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Abstract A quantitative study of the impact of key Cu

plating parameters on the voiding propensity of solder joints

with Cu electroplated in a commercially available plating

solution (CAPS) is performed first on 0.3 cm2 Cu rotating

disk electrode. It is shown that similar to samples plated in a

generic plating solution (GPS) containing bis(3-sulfopropyl)

disulfide, polyethylene glycol, and Cl- ions, void-prone

samples are deposited predominantly at higher overpoten-

tials, in the range from positive to -0.20 V. In the second

part, a Hull cell with 46 cm2 cathode is used to scale up the

voiding study in both, GPS and CAPS. It is demonstrated that

plating conditions could be chosen in a way to generate both,

void-prone and void-proof Cu on the same cathode panel.

Thus, the controlled voiding propensity illustrated for the

first time in a prototype of industrial Cu plating helps in

realizing the sporadic nature of the voiding phenomenon.

Keywords Cu electroplating � Impurity incorporation �
Solder joints � Voiding � Hull cell

1 Introduction

The lead-free solders with Cu pad structures being cur-

rently used have been reported to suffer from occasional

premature failure under shock loading [1–4]. The cause for

the failure was determined to be associated with the spo-

radic Kirkendall void formation in the intermetallic com-

pound (IMC) (i.e., Cu3Sn) of the solder joint during

thermal aging. The formation and growth of these voids

have been shown to be strongly correlated with the quality

of electroplated copper samples that were soldered onto

[4]. This has been the cause of great concern to the

microelectronics industry that deals with Cu electrode-

position from the acidic copper solutions with key appli-

cations in the interconnections of the printed circuit board

(PCB) and integrated circuit (IC) [5, 6].

A systematic study on voiding during the era of Pb-free

manufacturing suggested that voiding in Cu3Sn was inde-

pendent of solder alloy Ag and Cu composition, flux

selection, soldering process parameters, and surface coat-

ings on electroplated Cu, e.g., immersion Ag, immersion

Sn etc. [7]. Although a study by Kim et al. has shown that

the addition of sulfide-forming elements (Cr, Mn, and Zn)

as a third element to Sn-3.5Ag solder suppressed Kirken-

dall voids, other negative effects of the addition of third

element to the interface, apart from the positive drop reli-

ability improvement, may result [8].

Interestingly, studies done where soldering was per-

formed on high purity wrought Cu foils followed by a

thermal aging treatment showed an insignificant level of
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voiding in the interfacial Cu3Sn phase [9, 10]. Other

studies reported by Kim et al. were done to investigate the

effects of residual S on Kirkendall void formation, where

Cu films were electroplated with or without bis(3-sulfo-

propyl) disulfide (SPS) in the plating bath [11, 12]. The

reported results show that the addition of SPS strongly

affected the characteristics of Kirkendall void formation as

voids were predominantly distributed near the Cu3Sn/Cu

interface with SPS, but randomly distributed in the Cu3Sn

layer without SPS. The authors proposed that S segregation

to the Cu/Cu3Sn interface lowered the interface energy and

thereby the free energy barrier for Kirkendall void nucle-

ation [11, 12].

To assess the quality of electroplating to the voiding

propensity, studies reported by our research group have

shown that voiding in the IMC Cu3Sn can be ‘‘turned on’’ and

‘‘turned off’’ by monitoring the factors that govern the

electrodeposition of Cu from the acidic copper sulfate

solution that are largely responsible for the impurity incor-

poration termed to be the primary cause to void evolution in

the IMC [13–15]. The impurities associated with voiding

came from the additives used in the Cu electrodeposition [13,

14], i.e., polyethylene glycol (PEG), SPS, and the chloride

ions (Cl-) that are indispensable in today’s industrial acid Cu

electroplating solution [6, 16, 17]. The effect of solution

composition, deposition rate, deposition potential, solution

temperature, and solution aging on the voiding propensity in

the Cu solder joint have been investigated [14, 15]. The

incorporation of these impurities took place at different

current densities when PEG ? Cl- or SPS ? PEG ? Cl-

were used as additives [13, 14]. When PEG ? Cl- was

added to Cu plating bath, characterization of accordingly

grown Cu deposits using the secondary ion mass spectros-

copy (SIMS) showed that there was a substantial incorpo-

ration of PEG at current densities of 10–40 mA cm-2, while

for a bath that contained SPS ? PEG ? Cl-, an increase in

the SPS in the deposit was registered in the range

0.5–5.0 mA cm-2 [13, 14]. Accordingly, higher voiding

propensity was found in Cu deposits with a higher impurity

level. Also, with Cu plating in the presence of SPS ?

PEG ? Cl-, high solution temperatures favor the S incor-

poration at low overpotentials resulting to formation of a

thick layer of voiding in the Cu3Sn as the catalytic effect of

Cl- becomes insignificant in the PEG ? Cl- incorporation

due to precipitation of the CuCl [15]. This clearly shows

strong dependencies of voiding propensity on the plating

conditions.

