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Copper electrodeposition from a CuSO4—H2SO4 electrolyte containing a polyether suppressor and (0 to 100) μmol∙L−1 Cl− is
examined using a 25 μm diameter microdisk electrode. Optical imaging during cyclic voltammetry and galvanodynamic
measurements reveal hysteresis, overpotential inversions, and the morphological evolution accompanying breakdown of the
polyether-chloride inhibition layer. Simulations involving co-adsorption of the suppressor-halide adlayer and its subsequent
breakdown capture the positive feedback and negative differential resistance (S-NDR) evident in electroanalytical measurements as
well as important aspects of electrode shape evolution. The impact of electrode shape change on simulations of electroanalytical
experiments is quantified in comparison to a stationary interface approximation. For potentiodynamic conditions, adlayer
breakdown propagates rapidly from the center of the microelectrode surface although the final deposit profile is non-uniform due to
enhanced transport to the disk perimeter. In contrast, galvanodynamic experiments in more concentrated Cl− solutions reveal
spatially selective suppressor breakdown with deposition initially localized to the microelectrode center followed by outward
expansion as applied current is increased. The difference between potentiodynamic and galvanodynamic responses reflects the
convolution of S-NDR critical behavior with the respective control-loop load lines. Microelectrodes constrain or frustrate the
otherwise random bifurcation process giving rise to predictable morphologies unattainable on macroscale electrodes.
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area and are usually distributed on the otherwise passive surface with
a bias reflecting the constraint of the primary and tertiary current
distribution. Under such conditions the accurate determination of
kinetics for the actively growing region is exceedingly difficult
(if not impossible in practice). Restricting the dimensions of the
working electrode down to micrometer scale offers several important
advantages. In particular, continuous optical imaging of the surface
during metal deposition is possible, allowing real time assessment of
the evolution of active and passive areas.44 Recently, imaging of a
100 μm diameter electrode under microfluidic flow conditions
examined the effect of rapid change in additive concentration on
Cu deposition behavior on the disk.45 This development builds upon
prior studies examining the impact of rapid additive changes on the
global electrochemical response.29 Transport to small size elec-
trodes, ≈25 μm diameter, is dominated by a hemispherical field
capable of providing steady-state deposition rates that can only be
matched by forced convection, e.g. at high RDE rotation rates, for
macroscale electrodes. This difference enables the importance of
shear in the adsorption and desorption of the polymer suppressor to
be assessed. An additional benefit of microscale electrodes is the
relative ease of correcting for losses associated with electrolyte
resistivity, thereby helping to clarify the nature of S-NDR behavior.
Furthermore, as microelectrode dimensions shrink, bifurcation into
active-passive zones will be constrained and possibly channeled or
templated by the finite geometry.44–46 In the extreme limit the
bifurcation process itself might be frustrated. Indeed, this approach
has been used to explore electrode size effects on the bifurcation of a
Pt microelectrode surface during CO oxidation including an analysis
of the electrochemical noise associated with the process.45 Taking a
similar approach to examine processes such as nucleation, growth,
and phase separation during electrodeposition reactions represents a
promising avenue for future research.

In the present study, microelectrodes are used to examine S-NDR
phenomena associated with Cu electrodeposition in the presence of a
representative polyether additive, poloxamine, and a range of Cl−

concentrations in acid CuSO4—H2SO4 electrolyte. Cyclic voltam-
metry captures the characteristic hysteresis response, and linear
galvanodynamic sweeps reveal the negative differential resistance
associated with breakdown of the polyether—Cl− suppressor phase.
A two-additive model describing co-adsorption and deactivation/
consumption of the respective components of the suppressor phase
and their impact on copper deposition kinetics is used to simulate the
electroanalytical measurements. Simulations tracking changes in the
electrode shape (i.e., moving boundaries) during electroanalytical
measurements are compared with predictions calculated using a
stationary interface approximation. While all the simulations assume
a microstructurally homogeneous electrode surface, predictions of the
deposit growth profiles are used to explore the effect of inhomogene-
ities in the current distribution and chemical transport on the
regulation/operation mode used during growth. Importantly, the shape
change simulations show favorable agreement with in situ imaging
experiments. Distinct and important differences as a function of the
regulation mode are revealed that contribute to a deeper under-
standing of spatiotemporal patterning that develops during suppressor
breakdown in additive derived S-NDR electrodeposition systems.

