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Sequential in situ STM imaging of electrodissolving copper single-crystal domains in aqueous
perchloric acid: Kinetics and mechanism of the interface evolution

S. G. Aziz,* M. E. Vela, G. Andreasen, R. C. Salvarezza, A. Herna´ndez-Creus,† and A. J. Arvia
Instituto de Investigaciones Fisicoquı´micas Teo´ricas y Aplicadas (INIFTA), Sucursal 4, Casilla de Correo 16,

1900 La Plata, Argentina
~Received 5 August 1996; revised manuscript received 10 January 1997!

The evolution of Cu crystal surfaces in an aqueous perchloric acid solution at both null (j 50) and constant
anodic apparent current density (j 56 mA cm22) at room temperature was followed byin situ scanning tun-
neling microscopy sequential imaging. Forj 50, the Cu surface turns out to be highly dynamic as terrace
growth, step displacement, and smoothening of small pits can be observed. These processes lead to a small
decrease in the value of the root-mean-square roughness~j!. On the other hand, forj 56 mA cm22, an
inhomogeneous attack proceeds with a marked increase inj. In this case, while some surface domains become
progressively rough others develop nm-sized etched pits that turn the interface unstable. The evolution of the
Cu topography under the experimental conditions of this work was simulated using a Monte Carlo algorithm
based on a dissolution model in which surface processes are influenced by inhomogeneity stabilizing cavities.
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I. INTRODUCTION

The morphological aspects of processes involving the
moval of material from surfaces that are important in a w
range of applications have received considerably little att
tion as compared to surface morphology in deposition
growth processes, except in very recent papers dealing
either theoretical models or experimental data related t
few systems.

1,2

Solid attack in aggressive environments involves a nu
ber of processes generally leading to the loss of material
appearance of an irregular surface topography. In suc
case, the development of a particular topography results f
a competition among different physical processes associ
with the displacement of the interface. Considering a re
tively simple framework, a self-affine fractal surface is e
pected when solid dissolution or growth is dominated
surface processes, whereas an unstable interface is prod
when surface processes are coupled with either electrica
concentration fields operating in the environment around
interface.3

On the other hand, the kinetics and mechanism of m
dissolution, particularly oriented towards corrosion proces
in aqueous solutions, have been extensively considered
long time.4 Commonly, at low dissolution rates, the kineti
of these reactions is dominated by surface processes inv
ing interfacial charge transfer that occur mainly at surfa
sites where atoms in the lattice are more weakly bound.
number of such active sites depends on the structure
morphology of the corroding surface, and vice versa,
morphology of the corroding surface reflects in some w
the kinetics and mechanism of the overall process.

In contrast to surface crystallography, surface morph
ogy has not been specifically considered in most theorie
metal dissolution and electrodissolution in aggress
media,4,5 as kinetic descriptions usually include average
netic parameters in the relationships between the reac
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rate and the activation energy. In fact, due to the stocha
nature of the dynamics of metal dissolution, surface m
phology is expected to change with time, in many ca
evolving into rough structures which have a considera
influence on the overall reaction.6

For a solid-phase growth far from equilibrium, the kine
ics of the interface roughening is enhanced, and in th
cases, even the possibility of a transition in the kinetics
roughening has been investigated.6–9 This transition is the
nonequilibrium analog of the equilibrium roughness tran
tion which is known to occur for phase growth on low-inde
metal surfaces. While growth on flat surfaces is only poss
via nucleation processes, rough surfaces feature a contin
regime leading to irregular topographies with fractal surfa
characteristics.10 The same situations should be expected
a solid-phase disruption.

Computer models of chemical dissolution including t
influence of the applied potential6 have been advanced by
number of authors.11–13 In these cases, roughness may
duce a change in the dissolution mechanism from one at
overvoltages characterized by kink propagation at step
one at large overvoltages where low coordination sites
tively participate in the processes.

Surface roughness of corroding metal surfaces initiated
a flat substrate has been shown to exhibit a scaling beha
over a wide variation in length scales, a fact which h
aroused considerable interest in the physics of dyna
scaling.14–16

The dynamic scaling theory predicts that the interfa
width, i.e., the mean surface height fluctuationj(L,t), for
length scaleL and growth timet, scales as16,17

j~L,t !}tb f ~ t/La/b!. ~1!

