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Internal structure of dense electrodeposits
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We report experimental investigations of the structure of dense patterns obtained during electrochemical
deposition of copper in thin cells. The deposit correlation function reveals the periodic structuration of the
patterns but shows that the primary spacing is not steady during the growth and that moreover it is not simply
related to the diffusion length. Another measurable quantity is the occupancy ratio of the fingers in the cell. Its
variation as a function of the experimental parameters is interpreted from specific properties of electrochemical
growth. The results are discussed with respect to the well-known behavior of cellular solidification fronts.

PACS numbd(s): 81.10.Dn, 81.15.Pq, 66.10x

I. INTRODUCTION equivalent concentration field=z"C*=—-z"C~ (z*, z~
are the charge numbers of the cations and anions, respec-
Among the variety of morphologies which have been rec-ively). Its one-dimensiondfLD) steady solution in the frame
ognized since the mid-1980s in electrochemical deposition ifoving with the deposit gives the averaged velocity of the
a confined cellthin cell ECD [1—10] the dense branching 9rowth and the metal concentration of the depjdst47,48.
morphology seems to have received the most constant inte "he fact that both Ohmic and diffusive models converge to

. : he same conclusions is not so surprising afterwards because
est both experimentally and theoretical§—22. Although .the relation for the velocity is inferred from the hypothesis of

this type of morphology has been recognized and named 0D stead . - e
- : N, y-state growtfinvariant diffusion lengthwhatever
the 1980s by the physicist community, one can find in thethe existence of a local charged layer at the metal interface.

older powder electrometallurgy literatuf3—-29 evidence  rhq gynamics of growth is, therefore, completely ascribed to
of dense arrays of elongated fibers, dendrites or whiskerghe grrival of cations on the surface of the deposit. Far be-

The dense branching morphologyBM) is characterized by  yonq the diffusion layer, the concentration gradient is null,
a densely ramified structure enclosed in a flactangular the transport is driven by migration of ionic speci@hm’s
cells) or radial (circular cell3 envelope. Similar morpholo-  |aw). Inside the diffusion layer, the evolution equation for
gies have also been observed in quite different growth syshe equivalent concentration field is a diffusion equation
tems[26,27], such as Hele-Shaw fingering@8—30, crystal- [47,48,5] and one can relate the shape of the concentration
lization processes[31,32, bacterial growth[33,34 or  profile (through its diffusion length.4) to the growth veloc-
combustion35,36. ity v: Ly=D/v [19,47,48. 1D diffusive models reproduce

In the context of electrochemical deposition, the underperfectly the macrocospic dynami¢sansitory and station-
standing of DBM has raised fundamental questions that stilary) but cannot capture the internal structuration of the de-
remain sources of debate. Is it favored by some Ohmic droposit.
(dissipation inside the branches of the depogiD-12, or Stochastic models (Monte Carlo simulation8jore or
by an isotropic electrochemical kinetit37]? Do convection less sophisticated adaptations of the diffusion-limited-
processes stabilize these electrochemical patterns? What aggregation DLA) model have been introduced to account
the exact roles of natural convectipd8,39, electroconvec- for a finite diffusion length and/or specific interactions of the
tion [40—44 and cellular mixing[19,45,46? Can it be ob- random walkers with the aggregate interface. In 1985, Voss
served in purely diffusion-limited growth regimp$7,48 or  and Tomkiewicz proposed a generalization of DLA with
is there a building of a space charge which would explain thenultiple particles and surface sticking probabili2]. Col-
selection of these morphologid48,40—42,49? Different lins and collaborators extended these ideas and analyzed the
models of dense branching have been proposed in the literinfluence of a finite diffusion length on DLA clusters
ture. [53,54. In 1993, Erlebacher and collaborators defined a mi-

Ohmic modelsThese model$8,15-19,50 focus exclu- grational envelope surrounding the growing aggregate.
sively on the transport of ions outside the zones of concenwithin this envelope, the particle motion is biased toward
tration gradients(diffusion layer$, where the transport is the nearest point on the aggregate whereas the transport is
driven by migration solely. They are based on the assumpBrownian outsidg[55]. More recently, Hill and Alexander
tion that the interface automatically adjusts its velocity to the[56] proposed a variant including a bias in the random walk
migration speed of the aniof$7,49 (which do not react on to mimic migration(adjustable drift distangeand a global
the electrodgto limit the building of a space charge ahead of sticking coefficient to account for surface attachment kinet-
the deposit. They predict the growth velocities from ion mo-ics. These models reproduce globally the average morpho-
bilities and the average metal concentration of the deposit, itogical features of the deposits, but provide a very simplified
good agreement with experimental measuremgtfig picture of their internal structuratioftheir multiscale struc-

Diffusive modelsThese models assume the local electro-ture will be described in Sec. Il A
neutrality inside the electrolyte, beyond the diffuse layer Stability analysesTo account for ramifications behind the
(Debye length This leads to a diffusion equation for the flat envelope, Grier and co-workei3,11,17 extended Mul-
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lins and Sekerka's stability analysis to electrochemicalgrowth to DBM. Hereafter, our discussion focuses essen-
growth. In these two-sided models, a diffusion field satisfiedially on these diffusion-limited DBM. We propose a charac-
an anisotropic Laplace’s equation within the aggregate enveerization of their internal branching structure.

