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ABSTRACT: A potential oscillation was observed during galvanostatic
deposition of Co in the presence of 3-mercapto-1-propanesulfonate
(MPS) and a systematic study was conducted. A suppression effect on
Co deposition by MPS was seen in cyclic voltammetry (CV) and such
effect was not affected by pH. To fully understand the suppression effect
and oscillation mechanism, several influencing factors in the
galvanostatic process such as pH, Co’* and MPS concentrations,
agitation, and a buffer agent were thoroughly investigated. Moreover,
mercaptopropionic acid, an alternative additive with a similar molecular
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structure as MPS, was used to determine the roles of thiol and sulfonate
groups during the oscillation. Based on the experiment results, a kinetically controlled mechanism including a potential-dependent
adsorption—desorption of the Co—MPS complex accompanied by the accumulation and dissolution of Co(OH), was proposed.

B INTRODUCTION

The damascene copper/low-k interconnect scheme has been
used ubiquitously in semiconductor integrated circuits but are
continuously facing difficulties in achieving defect-free Cu
filling as the dimension of interconnect structures continues to
decrease." More importantly, the exponential increase of Cu
resistivity as the dimension falls below the electron mean free
path of Cu results in the greater RC delay,”” jeopardizing the
performance gain earned from device innovations. Therefore,
metals with shorter electron mean free path, such as cobalt
(Co), have been explored as an alternative conductor. There
are two main advantages in Co: (i) the relatively high melting
point of Co is advantageous for electromigration; (ii) despite a
higher bulk resistivity, Co shows a lower resistivity than Cu
when the critical dimension of feature is approachin% or
smaller than Cu electron mean free path (about 38 nm).
Organic additives are used in damascene Cu chemistries not
only to achieve void-free metal filling process but also to
control the impurity incorporation and grain structures of
deposited Cu.’~” The former is achieved as a result of the
interplay between multiple additive components.” The metal
cation reduction kinetics are thus altered upon various
mechanisms, such as an interaction between metal cations
and additives in bulk electrolytes,” the adsorption, desorption,
and breakdown of a catalytic or inhibitive intermediate species
adsorbed on the electrode surface,'® or competitive adsorption
between multiple intermediates on the electrode surface.'"'”
These mechanisms at certain conditions can trigger electro-
chemical oscillation, where either the potential or current
changes periodically within a certain range during galvanostatic
or potentiostatic deposition, respectively. Electrochemical
oscillation phenomena in general have been reported in
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various systems,'>~'” where an autocatalytic reaction leads to a
positive feedback loop. They can be classified based on the role
of double-layer potential, whether it is a nonessential
component in a purely chemical autocatalytic loop, or is a
slow-changing factor with its effect gradually accumulating and
eventually triggering an abrupt change of the direction of the
autocatalytic reaction, or even forms the autocatalytic loop
itself.'®

Among damascene Cu chemistries, oscillation processes
have also been reported. For most additive-containing cases,
oscillation has been attributed to polarization curves that
contain a region of negative differential resistance (NDR),
where the current decreases with the increasing driving
force."™'”*° The extremely rapid (autocatalytic) self-break-
down kinetics of a suppressor—accelerator complex molecule
conjugated through a cuprous ion, together with the slow
kinetics of the formation and accumulation of such a complex
on the electrode surface, constructs the key elements of the
oscillation. This chemical oscillation on the electrode surface
was manifested through the electrochemical deposition of
copper, where the different surface adsorbates change the
reduction kinetics of copper, resulting in electrochemical
oscillation. However, NDR is not a requirement for Cu
oscillation in additive-containing chemistries. For example, Cu
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oscillation occurred upon the addition of benzyl viologen and
bis (3-sulfopropyl)disulfide (SPS), where NDR was not
observed in the cyclic voltammetry (CV) curves.”' Studies
using a rotating ring-disk electrode suggested that the
oscillation process is related to the potential-dependent
adsorption and desorption of two different additives, while
such processes can also be mediated by cuprous ions as other
studies suggest. In addition, the Cu oscillation process was also
reported in a simple electrolyte with complexing carboxyl acid,
such as lactate and tartrate, where nanoscale multilayers or a
mixture between Cu and Cu,O can be formed.'****