Equation~1! for t@La/b becomes

j~L,t !}La, ~2!

while for t!La/b
4166 © 1997 The American Physical Society
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56 4167SEQUENTIAL in situ STM IMAGING OF . . .
j~L,t !}tb. ~3!

In Eqs.~1!–~3! b anda are called the growth and rough
ness exponents, respectively. The value ofa is related to the
surface texture, and hence toD, the fractal surface dimen
sion of the self-affine surface, byD532a. Thus, for
a⇒1 (D⇒2), the surface tends to be Euclidean~ordered!,
whereas, whena⇒0 (D⇒3), the surface exhibits an in
creasing degree of disorder. It should be noted that the
ponentsa and b are not independent and there is a sim
way to ‘‘collapse’’ the temporal and spatialj data onto a
single curve by plottingj/La versust/La/b.3

In many cases, key parametersa and b can be derived
from the analysis of surface profiles resulting from adequ
imaging procedures, such as those profiles derived f
scanning tunneling microscopy~STM! images which provide
high lateral resolution three-dimensional~3D! images in real
space. Equations~1!–~3! can be extended to data on ST
images by replacingj by jSTM, the root-mean-square rough
ness resulting from STM profiles, andL by Ls , a segment of
the STM scan.17,18The values ofa andb can be compared to
those derived from atomistic and continuum models for
terface evolution.2 However, the interface evolution becom
unstable when its motion is influenced by a Laplacian fi
built around the moving interface. In this case, the topog
phy of the interface is no longer a self-affine fractal, and th
the dynamic scaling theory is no longer applicable.

Roughness evolution during the electrodissolution of
single-crystal surfaces in contact with aqueous 1M HClO4
under surface reaction control has been recently repo
based onin situ sequential STM imaging.2 It has been shown
that for low current densities (j ,15mA cm22), Ag electro-
dissolution proceeds without significant surface roughen
whereas for higher electrodissolution rates j
.15mA cm22) both void formation and smoothening ca
be observed. The dynamic scaling analysis of STM imag18

resulting from j .15mA cm22 leads to b50.36, anda
50.9. This value ofa indicates that the Ag topography re
sults from an electrochemical surface reaction in which
surface-atom diffusion plays a key role, whereas the va
b>0.36 would reflect the influence of energy barriers at s
edges which hinder interlayer mass transport.19 On the other
hand, for j ,15mA cm22, Ag electrodissolution proceed
from step edges leading to layer-by-layer dissolutionb
>0).

Data from investigations on Cu electrodes, particularly
the nucleation and growth of Cu deposits, which have b
carried out in the Cu/Cu,20 Cu/Au,21,22 and Cu/Pt~Ref. 23!
systems, compare well with the 3d nucleation theory at large
cathodic overvoltages. However,in situ atomic force micros-
copy ~AFM! results have shown that a more detailed the
is required, particularly at low cathodic overvoltages
which the contribution of surface imperfections, such
steps and kinks, plays a crucial role in the process.21,23–25

The dynamic scaling behavior of Cu, growth in a stirr
aqueous CuSO4 solution at low growth rates has also be
investigated.26

On the other hand, the anodic dissolution of Cu in aq
ous 0.01M CuSO410.01 M H2SO4 has been studied byin
situ STM from a deposit ofmm-sized bulk crystals produce
on a Au substrate.22 The dissolution of Cu is characterize
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by an initial rapid change in Cu morphology frommm-sized
crystals to faceted structures, as found for Cu anodized
aqueous H2SO4 ~Ref. 27! and aqueous HClO4 solution.20 It
has been concluded that, in these cases, the average a
current peak usually found for Cu electrodissolution does
reflect a simple process of Cu oxidation. This aspect of
problem is explored in this work, which describes the evo
tion of the topography of Cu~111! domains in contact with
an aqueous perchloric acid under a constant anodic appa
current density (j ) resulting from in situ STM sequential
imaging, considering the potential range where the elec
chemical reaction is under a surface reaction kinetic cont

For j 50, the Cu surface becomes highly dynamic, as c
be seen by terrace growth, step displacement, and
smoothening, whereas forj 56 mA cm22 Cu electrodissolu-
tion proceeds inhomogeneously yielding an irregular top
raphy. In this case, surface roughening is accompanied
the development of etched pits which drive the surface e
lution to an unstable roughness regime withb. 1

2 . The evo-
lution of the topography of the electrodissolving Cu surfa
in an aqueous HClO4 solution can account for a dissolutio
model involving surface processes influenced by inhomo
neity stabilizing cavities.

