Rotating Ring-Disk Studies of Cu Anodes:

Effect of Chloride lons

and Organic Additives

By S. Yoon, M. Schwartz and K. Nobe

The effects of Cl, organic additives and hydrodynam-
ics on copper electrodissolution in acid CuS{solu-
tions were investigated, using rotating ring-disk
electrodes. Additions of approximately 100 mg/L (2.8
mM) CI- to additive-free solutions significantly de-
creased electrodissolution in the transition and limiting
current regions as a result of formation of surface
CucCl films; Cu(l) ring currents were reduced in the
entire potential region examined. Cu electrodissolution
was not affected significantly by the presence of
thiourea or a proprietary brightener in Cl -free
solutions; however, benzotriazole significantly inhib-
ited Cu electrodissolution, and the additional presence
of CI- further increased inhibition.

Oxygen-free copper or phosphorized Cu anodes are (¢
monly chosen for Cu plating processes from acid cof

tigators®’ Mattsson and Bockris proposed a two-step elec-
tron transfer mechanism for electrodeposition and
electrodissolution with Cuas an intermediafel heir model,
which assumed that the GICu* reaction step was rate-
determining, showed good agreement with experiment.
Chloride ions, at relatively high concentrations (> 0.1 M),
were found to increase Cu electrodissolution in acidic solu-
tions with the formation of cuprous chloride complex spe-
cies® At low chloride ion concentrations (< 0.05 M), Cu is
primarily oxidized to Ct? in the limiting current regioh.
Little information is available, however, on Cu
electrodissolution in acid Cu§G@olutions containing very
low concentrations of chloride ions and/or organic additives.
The present study is directed to the investigation of the
effects of Ci, thiourea (TU), a proprietary brightener (PB),
dmenzotriazole (BTA) and hydrodynamics on Cu
pelectrodissolution in acid Cu§@olutions with a rotating

sulfate solution$? Cu electrodissolution occurs at the anring-disk electrode (RRDE). Hydrodynamic conditions in

ode, while Cu is electrodeposited at the cathode. To ol
bright Cu deposits, about 10 to 100 mg/L (0.28 to 2.8 n
chloride ions are usually required with proprietary comm
cial brightenerg?®

Electrodeposition and electrodissolution kinetics of ¢

tdie RRDE system are well-defined, so that mass transport
Ndrocesses can be precisely controlled, and intermediate and
eproduct species can be detected at the ring electrode.

piExperimental Procedure

per in acid CuSQhave been studied by a number of inv
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eA detailed description of the rotating ring-disk electrode
assembly and the electrochemical cell has been given else-
where!®*Oxygen-free pure copper (99.99%) and pure gold
(99.99%) were used as the disk and ring electrodes, respec-
tively. The diameter of the disk was 0.597 cm, of which the
cross sectional area was 0.28Fchie inner and outer ring
diameters were 0.704 cm and 1.23 cm, respectively. The
collection efficiency for this RRDE was experimentally
obtained as 0.552.

aComposite three-component additive containing a polyethylene glycol, a
dye derivative and a surfactant.
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Limiting anodic current density, mA/cm

Rotation rate, w"?(s*?)

Fig. 1—Effect of rotation rate on Cu electrodissolution in acid CusO,: (a)
anodic polarization; (b) ring current.
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Fig. 2—Limiting diffusion current of Cu*? in acid CuSO, vs. w2
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Electrolytes were prepared from doubly distilled, dei
ized water and analytical reagent grade chemicals. Ut
otherwise noted, the acid copper sulfate solution consist
0.3 M CuSQ and 2 M HSO,, which is representative d
plating solutions used for printed wiring board manufac
ing because of its high throwing power. The electrolyte
maintained at room temperature @B°C) and deoxygen
ated with prepurified nitrogen gas for at least 12 hr prior t
experiment. Nitrogen gas was passed over the electr
during an experimental run.

The experimental procedure has been described p
ously! Ring potentials were set at +0.6 V vs. SCE (satur
calomel electrode) to detect cuprous species, which ox
to cupric species. Anodic polarization behavior of Cu
obtained with a sweep rate of 2 mV/sec from the rest pg
tial, three min after the electrode was immersed in
electrolyte, unless otherwise noted. The surface appea
of the Cu deposit was visually checked during the an
potential sweep by illuminating the disk surface with a lal
All potentials are reported relative to the SCE.