Although Cu oscillation has been well studied, oscillation
during Co electrodeposition with additives has not been
reported. The only oscillatory Co deposition, to the best of our
knowledge, was reported during dendrite growth within a
nanometric thin layer of an additive-free electrolyte.”* The
mass transport in this extremely thin configuration was
confined as two-dimensional diffusion, which limits the supply
of the Co cation and results in potential variation during
galvanostatic deposition in that report. In this paper, potential
oscillation is reported for Co electrodeposition in an
electrolyte containing 3-mercapto-1-propanesulfonate (MPS),
the monomer version of the commonly used dimer accelerator,
SPS. MPS is of interest to Co deposition as its adsorption and
incorporation enable the tuning of impurity and control of the
grain structure of electrodeposited Co. The effects of the
critical parameters including pH, Co*", and MPS concen-
trations, as well as agitation, on the oscillation are systemati-
cally investigated here. Mercaptopropionic acid (MPA), a
carboxyl acid with a similar molecular structure as MPS, is used
to dissect the roles the thiol and sulfonate groups play. A
competitive adsorption mechanism is proposed to explain the
observations.

B METHODS

A traditional three-compartment electrochemical cell was used
for the experimental studies, where the catholyte and anolyte
are separated by a glass frit. A saturated Ag/AgCl electrode
(0.197 V vs normal hydrogen electrode (NHE)) was used as
the reference electrode, and all potentials were referred to this
electrode in this paper. The reference electrode compartment
is connected to the catholyte through a capillary. The counter
electrode was a Co foil (purity at least 99.96%) with a surface
area much larger than the cathode. The platinum (Pt) rotating
disk electrode (RDE) was used as the cathode and the
deposition area is 0.196 cm® Pt RDE is typically stripped and
cleaned after use before storage. It was therefore typically used
as is for the next study only after 1 M H,SO, clean and DI
water rinse.

The Co electrolytes at various concentrations of CoSO,
were used in the studies. The solution pH was adjusted with
H,S0, and NaOH. Concentrated MPS solution (17 800 ppm,
or 0.1 M), concentrated mercaptopropionic acid (MPA)
solution (10 614 ppm, or 0.1 M), and boric acid (H;BO;, 0.4
M) were prepared by dissolving the corresponding chemicals
in water. Calculated amounts of the concentrate were then
added into the Co makeup solution up to various final
concentrations. All salts and organic additives were at least
ACS grade and used as received. Deionized (DI) water with a
resistivity of 18.2 M2 cm was used in all studies. An Autolab
302N potentiostat with a frequency analyzer was used for all
electrochemical studies. The impedance spectra were acquired
using a 10 mV sinusoidal potential wave with frequency from

100 kHz to 100 mHz. An Apreo scanning electron microscope
(SEM) was used to characterize the morphology of the
electrodeposited Co films.

B RESULTS AND DISCUSSION

Cyclic Voltammetry. Figure 1 shows the cyclic voltam-
metry (CV) of Co electrodeposition on the Pt electrode at two
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Figure 1. Cyclic voltammetry of Co electrodeposition on Pt RDE at
different rotation rates in 0.05 M Co solutions with different MPS
concentrations at pH = 4. Scan rate = 20 mV/s.