lope, and a diffusion equatiofor Laplace’s equation in the Section Il is devoted to experimental aspects and Section
quasistationary limjtoutside. The interface advances with a lll starts by a description of DBM, focusing on the different
velocity proportional to the normal gradient of the underly- length scales involved in thin cell ECD. We recall the global
ing field. Stability analyses emphasize the role of dissipative-D diffusion model which has been proposed in the literature
and anisotropic current transport in the aggregate, but in linf0 describe macroscopignillimetric) 1D features such as
ear geometry, a finite diffusion length is necessary to accourfifoWth velocity, average metal concentration inside the de-
for the stability of the long-wavelength modgs2]. It is posit, and concentration profil¢47,4g. We consllder also a
suggested that the marginally stable wavelength depends Iir°|'—maller scaldtens Of.'“m) local growth dy.nam|cs.and we
early on the diffusion length. Another approach, advocate eport here an experlmgntal check of the mterfamal rglathn
in Ref.[57], is based on mean-field modeling of DUAS]. It etween the local velocity and the concentration gradient in

involves three different fieldelectrolyte concentration, den- WO dimensions. Section IV deals with the characterization
sity of the aggregate and electric potentidull numerical of the periodicity(aperiodicity _Of the branche_d structure of
solutions of the 2D equations show that well-defined fingerd BM based on the computation of correlation functions of
develop behind a flat envelope. The distance between thif€ deposit. We show that whereas the wavelengtf the

fingers is of the order of magnitude of the characteristic scal@2ltérn is of the same order of magnitude as the diffusion
of the diffusive field. This model accounts for concentration'€N9th. they are not simply related. However, the occupancy

profiles and front velocities observed in experiments. ratio © (defined as the proportion of the cell width occupied
From an experimental viewpoint, several studies focusedy the deposjtbehaves linearly with the bulk concentration

on the construction of morphology diagrams to delimit the@"d does not depend on the diffusion length. Finally, by
zone of existence of the dense morphold@y-4,20,50,58 extending the cqnclu_smns of our study of diffusion-limited
These diagrams remained very empirical and controversiaPBM to growth in thicker cells(involving natural convec-
Strong discrepancies depending on the experimental coﬁ'—o_n)' we stress again the role of confinement on the hierar-
straints can be found in the literature. These discrepanciggical structuration of DBM.
have been in part attributed to uncontrolled impurities in the
solution of meya}l cation§60—.62 but it seems tha.t even in Il. EXPERIMENTAL
properly conditioned experiments, ECD exhibits a very
strong sensitivity to initial conditions which could be intrin- ~ The confinement of the electrolyte in a thin cell is done in
sic. Rather than studying morphological transitions from ora linear geometry, the cathode and the anode being parallel
to DBM, a complementary approach focuses on the evoluto each other, and perpendicular to the direction of growth.
tion of this morphology with respect to experimental param-The electrochemical cell is made of two closely spaced op-
eters. In the case of dense patterns, the mean distance Bigal glass plates N/4 flatness over 5850 mnf), sand-
tween the brancheshe largest correlation length of the mass wiching the electrolyte. The gapbetween the two plates is
of the deposit in the direction perpendicular to the velgcity fixed to 50 wm in the experiments discussed here, except for
appears as a natural parameter to characterize the morphtie last one discussed in Sec. IV D. Two straight parallel
ogy. Surprisingly, no guantitative investigation of this char-ultrapure coppetanode¢ and silver(cathod¢ wires (50 um
acteristic length of the pattern had been published until theliameter, GoodFellow 99.99% purjtyare tightly confined
recent work of Zik and Mos€85]. In Ref.[35], they extend between the two glass plates and play also the role of spac-
their conclusions on the wavelength selection in 2Ders. The cell is filled with the electrolyte by capillarity. The
transport-limited combustiof86] to explain the evolution of solutions of copper acetate or copper nitrate are prepared
the mean distance between the branches of dense electrodem deionized water and 99% purity salts provided by Al-
posits. Their main physical argument states that the charadkich. With copper nitrate, 1% Cuglis added to the
teristic length of the pattern in the direction perpendicular toCu(NG;), electrolyte to avoid the passivation of the cathode
the velocity is equal to the diffusion length of the diffusive with copper hydroxide prior to the onset of the growth. With
field. We question this hypothesis hereafter. copper acetate, the anodic part of the cell is filled by a dilute
In this paper, we focus on dense branched morphologiesolution to avoid the precipitation of the salt due to satura-
(DBM) obtained by electrochemical deposition of copper intion effects by dissolution of the anode. Prior to use, all these
very thin cells (50 um) where natural convection is negli- solutions are carefully cleaned of any trace of dissolved oxy-
gible[39,63—-65. On scales larger than the Debye length, thegen by bubbling nitrogen through them for 1 h. ECD experi-
assumption of local electroneutrality leads to a simple diffu-ments are performed at fixed currgiglvanostatiz and at
sion equatiori51] that we have checked using interferomet-room temperature~20 °C), in a two-electrode configura-
ric measurements of the metal cation concentration fieldion, and the voltage dropanode PeathodelS recorded simul-
[63]. In thin cells, we have recognized § C”) parameter taneously. The cathode, where the reduction occurs, is de-
domain(j being the mean current density; being the bulk pleted in metal cations as soon as the current is set. By
concentration where parameter domain where the growthconvention, the sign of reduction currents is negative.
process is diffusion limitedin which convective processes = The measurements of the electrolyte concentration have
are negligible. In this parameter zone, depending on thebeen performed with a two-beam interferometric device, on
counteranior(sulfate, acetate, nitrate, chlorigeve have ob- which a phase modulation of the reference wavefront was
served different growth regimé¢48,66] from sparse ramified added to extract the 2D concentration field with a temporal
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FIG. 1. Photographs of a copper deposit at different scales. Pa
rameters{ Cu(NQ;),]=0.5 moll?, j= 50 mAcm 2.

