current density,

Figure 6. The change of film composition with increasing current density.
Bath 5(0.75 mol/L Sn, 0.012 mol/L Ag, and 0.006 mol/L Lu#0°C, 200
rpm, and pH 9.5.

where the mechanism of deposition is thought to change from
charge-transfer control to mixed control, resulting in secondary,
nodular growth. The topography of stage 3 morphology was en-
hanced with increasing current density. Under mass-transfer control
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Figure 8. Effects of process parameters on the morphology of deposits obtained at low current degifigfect of the concentration of noble metals:
2.5 mA/cm, bath 1(0.5 mol/L Sn, 0.008 mol/L Ag, and 0.004 mol/L Gibath 3(0.5 mol/L Sn, 0.012 mol/L Ag, and 0.006 mol/L Cand bath 40.5 mol/L
Sn, 0.024 mol/L Ag, and 0.012 mol/L Gu30°C, 0 rpm, and pH 9.5b) Effect of bath temperature: 5.0 mA/gmbath 3(0.5 mol/L Sn, 0.012 mol/L Ag, and
0.006 mol/L Cy, O rpm, and pH 9.5(c) Effect of agitation. 2.5 and 5.0 mA/gm bath 3(0.5 mol/L Sn, 0.012 mol/L Ag, and 0.006 mol/L Guoom
temperature, and pH 9.&d) Effect of pH. 2.5 mA/cm, bath 3(0.5 mol/L Sn, 0.012 mol/L Ag, and 0.006 mol/L Guoom temperature, and O rpm.

(stage 4), the morphology changed to columnar dendrites at

110 mA/cn? and eventually fine dendrites at 120 mAfcmith se- ~ 10
vere hydrogen gas evolution. Figure 5 shows the approximated re- £
lationship between the polarization curve and surface morphology.
The exact boundary between stages was not defined clearly due tc
the gradual change of morphology with increasing current density.
More study will be devoted to defining the exact boundary between
stages, especially between stage 1 and stage 2, in the future.

The content of silver and copper, whose deposition potential is
higher(less cathodicjhan that of tin, tended to drop with increasing
current density and is illustrated in Fig. 6. The abrupt drop of the
content of noble metals between 10 and 20 mA/&sraccompanied
by the significant change of morphology between two current den- )
sities, as shown in Fig. 4. In the case of alloy deposition, the content
of each metal in the deposit is thought to be proportional to the -028 -0.33 -0.37 -0.42 -046 -0.51 -0.56 -0.60 -0.65
partial current(density) induced by each discharge reaction. The Cathodic Potential (Volts vs. SHE)
absolute partial current density by the discharge of noble metals is
constant after the first plateau, but the relative partial current densityigure 9. Extension of stage 1 with increasing agitation: 20 mV/s scan rate,
decreases with increasing current density due to the increase of papath 6(0.4 mol/L Sn, 0.01 mol/L Ag, and 0.01 mol/L Groom temperature,
tial current density by tin discharge. This result indicates thatand pH 9.5.

Current Density (mA/c
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Figure 10. Effect of the ratio of the applied current density;) to the LCD
(J,) on the morphology(a) J, < J,_, stage 3(b) J,~ J_, stage 4(c) J,
> J,, stage 4, andd) J, > J, , stage 4. Bath 10.5 mol/L Sn, 0.008 mol/L
Ag, and 0.004 mol/L Cyy room temperature, O rpm, and pH 9.5.
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Figure 11. Effect of concentratioribath 1 and 3)of noble metals on film
composition. Bath 0.5 mol/L Sn, 0.008 mol/L Ag, and 0.004 mol/L Cu
and bath 3(0.5 mol/L Sn, 0.012 mol/L Ag, and 0.006 mol/L Guoom
temperature, no agitation, and pH 9.5.
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Figure 12. Effect of bath temperatur@0, 40, and 50°Cpn film composi-
tion. Bath 3(0.5 mol/L Sn, 0.012 mol/L Ag, and 0.006 mol/L wo agita-
tion, and pH 9.5.
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Figure 14. Effect of pH (7.5, 8.5, and 9.)6on film composition. Bath 30.5
mol/L Sn, 0.012 mol/L Ag, and 0.006 mol/L Guroom temperature, and no
agitation.

Table Il. Effects of process parameters on the LCD of ternary
alloy deposition (second plateau); conditions in bold increased
the LCD.