different rotation rates, where a suppression effect of MPS was
observed. The electrolyte comprised 50 mM CoSO,, the scan
rate was 20 mV/s, and the pH was adjusted to 4. Co
deposition started at around —0.70 V in the absence of the
additive and rotation. As the potential reached more negative
than —1.1 V, the depletion of Co®" caused a decrease of the
current density, a classic feature of stationary CV. Since the Pt
electrode was not preplated with Co, Co deposition in the
cathodic and anodic scans occurred on the Pt and Co surface,
respectively, causing a crossover at —0.90 V on the reverse
(anodic) sweep. Adding 300 ppm MPS into the electrolyte
resulted in a suppression in Co deposition, where the
magnitude of current density was always lower than the
additive-free case in the kinetically controlled regime, i.e., the
cathodic sweep before the peak. The crossover disappeared
when a finite rotation rate, for example, 400 rpm, was applied,
as the mass transport was facilitated by the rotation and the
diffusion-limited current decay was eliminated. A similar
suppression effect was also seen with MPS at 400 rpm,
where a nearly constant potential shift was observed between
the CVs with and without 300 ppm MPS. The study shown in
Figure 1 was carried out at a pH of 4 and the same trend was
also observed at other pH’s studied, as shown in Figure S-1 in
the Supporting Information. It is worth noting here that MPS
was added as a sodium salt and no pH change was observed
upon this addition. Therefore, the above observations are
attributed to MPS rather than any side effects of pH change. In
addition, the ohmic resistances of the electrolytes were
measured with impedance spectroscopy, as shown in Figure
S-2 in the Supporting Information. The CVs were not
corrected with the ohmic drop to allow easy comparison
with the potential transient reading in galvanostatic deposition.
However, the addition of MPS only slightly lower the ohmic
resistance; therefore, the suppression effect characterized as the
potential drift in CV is indeed slightly underestimated.
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In our previous work, a class of dioxime molecules
suppresses Co deposition through an adsorbed Co**—dioxime
complex and this suppression breaks down as the cationic
adsorbate is reduced and incorporated into the Co film as
impurities.”> ™’ This suppression breakdown results in a
hysteresis in the CV curves, where the anodic sweep is of no
difference from the additive-free case as the adsorbate is being
incorporated. However, the suppression effect of MPS
observed here is different, where the magnitude of current
density is always lower than the additive-free case in the
cathodic and anodic sweeps. Complex structures between
metal cations and MPS or other sulfur-bearing compounds are
not uncommon in the electrodeposition systems. For example,
Hai et al.'” proved the formation of the H,O—Cu(I)—MPS
complex, where the addition of MPS into the Cu*" solution led
to a color change from blue to yellow, which directly correlated
with the formation of Cu(I)—MPS complex. Moreover, it was
reported that the thiol-terminated molecules could bond to the
Co substrate to form a monolayer of the molecule.”® In
addition, secondary ion mass spectrometry (SIMS) analysis”’
showed that the addition of MPS caused a high incorporation
of sulfur in the electrodeposited Co film and a lower content of
nitrogen from dioxime. It is therefore believed that MPS could
adsorb on the Co electrode surface and form the Co—MPS
complex adsorbate through the thiol group. This adsorbate not
only blocks the electrode surface and moderately slows the
charge transfer but also gets incorporated into the Co film as
impurities. In addition, because no pH buffer agent is present
in the electrolyte, the pH near the electrode surface can rise
significantly and Co(OH), can be formed on the electrode
surface when the potential is highly negative, namely, when
hydrogen evolution reaction (HER) reaches its mass transport
limit or when water reduction reaction starts. While the
Co(OH), adsorbate has indeed been proposed as an
intermediate species in a two-step Co electrodeposition
mechanism,” the formation of the excessive hydroxide
adsorbate at a high surface pH is expected to block the
electrode surface and completely prohibit metal deposition. It,
therefore, is often avoided in film deposition. Nevertheless,
either one of the two adsorbates, Co—MPS complex or
Co(OH),, is believed to be sufficient for the kinetic
suppression effect observed in the CVs.

Chronopotentiometry—Influence of Current. Figure 2
shows the potential transients during galvanostatic deposition
of Co with the same electrolyte in Figure 1, with 50 mM
CoSO, and pH of 4. The transients were acquired in a single
experiment with multiple current steps. Three consecutive
doses of 100 ppm MPS were added to the solution at 100, 200,
and 300 s, respectively, as Co was deposited at —2.55 mA/cm*
and 400 rpm. The addition of 300 ppm MPS caused a small
decrease of the potential of about 100 mV, consistent with the
suppression effect observed in the CV studies. Further
increasing current density to —4.08 mA/cm® led to an
oscillation in potential. The detailed oscillation curves were
included as the inset in Figure 2. Upon the increase of current,
the potential suddenly dropped to —1.08 V, followed by a
rapid increase to —0.96 V. The potential oscillation gradually
started afterward and remained within a range from —0.95 to
—1.05 V. The frequency of this potential oscillation was as high
as 0.3 Hz or 3.33 s per cycle based on the observation from
1100 to 1200 s. However, this oscillation was unstable at this
condition, where it started at around 1130 s with a
continuously diminishing amplitude and eventually disap-
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Figure 2. Potential transients for Co deposition at 400 rpm and
different current densities in 0.05 M Co solutions with the addition of
300 ppm MPS at pH = 4. The detailed oscillation curves at -4.08 and
-6.12 mA/cm? are shown in the inset.