resolution of a fraction of one second and a spatial resolutio
of about 10um. A detailed description of the phase-shift
Mach Zehnder interferometer can be found in RESS,67).
The interference patterns are grabbed through a camerg
coupled to a digitizing syste68] for further analysis. The
principle of temporal phase-shift interferomef68] consists
of computing the complete 2D phase field from a finite set of ji§
interference pictures with shifted reference wavefronts. The
concentration field is afterwards straightforwardly deter-
mined from this phase field. The gray scale or contour lines
coding of the electrolyte concentration shown in the figures
of this article have all been obtained with this technique. In a y
typical experiment, the noise amplitude in the 2D phase mapjilistes
measurement is about/50. This corresponds to a concen- __
tration difference equal to I& moll~ ! in our confined cells
(50 wm gap. The signal-to-noise ratio can be increased by
averaging the concentration field along a direction parallel toj
the cathode, resulting in 1D concentration profiles. Despiteifs
the fact that the experimental errors on the concentratiorfistts
depend on the relative errors on cell spacing and bulk con-"

centration, the measured concentration drop between the F|G. 2. Dense 1D growth by ECD from a cupric acetate solution
bulk and the dead part of the depasithere the electrolyte is in thin cell. On each panel we plot the depagit black on the left
expected to be completely depletedas always equal to the together with the concentration field measured by interferometry
bulk concentration within 2%. This gives an upper bound to(contour lines+ grey level coding with black corresponding to the
the experimental error. The reader may find in RéB] a initial bulk concentratiorC* and white to a null concentratigrilhe
comprehensive presentation of phase-shift interferometryconcentration difference between two contour lines is approxi-
The different phase-shift techniques as well as their relativenately C*/10. Parameters:[ Cu(CH,CO0),]=0.2 moll'*, j

accuracies are extensively discussed in that review. =12 mAcm 2. The time interval between two successive pictures
is 880 s. Scale of the pictures: %4.7 mnt.

lll. GENERAL FEATURES OF DBM IN THIN ECD CELLS (50 wm). This gap spacing corresponds roughly to the
A. Multiscales of DBM width of the small fingefFig. 1(c)]. For these fingers, which
. . o fill the gap between the glass plates, the transport is quasi-

: The microscopic texture of thes_e dep03|_ts is illustrated o-dimensional since they have a characteristic width of a
dnffergnt scales in Fig. 1. Cpmparmg the different panels o ew tens of microngsee Fig. 1b)]. The screening diffusion
thlsdfllgurg ’ thg transfom:jat:jo?_ of th_ebbgnch .Of very Skh""rpprocess between these small fingers produces a branched pat-
needles in(c) into a rounded finger inb) is qmtg FEMark™ tern such that the distance between the fingers is about twice
able_. The largest _plcture '@)_'S EVEN More Surprising siNce ., q, width, very reminiscent of a Hele-Shaw fingering pat-
again the precedl_ng small flnger_s hgve col_lapsed t°_f°”_m fern[27]. The formation of separate fingers from bunches of
bigger flnger. 2_0 times larger. This hlerqrchlqal organization, . qjes is evidence of diffusive screenii&g]. In Fig. 1(a)
of the depogt is a very general feature in th'?‘ cell ECD. Itsthe fingers are again assembled in branches of mm width.
characteristic scales are undoubtedly determined by the CORq .+ isthe scale we will focus on here, by characterizing the

finement of the growth. Th'e first spale is related to the Sharpéverage distance between these branétieswavelengthy
ness of the needlesubmicron sizg Around these small f the patterp and their occupancy ratio in the cell.
needles the transport by diffusion is three-dimensional ang

therefore its extension is limited in space. The spatial con-
finement of the 3D diffusion layer is produced by the sharp-
ness of the needle itself, and may explain that at this scale Figure 2 illustrates the spatial and temporal dynamics of a
the needles get very close to each other and fill the interspad®@BM process. Each picture of this figure shows the black
between the glass plates. The second scale is given by tlideposit(on the lef) and the 2D concentration field coded in
distance between the plates of the electrochemical celjray and its contour linegon the righj. The time interval

B. Stationary 1D growth regimes
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between two pictures is constant. This dense branched aggre-
gate is bounded by a flat linear front which invades the cell
at constant velocity, pushing away the depleted diffusion
layer whose size remains constant. This stationary growth
regime has been modeled macroscopically by a diffusive 1D
model. The equation for the stationary equivalent concentra-
tion profile in the frame moving with the interface reads
[19,47,48:

y (mm)

C(§)=C°C+(C0—C°C)exp<—|_£d). (1)

{=x—uvt is the distance to the deposit fromtjs the labora-
tory coordinatey is the velocity of the growth along the
direction x, C°=C(¢=0), C” is the initial concentration
(bulk equivalent concentration The diffusion lengthL 4
=D/v is the natural length scale for the spreading of the
diffusion layer in front of the moving deposiD(is the am-
bipolar diffusion coefficient

DBM is generally defined empirically as reminded in the
introductory section. We propose here a basis for a more
rigourous definition in the following terms: the term DBM FIG. 3. One-dimensional characterization of the dense growth.
will be relevant if the mean distaneebetween the branches (a) Picture of the depositin grey) and representation of the con-
is of the order of magnitude or smaller than the size of thecentration field with contour lines. The vertical dashed line shows
depleted layer. This criterion implies that the ions do notthe position of the effective front determined by extrapolation of the
penetrate significantly between the fingers, and that the corexponential shape of the diffusion layiqg. (1)]. (b) 1D concen-
centration field is roughly one-dimensional. As counter ex-tration profiles of “Cu” in the different phases. Plain line on the
amples, the reader may look at Figs(d3n Ref.[48] and left: copper atom concentration inside the depdaiteraged over
2(b) in Ref.[70]. the cgll V\(idth. Plain line on the right: cupric ion concentration in

From Eq.(1) and the interfacial boundary relation for the the d|ffu5|c_)n layer. Dotted line on the left: “occupancy rati®’ of
current densityj, j(1—t,)/F=—Da,C|,_o—C% [47,4g, e deposilsee text
the expression for the constant interfacial velocity with re-ot the ECD clustergsuch as in Fig. Ris therefore strongly

x (mm)

spect toj andC” reads misleading, since the deposit is not at all plain copper metal
) but rather a highly porous phase made of nanometer scale

e j(1-ty) (2  needles of coppefas illustrated in Fig. 1
EC® ' Figure 3 presents the 1D features of dense patterns in

