
Chapter 2
Supression Effect and Additive Chemistry

Masayuki Yokoi

2.1 Additive Chemistry

The excellent additive systems for acid copper sulfate bath developed in the 1960s
successfully produce bright copper deposits with smooth surfaces and high duc-
tility. Since then, many applications of copper plating were developed for electronic
device and through-hole plating for PCBs as well as conventional decorative plating
on steel, electroforming, etc. In 1997, the Copper Damascene Process was devel-
oped in improved interconnect material fabrication of ULSIs by IBM. With this
turning point, the role of addition agents came under further study using advanced
analytical techniques such as Enhanced Raman Spectrometry, QCM, AFM, TEM,
EIS, in addition to conventional electrochemical plating research methods.

Addition agents in acid copper sulfate bath consist of suppressors, levelers, and
accelerators. The former suppress copper deposition on convex regions, and the
latter catalyze copper deposition on concave regions in the presence of a small
amount of Cl- ions [1–4], resulting in via/trench copper. In the following sections,
the roles of the addition agents will be described on the basis of knowledge
accumulated by many researchers.

2.2 Role of Suppressors

PEG or PEG/PPG copolymers of nonionic surfactants and cationic dyes such as
JGB containing nitrogen atoms are widely used as representative suppressors and
levelers, respectively. Both of them exert a strong suppression effect on copper
deposition reactions in the presence of Cl- ions. The suppressor acts in a relatively
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wide copper deposition current region, the leveler plays the role of a surface leveling
agent in the low deposition current region, less than a few mA/cm2 [5]. For the
suppression mechanism by surfactants of the PEG family, many researchers have
studied it in detail since the mid-1980s, and it has basically become clear [6–29].
The action of levelers on copper deposition is under fundamental study for
application to via/trench or through-hole copper filling [30–36].

2.2.1 The Role of Peg in Bright Copper Plating
by the Hull-Cell Test

The Polyoxyethylene family of surface active agents, used as indispensable
additives in various metal plating baths, play a decisive role in bright copper
plating, through-hole plating, and on-chip wiring copper plating. Kardos [1]
indicated in his patent drawing that the appropriate combination of three com-
ponents, S containing compound, N containing compound, and ethylene oxide
polymer give good bright copper plating in the presence of Cl- ions. Mirkova et al. [4]
reported that PEG or PPG have a central function in leveling during bright copper
plating. In addition, the authors [5] presented evidence that the suppression action
of PEG on the copper deposition reaction emerges only in the presence of Cl-.
Both PEG and Cl- are basic components of plating baths for bright copper plating
as confirmed by Hull-Cell patterns and potential-current curve measurements. That
is, bright copper plating can be obtained over the entire region of deposition
current density by addition of appropriate amounts of sulfur compounds and N
containing compounds only in the presence of both PEG and Cl-.

A Hull-Cell test is the practical method for control of plating baths, by which
the surface appearance of plating over the wide current density region can be
observed in a single plating operation with suitable cell current and plating time
[37, 38]. A Hull-Cell is a trapezoidal cell in which a diagonal cathode substrate is
placed opposite the anode as shown in Fig. 2.1. Plating conditions and addition
agents used in the Hull-Cell experiments are noted in this figure.

Fig. 2.1 Hull Cell for visual evaluation of copper plating over the wide range of deposition
current. Cell volume; 267 mL, Temp; 30 �C, Electric quantity; 2A 9 8 min. Bath composition;
0.4MCuSO4 ? 0.5MH2SO4 Brightener components; PEG (M.W.: 3,300 suppressor);
1.6 lM * 1.0 mM 2-Mercaptobenzothiazole-S-Propanesulfonic acid (accelerator); *2.0 mM
Janus Green B (a derivative of safronic dye) (leveler); *80 lM Cl- ; *16 mM
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Figure 2.2 shows the changes in Hull Cell patterns of copper plating with POE/
POP (P) and JGB (J), in the presence of S and Cl- with constant concentrations.
These patterns are found to have a tendency to widen the nodule (patchy) area with
increasing J component, while having the tendency to narrow the nodule area into
the high current density region with increasing P concentration. Finally, when P is
0.026 mM, and J is 0.004 mM, the total area of the Hull Cell panel came to have a
bright copper surface. It is interesting to know that nodule formation behavior is
controlled by the concentration ratio of P–J.