A further and comprehensive analysis relied on the

experimentally obtained potential-current–temperature

results with respect to the voiding propensity helped to

identify that plating potential is the determining parameter

on the voiding propensity. We established the ranges of

overpotentials where either ‘‘void-prone’’ or ‘‘void-free’’

Cu could be deposited in two acidic Cu plating solutions

containing different additive combinations. As a result,

we reported that in the presence of SPS ? PEG ? Cl-,

voiding is observed in the overpotential range more posi-

tive than -0.11 V versus Cu pseudo reference electrode

regardless of the temperature and current density combi-

nations employed; whereas in the presence of PEG ? Cl-,

voiding is observed in the overpotential range more nega-

tive than -0.23 V [15, 18]. While this analysis undoubt-

edly helps in the prediction and control of voids in the

Cu3Sn IMC when soldering is done on electroplated Cu

films, more research is needed to address the specificity of

the voiding problem in the realm of the industrial Cu

plating.

The study described herein consists of two relatively

separate activities both aimed at elaborating on specific

issues associated with the industrial plating. In the first part,

the analysis of the correlation between plating parameters

and voiding propensity developed in [15] is extended to Cu

electrodeposited in commercially available plating solutions

(CAPS) in rotating disk electrode (RDE) configuration at

either constant current density while varying temperature or

at constant temperature with a variation of the current density.

The resultant current–voltage–temperature (i–g–T) depen-

dencies are used in identifying the potential ranges for gen-

erating void-proof or void-prone Cu samples using CAPS. In

the second part, scaled up Cu plating experiments founded on

previously analyzed plating scenarios and carried out in a

Hull cell (volume of 267 mL) are aimed at examining

regions of the surface where supposedly ‘‘void-proof’’ and

‘‘void-prone’’ Cu co-exist in a controlled way on the same

cathode panel. This part of the study is done using both the

CAPS and our generic plating solution (GPS) with

PEG ? Cl- and SPS ? PEG ? Cl- additives. The analysis

of the results obtained will be important in controlling the

sporadic voiding in Cu3Sn IMC under industrially relevant

Cu plating conditions.

2 Experimental

Electrodeposition of Cu from (i) GPS having SPS ?

PEG ? Cl- and PEG ? Cl- additives and (ii) CAPS with

additives A and B representing proprietary formulations

undisclosed by the vendor, was carried out in a standard

267-mL Hull cell (two-electrode setup) while a beaker

(100 mL) with CAPS only (similar study with GPS was

reported in [15, 18]) was used for Cu electrodeposition in

RDE configuration at a constant rotation speed of 50 rpm.

More details on the additives, A and B, will be provided

later in this study.
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2.1 Electrodeposition in a three-electrode cell using

RDE

Cu disks (99.99%, Advent Research Materials, Ltd.), 6-mm

diameter and 1-mm thickness, were used as working

electrodes (plating substrates). Before the plating process,

the electrodes were mechanically polished on cloths soaked

with different sizes of alumina slurry (Buehler) down to

0.05 lm. Right before the plating, the mechanically pol-

ished Cu disks were electropolished following a procedure

described in a previous study [19]. Next, the Cu surface

was thoroughly rinsed with Barnstead Nanopure� water

(R [ 18.2 X cm) and dried with high purity N2 gas (less

than 1 ppb oxygen, CO, CO2, and moisture content). Right

after that, the sample was mounted onto a holder of a

rotating disk setup (PINE Instruments Rotator with MSPX

Speed Control) to be used as a working electrode. A con-

stant current density was applied using potentiostat/galva-

nostat Princeton Applied Research, EG&G, Model 273. A

phosphorized Cu anode (Kocour, 0.04–0.06% P) serving as

a counter electrode was prepared as outlined in part 2.2

below. A Cu wire (99.99%, Surepure Chemetals), pre-

etched in a 1:3 mixture of HNO3 and H2O and rinsed with

Barnstead Nanopure� water, served as a pseudo reference

electrode (pre). All potentials in this study are reported

versus the Cu pre as overpotentials g = E - ECu2þ=Cu. The

GPS used was formulated as described in Sect. 2.2 below.

Each plating experiment was aimed at producing at least a

10-lm-thick Cu layer so that the deposition time was cal-

culated based on the constant current density applied in

each particular experiment. The specific plating conditions

for each experiment are described in Sect. 3 and in the

figure legends. After each plating event, the sample was

rinsed with Barnstead Nanopure� water and dried with

high purity N2. Finally, the sample was subjected to sol-

dering, heat-treatment, and characterization as outlined

below.

2.2 Electrodeposition in the Hull cell

Cu sheet, 10 cm 9 7.5 cm, was used as a cathode panel.

