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Impurity incorporation in the Cu electrodeposits as a result of the addition of organic additives in the Cu plating solution is investigated
with four additive formulas. A common suppressor (polyethylene glycol, PEG) and chloride ions (Cl− ) are added in the plating
solution as a control additive formula. Three organosulfides, 3-mercaptopropanesulfonsäure (MPS), bis(3-sulfopropyl) disulfide
(SPS), and 3-(2-benzthiazolylthio)-1-propanesulfonsäure (ZPS), are used as accelerators and individually formulated with PEG and
Cl− as the other three experimental formulas. The additive formulas of PEG + Cl− and PEG + Cl− + ZPS result in high-level
impurity incorporation and cause the microstructural instability of the Sn/Cu joints during thermal aging. Voids and Cu-impurity
compounds (CuO and CuS2 ) are formed accompanying the growth of the intermetallic compounds (Cu6 Sn5 and Cu3 Sn) which
severely degrades the Sn/Cu joints mechanically. When the additive formulas are changed to PEG + Cl− + MPS and PEG + Cl− +
SPS, the impurity incorporation is significantly suppressed and thereby inhibits the formation of voids and Cu-impurity compounds.
The strong dependence of additive formulas on the impurity incorporation is attributable to the delicate interaction (adsorption
competition) between suppressor (PEG) and various accelerators, in which the molecular structures of the organosulfides play a key
role.
© 2017 The Electrochemical Society. [DOI: 10.1149/2.1171707jes] All rights reserved.
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Cu electroplating is an important technique in microelectronic
industries because it offers a cost-effective and reliable method in
fabricating the metallizations and interconnects on printed-circuit
boards (PCBs) and integrated-circuit (IC) Si chips.1–10 With the
rapid development toward miniaturization, portability, and multifunctionality for microelectronics, the dimensions of the Cu metallizations/interconnects need to reduce significantly to meet the scale
down of the packaging structures. The geometrical complexity of the
Cu electrodeposits also increases due to the development of threedimensional high-density interconnect (HDI) and through-silicon-via
(TSV) technologies.1–4 The dimensional scale-down and geometrical complexity bring about new challenges to the Cu electroplating
technique. Careful modification of the Cu plating formulas has been
proven to be a useful method to overcome the deposition difficulties
resulting from the issues of dimension and geometry.5–10
In addition to basic electrolytes (Cu sulfate and sulfuric acid), several functional organic additives are added in the Cu plating solution
for specific plating processes such as micro-via filling.5–10 A basic requirement for successful micro-via filling is free of voids in the microvias during bottom-up filling and superfilling,5–8 and this requires a
synergy resulting from the organic additives.5–11 Typical additives
include a suppressor, an accelerator, and a leveler. A common suppressor is composed of polyethylene glycol (PEG) and chloride ions
(Cl− ) which can chelate with the Cu ions from the plating solution to
form a PEG-Cu+ -Cl− complex, thereby suppressing the Cu deposition
rate.12 An accelerator is composed of a sulfur-containing compound
like bis(3-sulfopropyl) disulfide (SPS) and chloride ions. The accelerating effect relies on the molecular structure of the organosulfide
which contains two specific functional groups, i.e., a head adsorbing
group (disulfide) for effective adsorption on the Cu electrodeposit and
a terminal anion group (sulfonic acid) for attracting the Cu ions from
the plating solution.8,10,13–15 Moffat et al.16 and Magnussen et al.17
had studied the adsorption mechanism of accelerator using in-situ