II. EXPERIMENT

Cu electrodissolution was performed in the electroche
cal setup provided with the Nanoscope III STM~Digital In-
struments, Santa Barbara, CA! equipment, which consisted
of a small Kel-F cell~1.132.0 cm2 in size! provided with a
polycrystalline Cu plate~99.99% purity! working electrode
~exposed area 0.5 cm2!, a large Pt counter electrode, and
Pd/H2/H1 reference electrode. The working electrode w
first mechanically polished, and then annealed at 400 °C
der a H2 atmosphere to obtain Cu surfaces formed by smo
terraces and steps only a few atoms in height. The S
images of these electrodes showedmm-sized ordered terrac
domains with well-defined steps intersecting at angles cl
to 60°, as expected from a Cu~111! surface. These topo
graphic features made it possible to select smooth sin
crystal domains 200032000 nm2 in size whose topographic
changes could be followed by sequentialin situ STM imag-
ing.

Runs were made atT5298 K in aqueous 1M HClO4.
This solution was prepared from 70%ar-quality HClO4 and
Milli- Q* water and deaerated with purified N2. To avoid air
incorporation into the solution, both the electrochemical c
and the STM head were placed in a glass chamber und
continuous flow of purified N2.

The conventional voltammetric response of the noneq
librium Cu/aqueous 1M HClO4 system was obtained at th
potential sweep ratesv51023 and 231022 V s21, covering
the potential range20.15 to 0.4 V. The convenient potentia
window for in situ STM imaging was selected in this way
All potentials in the text are referred to the standard hyd
gen electrode~SHE! scale.

Cu electrodissolution runs for sequentialin situ STM im-
aging were performed in the following way. First, the wor
ing electrode was polarized atE520.05 V, i.e., a potential
at which no Cu electrodissolution takes place (j 50). After-
wards, a smooth surface domain, typically 200032000 nm2
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4168 56S. G. AZIZ et al.
in size, was chosen, and after drift attenuation, a serie
STM images of this domain were taken for 20 min at null n
current to check, under this condition, the root-mean-squ
roughness, which was typically 1 nm. Later, Cu electrod
solution atj 56 mA cm22 proceeded simultaneously with th
sequentialin situ STM imaging from t50, i.e., when the
electrodissolution current was switched on, up tot
51600 s.

STM imaging was made using Pt-Ir nanotips covered
Apiezon wax to minimize the possible interference of fa
daic currents. The following conditions forin situ STM im-
aging were used. The tip potential covered the range 0
<Et<0.35 V; the tunneling current wasI t52 nA, the bias
voltage wasEb50.1 V, and the scanning rate was 5 Hz. T
value ofEt was always in the double-layer potential range
the tip material in the solution. It was chosen sufficien
positive to avoid electrodeposition of dissolving Cu from t
substrate on the tip.

STM data were analyzed after instrument plane remo
as described elsewhere.18,28

Occasionallyex situAFM imaging of the Cu surface wa
also made to disregard the presence of tip-induced artif
during thein situ STM imaging. These runs were made usi
a Nanoscope III AFM equipment~Digital Instruments, Santa
Barbara, CA! operating in the contact mode. Au cantileve
with integral Si3N4 tips were used. Typical forces used
these measurements were 10 nN.

III. RESULTS AND INTERPRETATION

A. Electrochemical data

The voltammogram of polycrystalline Cu in aqueous 1M
HClO4 run atv50.02 V s21 from 20.15 to 0.40 V~Fig. 1!
shows a null current from20.15 to 0.15 V followed by a

FIG. 1. ~a! A voltammogram of a Cu electrode in 1M HClO4

recorded at 0.02 V s21 between20.15 and 0.4 VT5298 K. A
typical E vs log10 j curve obtained at 0.001 V/s with a Cu electro
in 1M HClO4 at T5298 K is shown as an inset.
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fast anodic current increase withE that corresponds to Cu
electrodissolution. Subsequently, the reverse potential s
exhibits a broad cathodic current peak atE50.20 V, which
is related to the electroreduction of soluble Cu species p
viously formed. The lnj10 versusE plot resulting from an-
odic polarization atv51023 V s21 yields a straight line with
a slopeba>0.040 V decade21 ~Fig. 1, inset!, in agreement
with data already reported in the literature.29 The arrows de-
noted bya andb in Fig. 1 indicate the values ofj chosen for
the in situ STM imaging.