Experimental Methods

Cyclic voltammetry (CV) and linear galvanodynamic sweeps
(GD) exploring the impact of Cl− concentration and a polyether
additive on copper deposition were conducted in an electrolyte
comprised of 0.24 mol∙L−1 CuSO4 and (0.01 to 1.8) mol∙L−1 H2SO4.
The chemicals CuSO4∙5H2O (Sigma Aldrich,a ⩾ 98.0 % by wt.),
concentrated H2SO4 (Taylor Chemical Company, 95.0–98.0 % by
wt.), and NaCl (Fisher Scientific, ⩾ 99.0 % by wt.) were used in the
as-received condition. A poloxamine suppressor, ethylenediamine

tetrakis (propoxylate-block-ethoxylate) tetrol, (PEO4PPO12)2ED
(PPO12)PEO4)2 (Mn avg ≈ 3600, Tetronic 701, Sigma Aldrich product
no. 435511) was used with the concentration fixed at 80 μmol∙L−1

(or, equivalently 0.288 g∙L−1). Solutions with different chloride
concentrations were made using aliquots from a master solution of 20
mmol∙L−1 NaCl. The 0 μmol∙L−1 Cl− experiments likely have a trace
amount of chloride in solution, a result of the limited purity
specification of the as-received CuSO4 salt (⩽ 0.001 % Cl− by wt.)
and the affinity of copper metal for chloride adsorption due to
its negative potential of zero charge. All electrolytes, polishing,
and rinsing solutions were prepared with 18 MΩ∙cm water. A
Hg/Hg2SO4/saturated K2SO4 reference electrode (SSE) was used in
all experiments. All potentials are referenced versus SSE which is pH
sensitive due to the sulfate/bisulfate equilibrium. The pH dependence
was evaluated by direct comparison to Hg/Hg2Cl2/saturated KCl
(SCE) and H2/H3O

+/Pt (RHE) reference electrodes poised in the
same solution. For experiments performed in 10 mmol∙L−1 and 100
mmol∙L−1 H2SO4 solutions the SSE reference shifted by −63 mV
and −48 mV in comparison to experiments performed in 1.8 mol∙L−1

solution and thus, the potential of the respective data sets were shifted
accordingly in Fig. 1. To avoid concerns with Pt dissolution in the
Cl−containing electrolyte, an iridium wire was used as the counter
electrode.

Electroanalytical measurements were performed on a 25 μm
diameter gold microelectrode (CH Instruments, Austin, TX) and a
0.5 cm diameter gold rotating disk electrode (RDE) using a Biologic
model VSP potentiostat. The microelectrodes were polished using
sequentially finer diamond lapping paper, ending with a 0.1 μm grit.
The RDE was similarly polished using silicon carbide paper in 18
MΩ∙cm water, ending with 5 μm grit. Electrodes were only polished
before each electroanalytical campaign to limit microstructural
variation of the gold electrode between experiments; thus, all
experiments in Fig. 2 use the same pre-polished microelectrode.
Voltammetric studies of Cu deposition in the various CuSO4

solutions were performed at 10 mV∙s−1 , initiating at −0.15 V and
sweeping to −0.72 V or −0.75 V (as shown). Linear galvanody-
namic sweeps were performed on microelectrodes at a scan rate of
14.48 nA∙s−1, initiating at 0 nA and ending at −579 nA. Prior to
voltammetric and galvanodynamic measurements the Au microelec-
trodes were held for 30 s at −0.15 V and 0 nA (the open circuit
potential ranged from −0.41 V to −0.48 V), respectively, to allow
the polyether-chloride adlayer to form. To refresh the electrodes
between individual experiments, the deposited Cu was removed by
voltammetric cycling between −0.35 V and 0 V at 10 mV∙s−1 in the
CuSO4—H2SO4—additive containing solution followed by immer-
sion of the electrode in concentrated nitric acid for a few seconds
(the same 20 ml nitric acid solution was used throughout each day).
Then, the electrodes were electrochemically annealed by cyclic
voltammetry in 1.8 mol∙L−1 H2SO4, sweeping between 1.25 V and
−0.45 V for 10 cycles at a 100 mV∙s−1 scan rate. Electrodes were
rinsed for ≈ 10 s in a stream of 18 MΩ∙cm water after removal from
each electrolytic or cleaning solution. Voltammetry and galvanody-
namic measurements for each Cl− concentration were accomplished
in the same electrolyte solution, the relevant concentration being
subsequently increased for measurements under other conditions.
Currents measured in all electroanalytical experiments are converted
to current densities based on the projected microelectrode (4.91 ´
10−6 cm2) and RDE (0.196 cm2) areas. Solution conductivity and
cell impedance were derived from high frequency impedance
measurements using a standard electrolyte conductivity cell with
two circular Pt electrodes. The conductivities of 0.01 mol∙L−1

H2SO4, 0.1 mol∙L−1 H2SO4, and 1.8 mol∙L−1 H2SO4 solutions were
1.43 S∙m−1 , 4.34 S∙m−1, and 49.3 S∙m−1, respectively.