peared after about 100 s. A steady-state potential of —0.99 V
was obtained afterward. A stable oscillation was observed when
the current was further increased to —6.12 mA/cm? The
average potential at this current density, about —1.07 V, was
about 80 mV more negative than that at —4.08 mA/ cm?. On
the other hand, electrochemical impedance analysis (Figure S-
2 in the Supporting Information) showed that the ohmic
resistance of the electrolyte was about 180 €. An increase of
current density from —4.08 to —6.12 mA/cm” on a 0.5 cm
RDE translated to a potential shift of —72 mV. Therefore, the
oscillations observed at these different current densities were
believed to stem from the same electrochemical reactions at a
same potential after the ohmic correction. Potential oscillation
at a much higher current density of —12.76 mA/cm?” seemed to
be significantly inhibited, where the potential stayed at around
—1.26 V for most of the time with sporadic “spikes” at a less
negative potential of —1.20 V.

Chronopotentiometry—Influence of pH. The influence
of pH on Co deposition in the presence of MPS was studied.
Figure 3a shows the potential transients during galvanostatic
deposition of Co at a fixed rotation of 400 rpm in an
electrolyte with 50 mM CoSO, and a pH of 3. Similar to the
previous study, three doses of 100 ppm MPS were
consecutively added into the Co solution at 250, 350, and
450 s with the current density kept at a constant of —2.55 mA/
cm? Based on the pH measurement, the addition of 300 ppm
MPS did not change the pH of the Co** solution. The
galvanostatic study showed that the addition of MPS caused
depolarization at a low current density, which was opposite to
the suppression effect observed in the CV study (Figure 1). It
is possibly because the concentration of H' in the electrolyte is
much higher in this study, and the side reactions such as HER
are expected to be more pronounced than Co deposition.
Increasing current density to —4.08, —6.12, and —12.76 mA/
cm? led to increasingly more negative potentials and typical
steady-state galvanostatic transients were seen for all of the
current densities studied.

Figure 3b shows the same galvanostatic study at a higher pH
of 5.67. Same as the case with pH 4.0, the suppression effect on
Co deposition with the addition of 300 ppm MPS was
observed again at —2.55 mA/ cm?. The oscillation emerged at a
current density of —3.06 mA/cm? much lower than —4.08
mA/cm? for a pH of 4. Despite of the different applied current
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Figure 3. Potential transients for Co deposition at 400 rpm and
different current densities in 0.0S M Co solutions with the addition of
300 ppm MPS at (a) pH = 3 and (b) pH = 5.67. The detailed

oscillation curves at -3.57 and -6.121 mA/cm? are shown in the inset.

densities, the lower bound (negative) potentials of oscillation
were similar between the two cases, indicating that the
mechanism of the oscillation process is very likely potential
dependent. Based on the magnified oscillation data shown as
the inset from 1800 to 1900 s, the oscillation at the same
—4.08 mA/cm? comprised two different modes, full oscillations
between —0.9 and —1.1 V and partial oscillations between —1
and —1.1 V. The periods were about 50 and § s for the full and
partial oscillations, respectively. While such oscillations may
seem to be slower than the acidic case (pH = 4 in Figure 2),
the oscillations in the latter resembled the partial oscillation
mode and were not stable, disappearing completely after only
100 s. Moreover, the oscillations at pH 4 resemble the partial
oscillation mode. The partial oscillations disappeared and only
full oscillation with a period of 14.3 s was observed as the
current density changed from —4.08 to —6.12 mA/cm? The
morphology of a typical film obtained with oscillatory
deposition was characterized with SEM and is presented in
Figure S-3 in the Supporting Information. A film prepared
without MPS or oscillation is included for comparison. Both
two films showed a net style morphology or a flake-shaped
deposit, however, at different scales. The films prepared with
oscillation resulted in larger and probably deeper voids
between the flakes. Dense films were obtained in both cases
confirmed with cross-sectional characterization. No modulated
layer structure was observed in a similar way in Cu, probably
related to the fast oscillation.