B. STM imaging at a null faradaic current

The in situ STM image ~topographic mode! 1700
31700 nm2 in size of a Cu single-crystal domain immerse
in the working solution, taken a null current~arrowa in Fig.
1!, shows terraces with steps intersecting at 60° angles
large number of homogeneously distributed bumps and
casionally a few rounded pits 70–100 nm in size and 2–5
in depth can be seen on terraces. Thein situ STM sequential
images and their corresponding cross sections reveal a
gressive growth of small facets at the expense of bumps
a decrease in the depth (ds) and pit radius (r ) of small
rounded pits. As already reported for Au electrodes in a
solutions, the value ofds measured from the STM cross se
tions decreases almost linearly with the immersion time~Fig.
2! leading to a filling rate close to 0.003 nm/s.

Let us assume that the pit filling rate is under a surfa
diffusion-controlled process, then the following relationsh
holds:30

Dr 252Dt f , ~4!

wheret f is the time required for filling a substrate monolay
taken from the slope of the lineards versust plot ~Fig. 2!,
Dr is the decrease in pit radius defined asr (t f50) andr (t f),
andD is the surface diffusion coefficient of Cu atoms. Fro
Eq. ~4! D>10215 cm2 s21 for Cu in the acid electrolyte a
E>20.05 V.

The surface mobility of Cu atoms that is reflected in fac
growth, step displacement, and pit filling leads to a slig

FIG. 2. A ds vs t plot for different small rounded pits.
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FIG. 3. Sequential STM
images ~top view! (1700
31700 nm2) obtained during
the electrodissolution of Cu
in 1M HClO4 at j
56 mA cm22. The electro-
dissolution time is indicated
in the upper part of each pic
ture. The image shown in~a!
was taken immediately afte
E was changed fromE5
20.05 V to E50.2 V (t
50). T5298 K.
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decrease in thejSTM value from jSTM51 nm (t50) to
jSTM50.6 (t520 min) for the Cu electrode immersed in th
acid solution at null current.

C. STM imaging at a constant electrodissolution current

A similar set of STM images@Figs. 3~a!–3~f!# made under
j 56 mA cm22 ~arrowb in Fig. 1! shows the rapid disappea
ance of steps and the progressive development of an irreg
topography which results in different surface domains. Th
the upper part of STM images exhibits a gradual devel
ment of a facetted structure~domain I!, whereas their lower
part shows the development of a bump structure~domain II!,
and their central part reveals the formation of deep etc
pits ~domain III!, which are located in between domains
and II. As seen in Figs. 3~a!–3~f!, etched pit formation in-
volves an induction time (t i) of at least 700 s. The topo
graphic characteristics in thez direction of these domain
can be clearly distinguished from the cross sections of S
images at advanced dissolution times@Figs. 4~a!–4~c!#. It is
evident that domains I and II involve the development
irregularities that grow more slowly than the deep etched
shown in domain III. The growth of etched pits can be fo
lowed by analyzing the time dependence of STM ima
cross sections of the corroding Cu surface both on thex-z
andy-z plane@Fig. 4~c!#. Thus, the value ofd, the etched pit
depth, aftert i , increases almost linearly witht. The average
etched pit penetration rate in terms of the number of d
solved Cu atoms per second, derived from the slope of
linear portion of thed versust plot, can be estimated a
0.2 atom s21.

Domains I and II, where etched pits are absent, beco
rougher as the electrodissolution process proceeds, as c
concluded from the evolution of the surface profile@Fig.
5~a!#. For these domains no reliable value ofb from the
log10 jSTM versus log10 t plot @Fig. 5~b!# could be obtained
because of data scattering. The only conclusion derived f
this plot is that the value ofb is very likely comprised in the
range1

4 <b< 1
2 @Fig. 5~b!#.
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On the other hand, the overall interface evolution~do-
mains I, II, and III! resulting from Cu immersed in the aci
solution underj 56 mA cm22 can be conveniently expresse
by the change injSTM resulting from STM images. For the
images shown in Figs. 3~a!–3~f!, thejSTM versust plot @Fig.
5~c!# exhibits an initial slight increase but fort.t i the value
of jSTM increases markedly without reaching a limitin
value, as should be expected for a stable roughness reg
In this case, for the unstable interface the proportiona
jSTM}tb with b. 1

2 is approached. Therefore, as there is
clear correlation between the evolution ofd and the final
evolution ofjSTM @Fig. 5~c!#, it is reasonable to conclude tha
for the overall interface evolutionjSTM is dominated by
etched pits~singularities!. It is worth noting that for unstable
surfaces the value ofa is undeterminable and the dynam
scaling approach breaks down.