ECD. It shows the different profiles which can be extracted
t. is the transference number of the cation?CuF is the  from a particular picture of the deposit and its 2D concentra-
Faraday constant. The metal concentration inside the depogion map. In(a) we recognize the deposit in gray with the
pip is straightforwardly deduced from the conservationcontour lines of the concentration field, between two close
equation a'=0: lines there is a concentration difference of ab@dit10. The
vertical dashed line marks the position of the effective front
D Cc% (=0, extrapolated from the exponential shape of the concen-
P1pl = mgxq&ﬁ (1-t,)’ 3 tration profile[Eq. (1)]. Figure 3b) reports three 1D concen-
tration profiles. The right curvéplain line) corresponds to
which implies that the concentration of cations inside the electrolyte averaged
along the direction parallel to the front. The top left curve
B c” (plain line) corresponds to the 1D average concentration of
plD_l_h ' (4) metal coppelp,p inside the deposit. The bottom left curve
(dotted ling corresponds to the occupancy raég defined
p1p is the average concentration of metal atom alongythe below.
direction, perpendicular to the growth directignlt depends p1p Was computed from conservation E®). The front
only on the bulk concentration of metal cations. In the casevelocity v was estimated directly from successive pictures of
of stationary 1D growthp,p is an invariant of the growth the deposit, and,C|,_, was computed from the ratio™/L 4
which guantifies the average porosity of the deposit. Withoufin the experimentC® is negligible versu<”, as shown in
supporting electrolytes, in solution, the transference numbefig. 3(b)]. Ly was obtained by fitting the experimental 1D
of copper ranges between 0.2 and 0.5, depending on the acencentration profiles with Eq1) [dashed line on the right
ion. Therefore, the metal concentration behind the flat envepart of Fig. 3b)]. Equation (3) therefore readsp,p/C”
lope will not be greater than twice the initial concentration in=D/[(1—t,)vLq4]. In Fig. 3b) p;p/C” rapidly converges
copper cations: it is much smaller than the concentration ofo (1—t,) '~2, as predicted by Ed4).
metal copper £150 mol ). Our black and white coding The occupation ratid® [dotted line in Fig. 8)] is the
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fraction of the space occupied by tforoug metal deposit.

Its measurement involves a threshold of the picture of the
deposit captured by the frame grabbér,being defined as
the number of pixels above the threshold divided by the
width of the picture. The value dd depends on the choice

of the threshold, nevertheless we have checked that this
choice did not change the behavior@fwith respect tg or

C”, as discussed in Sec. IV C.

C. Finger growth velocity

The 1D model presented in the previous section predicts
the front velocity, the mean concentration profiles and the 1E
average metal concentratignp. However, it gives no in-
sight into the internal structuration of the deposit zdne., : =
distribution of the metallic atoms behind the smooth enve- 3 3.5
lope) and does not propose any prediction for the growth x(mm)
velocity of the individual fingers or their metal content. In
this section, we investigate the evolution equation for the FIG. 4. lllustration of the computation method of the normal
fingers by analyzing the link between the local growth ve-velocities from experimental data. Two successive contours of the

locity and the surrounding 2D concentration field. deposit during its growth are showi~1040 s,At~48 s). The
The mass conservation of metal species on the fingegoncentration field corresponding to the first snapshot is coded us-
boundary reads ing discrete grey levelssame coding as for Fig.)1The arrows
show the computed normal velocities. Parametgu(NG;),]
. D . =0.5 moll!, j=50 mAcm 2. Scale of the picture: 87 mnr.
pZDU'n:(l_t+) VC-I’], (5)

The discretization of time and space in the analysis intro-
wheren is the unit vector normal to the interface, directed dUCeS two sources of errors. On the one side the distance
between two successive contours has to be larger than a few
pixels to enable the velocity measurement, whereas the linear
relation between the normal velocity and the normal concen-

p1o=0p2p (6) tration gradienfEq. (5)] breaks down when the time interval
for integration is too large. On the other side the determina-
and 0<O®<1. tion of the normal direction is spoiled by the uncertainty of

Equation(5) assumes implicitly that convective fluxes are the contour detection. The combination of these effects pro-
negligible so that the transport of electroactive species isluces artificial crossovers between adjacent velocity vectors,
diffusive. Natural convection is negligible in the very thin as shown in Fig. 4. In the program which computes the ve-
cells used her§63,65, and electroconvection should be re- locity vectors, some tests have been implemented to remove
vealed by characteristic arches in the concentration[#@p unexpected data. In particular, when the noise level on the
which are invisible in all the experiments we describe hereconcentration gradient produces unrealistic values, the esti-
In solidification processes, the local linear relation betweermmated velocity vectors have been omitted in the analysis and
the velocity and the temperature gradient derives naturallgleleted from Fig. 4. However, to strengthen the validity of
from heat conservation at the interface. The situation is difour analysis, we have checked that the experimental results
ferent here since the porosity of the fingen£) is a priori shown in Fig. 5 are independent of the time inter&a) in a
unknown and could depend on the local current density. finite range.

