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Sequentialin situ STM imaging of electrodissolving copper single-crystal domains in agqueous
perchloric acid: Kinetics and mechanism of the interface evolution
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The evolution of Cu crystal surfaces in an aqueous perchloric acid solution at both adl) @nd constant
anodic apparent current density=<(6 wA cm~?) at room temperature was followed lny situ scanning tun-
neling microscopy sequential imaging. Fpr 0, 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 rough@@@s©n the other hand, foj=6 uAcm™2 an
inhomogeneous attack proceeds with a marked increa&drirthis 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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[. INTRODUCTION rate and the activation energy. In fact, due to the stochastic
nature of the dynamics of metal dissolution, surface mor-
The morphological aspects of processes involving the rephology is expected to change with time, in many cases
moval of material from surfaces that are important in a wideevolving into rough structures which have a considerable
range of applications have received considerably little atteninfluence on the overall reactién.
tion as compared to surface morphology in deposition and For a solid-phase growth far from equilibrium, the kinet-
growth processes, except in very recent papers dealing witfS of the interface roughening is enhanced, and in these

either theoretical models or experimental data related to §2S€S, even the possibility of a t_ransi_tion in the kinetics of
few systemsl'.z roughening has been investigafed. This transition is the

Solid attack in aggressive environments involves a numgonequllllbr_mm analog of the equilibrium roughness transi-
n which is known to occur for phase growth on low-index

ber of processes generally leading to the loss of material angP . ) ;
appearance of an irregular surface topography. In such etal surfaces. While growth on flat surfaces is only possible

: via nucleation processes, rough surfaces feature a continuous
case, the development of a particular topography results from)

. ) . . regime leading to irregular topographies with fractal surface
a competition among different physical processes associat aracteristicd® The same situations should be expected for
with the displacement of the interface. Considering a rela

) - i ‘ a solid-phase disruption.

tively simple framework, a self-affine fractal surface is ex- - computer models of chemical dissolution including the

pected when solid dissolution or growth is dominated byinfiuence of the applied potentiahave been advanced by a

surface processes, whereas an unstable interface is produGgémper of authors!=22 In these cases, roughness may in-

when surface processes are coupled with either electrical @uce a change in the dissolution mechanism from one at low

concentration fields operating in the environment around th@vervoltages characterized by kink propagation at steps to

interface® one at large overvoltages where low coordination sites ac-

On the other hand, the kinetics and mechanism of metaively participate in the processes.

dissolution, particularly oriented towards corrosion processes Surface roughness of corroding metal surfaces initiated on

in agueous solutions, have been extensively considered foraflat substrate has been shown to exhibit a scaling behavior

long time? Commonly, at low dissolution rates, the kinetics over a wide variation in length scales, a fact which has

of these reactions is dominated by surface processes involaroused considerable interest in the physics of dynamic

ing interfacial charge transfer that occur mainly at surfacescaling**~°

sites where atoms in the lattice are more weakly bound. The The dynamic scaling theory predicts that the interface

number of such active sites depends on the structure anglidth, i.e., the mean surface height fluctuatiéi,t), for

morphology of the corroding surface, and vice versa, thdength scald. and growth timet, scales a$*’

morphology of the corroding surface reflects in some way

the kinetics and mechanism of the overall process. E(L,t)ctPf(t/LYF). (1)

. In contrast to surfacg crystallography,_surface morphOI_lf,quation(l) for t>L %8 becomes
gy has not been specifically considered in most theories o

metal dissolution and electrodissolution in aggressive E(L )L )

media’® as kinetic descriptions usually include average ki- ' ’