Figure 2.3 shows the changes in Hull Cell patterns with Changing Cl-

concentration in baths which contain either P alone or P ? S ? J as additives in,
respectively. In both baths, the nodule area in the current density region of
10–40 mA/cm2 at low Cl- concentration is narrowed into a high current density
region with increasing Cl-. Although the patterns from the plating bath with only
P are not brightened, the fundamental characteristics of changes in nodule
formation patterns with Cl- concentration are very similar to the ones with three
components, P ? S ? J. By observing the Hull Cell pattern changes carefully, it is
found that P and Cl- are required to obtain bright copper plating, and S and J seem
to contribute to brightening of the surface in the presence of P and Cl-.

Figure 2.4 shows SEM images of the surface morphology obtained at 20 mA/cm2

with varying Cl- concentration. Nodules as large as sub-mm meter size are observed
at 0.5 mM Cl-. It is important to note that such nodules deposited at high current
density can exist together with a relatively smooth surface at low current density on
the same substrate. Similar surface morphologies were observed for the solution with
PEG and nonionic surfactants of the PEG family such as PEG-PPG (polyoxyeth-
ylene-polyoxypropylene glycol), PNPE (Polyoxyethylen-nonylphenilether), POE
(polyoxyethylene-oreilether), and so on [8]. In recent years, it has been reported that
copper filling of via/trench in nanometer to micrometer size can be achieved by
copper plating with a single PEG or Diallylamine-Type polymer Additive [30–35].

Fig. 2.2 Changes in Hull Cell patterns with P and J concentrations in the presence of S and Cl-
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The filling is considered to be caused by the emergence of ‘‘two stable states’’ for
copper deposition on the same surface [36]. It would be a closely linked phenomenon
to nodule formation in Hull-Cells as described above.

2.2.2 Suppression Behavior of Copper Deposition
and Dissolution by PEG

Many researchers have confirmed the suppression behavior of PEG in copper
deposition and dissolution reactions by electrochemical methods [6–15]. To
determine the effect of PEG on the cupper deposition and dissolution reactions in
an acid copper sulfate bath, potential-current curves were measured for various

(1) (2)

Fig. 2.3 Changes in Hull Cell patterns with Cl- concentration in the presence of P ? S ? J (left
column) or P (right column) in acid copper sulfate bath
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PEG of different molecular weights in the absence or presence of Cl- ions [7].
Figure 2.5 shows a typical result for PEG of Mn = 20,000. For the solution
without Cl-, shown as a dotted line, an abrupt increase in deposition current is
observed at a potential of about 0.15 V versus SHE in the sweep direction from
anodic to cathodic potential. The sudden decrease in the current was also found at ca.
+0.17 V versus SHE in a reverse direction sweep. In the anodic polarization region
no abrupt change appeared with a potential sweep, although the anodic current was
suppressed.

While, for the Cl- containing solution, the reaction currents were suppressed
over the entire potential range measured in this experiment. Even in a potential
range more negative than ca. 0.15 V versus SHE, the suppression of copper
deposition was maintained, and the Tafel relationship is observed in the polari-
zation-current curves. The potential region where the reaction (B) Cu ? ,Cuad is
kept in a quasi reversible state, is also demonstrated in Fig. 2.5. Interestingly, it
coincides nearly with the potential region where deposition current is suppressed
considerably.

The characteristics of potential-current curves for the other PEGs were almost the
same as the ones observed in Fig. 2.5 with the exception that lower molecular-weight
PEG gave rise to weaker suppression. Also, similar polarization behavior was
observed with solutions containing PPG or triblock copolymers of PEG-PPG [29].