To discard the possibility that the development of etch
pits underin situ STM imaging could be assigned to a tip
induced artifact, Cu electrodes were anodized for 30 min
j 56 mA cm22 in a conventional electrochemical cell, an
subsequently, the topography of the electrode was imageex
situ by AFM ~Fig. 6!. These images show the same type
etched pits already described fromin situ STM images. Con-
sequently, a tip-induced artifact must be discarded as
origin of etched pit formation on Cu in the acid solution.

Furthermore, to discard also the possibility that pit form
tion could be caused by traces of Cl2 anions usually presen
in aqueous HClO4 solutions, similar experiments were mad
by anodizing Cu in aqueous 0.5M H2SO4. In this case, the
formation of etched pits similar to those described for aq
ous 1M HClO4 could be observed.

IV. DISCUSSION

A. Surface diffusion and roughening

The preceding analysis of experimental results emp
sized two relevant features related to the Cu/aqueous s
tion interface, namely, the relatively high mobility of C
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FIG. 4. Typical STM cross sections at domains I~a!, II ~b!, and III ~c!.
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surface atoms on Cu even at null net current, and the rem
able heterogeneous nature of Cu electrodissolution aj
56 mA cm22.

As far as the first issue is concerned, it should be no
that the high mobility of Cu surface atoms on Cu is comp
rable to that already reported for Ag surface atoms on
and Au atoms on Au in acid solutions.2,30
rk-

d
-
g

On the other hand, from the standpoint of roughness
velopment atj 56 mA cm22, Cu exhibits a rather complex
behavior where nm-sized domains at the single-crystal
face obey different dissolution modes. Thus, while for d
mains I and II the interface becomes rougher, domain II
characterized by a dissolution mechanism which favors d
pit growth leading to an unstable interface.
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56 4171SEQUENTIAL in situ STM IMAGING OF . . .
To interpret the above-mentioned results, a simple mo
including the stochastic nature of the dissolution process,
key role played by Cu atom surface diffusion, and the dev
opment of unstable singularities is considered. According
3D Monte Carlo simulations from the model can be direc
compared with the evolution of the Cu/aqueous HCl04 solu-
tion interface imaged by STM.

FIG. 5. ~a! A typical cross-section evolution resulting from do
main I. ~b! A log10jSTM vs log10t plot of domains I and II resulting
from 6003600 nm2 STM images.~c! A jSTM vs t plot resulting
from the overall STM images (170031700 nm2) shown in Fig. 3.
el
e
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B. Monte Carlo modeling

Three-dimensional Monte Carlo simulations for the diss
lution of a solid substrate were performed on the basis of
procedure already described for the two-dimensional31 and
three-dimensional cases.19 Simulations were based on a su
strate initially consisting of a cubic lattice either 60360
360, 80380326, 90390320, or 1003100317 in grid
size. From the standpoint of particle dynamics, two princi
models were considered.

In the first model~model I!, the random particle detach
ment from the smooth substrate surface implies a s
dependent detachment probability,Pd(N), given by

Pd~N!562N/5, ~5!

whereN is the coordination number of the detaching partic
at the substrate surface.

A more realistic dependence of the Arrhenius type

Pd~N!5K exp~2BNE!, ~6!

was also used to describe the dissolution process at diffe
surface sites, whereB51/kBT, kB being the Boltzmann con
stant, andT the temperature in K. In the calculations, Eq.~6!
was normalized forN51. Accordingly, Pd(1)5K/e. As
similar results were obtained using Eqs.~5! and~6!, the latter
involving a longer computing time, we decided to use Eq.~5!
for our 3D simulations.