scanning tunneling microscopy (STM).
Sn-containing solders are extensively used as the joining materials
to connect different levels of circuitry on PCBs or IC chips and,
therefore, numerous Sn/Cu joints are formed in the microelectronic
products. Two intermetallic compounds (IMCs), Cu6 Sn5 and Cu3 Sn,
are formed at the Sn/Cu interface as a result of the Sn/Cu interfacial
reaction upon joining.18–20 Kirkendall voids are frequently formed in
the IMCs due to an imbalance of atomic fluxes between Sn and Cu.21–25
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In general, the use of organic additives in the Cu plating solution
inevitably results in the incorporation of impurities (carbon, sulfur,
chlorine, and oxygen originating from the organic additives) in the
Cu electrodeposits. However, a high level of impurity incorporation
leads to excessive impurity segregation at the Sn/Cu interface and
induces massive void formation in the IMCs which causes more severe
reliability problems.26–29
Previous studies have reported that the cause of high-level impurity
incorporation is fairly complicated, in which additive formula, plating
current density, and bath aging are all influential.26–35 A brief summary
of related literatures published by Dimitrov et al.27,28 indicates that the
use of only suppressor (PEG + Cl− ) is prone to high-level impurity
incorporation, but the use of both suppressor and accelerator (PEG
+ SPS + Cl− ) results in a synergistic effect capable of preventing
the organic additives from incorporating in the Cu electrodeposits,
thereby suppressing the void formation at the Sn/Cu interface.20,27–29
Ho et al.36 indicated that the impurities accumulated at the Cu surface
during the self-annealing process, and high-speed electrodeposition
of Cu leaded to a higher level of impurity incorporation and nanovoid
formation.37
In addition to SPS, 3-mercaptopropanesulfonsäure (MPS) and 3(2-benzthiazolylthio)-1-propanesulfonsäure (ZPS) are also typical accelerators with different functional groups;38 however, their effects on
the impurity incorporation/void formation are not investigated yet. In
this study, the effects of the three accelerators, SPS, MPS, and ZPS,
are systematically examined. The three accelerators are respectively
added in the Cu plating solution together with suppressor (PEG +
Cl− ) to fabricate the Cu electrodeposits and then join with Sn to
perform thermal aging. The results show that SPS and MPS are effective accelerators in conjunction with PEG + Cl− and are able to
suppress the impurity incorporation and void formation, but ZPS is
not. The acceleration ability of the accelerators closely correlates with
their molecular structures which affect the adsorptive affinity on the
growing Cu electrodeposit significantly.
Experimental
The Cu plating process was performed in a Haring cell containing
a basic electrolyte (0.88 M CuSO4 •5H2 O, 0.54 M H2 SO4 , and 1.69
mM NaCl) and organic additives. Polyethylene glycol (PEG, 8000
g/mol, 50 ppm, Fluka, Germany) was added in the plating solution as
a suppressor. Three accelerators, MPS (Raschig GmbH, Germany),
SPS (Raschig GmbH, Germany), and ZPS (Raschig GmbH, Germany), with a concentration of 2 ppm were used. Overall, there are
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four additive formulas for the Cu plating solution. One is with only
PEG and Cl− ions and is denominated as PC, which is used as the
control formula without any accelerator. The other three formulas
are PC + MPS, PC + SPS, and PC + ZPS, which contain various
accelerators in conjunction with the same suppressor (PEG + Cl− ).
The plating temperature and current density are 28◦ C and 32 ASF,
respectively. After electroplating, the impurities incorporated in the
Cu electrodeposits were quantitatively examined using a secondary