Our interferometric setup can be used to measure inde- Figure 5a) reports the plots of these normal velocities
pendently the normal velocity of the aggregate and the conestimated on the boundary of the fingers versus the normal
centration gradient at the interface, to check the validity ofconcentration gradientaveraged on the time interyalWe
relation(5). The principle of the method is illustrated in Fig. note that all the points, obtained from galvanostatic ECD
4. On each pixel of the contour of the deposit, the normafrom copper nitrate at successive times, are distributed along
concentration gradient is estimated from the 2D concentraa band parallel to a straight liri@ plain) going through the
tion map. In Fig. 4 this concentration field is coded by dis-origin. This strongly supports the invariancemf; along the
crete gray levels. The normal velocity is given by the dis-boundary. The slope of the experimental linear behavior can
tance between two consecutive contours of the deposihe interpreted from Eqs(5) and (6). We estimated®
projected onto the normal to the interface. The representatioss0.62 from digitized pictures of the pattern. WitB
of the normal velocities by arrows on the contour of a se-=1.03<10 ° cn?s ! [66] andC*=0.5 mol I, one ob-
lected zone of the deposit is very suggestive of the dynamictinsD®/C*~1.3x10 2 cm®s™ Y mol~ 1. This prediction is
of the growth. It provides a direct evidence for the distribu-plotted with a plain line in Fig. &). The shift of the cloud of
tion of the interfacial current densities and shows that a mapoints in Fig. %a) with respect to the theoretical prediction is
jor part of the current flows on the tip of the branches, in acertainly due to the discretization of the digitized cluster
narrow front zone of the deposit where the concentratiorboundary. This plot strongly supports the local diffusion-
gradient is nonzero. limited conservation Eq(5).

toward the bulkp,p is the local metal concentration inside a
finger. This concentration is greater thay, since
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' T " ] At this point we go back to our previous definition of
DBM, based on the comparison ®fwith L, to include the

distribution width of the height of the branchesh. The

landmarks of DBM may, therefore, be written as

v, (em s

A<Lyq and Ah=L,. (7)

o 1 1 1
-0.005 0 0005 0.01 0015 0.0% To conclude this section, we need to check the coherence
VxC (mol cm ) of our analysis. We have priori assumed that in our
0.3 - ' ' thin cell, the ECD process could be considered as
] two-dimensional at the scale of our observations. The
0zl A minimal local diffusion lengtH{" (the ratio ofC* over the
maximal gradient is about 0.%10 3 molcm ¥/
2x10°2 molcm *~250um. The fact that it remains much
01r ] larger than the gap between the two glass plates supports our
M hypothesis.
N , , , Finally, the 1D approximation discussed in the previous
0 0.01 0.02 0.03 section is also corroborated by the observations of the con-
v,C (mol cm™) finement of the growing zone inside a narrow band localized
at the front of the deposit. This band corresponds also to the
FIG. 5. Plot of the normal velocities versus the normal concenzone of fluctuations of the branch heights. It seems, there-
tration gradients for the experiment of Fig. 4. The plain line is thefore, that the two characteristic scales of DBMand Ah,
prediction of Eq(5). (b) Histogram of the gradients measured along coyld be related in some way to the diffusion length In
the interface. The dotted line marks the value of the 1D gradienthe next section, we focus on this question through a careful
(C7ILq). characterization of the internal structure of the deposit.

2(VC)

o

In the literature, the hypothesis of diffusion-limited
growth has often been deducagbosteriorifrom the analysis
of the ramified deposit morphology by comparing(igobal IV. CHARACTERIZATION OF THE INTERNAL
fractal dimension to that of DLA. In a recent work, Argoul STRUCTURE OF DBM
et al. [71] compared the local velocity of an electroless We now develop an original approach aimed at character-

DLA-like aggregate to its harmonic measytiee normal gra- ._. . . )
dient of an hypothetic Laplacian field surrounding the de-2"9 the macroscopic¢0.1 mm) internal structure, i.e.,

posiy. To the best of our knowledge, it was the first attemptthe periodic(or ap.eriod_ic) organization of the branches of
to characterize the local dynamics of an electrochemical inPBM' Th".s analy§|s re"e$ on the computa‘uon_of a correla-
terface. The work presented here is definitely a step beyon&',on fun_ct|on which provides a statistical estimate of the
since the diffusion-limited dynamics is directly inferred from Méan distanca between branches.
independent measurements of local velocities and gradients.
The histogram of the interfacial concentration gradients is
plotted in Fig. %b), together with the value of the 1D inter-
facial gradientd,C|,_q=C"/Lq in dotted line. This histo- From a thresholded picture of the deposit, such as shown
gram increases very rapidly for low concentration gradientsn Fig. 6(a), we defineM(x,y) as the “black and white” 2D
and exhibits a plateau around 0.015 moldywhich corre-  projection of the deposit,M(x,y)=1 on the deposit,
sponds to the 1D estimation. The strong divergence of this\{(x,y)=0 elsewhere. This measure hagriori nothing in
histogram at low velocities is not significant since it is mea-common with the real concentration of metal atoms inside
sured on the “dead” part of the deposit, behind the front,the deposit. It is a 2D macroscopic quantity characterizing
where the concentration gradients are close to zero. Figurhe ECD cluster. The correlation function is defined by
5(b) shows that the 1D average of the growth is not an upper 1L
bound of the interfacial velocity but rather lies in the middle I
of the interfacial velocity histogram. Let the local diffusion cxh= Lyfo MOGY)X MUxy+1)dy
length |4 be defined as the ratio betwe&f and the local 5
gradient. The dispersion of the concentration gradients B iJLyM d
([0.01-0.04 molcm %) gives an estimate of the dispersion LyJo Ooy)dy |,
of the diffusion length on the interface of the deposit:
Alg/Lg=A(V,C)/,Cl|,—o<1. We reach the conclusion
that the dispersion df; is of the same order as or lower than whereL, is the width of the picture along the direction.
Lq. This result could have been guessed directly from thel'he abscissa of the maxima 6fx,!), for a fixed value ok,
observation of a DBM picture such as Figap the fluctua- characterize the periodicityvavelength\) of the 2D cluster
tions of the branch heights are bounded by the diffusioralong the directiory perpendicular to the growth direction. A
lengthL4. This intuitive observation has been quantified bydiscrete version of Eq8) has been applied for the compu-
our local analysis. tation of C(x,1):

A. Macroscopic wavelength measurement

®
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6. lllustration of the method of computing the deposit's
wavelength(a) Thresholded picture of the depodih) 1D correla-
tion function of the thresholded picture of the deposit, alongythe

direction, computed according to E), with x~4.5 mm. In(c)

we check the stationarity of this periodicity by plotting the 2D

correlation function.\~290 um. Parametersf Cu(CH;COOQ),]
=0.2 moll?, j=12 mAcm 2.