According to the model, after particle detachment neig
bor particles around the created vacancy are allowed to
fuse on the substrate surface within a certain maxim
length l dM to reach a site with a higherN. The value ofl dM
is given by

l dM5na, ~7!

where n is an integer anda is the lattice distance. For a
constant Monte Carlo time, a change in the value ofl dM
implies a change in the surface diffusion coefficient whi
incorporates the activation energy for surface atom diffusi

In the model, a restriction to the interlayer mass transp
is introduced considering a probabilityPsc that particles in
the range ofl dM may jump down through a step edge. Thu
when Psc50, interlayer mass transport is completely inhi
ited. In this case, particles within the distancel dM can move
on the same terrace only in order to increaseN. Otherwise,
when Psc51, as the interlayer mass transport is permitt
particles can move freely from one terrace to another. T
model accounts for the possible presence of energy bar
to surface atom diffusion at step edges.3,32

Monte Carlo simulations resulting from the abov
mentioned model forPsc50, after the removal of 5.53104

particles, lead to a surface consisting of smooth surface c
ties. In this case, thej versust plot shows a tendency to
attain a certain degree of saturation when the topogra
approaches a single smooth surface cavity. The log10j versus
log10t plot leads tob50.45, and no change in the value ofb
can be observed by increasingl dM . But when Psc moves
from 0 to 0.3,b decreases from 0.45 to 0.25. Finally, fo
Psc.0.3, b50.25 for t⇒0 andb.0.5 for t⇒`. Accord-
ingly, model I with Psc,0.3 becomes useful to describe th
evolution of domains I and II@Fig. 6# as the experimentalb
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FIG. 6. An AFM 145031450 nm2 ex situimage of Cu after electrodissolution in 1M HClO4 at j 56 mA cm22 for 30 min.
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value is comprised between 0.45 and 0.25. On the o
hand, forPsc.0.3 andt⇒`, b.0.5, as expected for inter
face evolution models in which a complete surface diffus
term has been incorporated into the interface mot
equation.33 In principle, it can be argued that this would b
the case of domain III asb. 1

2 for t⇒`. In this model,
however, the unstable interface results from the developm
of shallow cavities rather than deep pits. Therefore, altho
model I for Psc.0.3 andt⇒` describes an unstable inte
face growth, it fails to account for the behavior of doma
III.

Based on model I, a new model~model II! can be consid-
ered to simulate the electrodissolution enhancement a
cavities caused by the presence of solid defects, such as
locations, salt formation, localized impurities, or inhomog
neous adsorption taking place along the metal electrodi
lution. In this case, forh,h0 , the following equation forPd
was used,

Pd5Pd~N!Pd~h02h/h0!, ~8!

consisting of two probability terms, one which depends
N, and the other which depends onh andh0 , the height of
the dissolving site and the height of the highest dissolut
site, respectively, measured with respect to the initial ba
plane of the substrate. Equation~8! introduces the influence
of a diffusion field on the detachment probability at the d
solving cavity through the termPd(h02h/h0). This model
originates a topography with a number of large cavities@Fig.
7~a!# which can be compared to those resulting from nan
copy imaging~Fig. 6!. Furthermore, model II predicts a
increase inj with t @Fig. 7~b!# similar to that found from
imaging data as Cu electrodissolution proceeds. Theref
model II seems to capture the essential physics of domai
for Cu electrodissolution in the acid solution.

C. The reaction mechanism of Cu electrodissolution
and the resulting surface topography

The analysis of STM imaging data from the different t
pographic domains resulting from Cu immersed in the aq
er
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ous environment, underj 56 mA cm22, show that regions of
low and high dissolution rate can be distinguished, the e
trodissolution reaction mainly occurring at defective sites
the Cu surface~Fig. 8!. Then, the explanation of thes
changes in terms of a possible reaction mechanism ta
place at the interface can be attempted. For this purpose
us first consider a likely general electrodissolution react
pathway for Cu in acid.

On the assumption that the influence of the adsorption
solution constituents at the Cu surface becomes negligi
the electrodissolution of Cu in acid can be represented by
following set of reactions:29

Cu~s!5Cu1~int!1e2, ~9a!

Cu1~int!5Cu1~bulk!, ~9b!

Cu1~int!5Cu21~int!1e2, ~9c!

2 Cu1~bulk!5Cu21~bulk)1Cu, ~9d!

Cu21~int!5Cu21~bulk!, ~9e!

where (s) and ~int! denote Cu species at the surface latt
with crystallographic indiceshkl, characterized by a maxi
mum coordination numberN59, and Cu species at the C
electrolyte solution interface~electrical double-layer region!,
respectively. According to electrochemical kinetic data28

Eqs. 9~a!–9~e! provide a general description for the transf
of Cu species from the solid to the bulk of the solution.