Before usage, the panel was dipped in 10 vol% sulfuric acid

for about 3 s for removal of traces of oxide, rinsed with

Barnstead Nanopure� water, and dried with high purity

nitrogen gas. One side of the cathode panel was masked using

nail polish to allow copper plating only on the side with

mirror like finish. Acetone was used to rinse off carefully the

nail polish not to contaminate the electrodeposited Cu film

after Cu deposition. The anode used in this experiment was

phosphorized copper (Kocour, 0.04–0.06% P) measuring

6.5 9 6.0 cm2 pretreated by etching in 8 M nitric acid and

rinsing thoroughly with Barnstead Nanopure� water. The

phosphorized Cu anode was prepared (filmed) before each

plating experiment. The filming procedure was developed

according to recommendations described previously [14].

Since the effective anode area was to be higher to have

anodic and cathodic efficiencies in the ratio of 1:1, a ridged

anode was used in this experiment. The GPS plating solution

was formulated in our laboratory and consisted of 0.26 M

CuSO4�5H2O (Sigma-Aldrich), 2 M H2SO4 (doubly dis-

tilled, GFS), 1.13 mM HCl (doubly distilled, Sigma-

Aldrich), 0.02 mM PEG (Mw 4,000, Fluka), and 0.01 mM

SPS (Rachig). All chemicals were used as-received from the

corresponding vendors. Desired solution compositions were

achieved by mixing the above chemicals at the concentration

values presented above. The CAPS obtained from an

undisclosed vendor was used in the second part of the

experiment that included use of base copper plating solution

and two additives A and B added in the ratio 1:4. In the Hull

cell setup, the constant current (Kocour Model 5D) applied

was 0.5 A for the PEG ? Cl- system, while for the SPS ?

PEG ? Cl- (GPS) and the CAPS, 0.3 and 0.1 A was used,

respectively. All currents were chosen according to previ-

ously published studies [13–15] in a way to provide condi-

tions for co-existence of void-free and void-prone Cu in one

plated sample. After each plating event, the cathode panel

was rinsed with Barnstead Nanopure� water and dried with

high purity N2. Finally, the sample was subjected to solder-

ing, heat-treatment, and characterization.

2.3 Soldering, reflow, heat-treatment,

and characterization

The soldering of the Cu samples was carried out in a

10-zone reflow oven (Vitronics Soltec XPM1030 N) in

nitrogen atmosphere. Before reflow, Sn(3.0)Ag(0.5)Cu

solder spheres with 0.5-mm diameter were placed onto the

plated Cu panel at equal distance vertically across the panel

with a Kester TSF-6522 soldering flux. The solder reflow

profile was typical of lead-free soldering and had a peak

temperature of 260 �C and a time above liquidus of 60 s.

Soldered panels were then isothermally aged in air at

175 �C for 1 week (for SPS ? PEG ? Cl-, PEG ? Cl-

and CAPS). After isothermal aging, pieces to be mounted

in the mixture of resin epoxy and hardener were cut out

horizontally from the panel. The samples were then cross-

sectioned and polished by standard metallurgical prepara-

tion procedures, where the final polishing step was

performed with a 0.02-lm colloidal silica suspension to

give a better phase contrast. The thickness of Cu deposit

and the interfacial voiding levels were inspected by scan-

ning electron microscopy (SEM). Images were taken by a

Zeiss EVO50XVP SEM at 4,0009 magnification under the

backscattered electron mode to show phase contrast. The

resolution at this magnification was 0.048 lm pixel-1.

Calculations of the locally operating current on each spot
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are hereby performed knowing the deposition duration time

and using the SEM images of the interface to measure the

deposit thickness.

3 Results and discussion

3.1 Voiding behavior of CAPS plated Cu in RDE

configuration

In a recent study, an approach based on the analysis of the

i–T–g curve in terms of the voiding propensity was devel-

oped for understanding of the impact of the plating condi-

tions on the voiding behavior of Cu samples. To date, the

applicability of such approach has been tested only for Cu

samples grown in GPS, which is composed from solutions

proposed in literature for superconformal electroplating of

Cu [15, 18]. Since the relevance of GPS to industrially used

Cu plating solutions is overall unknown, it is a challenge to

draw specific conclusions for the applicability of the i–T–g
curve in predicting the voiding behavior of industrially pla-

ted Cu samples. In addition to this, the qualitative difference

in the voiding behavior between the Cu samples prepared

from CAPS and those generated from GPS is also unknown.

To address these issues, we extend an experimental strategy

used in GPS [15, 18] to the analysis of the voiding behavior

of samples generated in CAPS as demonstrated in the rest of

this chapter.