ion mass spectrometer (SIMS, ims 4f, CAMECA, France).
Pure Sn shots (99.9%, Showa, Japan) were prepared (22 mg) and
joined with the Cu electrodeposits at 260◦ C for 30 s and then thermally aged at 200◦ C in a furnace. After 72 h, the Sn/Cu joint samples
were ground and polished using SiC sandpapers and Al2 O3 suspensions, respectively, to expose the cross sections of the Sn/Cu interface
for microstructural observation using a field-emission scanning electron microscopy (FE-SEM, JEOLJSM-6700F, Japan). Some selected
samples were polished using a focused ion beam (FIB, JIB-4601F,
JEOL, Japan) and the resulting cross sections were examined using
a FE-SEM and a transmission electron microscopy (TEM, Osiris,
FEI, America). The elemental compositions were determined using
an energy dispersive spectrometer (EDS, Quantax Super X, Bruker,
America) equipped with SEM and TEM. The shear strength of aged
joint samples was measured using a bond tester (QC-513, Cometech,
Taiwan) with a shear tool speed and shear height of 60 mm/min and
80 μm, respectively.
The acceleration ability of various accelerators was characterized
by cyclic voltammetry (CV) which was performed using a potentiostat (PGSTAT30, Auto-Lab) with a three-electrode cell. The working
electrode is a polycrystalline Au rotating disk with a diameter of 3
mm, the counter electrode is a Cu bar, and the reference electrode is a
saturated mercury-mercurous sulfate electrode. Before CV analysis,
the working electrode was polished using a 0.3 μm Al2 O3 suspension
and then cleaned electrochemically by repetitive oxidation-reduction
cycles (ORCs) in the range from −0.7 V to 0.9 V in a 0.54 M H2 SO4
solution to ensure no any contaminations on the Au surface.10 Subsequently, the working electrode was immersed in a glass cell containing
an electrolyte (0.54 M H2 SO4 , 0.88 M CuSO4 · 5H2 O, and 1.084 ×
10−4 M organosulfide) for 5 min to form a self-assembled monolayer
(SAM) on the working electrode. The organosulfides used here are
MPS, SPS, and ZPS. The SAM-coated working electrode was cleaned
with deionized water and then immersed in another glass cell containing another electrolyte (0.54 M H2 SO4 , 0.88 M CuSO4 · 5H2 O, 50
ppm PEG, and 60 ppm Cl− ) to perform the CV analysis at 28◦ C with
a scan rate of 5 mV s−1 . A control experiment was also performed
by immersing a bare working electrode (without a SAM) in the same
electrolyte for CV examination. The counter and reference electrodes
were placed in two separate salt bridges containing an electrolyte (0.54
M H2 SO4 and 0.88 M CuSO4 · 5H2 O) and a saturated K2 SO4 solution,
respectively. The open circuit potentials were −0.03 V, −0.03 V, and
−0.07 V for MPS, SPS, and ZPS, respectively.
Results and Discussion
Figs. 1a–1d show the cross-sectional SEM micrographs of the
Sn/Cu interface after thermal aging at 200◦ C for 72 h, in which the
Cu electrodeposits were prepared using various additive formulas.
All the additive formulas contain the same suppressor (PEG + Cl− ,
i.e., PC) but different accelerators. Two IMC layers are formed at the
Sn/Cu interface. The IMC next to Sn is identified as the Cu6 Sn5 phase
and that next to Cu is the Cu3 Sn phase based on the compositional
analysis of EDX. The IMC formation of Cu6 Sn5 and Cu3 Sn at the
Sn/Cu interface subjected to thermal aging is consistent with previous
studies.21,39–41 However, the use of accelerators shows a pronounced
effect on the microstructural evolution of the IMC layers. In Figs. 1a
and 1b for the additive formulas without accelerator and with ZPS,
respectively, the IMCs grow rapidly with the formation of ribbonlike structures in the IMC layers, forming an alternating multi-layer
structure. The cross section of the PC sample (Fig. 1a) was further
polished using FIB and the ribbon-like structures were zoomed in for