For in situ optical measurements, cyclic voltammetry and linear
galvanodynamic sweeps were performed in a pool (<1 mL) of
electrolyte supported on a silica plate (thickness of 0.5 mm, Valley
Design East, Shirley, MA) placed on the stage of an inverted Nikon
Epiphot 300 microscope. The Au microelectrode was suspended
above the plate, with less than 2 mm distance between the

aIdentification of commercial products in this paper was done to specify the
experimental procedure. In no case does this imply endorsement or recommenda-
tion by the National Institute of Standards and Technology.
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dispersion effects associated with ensemble development and
implied competition therein. Furthermore, the hemispherical field
that surrounds microelectrodes provides high steady-state transport
rates without the need for forced convection. The smaller electrode
size also mitigates measurement challenges associated with resistive
electrolytes as the uncompensated resistance is concentrated within a
well-defined region of the electrolyte immediately adjacent to the
electrode. The inverse radial dependence of the ohmic resistance
combined with the decreased capacitance proportional to radius
squared give an improved time response associated with smaller
electrodes.

Cyclic voltammetry and linear galvanodynamic sweeps of Cu
deposition on a 25 μm diameter Au microelectrode from solutions
containing 0.24 mol∙L−1 CuSO4, 1.8 mol∙L−1 H2SO4, 80 μmol∙L−1

poloxamine, and different Cl− concentrations are shown in Fig. 2. At
potentials positive of −0.5 V, a wetting Cu underpotential deposited
layer forms on the Au electrode. As the potential is swept more
negative a monotonic polarization curve of unrestrained Cu2+

reduction on the Cu covered surface is observed for the additive-
free electrolyte. In the presence of 5 μmol∙L−1 Cl− reduction
kinetics are actually enhanced, with a small peak evident near
−0.54 V due to Cl- accelerated reduction of Cu2+ to Cu+.51

Thereafter the polarization curve is monotonic with potential for
Cu2+ reduction to Cu. Interestingly, the dilute Cl− coverage leads to
acceleration of the metal deposition reaction yet is insufficient to
support co-adsorption of the polyether suppressor. As the Cl−

concentration is increased to 10 μmol∙L−1, and higher, strong
inhibition of the deposition is evident in the negative sweep until
the critical potential is reached and the polyether-Cl− suppressor
layer is disrupted. With further polarization, the reaction rate sharply
accelerates as the electrode surface fully activates, and the curve
inflects to a linear i-V response. On the return sweep the deposition
rate on the fully activated surface mirrors the suppressor-free
kinetics with decreasing overpotential for concentrations less than
25 μmol∙L−1 Cl−. For higher Cl− concentrations the suppressor
layer reforms at successively more negative potentials as the flux
driving reformation of the suppressor overcomes the weakening
driving force for metal deposition, a trend more clear when
comparing all the voltammetry data as shown in Fig. S2. The
dependence of the breakdown potential on Cl− concentration, related
to the halide coverage and/or related structural phase transitions,52

is also evident in Fig. S2. The critical potential, or activation
threshold defined at −10 mA∙cm−2, shifts by ≈ −66 mV between
10 μmol∙L−1 Cl− and 100 μmol∙L−1 Cl−, (Fig. S2b) consistent with

previously reported data using RDEs in a solution of 1 mol∙L−1

CuSO4, 0.5 mol∙L−1 H2SO4, and 40 μmol∙L−1 poloxamine, Tetronic
701, over a similar range of chloride concentrations.13 During the
reverse sweep repassivation of the active branch is dependent on Cl−

concentration reflecting the importance of co-adsorption in forma-
tion of the suppressor phase; the trend is pictured more clearly in
Fig. S2b. This is true even when the concentration of the polyether
and Cl− are in the same range (i.e., at (75 to 100) μmol∙L−1 Cl−).
The voltammetric sequence of breakdown and repassivation gives
rise to the ≈100 mV wide hysteresis loop that reflects the balance
between the kinetics of Cl− adsorption versus the metal deposition
rate dependent incorporation in the growing deposit.13,23,36,47