21611

The observation in Figures 2 and 3 can be summarized as
the following. (i) The oscillation phenomenon is potential-
dependent and only occurs when the negative potential is
below a threshold value. (ii) This threshold potential is
necessary but not sufficient for the oscillation and no
oscillation can be enabled at a pH of 3 or below. (iii) When
an oscillation occurs, this threshold potential seems to be
independent of pH. Although different current densities are
needed at different pH’s to enable the oscillation, the lower
bound potentials of the oscillations are similar. (iv) The
oscillation period is not only pH dependent but also current
dependent. Partial oscillations are often observed at a lower pH
or lower current density, with shorter periods or higher
frequencies than the full oscillations, and accompanied by a
lower upper bound potential. (v) At a pH of 4 or above, a
sharp drop followed by a rapid increase of the potential was
always observed immediately after the increase of current
density.

As mentioned above, Co and MPS could form a complexed
adsorbate on the electrode surface. Based on the observations
in Figure 3, we hypothesized that the adsorption and
desorption of such complex is potential-dependent, favored
at less and more negative potentials, respectively. Once a
certain negative potential is reached, the desorption of the
Co—MPS complex accelerates and its surface coverage
decreases, mitigating the suppression effect and resulting in a
rise of potential in galvanostatic deposition. Meanwhile, as the
potential becomes less negative, the side reactions like proton
and water reduction reactions become less active, the pH at the
electrode surface decreases, the coverage of the adsorbed
Co(OH), decreases, and the potential further increases. This
forms a positive feedback loop for Co(OH), desorption or
dissolution triggered by the desorption of the Co—MPS
complex. In addition, the incorporation of the Co—MPS
complex into the deposit may form another positive feedback
itself, as reported for many other systems.”'*

Once the majority of the Co—MPS complexes gets
incorporated into the deposit and most adsorbed Co(OH),
are dissolved, the potential reaches a maximum value,
corresponding to the upper bound potential in the oscillation.
However, the Co—MPS complex in the solution will gradually
adsorb and accumulate on the substrate surface, suppressing
the deposition of Co and decreasing the potential at a constant
current. More importantly, the latter facilitates the side
reactions and increases the pH at the electrode surface.
Therefore, Co(OH), starts to form in the vicinity of the
electrode surface, blocking the electrode surface. This, in the
same way as above, results in a positive feedback loop of
Co(OH), adsorption triggered by the adsorption of the Co—
MPS complex. The potential gradually decreases in this loop
until it reaches a minimum value, or the lower bound potential
in the oscillation, which corresponds to a maximum coverage
of the Co—MPS complex and Co(OH), on the electrode
surface. The Co—MPS complex desorption starts at this point,
triggering the positive feedback loops of Co(OH), desorption
and Co—MPS consumption and leading the next cycle of
oscillation.

In this hypothesized mechanism, the formation/dissolution
of the Co(OH), adsorbate is a fast autocatalytic kinetics and
the adsorption/desorption of MPS is a relative slow kinetics.
The latter is highly potential dependent and serves as the
trigger for the oscillation and results in a threshold potential
required for the oscillation. On the other hand, the former
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Figure 4. (a) Close look of the potential oscillation at 400 rpm and —6.12 mA/cm? in 0.05 M Co solutions with 300 ppm MPS and pH = 5.67 and
(b) diagram showing the four steps of (1) Co—MPS desorption, (2) Co(OH), dissolution, (3) Co—MPS adsorption, and (4) Co(OH),

accumulation.

serves as the main positive feedback and a sufficiently high
current density is necessary to drive the reaction rate to be
faster than the rate the system equilibrates. When an
intermediate current is used, damping oscillations that
gradually disappear can occur, depending on the initial
condition of the electrode surface. On the other hand, when
the electrolyte pH is low, the system equilibrates faster,
preventing the emerge of oscillation or resulting in partial
oscillations. In addition, the potential range or the magnitude
of oscillation highly depends on the surface adsorbate situation
or the coverages of the two different adsorbates, which can also
depend on the initial coverages and the rate of reaction, i.e,, the
applied current density.

The unstable oscillation in Figure 2 at —4.08 mA/cm’ is
believed to relate to an initial surface coverage off equilibrium.
Oscillation emerged driven by the intermediate current and
disappeared as the surface coverages readjusted themselves
throughout the oscillation and reached a steady-state situation.
Again, this steady state was reached because the current was
not high enough, allowing sufficient time for the adsorption/
desorption of two competitive adsorbates to reach an
equilibrium.