The overall electrodissolution process, in addition to E
9~a! to 9~f!, also involves the participation of Cu surfac
atom diffusion by shifting the equilibrium between Cu su
face atoms and Cu adatoms, i.e.,

Cu~s!5Cu~ad! ~10!

where~ad! denotes an adsorbed Cu atom (N→1). Equation
9~a!–9~b! and Eq.~10! constitute a consortial mechanism fo
the Cu electrodissolution reaction which is applicable to a
domain of the Cu surface. It should be noted that Eq.~10! in



is
n
ed
o

h
ie

g
e

f

K,

n
gra-
lo-
tu-
e as

ds

mi-
-
sur-
nic
con-

he
re-

lec-

in of
eac-
nt

han
Eq.
-

t-

-
lu-

,

r,

, as

III,
, the
fol-

of
ic

III
ent

lec-

te
n

56 4173SEQUENTIAL in situ STM IMAGING OF . . .
the forward direction prevails when a positive potential
applied to Cu. A scheme of this complex set of equatio
producing a nonuniform electrodissolution of Cu is indicat
in Fig. 8 where localized low and high rate electrodissoluti
domains are depicted, as observed in STM imaging.

To relate the development of the unstable Cu topograp
to the consortial mechanism discussed above, it is conven
to consider each equation step independently. Thus, Eq.~10!
indicates the possibility that surface Cu atoms more stron
bound to the surface (N<9) could be displaced by surfac
diffusion to other surface sites whereN→1. Then, loosely
bound Cu adatoms can be either electro-oxidized to Cu1 ions
@Eq. 9~a!, first electron transfer# or displaced towards sites o

FIG. 7. A snapshot of a 3D surface resulting from the Mon
Carlo simulation of model II b including adatom surface diffusio
l dM52, Psc50 and stabilization at tip cavities.~b! j vs t plot from
model II b.
s

n

y
nt

ly

higher coordination by surface diffusion@Eq. ~10!, back-
wards#. The specific rate of this equation is related, at 298
to D>10215 cm2 s21.

The origin of the driving force for the surface diffusio
process could be related to either the chemical-potential
dient involving the surface energy of the different crystal
graphic faces, which is influenced by the solution consti
ents, as discussed further on, or to the surface curvatur
described elsewhere.3 Further on, Cu1 ions can move by
diffusion and migration from the reaction interface outwar
@Eq. 9~b!# or they can be further electro-oxidized to Cu21

ions at the interface@Eq. 9~c!, second electron transfer#. In
addition, the equilibrium between Cu1, Cu21, and Cu at the
equation interface is established@Eq. 9~d!#.29 Finally, Cu21

species are also shifted from the interface outwards by
gration and diffusion@Eq. 9~d!#. The simultaneous occur
rence of this sequence of reactions at different defective
face sites produces a current flow yielding soluble Cu io
species and localized voids at the surface. These voids
tribute to the increase in the value ofj @Fig. 5~c!#.

Experimental data allow us to discriminate which of t
dominant steps of the consortial reaction mechanism is
sponsible for the unstable surface growth range in Cu e
trodissolution. Firstly, Eqs. 9~b! and 9~e!, implying uniform
mass transport processes should be discarded as the orig
the unstable interface, because a mass transport limited r
tion Cu electrodissolution at tips should be more efficie
than that at valley sites, and therefore, a leveling rather t
a roughening effect would be expected. Furthermore,
9~d! occurs at rather high Cu1 ion concentration levels lead
ing to the formation of Cu sludge which is not observed.28,29

Accordingly, from the standpoint of electrochemical kine
ics, it appears that electrochemical equations 9~a! and 9~c!,
under activation control,29 are mainly responsible for the un
stable interface evolution observed in our work. This conc
sion is consistent with the slope of the log10 j versusE plot,
ba50.040 V/decade, which was assigned to Eq. 9~c! as rate
limiting.29 The valueba50.040 V/decade forE.0.17 V al-
lows us to conclude that unlike Ag electrodissolution34

when j .0, the contribution of Eq.~10! to the overall kinet-
ics of Cu electrodissolution is far from dominant. Howeve
when the electrodissolution current is switched off (j 50),
the local accumulation of Cu adatoms would favor Eq.~10!
in the backward direction assisting surface smoothening
described in Sec. III B.