Results and Discussion

Anodic Polarization Behavior of Cu in Acid CuSO,

Typical anodic polarization behavior of Cu in acid Cy&0Q
various rotation rates is shown in Fig. la. In the poter
range examined (rest potential to +1.3 V), there were t
distinct regions: (1) Tafel, (Il) transition, and (Ill) curre
plateau. The disk current represents the net rate of eleg
reactions; the ring current corresponds to the flux of inter
diate species, Cu(l), transported to the ring du

electrodissolution of the Cu disk.

bn- In the Tafel region, the disk current was independent of
nlestation rate, and the anodic Tafel slope was approximately
edBimV/dec. In the transition region, the disk currentincreased
fwith increasing disk potential and rotation rate. A current
tupeak, which increased with increasing rotation rate, was
widllowed by a current minimum. The peak potential (the
potential at the peak current) increased to more positive
D potentials with increase in rotation rate; at higher rotation
plsages the current minimum was less distinct. In the current
plateau region, the limiting current increased with increasing
regkation rate.
atedTypical ring current behavior during Cu electrodissolution
din@cid CuSQat various rotation rates is shownin Fig. 1b. As
valse Cu disk potential increased from the rest potential, ring
tearent increased and a brown film began to develop on the
thesk surface at the end of the Tafel region (~0.14 V).
rande the transition region, the ring current fluctuations ap-
bgieared to be related to the instability of the surface film; the
mpeak ring current occurred after the Cu disk was completely
covered by a brown film. As the potential increased, the ring
current dropped, then increased again when the brown film
spalled; it spalled from the edge to the center of the disk.
For stationary electrodes (0 rpm), the ring current re-
mained nearly zero over the entire potential range examined.
t@h the other hand, for rotating electrodes, ring currents
hredative to the background ring current were significant from
nthe rest potential through the current plateau region (Fig. 1b).
trBdekground ring currents, measured using only the rotating
ngold ring electrode (no Cu disk), were about 2 X AGand
ingdependent of rotation rate.

Fig. 3—Effect of CI (1, 10, 100 mg/L) on Cu electrodissolution in acid
CuSO,; 1000 rpm: (a) anodic polarization; (b) ring current.
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Fig. 4——Effect of CI- (50, 500, 5000 mg/L) on Cu electrodissolution in acid
CuSO,; 1000 rpm: (a) anodic polarization; (b) ring current.
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Copper electrodissolution in acid Cug@oceeds in twa
consecutive electron transfer steps, with &uan intermedi
ate. If the second step is rate determining, an anodic ]
slope of 40 mV/dec is obtainéd,

Cul Cu + e (fast) (1)
Cu 0 Cu?+e (slow) 2

Cu" may also be formed by the disproportionation react
Cu?+ Culd 2Cu

The equilibrium constant for this reaction is 5.6 XaR5°C *?
The anodic Tafel slope in the present work was appr

precipitation of a CuSgalt film on a rotating Cu disk in 0.5

M H,SQ, at the limiting current! They proposed a duplex
[&falt film based on impedance data. Similar corrosion film

models have been proposed for Cu corrosion in acidic me-

dia**and in HSO, solutions containing benzotriazdfe?Fe

corrosion in FeCl solutions}’ Ni corrosion in LiCI/HCI

solutions}? and Al corrosion in AlCJsolutions'®* In gen-
oeral, a dual structure with a thin, compact inner layer and a

thick, hydrated, porous outer layer has been ascribed to the

salt films formed at the limiting current.

The abrupt decrease in disk current at the end of the

oiiansition region (Fig. 1a) is probably a result of precipitation

mately 45 mV/dec, which is in reasonable agreement with tiethe CuSQfilm. In the current plateau region, there is a

above work The ring current, which measured the flux
Cu from the disk, was much smaller than the disk curr
indicating that Ctf was the dominant product species of
electrodissolution in acid Cu§O