netic parameters in the relationships between the reactiowhile for t<L/#
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E(L )t 3 by an initial rapid change in Cu morphology fromm-sized
crystals to faceted structures, as found for Cu anodized in
In Egs.(1)~(3) B anda are called the growth and rough- aqueous K50, (Ref. 27 and aqueous HClDsolution? It
ness exponents, respectively. The valuerds related to the has been concluded that, in these cases, the average anodic
surface texture, and hence B, the fractal surface dimen- current peak usually found for Cu electrodissolution does not
sion of the self-affine surface, bp=3—«. Thus, for reflect a simple process of Cu oxidation. This aspect of the
a=1 (D=2), the surface tends to be Euclide@ndered, problem is explored in this work, which describes the evolu-
whereas, where=0 (D=3), the surface exhibits an in- tion of the topography of Qd11) domains in contact with
creasing degree of disorder. It should be noted that the ex@n aqueous perchloric acid under a constant anodic apparent
ponentsa and B are not independent and there is a simplecurrent density ) resulting fromin situ STM sequential
way to “collapse” the temporal and spatigl data onto a imaging, considering the potential range where the electro-
single curve by plotting/L“ versust/L*#.3 chemical reaction is under a surface reaction kinetic control.
In many cases, key parametersand 8 can be derived For j=0, the Cu surface becomes highly dynamic, as can
from the analysis of surface profiles resulting from adequat®€ seen by terrace growth, step dlsplacement and pit
imaging procedures, such as those profiles derived frofimoothening, whereas fgr=6 uA cm™2 Cu electrodissolu-
scanning tunneling microscog$TM) images which provide tion proceeds inhomogeneously yielding an irregular topog-
high lateral resolution three-dimensior{8D) images in real  raphy. In this case, surface roughening is accompanied by
space. Equation&l)—(3) can be extended to data on STM the development of etched pits which drive the surface evo-
images by replacing by £sty, the root-mean-square rough- lution to an unstable roughness regime with 3. The evo-
ness resulting from STM profiles, ahdby L, a segment of  lution of the topography of the electrodissolving Cu surface
the STM scart/*8The values ofr and8 can be compared to in an aqueous HCIPsolution can account for a dissolution
those derived from atomistic and continuum models for in-model involving surface processes influenced by inhomoge-
terface evolutiorf. However, the interface evolution becomes neity stabilizing cavities.
unstable when its motion is influenced by a Laplacian field

built around the moving interface. In this case, the topogra- Il. EXPERIMENT
phy of the interface is no longer a self-affine fractal, and then
the dynamic scaling theory is no longer applicable. Cu electrodissolution was performed in the electrochemi-

Roughness evolution during the electrodissolution of Agcal setup provided with the Nanoscope Ill STMigital In-
single-crystal surfaces in contact with agueod HCIO,  struments, Santa Barbara, £Aquipment, which consisted
under surface reaction control has been recently reportedf a small Kel-F cell(1.1x 2.0 cnt in size) provided with a
based ornn situ sequential STM imaginglt has been shown polycrystalline Cu plat€99.99% purity working electrode
that for low current densities) € 15 uA cm™2), Ag electro-  (exposed area 0.5 é@x a large Pt counter electrode, and a
dissolution proceeds without significant surface rougheningPd/H,/H* reference electrode. The working electrode was
whereas for higher electrodissolution ratesj ( first mechanically polished, and then annealed at 400 °C un-
>15uA cm~2) both void formation and smoothening can der a H atmosphere to obtain Cu surfaces formed by smooth
be observed. The dynamic scaling analysis of STM im¥jges terraces and steps only a few atoms in height. The STM
resulting from j>15uA cm 2 leads to 8=0.36, and« images of these electrodes showe-sized ordered terrace
=0.9. This value ofa indicates that the Ag topography re- domains with well-defined steps intersecting at angles close
sults from an electrochemical surface reaction in which Agto 60°, as expected from a Q1) surface. These topo-
surface-atom diffusion plays a key role, whereas the valugraphic features made it possible to select smooth single-
3=0.36 would reflect the influence of energy barriers at steferystal domains 20002000 nnt in size whose topographic
edges which hinder interlayer mass transpofdn the other changes could be followed by sequentiakitu STM imag-
hand, forj<15uAcm 2 Ag electrodissolution proceeds ing.
from step edges leading to layer-by-layer dissolutigh ( Runs were made af=298 K in aqueous W HCIO,.
=0). This solution was prepared from 70&6-quality HCIO, and