The rest of the potentials (Er) of the copper electrode, obtained immediately after
cut-off of the potentiostatic electrolysis, were plotted against the set potentials as in
Fig. 2.6. For the plating bath without Cl-, Er shifted gradually in the cathodic
direction to give the most negative value of ca. +0.23 V versus SHE (-65 mV versus
Cu2+/Cu) with variation of the set potentials in the cathodic direction from 0.36 V to
0.15 V versus SHE (+60 to -150 mV versus Cu2+/Cu), and abruptly shifted back to
the potential of about 0.29 V, nearly equilibrium potential of Cu2+/Cu, at set

Fig. 2.4 Changes in surface appearance of copper deposits with Cl- in the presence of P
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potentials more negative than +0.15 V versus SHE. In the opposite direction,
cathodic to anodic, a sudden change in Er was observed at ca. +0.18 V versus SHE.
For the copper plating bath containing Cl-, no abrupt change in Er was observed.

Comparing the curves in Figs. 2.5 and 2.6, the change in currents representing
copper deposition and dissolution suppression corresponds to the changes in Er
with the electrode potential change. The larger the suppression rate, the more
negative the Er was. The Er observed after cutoff of electrolysis reflects the
situation of copper surface adsorbed by PEG under electrolysis.
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Fig. 2.5 Effect of Polyoxyethylene glycol on potential-current curves for the copper deposition
and dissolution reaction in acid copper sulfate baths in the presence or absence of Cl- ions. PEG
(MW = 20,000); 0.02 g/l-, A Cl- free, B Cl- 2 mM, O: no addition
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To determine the PEG adsorption behavior on copper surface depending on
electrode potential, double-step electrolysis was conducted with two consecutive
plating baths. Figure 2.7 shows the current–time curves measured with the copper
electrode at various set potentials of 0.14, 0.2, and 0.35 V versus SHE in the
second CuSO4 ? H2SO4 bath free of PEG, which had been electrolyzed in the first
CuSO4 ? H2SO4 bath containing PEG and Cl-. With the second bath containing
Cl-, the reaction current at +0.14 V versus SCE increased slowly in the early stage
of the electrolysis, reaching the value with a PEG free bath. At +0.2 V versus SHE,
the current remained constant at a small value specific to the PEG containing bath.
The current at +0.35 V was also maintained at the suppressed value, even though
the current increased gradually with time.

With the Cl- free second bath, PEG has no suppression effect on the reaction
current at +0.14 V versus SHE, while the current at +0.2 V and +0.35 V versus
SHE increased drastically in the early stage of electrolysis and the suppression
effect disappeared.

The changes in curves suggest that PEG molecules adsorb strongly on the
copper surface in the potential range more positive than +0.15 V in the presence of
Cl-, where the reaction (B) Cu ? ,Cuad is kept in a quasi-reversible state. Cu+

ions of the reaction (B) are expected to play an important role in PEG adsorption
on the copper surface.
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Fig. 2.6 Variation of the rest potentials of copper electrode with changing the set potentials in
acid copper sulfate baths containing 0.02 g/l PEG (MW = 20,000) in the presence or absence of
Cl- ions. O no addition, A PEG, B PEG ? Cl- 2 mM
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Similar experiments were conducted in more detail by Kelly et al. [14],
Willey et al. [27], Huerta et al. [28]. Strong suppression of copper deposition was
observed in the presence of Cl- and Cu2+ together and they pointed out that adsorbed
Cl- ions on copper surfaces have high freedom of desorption and adsorption.

2.2.3 Effect of PEG Concentration and Molecular Weight
on Copper Deposition and Dissolution

Figure 2.8 shows the effect of PEG concentration on the copper deposition
and dissolution currents at an electrode potential of ca 0.13 V versus SHE
(g = -160 mV) and 0.35 V versus SHE (g = +60 mV) as a function of PEG
molecular weight, which changed from 200 to 20,000. Regardless of the direction
of the reaction current, currents were suppressed gradually by increasing the
concentration, the higher the molecular weight, the greater the suppression.