A close look at the stable oscillation at —6.12 mA/cm? in
Figure 4a showed that a full oscillation cycle is not symmetrical
but composed of several distinct segments. Each rise or drop
segment of the potential transients comprises two stages, one
slow change followed by a rapid change, consistent with the
hypothesized Co—MPS and Co—OH kinetics, respectively. As
shown in Figure 4a, while the lower bound voltage varies
significantly for each oscillation, the four distinct segments
start at much more consistent potentials. The former could
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result from a nonuniform overformation and precipitation of
the Co(OH), adsorbate, which however dissolves immediately
at certain surface pH. The four distinct potentials suggest that
the surface coverage situations are repeatable for each
oscillation. As shown in the diagrams in Figure 4b, we here
consider that the upper bound potential represents a clean
surface free of either adsorbate (or minimum coverage) and
the lower bound corresponds a maximum coverage of the
mixture between Co—MPS and Co—OH. It is clear that the
rapid formation and dissolution of Co—OH are triggered at
about —1.10 and —1.19 V, respectively, reflecting the different
adsorbate coverages on the electrode. Furthermore, the rise of
potential in a cycle is fast, while the drop of potential takes
longer time, due to a slower adsorption and faster desorption
of the Co—MPS complex. We use the word “desorption” to
refer to the decrease of the Co—MPS coverage, but it indeed
should include other breakdown mechanisms such as
reduction, consumption, or incorporation.

When the applied current decreases, the rate of side
reaction, such as the reduction of the proton and water,
decreases. Therefore, the formation and adsorption of
Co(OH), will be slowed, decreasing the oscillation frequency.
On the other hand, at a higher current density, the surface
concentration of Co(OH), is high due to the strong side
reactions, which facilitates the adsorption of the Co(OH),
process and decreases the oscillation period. This explanation
is consistent with the experimental results in Figure 3b, where
the oscillation period decreases as the current density is
changed from —4.08 to —6.12 mA/cm? It is noted here that
we use the period of full oscillation because the partial cycles
do not involve the complete breakdown of Co—OH and the
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adsorption of Co—MPS and the cycles are much faster and not
stable.

Based on the hypothesized mechanism, the formation and
breakdown of the Co—MPS and Co—OH adsorbates on the
electrode surface underpin the oscillations. Therefore, studies
are carried out to probe the effects of the constituents of such
complexes.

Influence of Co** and MPS Concentrations. Figure 5
shows the galvanostatic study of Co deposition with different
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Figure S. Potential transients for Co deposition at 400 rpm and
different current densities in (a) 0.1 M Co solutions with the addition
of 300 ppm MPS at measured pH = 5.75 and (b) 0.05 M Co solutions
with the addition of 500 ppm MPS at pH = 5.67. The detailed
oscillation curves are shown in the inset.

concentrations of Co*" and MPS. Figure Sa shows the Co
deposition in an electrolyte similar to Figure 3b, with 300 ppm
MPS and a natural pH of 5.75, but a higher Co®" concentration
of 0.1 M. Similar to the 0.05 M Co*" case, suppression effect
was observed with the addition of MPS at —2.55 mA/cm?
However, oscillation did not happen until the current density
was increased to —6.12 mA/cm? much higher than —3.06
mA/cm’ required in the 0.05 M Co®* case. In addition, the
oscillation was unstable at —6.12 mA/cm?* and stopped after
around 1000 s. Stable oscillations for over 1000 s were
achieved at a higher current density of —12.76 mA/ cm?. These
observations are consistent with a lower effective current
density of side reactions due to the increased concentration of
the metal ion, namely, a lower driving current for the Co—OH
positive feedback loop. The detailed oscillation curves are
shown as the inset in Figure Sa. The oscillations resemble the
partial oscillation mode observed at lower current densities in

Figure 3b, and this is also consistent with the lower effective
driving current due to the higher concentration of Co*".