3.1.1 Plating at ambient temperature

3.1.1.1 Chronopotentiometry In this part of the study,

electroplating of Cu from CAPS was carried out at room

temperature, in RDE configuration while varying the current

densities from 0.8 to 30 mA cm-2. The potential transients

for the first 5,000 s of growth are shown in Fig. 1. As dem-

onstrated previously in the GPS studies, the potential tran-

sient shape is a good indicator for predicting a change in the

growth conditions and resultantly an alteration of the voiding

propensity [13–15]. However, owing to the proprietary

CAPS chemistry, a significant challenge is encountered

when to correlate the potential transient shape to the voiding

propensity in the current study. Nonetheless, relying on an

earlier shown qualitative similarity in both, potential tran-

sient shape and general trend in the voiding behavior with

samples plated in GPS containing PEG ? SPS ? Cl- [14],

we have a strong reason to believe that CAPS additives

contain both, suppressor and brightener, likely PEG and SPS,

respectively or their substitutes. Furthermore, since deter-

mining the chemical formula for the additives in CAPS is not

the concern of this study, for the sake of this analysis, we are

herein considering that CAPS also contains PEG and SPS as

additives.

As seen in Fig. 1, the analysis of the potential transients

obtained at current density of 10 mA cm-2 or higher sug-

gests the establishment of a specific transient shape char-

acterized by initial decrease, followed by an increase that

eventually reaches a steady state. The current density of

10 mA cm-2 was chosen because of (i) its relevancy to

most of the industrial plating protocols and (ii) its suitability

in demonstrating temperature-driven voiding trends [15,

18]. Comparing the magnitude of potential increase

observed for CAPS in Fig. 1 with the one obtained from the

GPS solution of PEG ? SPS ? Cl- [14] using the growth

rate at 10 mA cm-2 as an example, one can clearly see that

the former is minimal (less than 0.01 V) versus around

0.05 V for the latter. The observed potential increase is

found to be as the result of a gradual displacement on the

growing Cu surface of the rapidly formed PEG-Cl- com-

plex by the SPS-Cl- one [14, 20]. Therefore, the large

difference in the potential increase indicates that there must

be a variation in the composition of organic additives

between these two solutions while all other plating condi-

tions remain the same. This variation is most likely repre-

sented by a difference in the suppressor to brightener ratio

or PEG to SPS ratio in particular as it has been shown that a

higher PEG to SPS ratio favors a more rapid formation of

PEG-Cl- layer on the growing Cu surface [6]. If we assume

based on potential transient comparison a higher value for

the PEG:SPS ratio in GPS, then the CAPS plating would

feature less pronounced competition between PEG ? Cl-

and SPS ? Cl-, and the potential transient of CAPS shown

Fig. 1 Potential transients of Cu plated in CAPS using RDE from

current densities of 0.8–30 mA cm-2 and at ambient temperature

(Note only the potential transients for the first 5,000 s of growth or

less are presented)
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in Fig. 1 would resemble the one for GPS containing

SPS ? Cl- (i.e., an initially increase in the potential, fol-

lowed by a steady state [14]). It could be speculated that a

reason for adding more SPS has something to do with the

fast depletion of SPS during the plating [6]. Thus, a higher

SPS concentration would provide longer plating without the

need for additive replenishments. Furthermore, the potential

transients for plating rate at 5 mA cm-2 or lower do not

feature the potential increase at the beginning of the plating,

instead a potential decay is observed that is closely similar

to the potential transient for the plating in GPS containing

only SPS ? Cl-, strengthening the argument for a lack of

competition between PEG-Cl- and SPS-Cl-. One can

therefore deduce that there are either fewer suppressors or

the suppressors’ adsorption is weaker for the lower plating

rates (overpotentials positive than -0.16 V).

3.1.1.2 Voiding propensity Figure 2 shows cross sections

of solder joints with Cu electroplated in the experiment

analyzed in the previous section. While no sample is

completely void free in Fig. 2, a trend in the voiding pro-

pensity as a function of the plating rate is clearly seen. A

continuous and thick layer of voids in the Cu3Sn inter-

metallic layer observed for current densities of 0.8 and

1.7 mA cm-2 gradually shrinks to a line of voids for 2.5

and 5 mA cm-2 and then transform itself into a set of

separated voids with decreasing density at plating rates

exceeding 10 mA cm-2. These results overall are qualita-

tively comparable (as trend) to findings of our previous

studies [14] on GPS-plated Cu where a relatively thin layer

of voids was observed at current densities less than

2 mA cm-2, separate voids were found for plating in the

range 2–10 mA cm-2, and virtually no voiding was seen at

current densities above 10 mA cm-2. In general, with that

set of cross-sectioned samples, we obtain a solid qualitative

trend manifested by a very high level of voiding in the

Cu3Sn IMC that gradually almost disappears at a lower

overpotential and higher plating rate, respectively. The

registered identical voiding trend here, suggests similar key

additives operating in both CAPS and GPS (i.e., PEG, SPS,

and Cl- ions or their substitutes). Given similarity of the

plating chemistry, no substantial difference in the voiding

trends registered in both solutions could be expected within

the realm of changing current density only. However, a

careful comparison of both experiments (GPS and CAPS

plating) shows that the GPS plated samples are generally

less prone to voiding. Comparing the voiding behavior

presented in Fig. 2 to the one of samples deposited in

GPS containing SPS ? PEG ? Cl-, one sees a significant

decrease in the overpotential where the voiding as a first

approximation disappears in the CAPS solution, -0.20 vs.