Deposition and dissolution currents at a PEG concentration of 0.02 g/l were
plotted against the PEG molecular weight, i.e., polymerization degree, as in
Fig. 2.9. In both cases, the reaction currents measured at g = -160 mV, and
g = +60 mV decreased drastically at the polymerization degree of 7–10, and to
reach the critical minimum values with increasing polymerization degree.

Figure 2.10 shows the rest potentials (Er) of the copper electrode immediately
after cutoff of electrolysis plotted against the polarization current, which were
obtained with copper plating baths containing PEG of various molecular weight

Fig. 2.7 Changes in deposition and dissolution current with time at fixed overpotential in the
second electrolysis for the copper electrolyzed in the first baths in advance

34 M. Yokoi



and in different concentrations. In the case of copper deposition at g = -160 mV,
a linear relationship with a slope of 30 mV/decade between the Er and deposition
current was obtained independent of the molecular weight of PEG. The results
indicate that the polymerization degree and the concentration of PEG do not affect
the copper deposition mechanism, but reduces the Cu2+ activity in the vicinity of
the copper surface. From the most negative value of Er, the Cu2+ activity is
expected to become as small as a hundredth part. In the case of copper dissolution,

Fig. 2.8 Effect of PEG concentration on copper deposition and dissolution current at -160 mV
and +60 mV versus Cu2+/Cu as a function of PEG molecular weight. Mn: 200 (d), 400 (s),
600 (9), 1,000 (4), 2,000 (m), 6,000 (h), 20,000 (j)

Fig. 2.9 Effect of
polymerization degree of
PEG on copper deposition
and dissolution current at
-160 and +60 mV versus
Cu2+/Cu in acid copper
sulfate bath at a given PEG
concentration of 0.02 g/l
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the changes in Er are very small comparing with those observed in copper
deposition. This would be caused by the one-sided flow of reaction species and the
loosely adsorbed PEG film on the copper surface.

Based on the experimental results, the authors developed a hypothesis for current
suppression by PEG in terms of cation seizing by the PEG molecule [7]. That is,
PEG having enough ether oxygen to form a pseudo crown would grasp the copper ions
inside and adsorb on the copper surface electrostatically as a poly-cation, resulting in
suppression of copper deposition and dissolution. Papke et al. [39] had reported that
linear polyether has a helical conformation with a 0.26 nm inside diameter to react
with alkali metals. The molecular model is one where the tunnel is lined with
oxygen atoms with the proper orientation for coordination to cations inside the
helix. Crown ethers had also been found to complex with alkaline cations [40].

2.2.4 Adsorption and Suppression Mechanism

Figure 2.11 shows a PEG adsorption model depending on electrode potential in the
absence and presence of Cl- proposed by the authors. The PEG grasping Cu2+ or
Cu+ ions with the formation of pseudo-crown moieties, positively charged, are
attracted to the copper surface and/or coordinated to the negatively charged
chloride ions adsorbed on the copper surface. In the potential region more positive
than +150 mV versus SHE, where reaction (B) Cu ? ,Cuad is in a reversible
state, Cu+ ions existing in a large amount keep the PEG positively charged by
being wrapped in it. While, in the potential region more negative than the definite
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potential values, the Cu+ in PEG is reduced to Cu in one direction to liberate the
PEG into the electrolyte. In the presence of Cl-, Cu+ ions grasped in PEG moieties
coordinate to Cl- ions on the copper surface, and keep the PEG in the adsorbed
state. Cu2+ ions wrapped in PEG would be reduced to Cu+ by chloride bridging to
the copper surface.

In this model, when the Cl- concentration is less than about 1 mM, too low to
form a Cl- adsorbed monolayer, c (2 9 2) Cl, uneven suppression of copper
deposition is expected [25] resulting in nodule formation [8].

Since then, many researchers have studied PEG adsorption on copper by var-
ious research methods, and presented experimental evidence for the chemical
identity of the adsorbed species and for the PEG adsorption model.

Kang et al. [23] reported no inclusion of C and Cl- in deposits from PEG and
Cl- bath by SIMS analysis. They also observed formation of big pyramidal fea-
tures in deposits by AFM, and stated that deposition occurs under the organic layer
which must float above the growing substrate.