Data from investigations on Cu electrodes, particularly onMilli- Q* water and deaerated with purified.Nl'o avoid air
the nucleation and growth of Cu deposits, which have beeincorporation into the solution, both the electrochemical cell
carried out in the Cu/Ce& Cu/Au?*??and Cu/Pt(Ref. 23  and the STM head were placed in a glass chamber under a
systems, compare well with thelwcleation theory at large continuous flow of purified N
cathodic overvoltages. Howeven, situ atomic force micros- The conventional voltammetric response of the nonequi-
copy (AFM) results have shown that a more detailed theorylibrium Cu/aqueous W HCIO, system was obtained at the
is required, particularly at low cathodic overvoltages inpotential sweep ratas=10 2 and 2<10°2 V s™%, covering
which the contribution of surface imperfections, such asthe potential range-0.15 to 0.4 V. The convenient potential
steps and kinks, plays a crucial role in the proc£s:?  window for in situ STM imaging was selected in this way.
The dynamic scaling behavior of Cu, growth in a stirredAll potentials in the text are referred to the standard hydro-
aqueous CuSgPsolution at low growth rates has also beengen electrodéSHE) scale.
investigated® Cu electrodissolution runs for sequeniialsitu STM im-

On the other hand, the anodic dissolution of Cu in aqueaging were performed in the following way. First, the work-
ous 0.0M CuSQ+0.01M H,SO, has been studied by ing electrode was polarized Bt=—0.05V, i.e., a potential
situ STM from a deposit ofum-sized bulk crystals produced at which no Cu electrodissolution takes plage=Q). After-
on a Au substrat& The dissolution of Cu is characterized wards, a smooth surface domain, typically 28(D00 nnf
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FIG. 2. Adg vst plot for different small rounded pits.

E V) fast anodic current increase with that corresponds to Cu
electrodissolution. Subsequently, the reverse potential scan
FIG. 1. (a) A voltammogram of a Cu electrode inML HCIO,  exhibits a broad cathodic current peakiEat 0.20 V, which
recorded at 0.02 V'S between—0.15 and 0.4 VT=298K. A s related to the electroreduction of soluble Cu species pre-
t[ypical E vs logyg j curve optained at 0.001 YIs with a Cu electrode viously formed. The Irj;, versusE plot resulting from an-
in 1M HCIO, at T=298 K is shown as an inset. odic polarization at = 103 V s~ ! yields a straight line with
a slopeb,=0.040 V decade' (Fig. 1, inse}, in agreement
in size, was chosen, and after drift attenuation, a series Qfjith data already reported in the literat#feThe arrows de-
STM images of this domain were taken for 20 min at null netpgted bya andb in Fig. 1 indicate the values gfchosen for
current to check, under this condition, the root-mean-squarghe in situ STM imaging.
roughness, which was typically 1 nm. Later, Cu electrodis-
solution atj =6 A cm™2 proceeded simultaneously with the
sequentialin situ STM imaging fromt=0, i.e., when the
electrodissolution current was switched on, up to The in situ STM image (topographic mode 1700
=1600s. X 1700 nnt in size of a Cu single-crystal domain immersed
STM imaging was made using Pt-Ir nanotips covered byin the working solution, taken a null currefsirrowa in Fig.
Apiezon wax to minimize the possible interference of fara-1), shows terraces with steps intersecting at 60° angles. A
daic currents. The following conditions fam situ STM im-  large number of homogeneously distributed bumps and oc-
aging were used. The tip potential covered the range 0.18asionally a few rounded pits 70—100 nm in size and 2—5 nm
<E=0.35V; the tunneling current was=2 nA, the bias in depth can be seen on terraces. Theitu STM sequential
voltage wasE,=0.1 V, and the scanning rate was 5 Hz. Theimages and their corresponding cross sections reveal a pro-
value ofE; was always in the double-layer potential range ofgressive growth of small facets at the expense of bumps and
the tip material in the solution. It was chosen sufficientlya decrease in the deptild and pit radius ) of small
positive to avoid electrodeposition of dissolving Cu from therounded pits. As already reported for Au electrodes in acid

B. STM imaging at a null faradaic current

substrate on the tip. . solutions, the value afg measured from the STM cross sec-
ST™M <_1ata were analyzed after instrument plane removalions decreases almost linearly with the immersion tifig.
as described elsewhel&?® 2) leading to a filling rate close to 0.003 nm/s.