Figure 1. Cross-sectional SEM micrographs of the Sn/Cu interfaces after
thermal aging at 200◦ C for 72 h, where the Cu electrodeposits were prepared
using various additive formulas: (a) PC, (b) PC + ZPS, (c) PC + SPS, (d) PC
+ MPS. (PC refers to PEG and Cl− ).

detailed observation. As shown in Fig. 2, the ribbon-like structures
are composed of void and a gray substance. The gray substances
are formed dispersedly in the IMC layers and their sizes are too
small to precisely detect the compositions using EDX that equips
with SEM. So, the sample in Fig. 2 was thinned using FIB for TEM
examination.
In the bright-field TEM image shown in Fig. 3a, the gray substance
is a little translucent, meaning that it is loose structurally. TEM-EDX
analysis shows that the gray, loose substance contains Cu, Sn, S, O,
and C (denominated as Cux Sny Sz Om Cn ) and their respective composition is listed in the inset table in Fig. 3. The compositions listed in
the inset table are average values of three measurements of different
locations. In addition to Cu and Sn, the gray, loose substance also
contains minor impurities, S, O, and C, which should be a result of the

Figure 2. Zoom-in cross-sectional SEM micrograph of the Sn/Cu interface
after thermal aging at 200◦ C for 72 h where the Cu electrodeposit was prepared using PC as the additive formula: (a) backscattered electron image, (b)
secondary electron image. (PC refers to PEG and Cl− ).
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Figure 3. (a) Bright-field TEM image of the ribbon-like structure, (b) Selected
area diffraction (SAD) pattern of the Cu-impurity compounds (CuO and CuS2 ),
(c) SAD pattern of the Cu6 Sn5 phase.

incorporation of the organic additives in the Cu electrodeposits. The
S residue came from the basic electrolyte (CuSO4 •5H2 O or H2 SO4 )
in the plating solution because no sulfur-containing accelerator was
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used for the PC formula. The O and C residues might come from
the basic electrolyte and PEG. Although Cl was also used for the PC
formula, no Cl content was detected which was due to a very low level
of incorporation or experimental uncertainty resulting from the confined analytical area of TEM-SAD. The existence of Cux Sny Sz Om Cn
in the IMC layers implies that the impurities originally in the Cu electrodeposit segregate toward the Sn/Cu interface during thermal aging
and participate in the growth of the IMCs. Based on the selected area
diffraction (SAD) pattern shown in Fig. 3b, the Cux Sny Sz Om Cn compound is not a single phase but is likely to be a mixture primarily
containing CuO and CuS2 . This also implies that the impurity O and S
have a strong affinity to Cu, so O and S react with Cu to form the CuO
and CuS2 phase, respectively. Although Cu may react with oxygen in
the atmosphere to form oxides during TEM sample preparation, we
believe the formation of CuO in Fig. 3a is a result of impurity incorporation because no Cu oxides were found when the Cu substrate
was prepared using casting.42 In contrast, Sn is relatively inert, so no
Sn-impurity compounds are found. Although C is also detected, no
carbides are found which may be due to its lower amount (2.33 at.%).
The compact grain underneath the Cux Sny Sz Om Cn compound is the
Cu6 Sn5 phase with a single crystal structure as identified by the SAD
pattern shown in Fig. 3c.
The use of SPS and MPS as the accelerators helps restore the
microstructural integrity of the IMCs without the formation of ribbonlike structures, as shown in Figs. 1c and 1d, respectively. As usual,
a compact bilayer structure of Cu6 Sn5 /Cu3 Sn is formed at the Sn/Cu
interface. The microstructural evolution of the IMC layers shown
in Fig. 1 closely correlates with the impurity concentration in the

Figure 4. Concentration-depth profiles of the impurities in the Cu electrodeposits prepared with various additive formulas. The impurities are (a) carbon, (b)
chlorine, (c) oxygen, and (d) sulfur.
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Figure 6. Shear strength of the Sn/Cu solder joints after thermal aging at
200◦ C for 72 h, where the Cu electrodeposits were prepared using various
additive formulas as listed in the transverse axis.

Figure 5. Cross-sectional SEM micrographs of the Cu electrodeposits prepared with various additive formulas: (a) PC, (b) PC + ZPS, (c) PC + SPS,
(d) PC + MPS. (PC refers to PEG and Cl− ).