As with the RDE data, the S-NDR region is not evident in the
microelectrode cyclic voltammetry. However, unlike the RDE
measurements, imposing a post-experimental correction for the iR-
drop based on the microelectrode geometric area does not reveal the
S-NDR. The primary current distribution resistance, ΩUME, for
current flow to a disk follows53

k
W =

r
1

4
1UME [ ]

where κ is the solution conductivity and r is the radius of the
microelectrode disk. The calculated iR-drop for the highest current
value in Fig. 2 (−220 mA∙cm−2) is only 0.4 mV by Eq. 1, versus
26 mV on the RDE in Fig. 1 estimated from cell impedance. Even
for the more resistive solutions, such as 0.01 mol∙L−1 H2SO4, the
estimated iR-drop at similar current levels on a microelectrode is
only 14 mV, substantially less than the corresponding >300 mV
potential shift on the RDE.

Optical imaging of the microelectrode during cyclic voltammetry
reveals that the sharp transition between the fully passive surface and
the active branch corresponds to nucleation of a high density of
small active regions concentrated near the center of the microelec-
trode, as shown in Fig. 3 for an electrolyte containing 100 μmol∙L−1

Cl−. The bifurcation begins with the formation of active clusters that
by −0.724 V (corresponding to halfway between the fully passive
and activated state) represents only a modest fraction of the electrode
surface. Each actively growing region may be considered an
individual microelectrode. As the clusters are growing on a
conductive surface high frequency impedance measurements do
not properly capture the nature of the ohmic losses associated with
current flow to the much smaller active region. Rather, the ohmic
losses for current flow to these smaller regions will be greater, as

Figure 2. Cyclic voltammetry at 10 mV∙s−1 and linear galvanodynamic sweeps at 14.48 nA∙s−1 in 0.24 mol∙L−1 CuSO4, 1.8 mol∙L−1 H2SO4, 80 μmol∙L−1

poloxamine (Tetronic 701) with the indicated chloride concentrations on a 25 μm diameter Au microelectrode. The measured current is normalized to the
geometric area of the mechanically polished microelectrode.
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suggested by the radius-dependent relationship described in Eq. 1.
By −0.731 V the whole electrode is actively growing, although
evidence of a higher initial nucleation density toward the center
remains, and at this juncture the ohmic losses associated with the full
microelectrode area are relevant. The evolution of the bifurcation,
although occurring within a 29 mV range, is such that the S-NDR
region must exist; however, quantitative analysis of the likely
dynamic ohmic losses during expansion of the active regions
remains to be fully determined.

The critical instability of the potentiodynamic control loop is such
that the shift of the electrode from the fully passive to fully active state
occurs in less than 3 s for the 10 mV∙s−1 scan rate; analysis of
greyscale images using binary thresholding in ImageJ software
indicates transition of a microelectrode from 7% copper coverage to
100% coverage occurs within 29 mV. Current control measurements
provide the means to slow down and stabilize the S-NDR bifurcation
on the microelectrode surface. Accordingly, Fig. 2 shows linear
galvanodynamic sweeps from 0 to −579 nA at 14.48 nA∙s−1 in the
same electrolytes used in the voltammetric experiments. The galvano-
dynamic sweeps clearly show a negative differential resistance as the
potential depolarizes upon partial breakdown of the suppressor layer.
That the current sweep with 0 μmol∙L−1 Cl− also shows a small
inversion might be associated with 3D nucleation of Cu metal on Au
during the fast galvanodynamic polarization or possibly related to Cl−

contamination and thereby some partial coverage of the suppressor
phase. Contamination is suggested by the subsequent polarization after
the inversion being similar to that observed for the full activated surface
during voltammetry in the 5 μmol∙L−1 Cl− CV measurement; that said,
the voltammetry and galvanodynamic data were obtained sequentially
from the same electrolyte so that such contamination would have to
arise from carry-over from the nitric acid immersion, electrochemical
annealing, and rinsing steps between each individual measurement.