Occasionallyl_ax SituAFM imaging of the _CL_l surface was Let us assume that the pit filling rate is under a surface
also made to disregard the presence of tip-induced artifacigiffusion-controlled process, then the following relationship
during thein situ STM imaging. These runs were made using holds3°
a Nanoscope lll AFM equipmeriDigital Instruments, Santa
Barbara, CA operating in the contact mode. Au cantilevers Ar2=2Dt (4)

. . . . f . - fi
with integral SiN, tips were used. Typical forces used in

these measurements were 10 nN. wheret; is the time required for filling a substrate monolayer

taken from the slope of the lineak; versust plot (Fig. 2),
Ill. RESULTS AND INTERPRETATION Ar is the decrease in pit radius defined és=0) andr (t;),
andD is the surface diffusion coefficient of Cu atoms. From
Eq. (4 D=10 *®cn?s ! for Cu in the acid electrolyte at
The voltammogram of polycrystalline Cu in aqueoud 1 E=—0.05 V.
HCIO, run atv=0.02 V s'* from —0.15 to 0.40 V(Fig. 1) The surface mobility of Cu atoms that is reflected in facet
shows a null current from-0.15 to 0.15 V followed by a growth, step displacement, and pit filling leads to a slight

A. Electrochemical data
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FIG. 3. Sequential STM
images (top view) (1700
X 1700 nn?) obtained during
the electrodissolution of Cu
in 1M HCIO, at |
=6uAcm 2 The electro-
dissolution time is indicated
in the upper part of each pic-
ture. The image shown ie)
was taken immediately after
E was changed fromE=
—-0.05V to E=02V (t

=0). T=298 K.
decrease in thefgry value from &my=1nm (=0) to On the other hand, the overall interface evoluti@o-
éstm=0.6 (t=20 min) for the Cu electrode immersed in the mains I, I, and 1I) resulting from Cu immersed in the acid
acid solution at null current. solution undelj =6 uA cm™2 can be conveniently expressed

by the change irEgry resulting from STM images. For the
images shown in Figs.(8-3(f), the £&gty versust plot [Fig.

A similar set of STM imagefFigs. 3a)—3(f)] made under  5(c)] exhibits an initial slight increase but for-t; the value
j=6 A cm™? (arrowb in Fig. 1) shows the rapid disappear- of ¢gry increases markedly without reaching a limiting
ance of steps and the progressive development of an irregulgalue, as should be expected for a stable roughness regime.
topography which results in different surface domains. Thusjn this case, for the unstable interface the proportionality
the upper part of STM images exhibits a gradual developg__ t# with g>1 is approached. Therefore, as there is a
ment of a facetted structur@omain ), whereas their lower clear correlation between the evolution dfand the final
part shows the development of a bump structd@main I),  eyolution oféspy [Fig. 5(0)], it is reasonable to conclude that
a_nd their qentral pa_rt reveals the fo_rmatlon of deep gtchegor the overall interface evolutiorsyy is dominated by
pits (domain 1Il), which are located in between domains | giched pitgsingularities. It is worth noting that for unstable
and II. As seen in Figs.(@-3(f), etched pit formation in-  gyfaces the value of is undeterminable and the dynamic
volves an induction timet() of at least 700 s. The topo- scaling approach breaks down.
graphic characteristics in the direction of these domains To discard the possibility that the development of etched
can be clearly distingujshed from.the_cross sections o_f STMits underin situ STM imaging could be assigned to a tip-
images at advanced dissolution tinjésgs. 48-4(C)]. Itis  induced artifact, Cu electrodes were anodized for 30 min at
evident that domains | and Il involve the development of; =6 uAcm 2 in a conventional electrochemical cell, and
irregularities that grow more slowly than the deep etched pit%ubsequently, the topography of the electrode was imeged
shown in domain_ lll. The growth of etched pits can bg fol- ity by AFM (Fig. 6). These images show the same type of
lowed by analyzing the time dependence of STM imag€stched pits already described framsitu STM images. Con-
cross sections of the corroding Cu surface both onx®  sequently, a tip-induced artifact must be discarded as the
andy-z plane[Fig. 4(c)]. Thus, the value ofl, the etched pit  origin of etched pit formation on Cu in the acid solution.
depth, aftett; , increases almost linearly with The average ~ Fyrthermore, to discard also the possibility that pit forma-
etched pit penetration rate in terms of the number of distjon could be caused by traces of Ginions usually present
solved Cu atoms per second, derived from the slope of thg, aqueous HCIQsolutions, similar experiments were made
linear portion of thed versust plot, can be estimated as by anodizing Cu in aqueous OB H,SO,. In this case, the