The plots of limiting anodic current density s’ are
shown in Fig. 2. The straight lines, which pass through
origin, indicate that electrodissolution of Cu was control

by mass transport of Cifrom the disk to the bulk electrolyte

At a specific rotation rate, limiting diffusion currents we
larger at lower C# and HSO, concentrations. The surfag
concentrations of Cti([Cu?]) in 1 M and 2 M HSO, were

calculated tobe 1.014 M and 0.799 M, respectively, using
Levich equation,i= 0.62nFB* 4w *qCu*?_ and the diffu-
sion coefficients of Cl determined in our previous stutlty
The calculated [C{| of 1.014 Min 1 M HSO,and 0.799 M

opalance between the build-up and dissolution of the GuSO

gt film. Good agreement between calculated surface con-

Ceaentrations of the salt film and its saturated concentration in
H,SQ, at the limiting diffusion current region, indicated that
the Cu surface was covered by a CySalt film, and its
tlissolution was controlled by mass transport cf@am the

ledisk to the bulk electrolyte.

r&ffect of CI~ on Cu Electrodissolution in Acid CuSO,

eThe electrodissolution kinetics and mechanisms of Cu in
acidic chloride media at relatively high-@bncentrations

) {fre0.1 M) have been well establish&dCu electrodissolution
increases with increasing "Gloncentrations from the rest
potential to the post-limiting-current regidrRrevious re-
sults indicate mixed mass transfer and kinetic control with

in 2 M H,SO, are in satisfactory agreement with saturatettiprous chloride complex as the diffusion species in the

CuSQ concentrations in }$0, (1.07 M in 1 M HSO, and
0.770 M in 2 M HSQ,)." Clerc and Alkire reported th

apparent Tafel regiot®. In the limiting current region, Cu
e dissolution is mass-transfer-controlled. In the post-limiting-
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Fig. 5—Effect of organic additives on Cu electrodissolution in acid
CuSO,; 1000 rpm: (a) anodic polarization; (b) ring current.
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Fig. 6—Effect of BTA on Cu electrodissolution in acid CuSO,; 1000 rpm:
(a) anodic polarization; (b) ring current.
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current region, there is mass transfer control of the cup
chloride complex and kinetic control of €dormation via
the reaction, CuClO Cu? + 2Ct + e. Much less is known
however, of Cu electrodissolution at very low €&incentra-
tions.

The effect of Clon the anodic polarization of Cu in ac

roug/L are attributed to precipitation of CuCl on the Cu
surface. This significant change in the anodic polarization
behavior indicates that Cu electrodissolution is affected by
addition of [CI] =100 mg/L. The “critical Clconcentration”
to precipitate CuCl in acid Cu§@as experimentally deter-
idnined as about 30 mg/L (0.85 mMJThe film observed on

CuSQ is shown in Figs. 3a and 4a. No appreciable changegn at [Cl] > 100 mg/L was indicative of precipitated CuCl.

the anodic polarization behavior was observed with
additions up to 50 mg/L. At [@l= 100 mg/L, the res
potential decreased with increasing €Incentrations, with
significant disk current inhibition observed in the transit
and current plateau regions.

The ring current behavior during anodic polarization of
in acid CuSQat various Clconcentrations is shown in Fig
3b and 4b. Surges in ring currents were observed in
transition region with addition of 10 and 50 mg/L; @i the
range of 50 mg/L< [CI] < 500 mg/L, the ring curren
decreased with increasing €bncentration. At 5000 mg/l
CI, ring currents significantly increased at all potenti
examined. A brown film (probably redeposited copper)
observed around the ring current peak in the transition re
at [CI] < 50 mg/L; the ring current surges at 10 and 50
L for lower potentials indicate the unstable nature of the f
A loosely adhering surface film (hydrated CuSl@yer)
remained on the Cu disk at the end of anodic potential sw
for [CI] < 50 mg/L. The essentially unchanged anodic po
ization behavior by addition of as much as 50 mg/L
indicates that Cu electrodissolution is not significantly
fected at very low Cloncentrations. For [Gk 100 mg/L,
a white film (CuCl) on the Cu surface was observed at the
of potential sweeps.

The inhibited disk currents in the transition and curr

Glhe decreased ring current in the transition region with
increasing Clconcentration between 50 mg& CI < 500
mg/L was attributed to increased surface coverage of CuCl.
on
Effect of Organic Additives
GOn Cu Electrodissolution in Acid CuSO,
5.The organic additives, thiourea, benzotriazole and the propri-
dtary commercial brightener, selected for the previous Cu
electrodeposition stuéiyhave been investigated in this study.
t Bright Cu deposits were obtained from acid CyS@utions
L containing 5 mg/L (0.07 mM) TU and 50 mg/L (1.4 mM)
alsl-. Although there have been previous studies investigating
vase effect of TU on the appearance of Cu deposits from acid
gonSq solutions €.g.,refs. 22-25), the effect of TU on Cu
m@issolution from acid CuSQOsolutions apparently has not
Ibeen examined.