Kelly et al. [14, 15], who studied the adsorption behavior of PEGs in the
presence of Cl- by LSV, QCM, and EIS measurements, reported that adsorbed
PEG forms nearly a monolayer in the presence of chloride ions, and competes for
adsorption sites with Cu2+ ions on the copper surface. Further the introduction of
PEG and C1- does not necessitate modifying kinetic parameters from values
observed in the presence of Cl- alone.

For the hypothesis of ‘‘pseudo-crown ether complex’’ grasping Cu+ ions inside
the ring, Stoychev et al. [9] studied the interaction of poly (ethylene glycol)
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Cl- present

Cl- free

-0.15

Fig. 2.11 Mechanism of PEG adsorption on copper surface changing with the electrode potential
in the absence and presence of Cl- in acid copper sulfate bath
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Mn = 3000 with Cu+ and Cu2+ ions in aqueous-acidic media by measuring
specific electrical conductivity, optical density, and the cyclic voltammetric
curves in Cu+ and Cu2+ solutions, and suggested the formation of complexes of
the {Cu ? (–EO–)3�(x - 1)H2O} and {Cu2+(–EO–)4�(y - 1)(H2O)2} types. In
view of the considerable differences in the conformation interactions of PEG units
in water and nonwater media, they considered another scheme suggested by
Suryanarayana et al. [40] According to which, the copper ion coordinates just a
single oxygen atom of the PEG unit, while the remaining coordinations are
occupied by already situated water molecules. The stoichiometry –EO–/Cu+ = 3
and –EO–/Cu2+ = 4 indicates the –EO– segment length including both the
EO-unit coordinated with Cu ions, and its neighbors.

The form and the structure of the ethylene oxide units are strongly influenced
by the nature of the solvent [39], and the pseudo-crown helix structures formed
between PEG and alkaline metals are established in nonaqueous media and in the
solid phase [41]. However, high coordination numbers are not typically found in
aqueous Cu(I) chemistry. So, the complete pseudo-crown grasping Cu ions inside
the ring proposed by the authors might be unlikely to exist in the plating solution.

Noma et al. [42] detected Cu+-PEG complexes with different chain lengths
of n PEG segments from n = 4 to 43 in a copper plating solution in factory operation
using Matrix-Assisted Laser Desorption/Ionization-Mass Spectroscopy (MALDI-MS)
and showed that Cu+ ions exist in the solution as small complexes and large complexes
with PEG. And the latter ones are more stable than the former ones to prevent
chelating reactions of Cu+ with BCS (Bathocuroinedisulfonic acid disodium salt).

Further, Feng et al. [22] examined PEG complexes on copper surfaces in an
acidic solution containing PEG and Cl- by Surface enhanced Raman spectroscopy
(SERS) measurements, and confirmed the formation of a PEG–Cu–Cl species
at the surface. On the basis of the spectroscopic data, two models of a three-
coordinated Cu center associated with two oxygen atoms one chloride ligand are
constructed with the help of calculations as shown in Fig. 2.12.
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Fig. 2.12 Structural Model
of PEG-Cu+–Cl- complex
with reference to the model
by Feng et al. [22]. Cu+ ion is
associated with two ether
oxygen atoms and one Cl-

ion adsorbed on copper
surface

38 M. Yokoi



As stated above, the existence of PEG-Cu+ complexes in the solution and
adsorbed PEG–Cu+–Cl- on copper surfaces are deduced from the electrochemical
behavior of copper deposition and dissolution reactions, changes in electric con-
ductivity and optical density of the solution, SERS, QCM measurements, and etc.
Kondo et al. [18, 19] directly observed PEG adsorbed on copper electrodeposit by
scanning electron microscopy (SEM) as shown in Fig. 2.13. The SEM images
show the PEG molecules of about 30 nm in diameter absorbed preferentially at the
edges of copper macrosteps and inhibiting the lateral growth of copper electro-
deposits [16, 42]. The direct observation is a significant result, even though those
images were not obtained in situ observation in the plating solution. Jin et al. [17]
further investigated the dissolution/deposition of the intermediate complex of
copper (PEG–Cu+) by detecting the simultaneous mass change of the electrode
during cyclic voltammetric (CV) measurement by using EQCM. They observed
two current peaks in the CV curves corresponding to the mass changes, illustrating
the generation and consumption of intermediate complex PEG–Cu+–Cl- on the
copper electrode. Mass changes depending on the electrode potential are shown in
Fig. 2.14.