0.2 atom s™. _ formation of etched pits similar to those described for aque-
Domains | and Il, where etched pits are absent, becomg,s 1v HCIO, could be observed.

rougher as the electrodissolution process proceeds, as can be

concluded from the evolution of the surface profileig. IV. DISCUSSION
5(a)]. For these domains no reliable value @ffrom the
logyg £sTm Versus logy t plot [Fig. 5(b)] could be obtained
because of data scattering. The only conclusion derived from The preceding analysis of experimental results empha-
this plot is that the value g8 is very likely comprised in the sized two relevant features related to the Cu/aqueous solu-
range:<B<13 [Fig. 5b)]. tion interface, namely, the relatively high mobility of Cu

C. STM imaging at a constant electrodissolution current

A. Surface diffusion and roughening
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FIG. 4. Typical STM cross sections at domain&), Il (b), and Ill (c).

surface atoms on Cu even at null net current, and the remark- On the other hand, from the standpoint of roughness de-
able heterogeneous nature of Cu electrodissolutiorj at velopment atj=6 xA cm™2, Cu exhibits a rather complex
=6 uAcm 2 behavior where nm-sized domains at the single-crystal sur-

As far as the first issue is concerned, it should be notedace obey different dissolution modes. Thus, while for do-
that the high mobility of Cu surface atoms on Cu is compa-mains | and Il the interface becomes rougher, domain Il is
rable to that already reported for Ag surface atoms on Agcharacterized by a dissolution mechanism which favors deep
and Au atoms on Au in acid solutioRs? pit growth leading to an unstable interface.
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B. Monte Carlo modeling

Three-dimensional Monte Carlo simulations for the disso-
lution of a solid substrate were performed on the basis of the
procedure already described for the two-dimensitnand
three-dimensional casé$Simulations were based on a sub-
strate initially consisting of a cubic lattice either X660
X 60, 80x80x26, 90<x90x 20, or 100<100Xx17 in grid
size. From the standpoint of particle dynamics, two principal
models were considered.

In the first model(model |), the random particle detach-
ment from the smooth substrate surface implies a site-
dependent detachment probabiliBy(N), given by

Pa(N)=6—N/5, 5

whereN is the coordination number of the detaching particle
at the substrate surface.
A more realistic dependence of the Arrhenius type

P4(N)=K exp(—BNE), (6)

was also used to describe the dissolution process at different
surface sites, whe®=1/kgT, kg being the Boltzmann con-
stant, andl the temperature in K. In the calculations, E6).

was normalized forN=1. Accordingly, P4(1)=K/e. As
similar results were obtained using E¢S). and(6), the latter
involving a longer computing time, we decided to use &.

for our 3D simulations.

According to the model, after particle detachment neigh-
bor particles around the created vacancy are allowed to dif-
fuse on the substrate surface within a certain maximum
lengthl 4 to reach a site with a highét. The value ofl 4,
is given by

IdM:nav (7)

wheren is an integer anda is the lattice distance. For a
constant Monte Carlo time, a change in the valuel gf
implies a change in the surface diffusion coefficient which
incorporates the activation energy for surface atom diffusion.

In the model, a restriction to the interlayer mass transport
is introduced considering a probabiliB that particles in
the range of 4,, may jump down through a step edge. Thus,
when P,.=0, interlayer mass transport is completely inhib-
ited. In this case, particles within the distariggy can move
on the same terrace only in order to incredkseOtherwise,
when P,.=1, as the interlayer mass transport is permitted,
particles can move freely from one terrace to another. This
model accounts for the possible presence of energy barriers
to surface atom diffusion at step eddgés.

Monte Carlo simulations resulting from the above-
mentioned model foP,.=0, after the removal of 5:810*
particles, lead to a surface consisting of smooth surface cavi-
ties. In this case, th& versust plot shows a tendency to
attain a certain degree of saturation when the topography

To interpret the above-mentioned results, a simple mOde&pproacheS a single smooth surface cavity. Theyogersus
including the stochastic nature of the dissolution process, thﬁ)glot plot leads toB3=0.45, and no change in the value®f
key role played by Cu atom surface diffusion, and the develcan be observed by increasihg, . But when P, moves
opment of unstable singularities is considered. Accordinglyfrom 0 to 0.3, 3 decreases from 0.45 to 0.25. Finally, for
3D Monte Carlo simulations from the model can be directlyP_,.>0.3, 3=0.25 fort=0 and8>0.5 for t=. Accord-

compared with the evolution of the Cu/aqueous HG&OIu-

tion interface imaged by STM.