-0.11 V as shown in our previous study [14, 15, 18]. It is

also true that even at overpotential of -0.20 V (current

density of 10 mA cm-2), the voiding propensity has not

Fig. 2 SEM micrographs of solder joint cross sections for Cu plated in CAPS using RDE at ambient temperature and at current densities of

a 0.8, b 1.7, c 2.5, d 5, e 10, f 20, and g 30 mA cm-2
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disappeared completely and a few voids are still seen in the

Cu3Sn IMC. This observation is most likely due to some

differences in the concentration ratio between the sup-

pressor and brightener in both cases as it was pointed out in

the previous section. Also, as reported in our previous

study [13, 14], the void-free copper is produced only when

a delicate balance between the suppressor and brighter in

concentration helps prevent the incorporation of either

compound. This means that a higher SPS to PEG ratio in

CAPS would likely disrupt this balance, leading to the

possible incorporation of more SPS molecules and result-

ing in the formation of more voids. Once again, the exact

reason for the difference in the void level remains unclear

given the fact that the detailed composition of CAPS is

unknown and besides PEG and SPS, any other additives

present may impact one way or another the delicate sup-

pressor–brightener balance and in turn the voiding pro-

pensity of accordingly plated Cu layers.

3.1.2 Plating at constant current density of 10 mA cm-2

3.1.2.1 Chronopotentiometry The effect of overpotential

to sulfur-containing additive adsorption, for example, SPS,

has been recently studied [6]. It is reported that SPS

adsorption in the growth Cu is rapidly consumed from the

plating bath at high overpotentials, and the result of this

consumption is manifested by the incorporation of S-con-

taining products in the growing Cu layer. From our recent

studies [15], we demonstrated that at high overpotentials,

sudden precipitation of CuCl could bond a good portion of

the free Cl- ions that in turn would weaken the adsorption

of PEG ? Cl- complex. As a result of this weakening, the

relative impact of the SPS adsorption would increase.

Knowing that these additives compete for the adsorption

sites with PEG ? Cl- dominating in the initial stage in

covering the Cu surface to establish eventually the delicate

balance warranting the deposition of void-free Cu [6], the

dynamics generated by possible precipitation of CuCl

could eventually compromise the entire trend and thereby

enable the incorporation of SPS- and/or S-containing

products.

In the experiments described in this section, we monitor

the plating kinetics and evolution of voids in the Cu3Sn layer

as a function of temperature in Cu plating runs at a fixed

current density of 10 mA cm-2 where the overpotential of

-0.180 V warrants the deposition of moderately void-prone

Cu at ambient conditions. Specifically, by varying temper-

ature, Cu was plated galvanostatically in CAPS and the

registered plots of overpotential versus time are shown in

Fig. 3. Assuming the presence of SPS and PEG as key

additives in the CAPS solution, the results presented in Fig. 3

suggests fast establishment of a steady-state potential in most

of the curves implying the absence of initial adsorption

competition between the SPS and PEG complexes. Based on

the relatively high overpotential registered in these runs, it

could be speculated that the dominant adsorbent would be

the S-containing additive relative to the glycol-containing

additive that is weakly adsorbed. Overall, compared to our

previous results, the overpotentials for Cu plating from

CAPS at a current density of 10 mA cm-2 are just slightly

lower to those obtained for Cu plating from GPS containing

SPS ? PEG ? Cl- at this current density [14, 15].

3.1.2.2 Voiding propensity SEM images for the samples

plated in CAPS with RDE at 50 RPM and studied elec-

trochemically in the previous section are shown in Fig. 4

below. From these images, it is clear that at high overpo-

tential of -0.05 V and high temperature of 50 �C Fig. 4e,

there is a thick layer of voids, while isolated voids are

evident in the Cu3Sn at lower overpotentials ranging from

-0.20 to -0.23 V, and low temperatures of 10 and 20 �C,

respectively (Fig. 4a, b). The observed lower overpoten-

tials registered would correlate with better balance between

S-containing and glycol-containing additives in the case

considered resulting to small and isolated voids in the

Cu3Sn layer as per our reported previous results [13–15]. A

few small spheres of voids were still visible as shown in

Fig. 4a and b for experiments that were carried out at

temperatures of 10 and 20 �C, respectively. This trend is

qualitatively similar to our previous results [14, 15] where

the GPS (SPS ? PEG ? Cl-) Cu plating solution had been

used instead of CAPS. As mentioned earlier, however, the

quantitative difference in the voiding propensity in both

cases may be attributed to unknown additives in the CAPS

Fig. 3 Potential transients of Cu plating in CAPS at a current density

of 10 mA cm-2 in the temperature range of 10–50 �C
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bath. Comparing these results with those carried out at

room temperature but at different current densities (Sect.