C(x,1)=

:N

2 M(X,y) X M(x,y+1)

_(Nig o'

9

whereN, is the number of pixels of the width of the picture,
O(x)= (1/Ny)zy WM(X,y).

The 1D correlation functionC(x=4.5 mm]) com-
puted from the cluster picture of Fig(& is represented in
Fig. 6(b). We observe that at this position, the lateral struc-
ture of the deposit is periodic with a wavelength
~290 pum.

To check the stationarity of the morphology, we compute
this correlation function for each value The fact that the
growing zone of the deposit is limited to the foremost part of
the branchesas seen in Fig. Mallows us to use this corre-
lation function as a time record of the growth morphology.
Since the structure of the deposit keeps the whole memory of
the growth history, this analysis in terms of the correlation
function in (x,1) variables sheds light on the temporal evo-
lution of the periodicity of the structure. A gray coding of
C(x,1) as a function of the variablex]) is shown in Fig.
6(c). The maxima of the correlation function are coded in
black and the minima are coded in whiteee the look-up-
table on the right side of Fig.(6)]. Above each picture of
the correlation functions, we add an axis labeledxih 4
units. Except in the initial transienfd8], this representation
may be considered as a space-time map and used to charac-
terize the time of settling of a periodic structure and its du-
ration. The spatial axig/L4 would then be assimilated to a
time axist/ty with ty=D/v? the diffusion time.

Figure Gc) is a clear illustration of the existence of peri-
odic stationary solutions in DBM. Around 3.8 mm, the struc-
ture is locked in a periodic spatial solution which extends
over the whole picturglong-range correlationsThe transi-
tion from aperiodic to periodic structure takes about five dif-
fusion times. The parallel white dashed lines are drawn to
stress the maxima of the correlation function. This picture
shows that the pattern is highly periodic, and demonstrates
the stationarity of the morphology during the growth process.
However, we demonstrate hereafter that this behavior is not
robust.

Figure 7 shows two distinct space-time correlation pic-
tures which demonstrate the nonstationarity of the internal
structure of DBM. The left panel&) and (b) of Fig. 7 cor-
respond to the same parameters as those of Fig. 6 and we
remark that the transition to spatial periodicity takes about
the same time#4t,). In that example, the periodicity is not
conserved in time. Between 4, and 8 ty, the wavelength
is continuously decreasin@s shown by the white dashed
line). After 8 t4, the spatial periodicity is lost and does not
seem to come back during that stage of the experiment. We
observe the shrinking of the wavelength until the correlation
function is overwhelmed with the noise.

The deposit shown in Figs.(@ and 7d) has been ob-
tained for different parameters. Figur&y shows that peri-
odicity disappears suddenly and comes back after a short
interval with a smaller wavelength. The distances between
the parallel dashed lines drawn in Figdyare, respectively,
0.193 and 0.184 mm. This decrease »f corresponds
roughly to the addition of one branch over the width of the
picture in Fig. 7c). Note that the splitting of a branch can be
distinguished arounc=4.7, y=2.9 mm on Fig. 7). In
both cases, despite the internal modification of the structure
of the deposit, the velocity of the front and the exponential
decay of the concentration profile remain constant.
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()
E
E
=23
FIG. 7. Evidence for the non-
stationarity of the dense pattern
) (.) 5 1.0 @) (.) 5 1,0 1,5 wavelengths.(a) and (c) thresh-

olded pictures of deposits ob-
tained from [Cu(CH;COO),]
=0.2 moll'! atj=12 mA cm 2
and 20 mAcm?, respectively.
(b) and(d) corresponding 2D cor-
relation functions.

{ (mm)
¢ (mm)

The sensitivity of the growth dynamics for a given set of In Fig. 8@a), we have selected the points corresponding to
parametergFigs. 6, 1a), and 7b)] and the intermittent char- the same concentration as for Figs. 6 and 7. Figue 8
acter of the spatial periodicitjFigs. 7c) and 7d)] provide  shows that the wavelength of the DBM structure is always of
evidence for the possible coexistence of an infinite set ofthe same order as the diffusion length. However, it is rather
periodic spatial solutions for the same experimental paramdifficult to assert that\ is increasing linearly withLy as
eters. This behavior is not really surprising in the context of

out-of-equilibrium growth. In particular, during the last few 400 .

years, there have been experimental results indicating that (@) }
stable cellular patterns are observed over a finite wavelength 300 [ h
range during solidification of alloys and that no wavelength 2 == { {
selection occurf72—75. Moreover the spaciny, measured 3200Ff 1 - ]
as the distance between two adjacent liquid grooves can vary < =
along the solidification front. The latter feature would mani- 100 ]
fest itself in the disappearance of the periodicity in our cor-
relation function analysis but our evidence is not sufficient to 0 : :

; . e 0 200 400 600
reach such a conclusion. With respect to solidification pro- Ly (um)
cesses, electrodeposition mechanisms involve, in addition,
the electric field. One could speculate that this factor could 800 | ' ' e ]

explain the long-range periodicity highlighted by our corre-
lation function analysis of DBM.