Following the addition of 5 μmol∙L−1 Cl− to the electrolyte a
sharper inversion with larger depolarization (decrease of over-
potential) is observed even though the corresponding voltammetric

Figure 3. Cyclic voltammetry at 10 mV∙s−1 and corresponding in situ
optical micrographs of copper deposition on a 25 μm microelectrode in
0.24 mol∙L−1 CuSO4, 1.8 mol∙L−1 H2SO4, 80 μmol∙L−1 poloxamine
(Tetronic 701), and 100 μmol∙L−1 NaCl. The mean grey value for each
image is scaled between 0 and 255 as determined from the color images. The
percentages representing Cu coverage listed in each optical micrograph are
estimated from binary thresholding in ImageJ software.

Figure 4. Galvanodynamic sweeps at 14.48 nA∙s−1 and corresponding in situ optical micrographs of copper deposition on a 25 μm microelectrode in
0.24 mol∙L−1 CuSO4, 1.8 mol∙L−1 H2SO4, and 80 μmol∙L−1 poloxamine (Tetronic 701) for (a) 5 μmol∙L−1 and (b) 100 μmol∙L−1 NaCl. The mean grey value for
each image is scaled between 0 and 255 as determined from the color images. The percentages representing Cu coverage listed in each optical micrograph are
estimated from binary thresholding in ImageJ software.
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density at −0.75 V (≈ 15 % higher) than that observed for
25 μmol∙L−1 and 100 μmol∙L−1 Cl−. The cause of this discrepancy
is not certain but might indicate lateral overgrowth of Cu on the
microelectrode that was not removed completely during the electro-
chemical cleaning step before these two experiments. The model also
predicts suppression and hysteresis at 5 μmol∙L−1 Cl− where the
experimental voltammetry shows none. That the experimental
galvanodynamic experiment from Fig. 2 shows a clear NDR
inversion for this same concentration might indicate the condition
is near a threshold value for inducing significant polymer adsorption
and formation of a suppression layer. That the 0 μmol∙L−1 Cl−

prediction differs significantly from the corresponding experimental
data is not surprising; copper kinetics are known to be accelerated by
chloride adsorption and the kinetic parameters estimated from a
solution containing 10 μmol∙L−1 Cl− are expected to provide a poor
fit to behavior in nominally chloride-free electrolyte.

Figure 7 compares S-NDR model simulations of galvanodynamic
sweeps to the experimental data from Fig. 2. The voltammetric
simulations are included as a visual frame for the galvanodynamic
curves. The computations qualitatively capture the trends in the
experimental data. At lower Cl− concentrations the simulated curves
predict a single NDR inversion (decreasing overpotential with
increasing current) following the onset of suppressor breakdown
that occurs within 1 s of initiation of the current ramp. Thereafter the
electrode depolarizes to reach a maximum potential followed by a
slower increase in polarization as the galvanodynamic curve
progresses monotonically on a path similar to the reverse branch
of the simulated voltammetric curve. At higher chloride concentra-
tions the simulated galvanodynamic curves display two NDR
inversions, the second inversion being less pronounced than the
first. As in the low Cl− simulations, the galvanodynamic curve tends
to merge with the active branch of the simulated voltammograms at
higher currents. For Cl− concentrations <50 μmol∙L−1 the galva-
nodynamic simulations predict a breakdown potential only slightly
negative (10 to 20) mV of that in the simulated voltammetry; at
higher concentrations the simulated galvanodynamic breakdown
potentials are equal to, or more positive than, those in the
corresponding simulated voltammetry. These trends are consistent
with experimental data in Fig. 2, although to a lesser extent, where
the measured galvanodynamic breakdown potential is (30 to 60) mV
more negative than the corresponding voltammetric result for Cl−

<50 μmol∙L−1. Neglect of the double layer capacitance of the
electrode in simulations, and variation thereof, may contribute to the
underestimation of the experimental potential shift.

The combination of micrometer-sized electrodes and electroana-
lytical methods provide important opportunities to gain new insight
into bifurcation reactions. This includes optical imaging of the entire
electrode area with suitable resolution to allow cross correlation with
the electrochemical data. The hemispherical transport fields also
supply high flux conditions analogous to those provided by forced
convection on planar electrodes, thereby enabling the relative roles
of transport and shear in adsorption and desorption processes to be
examined, understanding that may be particularly important for
predicting the impact of polymer suppressors in filling of patterned
features. Likewise, microelectrodes enable the exploration of finite
size effects, relative to pattern formation, on bifurcation reactions,
again highly relevant for polymer-containing electrolytes used in
feature filling, along with examination of the coupling to ohmic
losses associated with current flow in the electrolyte.