The effect of MPS concentration was studied with an
electrolyte similar to Figure 3b, with 0.0S M Co* and a pH of
5.67, but a higher MPS concentration of 500 ppm. The
potential transients are shown in Figure Sb. Oscillations with
partial mode started at —3.06 mA/cm?, similar to the 300 ppm
MPS case. The transformation from partial oscillation to full
oscillation started at —3.57 mA/cm?® Stable oscillation was
achieved at —6.12 mA/cm® Comparison between Figure 4 and
the inset in Figure Sb at a same current density of —6.12 mA/
cm? clearly shows that the Co—MPS adsorption segment is
much less distinctive at higher MPS concentration. This is
consistent with the expectation that higher MPS concentration
facilitates the adsorption of Co—MPS during the dissolution/
desorption of Co(OH),, disabling a completely adsorbate free
surface to be achieved or resulting in a higher minimum surface
coverage.

Influence of Rotation. Another way of probing the
electrode kinetics is to change the agitation, namely, the supply
rate of chemical species toward the electrode. Figure 6 shows
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Figure 6. Potential transients for Co deposition at different rotation
rates in 0.05 M Co solutions with the addition of 300 ppm MPS at pH
= 5.67. The applied current density is —6.12 mA/cm™

the oscillatory transients with the disk electrode at various
rotation rates. The studies were also carried out in an
electrolyte same as Figure 3b, i.e., with S0 mM Co?*, 300 ppm
MPS, and a pH of 5.67. A fixed current density of —6.12 mA/
cm® was used. These conditions were used because stable
oscillations could be achieved at 400 rpm. Different rotation
rates from 0 to 1600 rpm were used over a course of 7000 s
deposition, and each rotation rate was maintained for enough
time till stable oscillations were observed. The stable
oscillations for each rotation rate were cropped together and
are shown in Figure 6. Stable oscillations with four distinct
segments were observed for all rotation rates beyond 0 rpm.
The potential range of oscillation seemed to be similar until
the rotation rates were below 100 rpm, consistent with the
constant current used and the hypothesized mechanism. The
lower boundary of the oscillation varied and was consistently
more negative at low rotation rates. This is believed to be
consistent with the hypothesized mechanism, where the
formation and precipitation of Co—OH is expected to be
less controlled and more likely to run over the equilibrium at
low rotation rates, leading to a more negative potential
overshoot.
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rotation rates were obtained by counting the total time of 10 -3.06 mAJcm?
oscillations and are summarized in Table 1. The rotation rate w09 -3.57 mAlcm?

- —— -4.08 mA/cm?
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Table 1. Oscillatory Periods at the Different Rotation Rates < ” 1 'i‘zlssmNAC/mzz
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Obtained from the Potential Transients Shown in Figure 6 < .,
2
rotation rate (rpm) cycles per 100 s oscillation period (s/cycle) s L, MPS I
400 10 10.0 g
1600 14 7.1 g 13
800 11 9.1
400 10 10.0 -1.4
200 9 11.1
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NY 10 10.0 Time(s)
2 14. . . .
S 7 ‘4ﬁ3' lati Figure 7. Potential transients for Co deposition at 400 rpm and
0 0 infinity (no oscillation) different current densities in 0.05 M Co solutions with the addition of

of 400 rpm was used multiple times during the experiment as a
control experiment and the period was found reproducible and
independent of the experimental sequence or electrode history.
In general, the stable oscillations seemed to be slightly faster at
a higher rotation rate, with the period dropped from 14 s at 25
rpm to 7 s at 1600 rpm. While this correlation suggests that
mass transport plays a role in the oscillation process, the effect
is not strong. The period merely decreased into half with the
rotation rates increased by 64 times. It is interesting to find
that the main reason for the increase of period was due to the
slowdown of the slow kinetic segments, while the fast kinetics
or the sharp potential change remained sharp. This is
consistent with the hypothesized mechanism as well, where
the sharp change is hypothesized to result from a positive
feedback of Co—OH formation and dissolution. This process
highly relies on the surface pH change, which is expected to be
more pronounced as rotation decreases. That is, this rapid
positive feedback is not expected to be mitigated at the low
rotation rates. On the other hand, the slow kinetics, which is
hypothesized to be the adsorption and desorption of the Co—
MPS complex, is expected to relate to the surface
concentration of such complex and, therefore, the rotation
rates. As the rotation rate decreases, the supply of Co—MPS to
the electrode or the dilution from the electrode surface slows
down, resulting in a slower adsorption or desorption. However,
when the agitation is completely stopped, the surface
concentrations of all species can be drastically different from
the bulk electrolyte. As the metal ion is depleted, side reactions
dominate, surface pH increases indefinitely, the surface is
completely blocked by the Co—OH complex. The potential
decreases to extremely negative values to enable water
reduction on this completely blocked electrode, and, of course,
oscillation completely ceases.