The effects of TU on anodic polarization of Cu and the
eepgresponding ring currents in acid Cu&@e shown in Figs.
lzBa and 5b, respectively. No appreciable change in disk and
Ging currents was observed by addition of 5 mg/L TU, except
afhat the jog in the current plateau, where spalling of the

surface film was observed, appeared at a lower potential.
en@right Cu deposits were obtained from acid Cy$en-

taining 119 mg/L (1 mM) BTA. Copper deposits were not
ebtightened by addition of Clo acid CuS@BTA solutions.

plateau regions, and decreased rest potentials ht[0D0

The effect of BTA on Cu electrodissolution and its corre-
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Fig. 7—Effect of BTA on Cu electrodissolution in acid CuSO, (1 hr
immersion); 1000 rpm: (a) anodic polarization; (b) ring current.
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Fig. 8—Effect of Cl-(1, 10, 100, 500 mg/L) on Cu electrodissolution in acid
CuSO,and 5mg/LTU; 1000 rpm: (a) anodic polarization; (b) ring current.
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sponding ring current in acid Cu$&re also shown in Fig. §. 1 hr had little effect on disk and ring currents in 1 mM BTA.
In the Tafel region, the addition of 1 mM BTA decreased|tiée longerimmersion time had a significant effect, however,
disk current; this inhibition of Cu electrodissolution waen the disk and ring currents in 5 mM BTA solutions. This
enhanced at the end of the Tafel region between 0.15 and 2@eased inhibition at 1 hr immersion and 5 mM BTA on
V, with the formation of a visible surface film, Cu(l)BTA,both disk and ring currents is the result of increased coverage
and a corresponding decrease in the Cu(l) flux from the digkd a thicker, more adherent Cu(I)BTA surface film on Cu.
Protective films formed on Cu in acidic solutions containjngreviously, it was found that in acidic solutions (pH = 3)
BTA have been identified as Cu(I)BTA, using infrared spethicknesses of Cu(I)BTA films (20 mmol BTA) increased
troscopy?®?’ At approximately 0.2 V, breakdown of the filmwith increasing immersion tinfé. Alkire and Cangellari
began; the instability of the film in this potential region wasurmised that the Cu(l)BTA film in 0.5 M_HO, was less
indicated by surges in the ring current. A limiting diffusipprotective at lower BTA concentrations (< 16 mM) than at
current was observed at potentials > 0.85 V. higher concentrations(30 mM)?!¢ They proposed a dual
The effects of BTA concentration (1 and 5 mM) on Cstructure model of the film, consisting of a thin, compact,
electrodissolution in acid Cu§@nd the corresponding ringinner layer, which increased linearly in thickness with in-
currentare shown in Figs. 6a and 6b, respectively. Inthe Tafedasing applied potential, and a more porous outer layer. The
region, inhibition of the disk currentincreased when the BTiAner layer consisted of hydrated copper sulfate containing
concentration increased from 1 to 5 mM. The disk currentBTA, with a porous copper benzotriazolate outer 1a§®r.
the transition and current plateau regions was essentially th&he effects of the proprietary commercial brightener (PB)
same in the presence of 1 and 5 mM BTA. A smaller firn Cu electrodissolution in acid Cusénd the correspond-
current was observed, however, at all potentials for 5 mniog ring current are also shown in Figs. 5a and 5b, respec-
than for 1 mM BTA,; in the latter case, the instability of thavely. In the presence of 1 vol percent PB in acid Cj8i8k
film is shown by the ring current surges. The increasedrrents were slightly inhibited in the Tafel and transition
inhibition and smaller ring currents in the Tafel region fgr &gions, but ring currents significantly increased in the tran-
mM BTA are attributed to increased stability, surface coyesition region. A step increase of both disk and ring currents
age, and/or thickness of the Cu(l)BTA surface film. occurred at potentials around 0.8 V, at which point the surface
The effectiveness of BTA on the inhibition of Quilm spalled. Limiting diffusion currents were observed at
electrodissolution during anodic potential sweeps of Cu fiotentials > 0.85 V.
acid CuSQfor short (3 min) and longer term (1 hr) immer- The slight inhibition of the disk current in the Tafel and
sion was investigated. The results of the latter in acid CUS@nsition regions by addition of PB is thought to be the result
containing 1 and 5 mmol BTA and the corresponding firgf either adsorbed PB or a Cu(l) PB surface film on the Cu
current are shown in Figs. 7a and 7b, respectively. Compaiisk. As mentioned previously for organic-free acid CySO
son of Figs. 6 and 7 shows that the longer immersion timesofutions, a brown film formed near the end of the Tafel
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Fig. 9—Effect of CI- (1, 10, 100, 500 mg/L) on Cu electrodissolution in acid Fig. 10—Effect of CI on Cu electrodissolution in acid CusO, and 1 vol
CusO,and 1 mMBTA; 1000 rpm: (a) anodic polarization; (b) ring current. percent PB; 1000 rpm: (a) anodic polarization: (b) ring current.
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region; the film spalled near 0.18 V. As soon as the br
film was removed, the ring current increased substanti
reaching a maximum at about 0.3 V. Between 0.15 and
V, both BTA and PB had an inhibiting effect on the sec
electron transfer step in Cu electrodissolution (Eq 2), re
ing in increased flux of Cu(l) from the disk to the ring in t
potential region.