3.1.1), one sees that the magnitude of voiding is almost

comparable for the samples plated within identical over-

potential ranges. Summarized results of this comparison

are presented in the next section.

3.1.3 I–T–g dependences

Following the analysis presented in our earlier article [15],

it is important to generate a quantitative plot of i–g and T–g
to identify the overpotential ranges within which growth

Cu is found to be void prone or void proof. A summary for

such dependencies derived from the results discussed

above is as shown in Fig. 5 below. The comprehensive

overview of the i–g and T–g plots along with the SEM

images presented in Figs. 2 and 4 clearly suggests that with

the increase in the overpotential, the level of voiding in the

IMC continuously increases. This result is qualitatively

similar to the overall trend reported recently for our GPS

Cu plating bath containing SPS ? PEG ? Cl- [15, 18]

whereby overpotentials of *-0.11 V or more are favor-

able for the production of ‘‘void-prone’’ Cu. Also, if we

take as a rough approximation that the isolated voids in the

last two images of Fig. 2 and the first two images in Fig. 4

represent a virtually void-free interface, we can conclude

that a substantial voiding in Cu layers deposited from

CAPS are obtained in the range of overpotentials of

*-0.20 V or more regardless of the growth protocol

employed. The quantitative difference in the voiding pro-

pensity in layers grown from both plating baths could be

attributed mainly to minor compositional differences

between the two plating baths. As described earlier in this

article, we speculated that these differences are quantitative

and are most likely represented by a lower PEG:SPS ratio

in the CAPS solution.

3.2 Voiding behavior of Cu plated in Hull cell

After carrying out a comprehensive analysis of the voiding

behavior of Cu plated on 6-mm disks in RDE configuration

in both CAPS (this study) and GPS [13–15], scale-up

experiments are performed in a Hull cell featuring a vol-

ume of 267 mL and designed in a way that the cathode

panel on one end is close to the anode only separated by a

Fig. 4 SEM micrographs of solder joint cross-section for Cu plated in CAPS at a current density of 10 mA cm-2 and at solution temperatures of

a 10, b 20, c 30, d 40, and e 50 �C

Fig. 5 Quantitative trends in the voiding propensity with respect to

solution temperature, deposition rate and deposition potential in

CAPS
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distance of 5 cm while the other end of the cathode panel

far from the anode is separated by a distance of 12 cm. The

main focus of these experiments is on the spatial distri-

bution of the voiding propensity produced by the inho-

mogeneity of the electric field of the Hull cell configuration

and the applicability of the analysis proposed in [15] and

earlier in this article for assessment of the possibility for

voiding as a function of locally operating plating parame-

ters. More specifically, the Hull cell design produces an

uneven thickness of the deposit [21] as different spots

across the cathode do not experience the same magnitude

of the electric field. This is as a result of the lower IR

impact when the cathode is closer to the anode leading to a

higher current and vice versa. Local current density cal-

culations were made by measuring the local thickness of

the deposited layer, D, and taking into account Eq. 1 that

could easily rearrange in a way to be solved for i [22]

t ¼ zFdD
AW � i

ð1Þ

where t time (s), D thickness of the deposit (cm), z number

of exchanged electrons (zCu = 2), F Faraday’s constant

(9,6500 C mol-1), d density of metal deposit (g cm-3),

AW atomic weight of the depositing metal (g mol-1), and

i current density (A cm-2). After plugging in the constants

and rearranging of Eq. 1 above, a simplified form of the

equation is obtained as shown below;

i ¼ 27211
D
t

ð2Þ

3.2.1 Voiding of Cu plated in GPS

3.2.1.1 PEG ? Cl- system (a) Sample preparation: In

our most recent study, we have reported that for Cu that is

plated at ambient temperature from the acidic Cu plating

bath with PEG ? Cl- additives, the incorporation of

impurities take place at overpotentials lower than -0.23 V,

and this in essence translates to higher current densities

[15, 18]. We also reported that at these higher overpoten-

tials, the catalytic effect of the Cl- ions is more favorable

for keeping large PEG molecules on the Cu surface [15],

thereby raising the odds for higher rate of impurity incor-

poration. The plating of Cu was done at room temperature,

and an average current density of 10 mA cm-2 was

applied. It should be noted that, in these experiments, the

electrodeposition of Cu was carried out in a stagnant

electrolyte (no stirring), and the long-term solid-state aging

after soldering for these samples was carried out for 168 h.

The current density across the cathode was determined

according to the procedure described earlier in this article

and found to range from 8.6 to 19.1 mA cm-2.