Fig. 2.13 Field-emission
SEM micrograph of the
deposited copper surface.
Additives are Cl- and PEG.
(by Kondo et al. [18])

Fig. 2.14 Measured and
calculated (n = 2, reaction
Cu/Cu2+) voltmassogram
obtained at sweep rate
10 mV/s. in CuSO4

+H2SO4 ? PEG ? HCl
electrolyte. (by Jin et al. [20])
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2.2.5 PEG Adsorption on Coinage Metals

PEG form PEG-Cu+ complex and adsorb on copper surface in the presence of Cl-.
However, PEG can adsorb on copper surfaces without Cu+ ions as long as Cl- ions
are present in the solution.

Walker et al. [24] examined the adsorption of PEG and Cl- on polycrystalline
Cu, Ag, and Au electrodes in the solution of 1.8 M H2SO4 ? 88 lM
PEG3400 ? 1 mM Cl- by in-situ Ellipsometry. They found that PEG adsorption
is clearly evident at potentials near or positive of the pzc for all metals only in the
presence of Cl-. The thicknesses of the adsorbed PEGs are reported to be 1.30 nm
at 0.35 V and 1.21 nm at 0.5 V for Au, 1.6 nm at 0.5 V for Ag, and 0.98 nm at
0 V and 0.85 nm at -0.2 V for Cu. The potential of zero charge (pzc) of Au, Ag,
and Cu is 0.25 V, -0.68 V, and -0.35 V, respectively. All the potentials are
referred to SHE. They concluded that the presence of Cl- is a necessary and
sufficient condition for PEG adsorption, and univalent ions such as Cu+ and Ag+

are unnecessary.
Kelly et al. [14] also confirmed PEG adsorption on Au and Cu in 0.24 M Cu2+

+1.8 M H2SO4 solution by QCM measurement. Doblhofer et al. [21] further
demonstrated CuCl formation and dissolution in acid copper sulfate solution with a
Cl- concentration of more than 2 mM by EQCM measurement, and showed that
the inhibiting layer forms by reaction between the adsorbate-covered copper
electrode and PEG. Neither Cu+ nor Cu2+ from the electrolyte are required.
Jin et al. [20], by using AFM, confirmed PEG adsorbed in a flat-cone shape with a
bottom radius of 15–25 nm and a height of 2–4 nm on polished Cu surfaces after
being dipped into the solution of H2SO4 ? PEG ? HCl at -0.01 V versus SHE
for 2000s, as shown in Fig. 2.15.

It has been shown that univalent metal ions, Cu+, are not necessary for PEG
adsorption on copper surface, by QCM measurement, Ellipsometric study, and
etc., as stated above. However, Huerta et al. [28] obtained interesting results about

Fig. 2.15 AFM top view image and section analysis of polished Cu surface after being dipped
into H2SO4 ? PEG ? HCl at -0.01 V versus SHE for 2000s. (by Jin et al. [20])
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the character of the adsorption films formed on copper surfaces by conducting
systematic double-step electrolysis with two consecutive plating baths. They found
that PEG can adsorb in the presence of Cl- in a Cu2+-free solution, but does not
strongly inhibit deposition when subsequently immersed in a CuSO4 solution.
Only when Cl- and PEGs are present in the solution where Cu2+ is being reduced
is strong inhibition observed.

The film adsorbed on copper surfaces in the solution without Cu2+ would be
evidently different in structure from the film formed during copper deposition.
PEG is expected to be positively charged by H+ ions in acid solution, and adsorbed
on negatively charged copper surface by Cl- adsorption.
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