Cu electrodeposits. Fig. 4 shows the concentration-depth profiles of
potential impurities (C, Cl, O, and S) in the Cu electrodeposits. It
is found that the impurity concentrations in the Cu electrodeposits
fabricated using PC and PC + ZPS as the plating formulas are two
to three orders of magnitude higher than those fabricated using PC
+ SPS and PC + MPS. This implies that the unusual alternating
multi-layer structure of IMCs is a result of a high level of impurity
incorporation in the Cu electrodeposits (PC and PC + ZPS). A strong
dependence of the impurity concentration on the grain morphology
of the Cu electrodeposits is also found. As shown in Fig. 5, the grain
morphologies of the two Cu electrodeposits (PC and PC + ZPS) are
similar and the grain sizes are much smaller than those of the other
two Cu electrodeposits (PC + SPS and PC + MPS). Because the grain
boundaries are potential sites for the impurity incorporation,20,43-45 the
two Cu electrodeposits (PC and PC + ZPS) are prone to have a higher
level of impurity incorporation due to their higher grain boundary
density. In contrast, the other two Cu electrodeposits (PC + SPS and
PC + MPS) have a lower grain boundary density and, therefore, a
lower level of impurity incorporation, which is in good agreement
with the SIMS results shown in Fig. 4.
The microstructural instability of the solder joints due to impurity
incorporation was also observed in the Sn-3.5 Ag/Cu solder joints22,23
where the Cu substrate was plated using only SPS as additive. Voids
are formed massively along the Cu3 Sn/Cu interface as a result of sulfur
segregation originating from SPS. The interfacial voids interfere significantly the atomic interdiffusion between Sn and Cu which causes
the IMCs to periodically form accompanying new void formation. As
a result, the microstructural integrity of the solder joint collapses and
evolves into an alternating multi-layer structure composed of repeated
IMC/void pairs.
Previous studies have suggested a possible mechanism for accelerated void formation in the presence of impurities,20,27–29 in which
the impurity residues block the vacancy annihilation sites (e.g. grain
boundary and dislocation) and cause vacancy supersaturation to form
voids. Here, we find that the impurities not only accelerate the void for-

mation but also react with Cu to form the CuO and CuS2 compounds
embedded in the IMC layers (Fig. 2). To the best of our knowledge, the
report of the Cu-impurity compound formation in the Sn/Cu interfacial
reaction due to impurity incorporation is rare.42 This specular finding
opens a new research direction and reminds the microelectronic researchers to pay special attention to the solder joints involving with
the Cu electroplating process. The CuO and CuS2 compounds might
play a role of heterogeneous nucleation site to accelerate the IMC
growth as seen in Figs. 1a and 1b. Elimination of vacancy sinks due to
impurity segregation also releases vacancies and facilitates the atomic
diffusion, thereby enhancing the IMC growth. However, excessive
IMC growth and formation of the void/Cu-impurity compounds are
detrimental to the mechanical property of the solder joints due to high
microstructural instability. As shown in Fig. 6, when an alternating
multi-layer structure is formed at the Sn/Cu interface (for the additive formulas of PC and PC + ZPS), the shear strength dramatically
drops by over 50% in comparison with a compact bi-layer structure
of Cu6 Sn5 and Cu3 Sn (for the additive formulas of PC + SPS and PC
+ MPS).
Typically, an accelerator contains a head group and a terminal
group that can chemically adsorb on the growing Cu surface and
attract the Cu2+ ions in the plating solution, respectively.10 Its acceleration ability on Cu electrodeposition depends upon the performance of the two functional groups in the Cu plating process which
can be characterized through CV analysis.10,11 The terminal functional group attracts the Cu2+ ions from the plating solution and then
the Cu2+ ions are transferred to the Cl− ions that are adsorbed on
the Cu deposit, thereby accelerating the Cu deposition. The acceleration process simultaneously accompanies the transfer of floatable
organosulfides from the surface of the SAM-modified Au electrode
onto the perimeter of the as-deposited Cu surface.10 A characteristic reduction peak (α) in the CV pattern will be formed in response
to the floatability and transferability of the organosulfides and can
be taken as an indicator of effective accelerator.10 Fig. 7 shows the
CV curves of the three organosulfides-modified Au electrodes (PC +
MPS, PC + SPS, and PC + ZPS) and one bare Au electrode (PC),
where only the reduction portion is presented to check the existence
of the α peak. The α peak only appears for the two organosulfides
(PC + SPS and PC + MPS), showing that SPS and MPS are effective
accelerators in the electrolyte (0.54 M H2 SO4 , 0.88 M CuSO4 , 50
ppm PEG, and 60 ppm Cl− ). In contrast, the additive formulas of PC
and PC + ZPS have no accelerating effect due to the absence of α
peak.
Fig. 8 schematically shows the molecular structures of the three
organosulfides used as accelerators in the present study. All organosulfides contain a terminal sulfonic acid (SO3 − ) group that can attract
the Cu2+ ions in the plating solution while the head groups are different. As shown in Fig. 7, SPS and MPS are identified as effective
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deposit may be too low to effectively accelerate the Cu deposition. As
a result, the acceleration effect of ZPS is weaker and fails to compete
with the suppressor (PEG) on the Cu deposition. However, increment
of ZPS concentration may be a possible way to enhance its acceleration effect, but this part needs more investigations and is a goal of our
feature research.