The preceding analysis indicates that for domains
which are responsible for the unstable roughness regime
Cu electrodissolution mechanism can be simplified as
lows:

Cu~hkl!5Cu1~int!1e2, ~9a8!

Cu1~int!5Cu21~int!1e2. ~9c!

Accordingly, the overall reaction, represented by the sum
Eqs. 9~a! and 9~c!, should depend on the crystallograph
face of Cu, and the rate of Eq. 9~c! should depend on the
concentration of Cu1 ions at the interface.

For the development of an unstable surface at domain
let us consider the relevant steps leading to the enlargem
of a local irregularity~Fig. 8, high dissolution rate domain!.
On extending this process to the entire surface of the e
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FIG. 8. A scheme of the system Cu/aqueous acid environment resulting from Eqs. 9~a!–9~e! and~10!. Cu surface~2D lattice! in contact
with the solution exhibiting defects where Cu electrodissolution is favored. Cu1 and Cu21 represent soluble Cu species at the interface
bulk solution. Defective sites at the surface and domains of low and high-electrodissolution rates are shown. An arbitrary thickne
interfacial region~int! where the electroneutrality condition is no longer obeyed is indicated by the dotted lines~anions are not indicated in
the scheme!. The Cu surface is positively charged forE.Epzc. ~Ref. 35! Vertical arrows upwards indicate electron transfer steps yield
Cu1 @Eqs. 9~a!# and Cu21 @Eq. 9~c!# either directly or through Cu adatoms involved in Eq.~10! ~horizontal arrows!. The result of these
reactions is an increase in roughness.
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trodissolving metal, a number of irregularities are produc
which in turn increase the number of defective sites at
surface. Then, the result is a continuous increase in sur
roughness, as seen through the value ofj, the average rough
ness of the sampled surface area, which increases with
electrodissolution time@Fig. 5~c!#.

An unstable interface evolution at domain III could b
sustained by a nonuniform Cu1 ion concentration profile a
the interface. The origin of this nonlocal effect can be rela
to the large anisotropy for the Cu~111!, Cu~100!, and
Cu~110! surfaces for both electrodissolution and ele
trodeposition due to the difference in their potentials of z
charge (Epzc).

35 Thus, after the initial attack of the Cu su
face, the different electrodissolution rates of each crysta
graphic plane would be reflected in stabilizing growing ca
ties in which the nonlocal effect manifests itself. A simp
analysis of the average and local electrodissolution rates
ports this possibility.36 Thus, the valuej 56 mA cm22 is
equivalent to an average penetration rate of 0.012 atom
figure which is almost 15 times smaller than that of 0
atom/s measured at cavities.

Certainly, it can be argued why Cu and Ag behave diff
ently considering that Ag crystallographic faces exhibit d
ferences in (Epzc) ~Ref. 35! similar to those in Cu. In fact, a
opposed to Cu, etched pit formation in Ag electrodissolut
at similar values ofj has not been observed and, therefo
model I appears to be applicable.2 However, the different
behavior of Cu and Ag can be understood considering t
in constrast to Cu, the electrodissolution rate of Ag is limit
by the surface diffusion of Ag adatoms, and according
d
e
ce

he

d

-
o

-
-

p-

, a

-
-

n
,

t,

,

nonlocal effects caused by nonhomogeneous Ag1 ion con-
centration profiles are, in principle, absent.

Concerning the influence of adsorption processes invo
ing species that are constituents of the solution, it has a
been reported that competitive anion adsorption reduces
motion and promotes dissolution at surface defects leadin
etched pits on Cu.29 Furthermore, the electroformation o
Cu~OH!ad chains on Cu has been observed by STM imag
even in acid solutions.37,38 Then, if Cu~OH!ad-covered ter-
races coexist with either uncovered or partially covered
mains with weakly adsorbed ClO4

2 ions such as defective
sites, preferential electrodissolution could also be favor
Thus, either a nonhomogeneous adsorption or electroads
tion of species from the solution side at distinct crystal
graphic defects could be another possible origin of unsta
surface growth for Cu in the acid solution. This possibility
supported by the fact that in acid solutions containi
1024– 1023M HCl, Cu electrodissolution at lowj largely
proceeds from step edges39 without a remarkable change i
the value ofjSTM.40 In this case, a monolayer of adsorbe
Cl2 ions39 could reduce nonhomogeneous adsorption and
cordingly, unstable interface evolution will no longer be o
served.
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