ingly, model | with P4.<<0.3 becomes useful to describe the
evolution of domains | and I[Fig. 6] as the experimentg®
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FIG. 6. An AFM 1450< 1450 nnt ex situimage of Cu after electrodissolution ifML HCIO, at j =6 wA cm™2 for 30 min.

value is comprised between 0.45 and 0.25. On the othefus environment, undér=6 wA cm 2, show that regions of
hand, forP;.>0.3 andt=, 8>0.5, as expected for inter- |ow and high dissolution rate can be distinguished, the elec-
face evolution models in which a complete surface diffusiontrodissolution reaction mainly occurring at defective sites of
term has been incorporated into the interface motionhe Cu surface(Fig. 8). Then, the explanation of these
equatior® In principle, it can be argued that this would be changes in terms of a possible reaction mechanism taking
the case of domain Il a@>3 for t=. In this model, place at the interface can be attempted. For this purpose, let
however, the unstable interface results from the developmenis first consider a likely general electrodissolution reaction
of shallow cavities rather than deep pits. Therefore, althouglpathway for Cu in acid.

model | for P,c>0.3 andt=c describes an unstable inter-  On the assumption that the influence of the adsorption of
face growth, it fails to account for the behavior of domainsolution constituents at the Cu surface becomes negligible,

M. the electrodissolution of Cu in acid can be represented by the
Based on model I, a new modehodel 1) can be consid-  following set of reactiong?

ered to simulate the electrodissolution enhancement at tip

cavities caused by the presence of solid defects, such as dis- Cu(s)=Cu"(int)+e", (93

locations, salt formation, localized impurities, or inhomoge-

neous adsorption taking place along the metal electrodisso- Cu"(int)=Cu" (bulk), (9b)

lution. In this case, foh<hg, the following equation foPg4

was used, Cu*(int)zCu2+(int)+ e, (90
Pa=P4(N)Py(hg—h/hg), (8 2 Cu' (bulk)=Cw?* (bulk) + Cu, (90d)

consisting of two probability terms, one which depends on o~ o
N, and the other which depends brandhg, the height of Cu (int)=C* (bulk), (%¢)
the dissolving site and the height of the highest dissolutiorwhere &) and (int) denote Cu species at the surface lattice
site, respectively, measured with respect to the initial basakith crystallographic indiceskl, characterized by a maxi-
plane of the substrate. Equatig8) introduces the influence mum coordination numbeX=9, and Cu species at the Cu
of a diffusion field on the detachment probability at the dis-electrolyte solution interfacelectrical double-layer region
solving cavity through the terr®4(ho—h/hg). This model respectively. According to electrochemical kinetic data
originates a topography with a number of large cavifllg.  Eqgs. 9a)—9(e) provide a general description for the transfer
7(a)] which can be compared to those resulting from nanosef Cu species from the solid to the bulk of the solution.
copy imaging(Fig. 6). Furthermore, model Il predicts an The overall electrodissolution process, in addition to Egs.
increase iné with t [Fig. 7(b)] similar to that found from 9(a) to 9(f), also involves the participation of Cu surface
imaging data as Cu electrodissolution proceeds. Thereforatom diffusion by shifting the equilibrium between Cu sur-
model Il seems to capture the essential physics of domain Ilace atoms and Cu adatoms, i.e.,
for Cu electrodissolution in the acid solution.

Cu(s)=Cu(ad (10

where(ad denotes an adsorbed Cu atoh—{1). Equation

9(a)—9(b) and Eq.(10) constitute a consortial mechanism for
The analysis of STM imaging data from the different to- the Cu electrodissolution reaction which is applicable to any

pographic domains resulting from Cu immersed in the aquedomain of the Cu surface. It should be noted that &q) in

C. The reaction mechanism of Cu electrodissolution
and the resulting surface topography
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higher coordination by surface diffusioiieq. (10), back-
wardg. The specific rate of this equation is related, at 298 K,
to D=10 ¥ cmPs!
T 60 The origin of the driving force for the surface diffusion