Conditions
Bath TemperatureAgitation LCD
Parameters (°C) (rpm) pH (mA/cn?)
Base line 3 20 0 95 20 (x25)
Concentration 5 20 0 9.5 25(*2.5)
Temperature 3 50 0 9.5 30(*2.5)
Agitation 3 20 200 9.5 60 (*=5.0)
pH 3 20 0 7.5 and 8.520 (+2.5)
Combination 5 40 200 9.5 100(=*10)
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Figure 15. Comparison between chro-
nopotentiometry and surface morphol-
ogy. Bath 1(0.5 mol/L Sn, 0.008 mol/L
Ag, and 0.004 mol/L C)j room tempera-
ture, no agitation, and pH 9.5.
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SnAgCu alloy deposition with this type of bath is of a normal A chronopotentiometric method was used to define the LCD of
codeposition type. ternary alloy depositionsecond plateauand a comparison was

made with the surface morphology. As can be seen from Fig. 15,
voltage fluctuation as well as gas evolution was detected along with

composition, and LCB—Effects of process parameters on the sur- the CO'Um“f’” grovyth. More severe fluctuation an_d_ gas e"o'“t'of‘
face morphology of stage 1 and stage 4 were investigated. Mosyvere associated with finer dendrites. The codeposition of protons is

efforts were devoted to evaluating the influence of the concentratioﬁhotht to be Fhe_ source of potential quctua_tlon. In the case of
of noble metals, bath temperature, and agitation on the morphologfass-transfer limitation of metals, the potential drops quickly to
|

Effects of process conditions on surface morphology, film

of stage 1, based on the assumption that process parameters inf g’éogfri‘;lécg'%gr?;i%ng'i"s‘uonr]dnf;:i(;gdeeiﬁ Elr']aeblceurlrlenstircn?gsrt?gt'tkla he
encing mass transfer might affect the morphology of stage 1, a Its in Fia. 7. th trati t metal it ; thi
these dendrites were caused by the mass-transfer limitation of noblEESUlts in Fig. 7, the concentration of metal idtis in this case),
metals. The results were in good agreement with the assumptio ath temperature,_a_nd agitation had a_larg(_e |nflue_nce on the LCD.
Figure 7 shows the experimental results with a conventional RDElthy pr?pﬁrlyt/) corpblnlng thgse_ fagtc/);s, five t|m§shh|ghf?r LCfD |t_r|1an
illustrating the change of noble metal LCD with varying process at of the baseline was obtained. As expected, the effect of pH was
conditions. The LCD of noble metalirst plateau)was increased  nedligible.
with increasing the concentration of noble metals, bath temperature,
and agitation. It is shown in Fig. 8 that the surface morphology Conclusions
became increasingly dendrite-dominated at a fixed current density A paih and process were developed for dendrite-free, near-
with increasing the concentration of noble metals, bath temperature, o ic SnAgCu alloy deposition through the investigation of ca-
and agitation. The extension of stage 1 with increasing mass transfeg, .. polarization, morphological transition, and film composition.
is due to the increase of the noble metal LCD, extending the range at Ternary alloys were obtained only when the current density was
which stage 1 growth was observed. The extension of stage 1 0 en beyond the mass-transfer limitation of noble metals. With
higher current density V.V'th increasing agitation, as an examP'_e’ IS1ncreasing current density, the morphological transition occurred
shown in Fig. 9. Accordingly, the shift of stage due to the variation w41y four stages; dendrites, suppression of dendrites, nodules,
of noble metal LCD can be considered to cause the morphology,,q colymns/dendrites. The content of silver and copper in the film
change at a fixed current density. As can be seen from Fig. 8d, t €ended to drop with increasing current density.
effect of pH was negligible due to the negligible effect of pH on the \yi, jncreasing the concentration of noble metals, bath tempera-
noble metal LCD. The m_orphology of stage _4 was depen_den_t on th‘?ure, and agitation, the transition current density from stage 1 to
ratio of the current density to the LCD and is illustrated in Fig. 10. 546 5 increased. With increasing the concentration of noble metals,
With increasing the ratio of the applied current density to the LCD, |, temperature, and agitation, the content of noble metals in the
the tip radius of dendrites decreased and the corresponding morphofy . i creased at a fixed current density due to an increase in noble
ogy varied from columnar to finer dendrites due to the increased  ta| LcD. The morphology of stage 4 was dependent on the ratio
growth rate. Baths 1-5 all showed the same trend. . _of the applied current density to the LCD, where the LCD of ternary
Figures 11-14 represent the effect of process conditions on film,; " yenosition was mainly affected by the concentration of tin
composition according to the applied current density. The corre-o & 1ot temperature, and agitation
sponding maximum current density depicted in each figure is close ™ ' ' '
to the corresponding LCD. With increasing the concentration of  Semitool, Incorporated, assisted in meeting the publication costs of this
noble metals(Fig. 11), bath temperaturéFig. 12), and agitation  artcle.
(Fig. 13), the content of noble metals in the film increased. How-
ever, the effect of pH was negligible, as can be seen from Fig. 14.
That means the deposition of noble metals is under mass-transfef- T.- W. Goodman and E. J. Vardama&€CIP and Expanding Markets for Flip Chip
control. An increase in mass transfer increased the LCD of noble , P 2 TechSearch 'L"éi{r’:gﬁ;agc';‘fe'ge’fz%?b 81 (QulylAug)
metals(first plateau), resulting in the increase of noble metal content 3. ;' s HwangModern Solder Technology for Competitive Electronics Manufactur-
in the film at a fixed current density. ing, p. 485, McGraw-Hill, New York1996).
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