Conclusions

Figure 7. Cyclic voltammograms of the three organosulfides-modified Au
electrodes (PC + MPS, PC + SPS, and PC + ZPS) and one bare Au electrode
(PC) in an electrolyte containing 0.88 M CuSO4 , 0.54 M H2 SO4 , 50 ppm PEG,
and 60 ppm Cl− . Only the reduction portion is presented to check the existence
of the α peak.

accelerators due to their α peaks. This can be attributed to their disulfide (R-S-S-R) and thiol (R-S-H) group as shown in Figs. 8b and 8c
respectively, that have strong affinity to the deposit surface.46 The two
functional groups also provide dynamic adsorption for the organosulfides on the growing Cu electrodeposits which plays a crucial role for
accelerated electrodeposition.10 The competitive adsorption between
effective accelerators (SPS and MPS) and suppressor (PEG) generates
a synergistic effect capable of mutually preventing each other from
incorporating into the Cu electrodeposits and accordingly suppresses
the incorporation of impurities.28 Therefore, voids and Cu-impurity
compounds are absent which retains the microstructural integrity of
the IMC layers as shown in Figs. 1c and 1d. In contrast, ZPS is a weak
accelerator because its benzothiazolyl head group (Fig. 8a) is a geometrical barrier against its efficient adsorption on the Cu surface.38
On the other hand, the concentration of ZPS adsorbed onto the Cu

The Cu plating formulas, specifically the additive formulas, have a
remarkable effect on the impurity incorporation and grain microstructure in the Cu electrodeposits. For the additive formula with only
a suppressor, i.e., PC + Cl− , the Cu electrodeposit exhibits a fine
grain microstructure with a high level of impurity incorporation. The
incorporated impurities (carbon, sulfur, oxygen, chlorine) segregate
toward the Sn/Cu interface during thermal aging at 200◦ C which induces the formation of voids and the Cu-impurity compounds (CuO
and CuS2 ) in the Cu6 Sn5 and Cu3 Sn phase layers, severely destroying
the microstructural integrity and the mechanical strength of the Sn/Cu
joint. When ZPS is formulated with PC and Cl− , the formation of
voids and the Cu-impurity compounds at the Sn/Cu interface is still
observed as a result of a high level of impurity incorporation. The
CV analysis indicates that ZPS is a weak accelerator and this may be
because its benzothiazolyl head group acts as a geometrical barrier
which hinders effective adsorption on the growing Cu electrodeposit.
In contrast, MPS and SPS are identified as effective accelerators by the
CV analysis and their use in the plating solution together with PC and
Cl− effectively suppresses the impurity incorporation and, therefore,
restores the Sn/Cu joints to a stable Cu6 Sn5 /Cu3 Sn bilayer structure
without the formation of voids and the Cu-impurity compounds. The
acceleration ability is attributed to the disulfide (R-S-S-R) and thiol
(R-S-H) functional groups of SPS and MPS, respectively, which can
effectively adsorb on the growing Cu electrodeposits and compete
with the PEG molecules to suppresses the impurity incorporation.
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Figure 8. Schematics of the molecular structures of (a) ZPS, (b) SPS, and (c) MPS.
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