(b) Voiding propensity, horizontal cross-section of the

cathode panel: Soldering on the electroplated cathode panel

was done in both horizontal rows and vertical columns, as

shown in the schematic diagram below (Fig. 6). Owing to

the specific geometry of the Hull cell, the part of cathode

surface that is close to the anode should be subjected to a

higher current. Figure 7 shows the SEM images of solder

joint cross-sections for the Cu grown in the PEG ? Cl-

solution in a Hull cell. Analyzing results obtained from this

system, it is clear from Fig. 7a–c that at high current den-

sities, a thick layer of voids is formed on the Cu3Sn inter-

face. On the other hand, at low current densities, we have

isolated voids to no-voids situation, as shown in Fig. 7d–f.

It is clear that the areas that are closer to the anode and

thereby experience stronger electric field during the Cu

plating process feature higher level of voiding in the Cu3Sn.

The reasons explaining this observation were discussed in

detail in our previous study [13–15, 18]. In general, in such

a case, the voiding propensity steadily increases with the

plating rate. The transition between the regions of ‘‘void-

prone’’ to ‘‘void-proof’’ Cu on the same cathode panel in the

Hull cell experiments with PEG ? Cl- is observed between

9.6 and 8.6 mA cm-2 as shown in Fig. 7e, f, while in the

experiments carried out in RDE configuration from the

same plating bath composition, this transition was observed

between the current density of 1.7 and 0.5 mA cm-2 [13].

The discrepancy can be attributed most likely to a faster

aging of the Hull cell solution warranted by the almost an

order of magnitude higher electrode surface to solution

volume ratio. More specifically in the RDE experiments, the

volume of the bath is 50 mL while the surface area of the

electrode is 0.28 cm2 compared to the 267 mL and 46 cm2,

respectively for experiments done in the Hull cell. Despite

the quantitative differences, both sets of results are quali-

tatively (as trend) in agreement in both cases featuring a

steadily increasing voiding propensity with the increase of

the current density applied for the electrodeposition of Cu in

the PEG ? Cl- solution. As it was discussed elsewhere

[13–15], higher currents in this solution run at overpoten-

tials where the incorporation of impurities in the growing

Cu layer is favorable. Once incorporated above some crit-

ical level, these impurities block the vacancy annihilation

Fig. 6 A schematic diagram showing balled electroplated cathode

panel used in the Hull cell experiments
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sites and as a result of all that a vacancy supersaturation

leads to nucleation and growth of larger in size voids or that

in some cases could merge into layers of voids.

(c) Voiding propensity, vertical cross-section of the

cathode panel: SEM images from another cross sectioning

of the same cathode panel considered in the previous sec-

tion are presented in Fig. 8. However, this time the cross

sectioning was done vertically and comprised the cathode

end that was closer to the anode. The analysis of the SEM

images suggests a decrease in the thickness of the elec-

troplated Cu on the cathode from the bottom to the top

of the column. Also, voiding propensity was generally

decreasing with the sample at the bottom showing massive

voiding, Fig. 8a that degrades to isolated voids at the

sample top, as seen in Fig. 8d. The most plausible expla-

nation of this result could be associated with the presence

of a vertical concentration gradient established owing to

gravitational reasons. More recent experiments carried out

in a stirred solution (not shown here) demonstrate mini-

mization to complete disappearance of the vertical voiding

trend thus confirming the gradient hypothesis.

3.2.1.2 SPS ? PEG ? Cl- system We reported recently

that the voiding propensity for Cu samples plated in

SPS ? PEG ? Cl- acidic bath is higher at low current

densities [14, 15]. Since it is well documented that the

voiding is correlated with impurity incorporation [13, 14],

low current densities specifically favor the impurity incor-

poration when plating is carried out in the SPS ?

PEG ? Cl- system. As we recently reported, there is weak

adsorption of PEG complexes at low overpotentials (low

current density) because of precipitation of CuCl that bonds

most of the free Cl- ions. This eventually strengthens the

adsorption of SPS complexes and compromises the balance

with PEG to favor (as a result) the incorporation of S-con-

taining compounds and enhance the voiding [15]. Other

Fig. 7 SEM micrographs of solder joint cross-section for Cu plated in PEG ? Cl- solution in a Hull cell at ambient temperature with calculated

current densities of a 19.1, b 17.3, c 13.1, d 10.8, e 9.6, and f 8.6 mA cm-2

Fig. 8 SEM micrographs of solder joint cross-section for Cu plated in PEG ? Cl- solution in a Hull cell at ambient temperature with calculated

current densities of a 19.1, b 16.0, c 13.0, and d 9.9 mA cm-2
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studies have shown that in the presence of SPS, there is a high

S segregation on the Cu/Cu3Sn interface and void surface,

suggesting that segregation of S to the Cu/Cu3Sn interface

lowered interface energy and thereby the free energy barrier

for Kirkendall voids nucleation [8, 11, 12]. Our previous

study has demonstrated that the voiding propensity in 10 lm

of Cu electroplated on 6-mm Cu disks in RDE configuration

decreases with the increase of the current density [14]. These

results serve as a reference point in the choice of deposition

current density for the Hull cell experiments. Figure 9

summarizes the results obtained by Cu plating at average

current density of 5 mA cm-2. It is clearly seen that the

voiding propensity becomes almost negligible at current

densities of 10 mA cm-2 or above (Fig. 9a, b) whereas a

substantial voiding is seen at the lower end of plating rates

(Fig. 9d, e). Compared to the results obtained on 6-mm disks

in RDE configuration [14], the results in Fig. 9 associate a

higher current density with the voiding disappearance.