Stationary approximation versus moving interface.—Changes
in electrode shape and area are important complications in the
analysis of deposition reactions. To minimize this effect in the
present work the experimental voltammetry was collected at a
10 mV∙s−1 scan rate rather than the 2 mV∙s−1 or less scan rates
often used for pseudo steady-state measurements on macroscale
RDEs. For the galvanodynamic experiments swept at 14.48 nA∙s−1

to 579 nA (Iend), a simple estimate of the build-up is provided by
Faraday’s law, converting mass to thickness using the density of
copper (ρCu) and surface area of the microelectrode (AUME) through

r
=Thickness

I t M

z F A

0.5 1
14end w Cu

Cu Cu UME

,( )
· [ ]

which predicts 0.87 μm of uniform growth on the microelectrode for
the total measurement charge, Q, of 11.58 μC. While this thickness
is only 3.5 % of the microelectrode diameter, the associated area
change can measurably alter the predicted voltammetry if a
stationary interface approximation is used. Figure 8 shows simulated
voltammetry and galvanodynamic responses for 10 μmol∙L−1 and
100 μmol∙L−1 Cl− conditions using both the moving interface
calculation used in all Fig. 6 and Fig. 7 simulations and a stationary
interface approximation also with parameters from Table I. The two
methods produce qualitatively similar voltammetry and galvanody-
namic predictions but with clear, albeit minor, quantitative differ-
ences. Prior to voltammetric suppressor breakdown the two simula-
tion methods are identical as negligible deposition has occurred.
After breakdown the stationary approximation deviates from the

Figure 6. Comparison of experimental cyclic voltammetry (—) to S-NDR model using a moving interface calculation (—) for the indicated chloride
concentrations.
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moving interface calculation, exhibiting slightly lower peak currents
and a small secondary hysteretic loop. Rapid depletion of Cu2+ after
breakdown reduces the current more for the stationary approxima-
tion; this difference is accentuated by higher currents arising from
the increase in surface area that includes lateral overgrowth of the
electrodeposits. The higher current levels for the moving interface
calculation are likewise maintained during the return sweep.
The galvanodynamic sweeps also show little variation between the
moving interface and stationary calculations at early times due to
negligible deposition at the lowest applied currents. As the galva-
nodynamic sweep progresses the stationary approximation ulti-
mately diverges from the moving interface calculation by 10 mV

to 20 mV for both Cl− concentrations; the expanding surface area of
the growing deposit reduces the current density relative to that for
the stationary approximation, thereby providing additional depolar-
ization.

Simulations with a stationary approximation were also done for
polymer-free and suppressed solutions (Fig. S3) to examine the
impact on the fitted values of the electrochemical kinetic parameters
ji
o and αi. The best fit for the fully suppressed parameters did not

change using a stationary interface approximation. This is unsur-
prising, as relatively little deposition occurs over the course of the
linear voltammetric sweep. Failure to account for shape change
during growth when fitting the voltammetry for the fully active

Figure 7. Comparison of experimental galvanodynamic sweeps (gray) to model (—) at the indicated chloride concentrations. Simulated cyclic voltammetry (—)
is included to frame the GD data.

Figure 8. Simulations of cyclic voltammetry (top) and galvanodynamic sweeps (bottom) using moving interface calculations (� ) and a stationary electrode
approximation (—) at the indicated chloride concentrations.
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surface, however, did result in a significant change of the exchange
current density: a value of j o

0 = 3.25 A∙m−2 for the fixed interface
rather than j o

0 = 2.5 A∙m−2 for the moving interface. This 30 %
increase in j o

0 also resulted in a slight decrease in the best fit for -kCl
from 7´ 107 m−1 to 5.2´ 107 m−1, although +kCl remained the same
at 120 m3∙(mol∙s)−1. Experimental and simulated cyclic voltammetry
across the (0 to 100) μmol∙L−1 range of Cl− concentrations, using
the above parameters for the stationary electrode, are shown in
Fig. S4.