,’ process could be related to either the chemical-potential gra-
dient involving the surface energy of the different crystallo-
graphic faces, which is influenced by the solution constitu-
ents, as discussed further on, or to the surface curvature as
described elsewherfeFurther on, Cii ions can move by
diffusion and migration from the reaction interface outwards
[Eg. 9b)] or they can be further electro-oxidized to Cu
ions at the interfacgEq. 9c), second electron transfern
addition, the equilibrium between CuCW?*, and Cu at the
equation interface is establishgfqg. 9d)].%° Finally, C/*
species are also shifted from the interface outwards by mi-
gration and diffusion[Eq. 9d)]. The simultaneous occur-
0\/ 0 " rence of this sequence of reactions at different defective sur-

face sites produces a current flow yielding soluble Cu ionic

species and localized voids at the surface. These voids con-
tribute to the increase in the value &fFig. 5c)].

Experimental data allow us to discriminate which of the
dominant steps of the consortial reaction mechanism is re-
sponsible for the unstable surface growth range in Cu elec-
trodissolution. Firstly, Egs. (®) and 9e), implying uniform
mass transport processes should be discarded as the origin of
6L / \ the unstable interface, because a mass transport limited reac-

|

\\\t\\ E!f:m.,

A
ff.\'w

tion Cu electrodissolution at tips should be more efficient
than that at valley sites, and therefore, a leveling rather than
a roughening effect would be expected. Furthermore, Eq.
9(d) occurs at rather high Cuion concentration levels lead-
ing to the formation of Cu sludge which is not obser?&é’
Accordingly, from the standpoint of electrochemical kinet-
ics, it appears that electrochemical equatiof® @nd 9c),
under activation contrdf are mainly responsible for the un-
stable interface evolution observed in our work. This conclu-
sion is consistent with the slope of the lgg versusE plot,
b,=0.040 V/decade, which was assigned to Eg) @s rate
limiting.?® The valueb,=0.040 V/decade foE>0.17 V al-
8 10 lows us to conclude that unlike Ag electrodissolutin,
when >0, the contribution of Eq(10) to the overall kinet-

10° t ics of Cu electrodissolution is far from dominant. However,
when the electrodissolution current is switched gf&Q),
the local accumulation of Cu adatoms would favor E)
in the backward direction assisting surface smoothening, as
described in Sec. Il B.

The preceding analysis indicates that for domains Ill,
which are responsible for the unstable roughness regime, the

Cu electrodissolution mechanism can be simplified as fol-
the forward direction prevails when a positive potential is|ows:

applied to Cu. A scheme of this complex set of equations

producing a nonuniform electrodissolution of Cu is indicated Cu(hkl)=Cu"(int)+e", (9a)
in Fig. 8 where localized low and high rate electrodissolution o o 3
domains are depicted, as observed in STM imaging. Cu’ (in)=Cu* (int) +e " (90)

To relate the development of the unstable Cu topographyccordingly, the overall reaction, represented by the sum of
to the consortial mechanism discussed above, it is conveniefigs. 9a) and 9c), should depend on the crystallographic
to consider each equation step independently. Thus(lBj. face of Cu, and the rate of Eq(d® should depend on the
indicates the possibility that surface Cu atoms more stronglgoncentration of Cli ions at the interface.
bound to the surfaceN=<9) could be displaced by surface  For the development of an unstable surface at domain Il
diffusion to other surface sites whele—1. Then, loosely let us consider the relevant steps leading to the enlargement
bound Cu adatoms can be either electro-oxidized t6 i6ns  of a local irregularity(Fig. 8, high dissolution rate domain
[Eg. 9a), first electron transfgror displaced towards sites of On extending this process to the entire surface of the elec-

Estm (nm)

FIG. 7. A snapshot of a 3D surface resulting from the Monte;
Carlo simulation of model Il b including adatom surface diffusion
lam=2, Ps.=0 and stabilization at tip cavitiegh) £ vst plot from
model Il b.
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24 2 Bulk solution
2+ +
c + 2+ 2+ + Cu
u Cu2+ Cu Cu Cu Cu cu Cu
2+ 2+ 2+ 2+ 2+
Cu Cu + Cu Cu Cu Interface
Cu
+ +
c +
u T Cu 24 Cu
' "; T Cu +
: " +Cu Positively
Cu charged
metal

|

]
|
|
| electron flow

| . . .
£ low dissolution rate — | < high dissolution rate— <« low dissolution rate —

domain damain domain
Cu atom in the m Cuatom athe i1 A possible Cufad)
bulk of the metal metal surface Lmi  resulting from Cu(s)