Effect of Cl-in Acid CuSO,

Containing Organic Additives
In the previous study, the presence ofiCthe TU- and PB-
containing acid CuSQwas required to produce bright G
deposits. For the BTA-containing acid CuS@owever,
bright Cu deposits were only obtained in the absence o

The effect of Clon Cu electrodissolution in acid CuS
containing 5 mg/L (0.07 mM) TU and the corresponding 1
current are shown in Fig. 8. Comparison with Figs. 3 a
shows that there was little change in the disk and ring cur
by the addition of TU to acid Cu§@ontaining Clup to 100
mg/L; therefore, the presence of small amounts of TU did
affect Cu electrodissolution in acid Cugntaining low Cl
concentrations.

The effect of Clon Cu electrodissolution in acid CuS
containing 1 mM BTA and the corresponding ring curre
are showninFig. 9. Inthe presence of 10to 100 mg/di€k
currents were reduced substantially; ring currents were
ligible (i.e.,essentially no Cu[l] flux from the Cu disk). Th
enhanced inhibition of Cu electrodissolution in acid CpS

by the presence of both-Gind BTA resulted in a Cu(l)Clt

BTA film that had a significantly reduced porosity compa
to the Cu(l)BTA film; at CI=50 mg/L, precipitated CuCl wa|
included in the film. At 500 mg/L Chboth disk and ringd
currents increased substantially, indicating increased fo
tion of CuCl.

The effect of Clon Cu electrodissolution in acid CuS
containing 1 vol percent PB and the corresponding
current are shown in Figs. 10a and 10b, respectively.

wents are unaffected. Increasedd@hcentrations{100 mg/
ally,decreased both disk and ring currents because of formation
0of@CuCl films on the Cu disk. Higher @oncentrationd.g.,
oriD00 mg/L) resulted in increased ring currents over the entire
syiptential range because of formation of Cu@mplexes.
nis The addition of TU (5 mg/L) to acid CuS@olutions did
not affect the electrodissolution of Cu. Disk currents were
only slightly inhibited in the Tafel and transition regions by
addition of PB to acid CuSGolutions.
The addition of BTA to Cifree solutions decreased disk
currents in the Tafel and transition regions because of forma-
tion of inhibiting Cu(l)BTA films. Lower BTA concentra-
tions (1 mM) exhibited larger ring currents than 5 mM BTA
€bncentration, and prolonged immersion (1 hr) prior to polar-
Dization sweeps, substantially decreased the disk currentin the
irgurrent plateau region for the 5 mM BTA-containing solu-
ndian, but had little effect at the lower BTA concentration. The
efiifg currents at the higher concentration were completely
inhibited, indicating the absence of a Cu(l) flux. Addition of
rid to 100 mg/L Clto 1 mM BTA-containing solutions
significantly inhibited Cu electrodissolution.
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or decreased the ring current. Observed ring current s
are attributed to instability and/or spalling of the film. In

limiting-current region, the disk surface is covered with g

CuSQ saltfilm. Dissolution of this film is controlled by ma
transfer of Ctf to the bulk electrolyte.

Low concentrations of O 10 mg/L) in additive-free aci
CuSQ solutions increase the ring currents, while disk
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