Microelectrode shape evolution during electrodeposition.—In
both rotating disk electrode and microelectrode experiments the
primary current distribution leads to enhanced deposition at the disk
edges and non-uniform deposition profiles. Simulations using a

moving interface calculation provide an estimate of the cross-
sectional profile resulting from such edge effects. Simulations of
cyclic voltammetry in Fig. 6 were therefore re-computed using a
vertex potential of −0.75 V for each Cl− concentration; the profiles
of the resulting deposits are presented in Fig. 9a. Increased
deposition is predicted at the edge of the microelectrode for all
Cl− concentrations, the suppressor-free (i.e., 0 μmol∙L−1 Cl−) case
showing the most deposition overall. As chloride concentration
increases the suppression breakdown potential shifts negative,
reducing the total charge generated by the voltammetry and thereby
the amount of deposition. Addition of chloride reduces the deposit
height fairly evenly across the microelectrode; the ratio of peak
deposit height to that at the deposit center only changes from 1.67 to
1.53 upon an increase from 0 μmol∙L−1 to 100 μmol∙L−1 Cl−. The
different scales of the x-axis and y-axis make the deposit appear
more non-uniform in Fig. 9a than in reality; profiles to scale for the
0 μmol∙L−1 and 100 μmol∙L−1 Cl− simulations are shown above the
plot. The ratio of average deposit height to microelectrode diameter
is 3.7 % and 2.4 % for the 0 μmol∙L−1 and 100 μmol∙L−1 Cl− cases,
respectively.

Deposit profiles for the 40 s linear galvanodynamic sweeps in the
same electrolytes are shown in Fig. 9b with scale profiles for the
0 μmol∙L−1 and 100 μmol∙L−1 Cl− concentrations shown above. In
contrast to the cyclic voltammetry, the total charge in the linear
current ramp (11.58 μC) is the same for all Cl− concentrations.
Despite this nominally greater similarity, the simulations show far
more variation in deposit profile as a function of chloride concen-
tration. With no Cl− in solution the deposit has a shape analogous to
that which results from the voltammetric measurement but with
a slightly more uniform profile across the disk (edge-to-center
thickness ratio of 1.26). Increasing chloride concentration up to
25 μmol∙L−1

flattens the profile further, leaving an edge-to-center
thickness ratio of just 1.08. However, Cl− concentrations between
50 μmol∙L−1 and 100 μmol∙L−1 invert the deposit non-uniformity,
producing thicker profiles at the center than at the edge; the 1.34 μm
deposit thickness at the center for the 100 μmol∙L−1 Cl− simulation
is 54% thicker than anticipated for uniform deposition. This reverse
in the trend suggests a value for chloride concentration exists
between 25 μmol∙L−1 and 50 μmol∙L−1 that would result in a
nominally uniformly growing interface (i.e., edge-to-center thick-
ness ratio approaching unity) with nearly uniform deposit thickness
of 0.87 μm for the given galvanodynamic measurement charge.

The profiles shown in Fig. 9 correspond to those at the end of the
measurements and thus reflect the integrated time-dependent current
distributions. However, the significant variations of chemical trans-
port and electric fields during voltammetric and galvanodynamic
measurements lead to dynamic current density profiles during
deposition on the microelectrode. Figure 10 shows normalized
current density profiles (the ratio of local current density to global
current divided by the electrode geometric area) at several times
during the voltammetric and galvanodynamic measurements in
100 μmol∙L−1 Cl− that correspond to specific features in the
associated current and potential transients. For the voltammetry,
the first profile at 27.3 s is uniform and reflects the slow kinetics
of deposition on the fully passivated electrode interface prior to
suppression breakdown. Shortly after suppression breakdown
the normalized current profile exhibits slightly more deposition at
the center than the edges, matching the observations of increased Cu
nucleation density during in situ voltammetry in Fig. 3. This pattern
is attributed to the higher flux of Cl− that helps inhibit suppressor
breakdown at the microelectrode edge. As the potential is swept
negative sustained copper deposition drives full deactivation of the
inhibition layer, leading to increased cupric ion depletion. By 34.0 s
the current maximum is reached and the current density profile
inverts, exhibiting over 3́ higher current density at the microelec-
trode edge than the center due to the non-uniform electric field and
enhanced (chemical) transport of Cu2+ to the edge of the disk.
However, after the initial “shock” of adlayer breakdown, the cupric
ion gradient relaxes so that the variation of deposition rate from the