However, the trend in voiding is qualitatively identical and

confirms the growth of void-prone Cu at generally low

overpotentials where SPS adsorbs stronger compared to

PEG. Also, comparing the SEM images in Figs. 7 and 9, one

observes opposite trends of voiding versus the deposition

current density. This observation emphasizes one more time

the key difference in the voiding behavior of samples grown

in different plating baths. Even though the voiding propen-

sity in the Hull cell and RDE configuration only qualitatively

(or semi-quantitatively) identical, the general similarity of

the voiding behavior enables a new level of control and

anticipation of the voiding behavior in larger scale plating

environment. At the same time, the quantitative differences

in the transitional current densities/overpotentials are mostly

attributed to the dynamics of the additive consumption in

different plating baths, which is clearly demonstrated by a

more rapid SPS consumption leading to enhanced voiding in

Cu deposits grown in the Hull cell setup. A future study is

designed to investigate and elaborate in detail on the aging

effect associated with the difference in the substrate surface

to plating volume ratios.

3.2.2 Voiding of Cu plated in CAPS

A Hull cell was also used to study the current density effect

on the voiding when Cu plating was carried out in the

CAPS. Average current densities of 2 and 7 mA cm-2

were applied in two separate Cu plating experiments. These

current densities were chosen based on our previous studies

[14, 15, 18], in a way that would presumably provide

across the cathode panel the entire voiding spectrum

ranging from void-proof to void-prone Cu. The first part of

the experiment was aimed at using higher current density

of 7 mA cm-2 and (in turn) providing for the deposition

of low-voiding to void-free Cu samples. In the second

experiment a low current density of 2 mA cm-2 was

applied as this was aimed at shifting the overpotential

positively and (in turn) at raising the odds for observing

high levels of voiding propensity. SEM images of the

horizontal cross-sectioning of the plated, soldered, and

aged cathode panels from these experiments are shown in

Fig. 10. The analysis of the SEM images presented in

Fig. 10, unambiguously demonstrates a trend manifested

by enhanced voiding propensity at the very low current

densities (Fig. 10e, f) and vice versa, almost non-existing

voids at the highest current densities (Fig. 10a, b). These

Fig. 9 SEM micrographs of solder joint cross-section for Cu plated in SPS ? PEG ? Cl- solution in a Hull cell at ambient temperature with

calculated current densities of a 12.1, b 9.9, c 7.6, d 5.3, and e 4.3 mA cm-2
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scaling up experimental results are virtually identical with

those obtained when Cu was electroplated from CAPS

using the RDE at 50 RPM as described in Sect. 3.1 above.

This finding implies lower sensitivity of the experiments

carried out in CAPS to surface area and plating volume as

compared to plating runs using GPS. We can just speculate

that this could be due to a higher concentration of the

S-containing additive in the CAPS formulation that would

provide steadier plating conditions for a longer time. Also

the voiding trend registered in Fig. 10 confirms one more

time the qualitative similarity between our GPS (SPS ?

PEG ? Cl-) and the CAPS examined in this study. It may

be interesting in the future to study in a similar way more

brands of CAPS and identify specific similarities and

differences.

4 Conclusions

A quantitative study of the impact of key Cu plating

parameters on the voiding propensity of solder joints with

Cu electroplated in CAPS performed on 6-mm diameter Cu

disks in RDE configuration demonstrates a decreasing

trend of the voiding propensity with an increase of the

overpotential applied. It also identified the range of over-

potentials negative to -0.20 V as best for depositing void-

proof Cu. The CAPS voiding trends are found to be

qualitatively similar to GPS (SPS ? PEG ? Cl-) used in

this and in other studies of our group. In the second part of

this article, the study of the voiding propensity in solder

joints with Cu electrodeposited in Hull cell in both, generic

plating solution (GPS) and CAPS demonstrates clearly the

plating of co-existing on the same panel void-prone and

void-proof Cu. While generally confirming the qualitative

trends registered in the experiments carried out in RDE

configuration, the experiments performed in a Hull cell

reveal effects pointing out toward a sensitivity of the

plating protocols to the ratio of surface area to plating

volume. More specifically, lower values of this ratio lead to

slower consumption of the additives which in turn warrants

plating parameter to operate after longer aging for plating

in RDE configuration. The results of this study represent a

step ahead in the development of better understanding on

the voiding in industrial Cu plating environment and

clearly illustrate for the first time the co-existence of void-

prone and void-proof Cu thus elaborating further on the

sporadic nature of the voiding phenomenon.
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