A {um)

B. Evolution of the wavelength with respect
to the diffusion length

In Fig. 8, we collect the results obtained with different
currents and electrolytecopper acetajeconcentrations. The 100 200 300 400 500 600
diffusion lengths were computed from the rafv with Ly (um)
D:,6>< 10°° cn?s ™t This rat'olhajs previously been ;hov_vn FIG. 8. Evolution of\ as a function oL 4 for a set of different
to fit accurately the characteristic length of the diffusioneyperiments  performed  for  different [ Cu(CH,COO),]:
layer [48]. Since the wavelengths may be unsteady duringy 2 mol 1 (black triangle§ 0.165 moll! (white squares
the growth, each point corresponds to a mean of the wavey 135 mol'? (black pentagons 0.1 mol I (white circles. Lg
lengths measured during one run. In some cases, an error bigds been computed from the relatiog=D/v. The current density
parallel to the\ axis shows the dispersion of the wave- used in each experiment can be deduced from the relgtion
lengths. —DFC”/[Lg(1—-t,)].
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proposed by Zik and Mosé85] [their prediction is reported
in Fig. 8@a)]. On the contran\ does not change much with
L4, although it remains of the same orderlas

In Fig. 8b), we gather experimental measurements per-
formed at four different concentrations from 0.2 to
0.1 moll!, the smaller the concentration, the larger the
wavelength for a given diffusion length. The main conclu-
sion from this figure is that does not depend on the current
density but rather on the bulk concentrati@fi. This is con-
sistent with our general observations, namely that the mor-
phology of the deposit is essentially determined by the elec-
trolyte composition(concentration and choice of the cation
and the anion For a given salt, the morphology is mostly
dependent on the bulk concentration and weakly dependent
on the current densitgas far as the current is low enough to
exclude electroconvective processedk and Moses’ mor-
phological diagram in the@”,j) plane[20] supports our
observations since the lines delimiting the different mor-
phologies are roughly parallel to theaxis.

The evolution ofA with the concentration is illustrated by
four pictures of the copper clusters in Fig. 9. The increase of
N\ when the concentration of the metal cation electrolyte de-
creasesgfrom (a) to (d)] is quite obvious, whereas the diffu-
sion length does not change mughe contour lines reported
on each of these figures are separatedCBy10). Note that
on the last patter(d) of this figure the contour lines are less
straight than the others. This effect has no physical meaning,
it is an artifact due to the computation of the optical phase
because the electrolyte concentration is rather small. Figure 9
provides unambiguous evidence that, even for a given elec-
trolyte, the diffusion length is not the single parameter that
determines the overall morphology.

C. Occupancy ratio

In order to characterize these dense patterns, the width
of the branches may also be computed. Since the fingers are
ramified (Fig. 9), their mean width cannot be directly mea-
sured. This would require us to define a stem of each finger
and to compute the mean distance of the lateral branches
with respect to this stem. However, in a first approximation,
the fraction of the space occupied by the porous metallic
deposit® can be interpreted as the ratid\ (this would be
exact if the fingers were smogtiRemember tha® is de-
fined as the ratio of the number of black pixels over the
width of the picture. In Fig. 10, we report the evolution of
this occupancy ratio with respect to the bulk concentration
and the diffusion length.

As for A we see a strong dependence®iwith the bulk
concentration, it increases linearly wi@t’. This variation of
with C*, for a givenL is evidenced in the four pictures
of Fig. 9: the patterns become sparser and sparser when the
bulk concentration decreasgsom (a) to (d)]. However,®

does not give a direct information about the metal average rs g |iustration of the influence of*
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(a)

(b)

(0)

| S¥han LS e S SR

&
e,

at fixed Ly on the

concentrationp; p or the local metal concentratioppp. It morphology of copper deposits obtained from CugC®O0), so-
depends solely on their ratiiEq. 6. Since® behaves ex-  |ytions. (@) 0.2 moll'?, j=22 mAcm2, Ly~235 um, \
actly as p;p with respect to the bulk concentratiomp  ~210 um. (b) 0.165 moll'?, j=20 mAcm 2, Ly~275 um,
«C” [Eq. 4], we conclude thap, does not depend oG”. A~245 um. (c) 0.135 moll'!, j=16 mAcm 2, Ly=~290 um,
From Fig. 9 we compute the ratid®/C*~3.3 Imol 2, A~325 um. (d) 0.1 moll'?, j=12 mAcm 2, Ly~220 um, \
thereforep,p~0.6 moll~! for copper acetate electrolytes, ~432 um.
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FIG. 10. Evolution of® as a function ofC” [in ()] and as a

function of Ly [in (b)] for experiments with different FIG. 11. (a) Deposit and concentration field during the growth
[Cu(CH,COO0),]: 0.2 moll™* (black triangley 0.165 moll'*  of a copper deposit from a cupric sulfate electrolyte in a thick cell
(white squares 0.135 moll! (black pentagons 0.1 mol[? (e=250 um). Parameters: [CuSQ]=0.2 moll %, j
(white circles. =8 mAcm 2. The concentration difference between each contour
line is approximatelyC*/10. Scale of the figure: 87 mn?. (b)
whatever their bulk concentration within the range Concentration profiIeSaverageq along the dirgctiqn perpendicular
[0.1 mol %, 0.2 moIFl]. to the glass platgescorresponding to the white lineglain and

. . . . . hed, ively .
The essential fact revealed by Fig.(a0is the invariance dashed, respectivalyn (2

of the metal contenp,p inside the smallest ramifications of D. Generalization to natural convection driven ECD
the deposit, independently of the concentration. We demon- DBM has also been observed in thicker cells where natu-

strate in Fig. 1(b) that® does not depend on the diffusion ., .,nyection contributes to the transport of charged species.
lengthL 4. Since the stationary growth solutions of DBM are Actually, the existence of DBM is a very robust phenomenon
such thatp,p does not depend on the current but solely onin ECD. The onset of natural convection has been interpreted
the concentratiory,p does not depend on the current either. 3nd well documentefB8,39,76—82 Its real influence on the
This conclusion strengthens our argumentation abovemorphology of a thin cell electrodeposit has been more
namely that when the current is changed, the width of eackarely discusse@38,39, in particular with respect to a pos-
branch must change but that the local metal content of eackible modification of the small and large structure of the
ramification does not change. deposit.