Figure 9. Simulated copper growth profiles during (a) cyclic voltammetry
at 10 mV∙s−1 and (b) linear galvanodynamic sweeps at 14.48 nA∙s−1 in
0.24 mol∙L−1 CuSO4, 1.8 mol∙L−1 H2SO4, and 80 μmol∙L−1 poloxamine
(Tetronic 701) at the indicated chloride concentrations. For voltammetry the
reverse potential is −0.75 V for each concentration, resulting in a total
measurement time of 68 s. For the galvanodynamic sweep current is swept
from 0 to −579 nA, resulting in a total time of 40 s. The images above the
charts show the cross-section of the copper deposit for the 100 μmol∙L−1 Cl−

concentration ( ) and the final growth profile for the 0 μmol∙L−1 Cl−

concentration (� ).
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edge to the center is less pronounced during the return sweep. The
electrode surface remains mostly active , although enhanced
deposition at the edge weakens as the overpotential is reduced and
the first signs of inhibition develop at the edge of the disk where the
Cl− flux is highest. As the overpotential is reduced further complete
repassivation of the electrode occurs, suppression propagating
inward from the outer edge of the disk (not shown) due to enhanced
Cl− transport. By the end of the voltammogram the current
distribution is flat across the disk. The distribution associated with
the peak deposition current and subsequent repassivation process is
reflected in the final profile depicted in Fig. 9a. The offset from unity
for the final current density profile in Fig. 10a reflects the predicted
17 % increase in surface area of the microelectrode from the original
geometric area (4.91 ´ 10−6 cm2).

The earliest current density profile at 1.4 s for the galvano-
dynamic sweep in Fig. 10b corresponds to the minimum potential
(maximum overpotential) at the first S-NDR inversion and depicts
the flat profile of an evenly passivated surface like that seen in
voltammetric simulations prior to inhibition breakdown. This sharp
potential extremum marks the onset of breakdown of the
polymer-Cl− suppression layer. The breakdown is followed by
depolarization, reaching a local potential maximum (overpotential
minimum) at 5 s . The corresponding simulated chloride surface
coverages, shown in Fig. S5, reveal a rapid decrease that is localized
to the center 10 μm of the 25 μm diameter microelectrode. At 5 s the
current density at the center exceeds the global average value by
more than a factor of seven. The active central area is surrounded by
a passive annular region with current density less than 10 % of the
average that extends inward as far as 3 μm from the microelectrode
edge. This substantial non-uniformity reflects the bifurcation of the
electrode such that activation or passivation is biased by the local
variation in chemical transport provided by the microelectrode

geometry. As the applied current increases the electrode begins to
polarize again, reaching a local extremum at 9 s . Localization of
current density at the microelectrode center remains, although now
only five times the average and with a more sharply defined
transition to the neighboring passive region. As the applied current
increases further, the electrode slowly depolarizes to reach a local
overpotential minimum at 25 s . The current profile captures the
lateral expansion of the active zones coincident with weakened
current density at the center that is only 25 % larger than the global
average while the outermost 1 μm of the microelectrode surface still
exhibits a passive character. By the end of the galvanodynamic
sweep the entire interface is activated, and the peak local current
density near the microelectrode edge is 33 % larger than the
minimum at the center.

The combination of in situ imaging during cyclic voltammetry
(Fig. 3) and galvanodynamic sweeps (Fig. 4) with simulations of the
spatiotemporal current distribution (Fig. 10) indicate that the
operating mode, i.e., galvanodynamic or potentiodynamic, results
in substantially different growth profiles due to variation in the local
current density at the microelectrode-electrolyte interface during
S-NDR bifurcation. In each case, non-uniform deposition reflects
spatially varying chemical concentrations and gradients as well as
competition between the adsorbed polymer-chloride suppression
layer and potential-driven activation of copper deposition. For cyclic
voltammetry, potentiodynamic control (as well as freely evolving
current) permits sustained activation of the electrode after critical
breakdown of the suppression layer, only iR drop within the system
prevents a truly instantaneous activation. The bifurcation into active
and passive zones that precedes full activation is correspondingly
rapid. In contrast, the defined current provided by galvanodynamic
operation enforces a clearer and more extended view of the spatial
bifurcation as long as the applied current remains insufficient to

Figure 10. Normalized instantaneous current density profiles for (a) cyclic voltammetry and (b) a linear galvanodynamic sweep with corresponding (c) i-t and
(d) V-t transients in 100 μmol∙L−1 Cl−. Current density profiles are normalized by the average current density determined by the initial microelectrode surface
area. Local current density for cyclic voltammetry is sampled at −1 mA∙cm−2 , −100 mA∙cm−2 , the peak current (−172 mA∙cm−2), −100 mA∙cm−2 on the
reverse sweep, and at the end of the measurement. Current density profiles for the GD sweep correspond to potentials at local minima (1.4 s and 9 s), local
maxima (5 s and 25 s), and the end of the measurement (40 s).
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