Influence of H3BOs. To further test the role of surface pH
in oscillation, we conducted another study on the effect of a
pH buffer, H;BO;. An electrolyte similar to Figure 3b, with
0.05 M Co*" and 300 ppm MPS, was used. But the pH was
changed from 5.67 to 4.3 upon the addition of 0.4 M H;BO;.
As discussed in Figures 2 and 3, the electrolytes without boric
acid at pH of 4 and 5.67 both showed oscillation, albeit starting
at different current densities. Therefore, this different bulk pH
of 4.3 was not expected to cause a significant change in
oscillation. The potential transients at different current
densities in this buffered electrolyte are presented in Figure
7. Not only were oscillations not observed regardless of the

300 ppm MPS and 0.4 M H3;BOj; at measured pH = 4.3.

current densities, but also less negative overall deposition
potentials were resulted. Such observations are similar to the
pH = 3 case in Figure 3a. Boric acid is a pH buffer with a pK,
of 9.24, commonly used in iron-group magnetic alloy
electrodeposition to prevent extremely high pH and hydroxide
incorporation in the films.”' The absence of oscillation here
further confirms that a high surface pH and the formation of
Co(OH), play an important role in the oscillation.
Influence of Mercaptopropionic Acid. To further
understand the structure of the Co>*—MPS complex,
mercaptopropionic acid, or MPA, an acid with a similar
structure as MPS, was used in place of MPS. The only
structural difference between the two is that MPS contains the
sulfonate group and MPA contains the carboxyl group. Figure
8 shows the potential transients with the addition of 300 ppm
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Figure 8. Potential transients for Co deposition at different current
densities in 0.0S M Co solutions with the addition of 300 ppm MPA
at adjusted pH = 5.67.

MPA in the 0.0 M Co*" electrolyte. While the addition of 300
ppm MPA significantly decreased the solution pH from 5.67 to
around 3.76, pH was readjusted back to 5.67 prior to the
galvanostatic deposition study. The pK, of the carboxyl group
is 4.6,”” and no buffering is expected from this carboxyl group
in this electrolyte with the pH of 5.67. The oscillation was
observed at —4.08 mA/cm? but only after the current was
applied for nearly 2500 s. As shown in the inset, the oscillation
was not stable and partial oscillations were also observed,
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where the lower bound potential or the maximum surface
coverage by Co—OH was not fully reached. Further increasing
the current density did not lead to stable oscillation. Since the
formation of the complex is important for the oscillation
behavior, this experiment result confirms that Co will interact
with the thiol group to form the Co—MPS or Co—MPA
complex on the electrode surface. The CVs of MPA are
provided in Figure S-4 in the Supporting Information, where a
stronger suppression effect was observed for MPA than MPS.
This is also consistent with the fact that MPA has an additional
carboxyl group which, in conjunction with the thiol group,
prefers to chelate with the bivalent Co®* to form a more stable
complex Co—(MPA), with a stability constant around 13.*
This stronger suppressive adsorbate apparently not only drives
the deposition potential to a more negative range but also
alters the competitive surface coverage and the oscillation
behavior.

Bl CONCLUSIONS

A potential oscillation was observed during galvanostatic
deposition of Co in the presence of MPS, which mildly
suppressed the deposition. The fast autocatalytic kinetics of the
accumulation and dissolution of Co(OH), were proposed as
the main positive feedback loops for this oscillation, which
were, respectively, triggered by the slow but potential-
dependent adsorption and desorption of the Co—MPS
complex. This mechanism was verified by a systematic study
on the effects of the parameters including bulk pH, Co®" and
MPS concentration, rotation rate, and pH buffer. In addition,
oscillation was also observed when an alternative additive,
MPA, was used, confirming the formation of the Co—MPS
complex through the thiol group and the critical role such
complex played in the oscillation.
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