This argument is consistent with the measurements re- When the cell gap is greater than about @&®n [65,63,
ported in Sec. Ill C. There, we pointed out that the localthe existence of concentration gradients close to the elec-
velocity can be linearly related to the normal gradient only iftrodes triggers a convective motion of the fligB,83. The
the local porosity of the fingers does not depend on the locaize of the convective rolls increases with the square root of
current. This is demonstrated in Fig. (b time [39,65,7Q, until the cathodic interfacial concentration

In this electrochemical system, the lack of a selectedyets close to zero and the growth becomes uns{ai0lg4].
shape results from the fact that onpp=0p,p=C*/(1 During the subsequent growth, the deposit pushes away a
—1,) is imposed. But there are multiple ways to distribute convection-mixed depletion layer whose size is constant for
the metal atoms behind the front of the deposit which fulfill DBM [48]. In Ref.[48], we extended the validity of Eq2)
this constraint. Even for a given finger width, a deposit maddor the front velocity to situations where free convection is
of concentrated fingers with a large gap between them, anvolved. However, Eq(l) for the concentration field fails to
dilute tight fingers could satisfy Eq4). However, we dem- describe the concentration profile in front of the deposit be-
onstrate that the metal concentration of the fingess is  cause the transport is three dimensional around the growing
selected. This shape selection criterium is original, it is spedendrites and two dimensional in the convective rolls. It may
cific to an ECD process. It can be explained by the fact thatherefore be more hazardous to define a diffusion length.
the microscopic structure does not depend on the large scale Figure 11 shows a copper cluster obtained from a copper
diffusion length but rather on submicroscopic features suclsulfate electrolyte in 250um gap cell. The morphology of
as surface kinetics, surface diffusion, charged layer, anthe deposit is very different from those obtained in a®n
micron-scale 3D diffusion. gap cells, nevertheless this pattern belongs to our description
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of DBM. The velocity of the growth becomes constant afterscale does not correspond to the wavelength of the pattern
a first selection regimp48]. Moreover, the distance between shown in Fig. 11. In free convection regimes, the interfacial
the branches and their height dispersion remain smaller thagsiynamics and macroscopic patterns are determined by the
the size of the depleted zone. We notice that the zone ofrthole concentration field and not only by its shape very
depletion is much larger than in previous experimentsclose to the tip.
whereas the growth velocity is nearly the sarase predicted
by Eqg.(2)]. In this experiment, the front velocity, estimated V. CONCLUSION
from successive pictures of the growthssl.3 ums . The o i
ratio D/v is therefore~0.4 mm. The concentration profiles ~ We have proposed here an original study of the internal
plotted in Fig. 11b) show that the depleted zone spreadsstructure of DBM obtained from copper acetate solutions in
over about 3 mm. It means that in thick cells, the diffusionVery thin gap cells, where the electrochemical deposition
length D/v is useless to estimate the size of the depleted®rOCess is driven by diffusion. Two important issues have
layer. In Ref.[70] we used an effective diffusoconvective been reported. The first is the fact that the macroscopic char-
coefficient(greater than the diffusion coefficirio compare ~ acteristic lengths of the deposivavelength, branch width,
the properties of the convective depleted layer and the prdluctuation in the branch heightre roughly of the same
dictions of a diffusive model. order as the diffusion length. The second issue is that no
An interesting point is that the wavelength of the depositwa\_/elength selection in thg strict sense of the .term.occurs
structure 1.7 mm), remains of the same order of magni-during steady electrochemical grow(t least within a time
tude as the size of the depletion zone. Three-dimensiondterval much longer than the characteristic relaxation time
effects have to be considered to model the concentration pr&f the concentration fieldIn particular, the internal structure
files[65]. Although a complete study of these diffusoconvec-Of DBM can be either periodic or aperiodic. We have ob-
tive growth regimes is out of the scope of this paper, weserved dynamical transitions between different periodic

would like to comment on the different length scales relevanftructures, which occur randomly during the growth. On the
for thick cells. other hand, the metal concentration inside a finger depends

If we look more precisely to the concentration profile nearneither on the current nor on the bulk concentration for a

the tip of one branckFig. 11(b)], we notice a sharp increase given counter anio_n. Despite_ thg fact that the ratio of the
of the concentration gradient at about 1@an distance from  iNger width to the finger spacing is selected, these two quan-
the tip. In a study of zinc electrodeposition in 250m gap tltle_s can vary during the groyvth, or from gxpenment to ex-
cells, we have already reported the existence of two zones ipe"iment. This approach is finally generalized to growth in
the depletion layer prior to the interfacial instabilfiy0], a  thicker cells, in which diffusion, migration, and natural con-
small band (100um scalé close to the electrode corre- vection contribute to the transport of ionic species. In that

sponding to the edge of the convective roll where the velocS@S€ 100 we show that the largest length of the depletion
ity of fluid is essentially verticaithe component of the fluid 12Yer sets the scale for the spacing between the branches.
velocity along the growth direction is negligibJend a large
scale zondmm scale corresponding to the main part of the
convective roll where the concentration profilaveraged
along the direction perpendicular to the glass plaizgua- We thank Y. Sorin, G. Gadret, and L. Potin for their par-
silinear. This large scale zone increases as a square root tfipation in the interferometric experiment elaboration. We
time during the depletion regime and stabilizes when there very grateful to G. Faivre, B. Nkonga, M. Z. Bazant, A.
interfacial velocity becomes constant. If we try to define aArneodo, and L. Servant for stimulating discussions. We
diffusion length, it should correspond to the quiescent zonethankfully acknowledge support from the Centre National
that is the small band close to the electrode where diffusionles Etudes SpatialéENES under Grant No. 793/98/CNES/
and migration supply the ions to the interface. This length7315.
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