FIG. 8. A scheme of the system Cu/aqueous acid environment resulting from(®gsX®8) and(10). Cu surfacg?2D lattice in contact
with the solution exhibiting defects where Cu electrodissolution is favored.a®d C3* represent soluble Cu species at the interface and
bulk solution. Defective sites at the surface and domains of low and high-electrodissolution rates are shown. An arbitrary thickness of the
interfacial region(int) where the electroneutrality condition is no longer obeyed is indicated by the dotteddimieas are not indicated in
the schemp The Cu surface is positively charged f6r~E,.. (Ref. 35 Vertical arrows upwards indicate electron transfer steps yielding
Cu' [Egs. 98)] and C@* [Eq. 9¢)] either directly or through Cu adatoms involved in E#j0) (horizontal arrows The result of these
reactions is an increase in roughness.

trodissolving metal, a number of irregularities are producedchonlocal effects caused by nonhomogeneous Aan con-
which in turn increase the number of defective sites at theentration profiles are, in principle, absent.
surface. Then, the result is a continuous increase in surface Concerning the influence of adsorption processes involv-
roughness, as seen through the valug, tfie average rough- ing species that are constituents of the solution, it has also
ness of the sampled surface area, which increases with theeen reported that competitive anion adsorption reduces step
electrodissolution timé¢Fig. 5(c)]. motion and promotes dissolution at surface defects leading to
An unstable interface evolution at domain Il could be etched pits on C&’ Furthermore, the electroformation of
sustained by a nonuniform Ction concentration profile at CU(OH)4q chains on Cu has been observed by STM imaging
the interface. The origin of this nonlocal effect can be relateceven in acid solutiond’*® Then, if CUOH),scovered ter-
to the large anisotropy for the Clll), Cu100, and faces coexist with either uncovered or partially covered do-
Cu(110 surfaces for both electrodissolution and elec-mains with weakly adsorbed CJOions such as defective
trodeposition due to the difference in their potentials of zercsites, preferential electrodissolution could also be favored.
charge E,,0.% Thus, after the initial attack of the Cu sur- Thus, either a nonhomogeneous adsorption or electroadsorp-
face, the different electrodissolution rates of each crystallotion of species from the solution side at distinct crystallo-
graphic plane would be reflected in stabilizing growing cavi-graphic defects could be another possible origin of unstable
ties in which the nonlocal effect manifests itself. A simple surface growth for Cu in the aqd sol_ut|on. Th's p033|b|l|_ty_ IS
analysis of the average and local electrodissolution rates su _uE)E)ortedg by the fact that n aC|d. SO|Ut'°nS. containing
ports this possibility® Thus, the valuej=6 uAcm 2 is 07"-10"M HCI, Cu e(lgect_rodlssolunon at low largely
equivalent to an average penetration rate of 0.012 atom/s, oceeds from St%) edg°‘_ svithout a remarkable change in
figure which is almost 15 times smaller than that of 0.2!1¢ yalu% Of¢sty.~ In this case, a monolayer of adsorbed
atom/s measured at cavities. Cl |_ons,3 could redt_;ce nonhomoge_neou_s adsorption and ac-
Certainly, it can be argued why Cu and Ag behave differ_cordmgly, unstable interface evolution will no longer be ob-
ently considering that Ag crystallographic faces exhibit dif- served.
ferences inEy,J (Ref. 35 similar to those in Cu. In fact, as
opposed to Cu, etched pit formation in Ag electrodissolution
at similar values off has not been observed and, therefore, This work was financially supported by the Consejo Na-
model | appears to be applicaledowever, the different cional de Investigaciones Ciéfitas y Tenicas of Argentina
behavior of Cu and Ag can be understood considering tha{CONICET) and the Third World Academy of Sciences
in constrast to Cu, the electrodissolution rate of Ag is limited(TWAS) Associate Membership Scheme at Centres of Excel-
by the surface diffusion of Ag adatoms, and accordingly,lence in the South.
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