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Experimental investigation of the initial regime in fingering electrodeposition:
Dispersion relation and velocity measurements
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Recently a fingering morphology, resembling the hydrodynamic Saffman-Taylor instability, was identified in
the quasi-two-dimensional electrodeposition of copper. We present here measurements of the dispersion rela-
tion of the growing front. The instability is accompanied by gravity-driven convection rolls at the electrodes,
which are examined using particle image velocimetry. While at the anode the theory presented by Chazalviel
et al.[J. Electroanal. Chend07, 61 (1996 ] describes the convection roll, the flow field at the cathode is more
complicated because of the growing deposit. In particular, the analysis of the orientation of the velocity vectors
reveals some lag of the development of the convection roll compared to the finger envelope.
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[. INTRODUCTION the surface tension of the interface. In this paper we use that
idea to measure the strength of an effective surface tension
It is sometimes believed that all interesting phenomena irassociated with the hydrogel-water interface by analyzing the
the universe happen at interfaddd. Following this line of  dispersion relation. It should be remarked that the nature of
thought, we believe that the study of the dynamics of intersurface tension between miscible fluids is still an active area
faces provides a key for understanding generic features aff researcH7].
nonequilibrium phenomena. The electrochemical deposition Another necessary ingredient for the occurrence of fingers
of metals from aqueous solutions in quasi-two-dimensionaére density-driven convective currents in front of the grow-
geometries is an easily accessible growth phenomenon a@fig deposit. If convection is suppressed by turning the elec-
such an interface. The emerging structures show a broad vérodeposition cell in a vertical configuration, fingers are no
riety of growth patterns including fractals, seaweed, or denlonger formed4,5]. For this reason it appears to be essential
drites. For a recent review see Rg2] and references to understand the nature of the convection field in our ex-
therein. periment, which we examine using particle image velocim-
The focus of this paper is on the electrodeposition of fin-etry (PIV).
ger deposit43]: after the addition of a small amount of an ~ The organization of the paper is the following: In Sec. I|
inert electrolyte, such as sodium sulfate, to a copper sulfatere introduce the experimental setups. Section Il is devoted
solution, the morphology of copper deposits changes from & the dispersion relations, with Sec. Il A covering some
typical fractal or dense-branched red copper structure ttechnical aspects and Sec. Il B presenting the measured dis-
some fine-meshed texture with a fingerlike envelope. Figur@ersion relations and analyzing the results for a textured
1 gives an example of the early stage of a deposit formeeélectrode. In Sec. IV we discuss the PIV measurements: Sec.
under these circumstances. The underlying mechanism is be-
lieved to be qualitatively understood. The increase of the
electric conductivity enables alternative reaction paths such
as the reduction of sO. The resulting increase of theH
value triggers the formation of a copper hydroxide gel
[ Cu,(OH),2™=™*7 in front of the advancing depodi,5].
When considering that the fluid between the copper filaments §
contains no gel, the ensuing situation resembles the Saffman
Taylor instability, where a more viscous fluid is pushed by a §
less viscous one and their interface develops the same type o

fingering (see Ref[6] for a recent survey . FIG. 1. The finger morphology 403 s after the start of the ex-
The Saffman-Taylor instability is strongly influenced by periment. The solid black line at the bottom of the image is the
cathode. The width of the image corresponds to 22.1 mm. The
deposit was grown in a cell of 250m thickness, the applied po-
*Electronic address: matthias.schroeter@physik.unitential was 15 V. The electrolyte contained 50 mM CySd 4
magdeburg.de MM Na;SOy.
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TABLE I. Image acquisition systems used in the experimental
setups.

CCD camera  Pixel Optical system Resolutioht,,

DR Kodak x:3070 Nikkor 105/2.8 7.9um 5s
Megaplus 6.3i y:2048 SLR lens
PIV Sony x:512 Olympus SZH 17um 2s

XC 77RR CE y:512 microscope

mination[8] using filtered light with a wavelength of 405 nm
from a tungsten lamp. Images are taken in interellg, of
5 s and are directly transferred with a frame-grabber card to

the hard disk of a personal comput&C).
/é To visualize the velocity field inside the cell, we added
(b) ® (c) latex tracer particles to the electrolyte. We used particles

B o _ with 0.3um diameter, which stay suspended due to Brown-

FIG. 2. (& Electrodeposition cell with finger deposit and our j5n motion. Since we cannot resolve these particles with our
choice of the coordinate systeitin) Side view of the illumination optical system, we used dark-field microscopy: only light
with shining-through light used for the measurements of the diSperécattered from objects inside the cell falls into the lens. Fig-

o i e e n vy S v e 2 i, e s Dt
nield microscopy u - Tigure s gives an examp sents the growing deposit, the points above correspond to
illumination technique. The ovals inside the cell indicate the con-

: tracer particles.
vection rolls. . . .
We did not observe electro-osmosis as reported in Ref.

) ) ) [9], but the particles show some tendency to coagulate and
IV Ais devoted to the anode while Sec. IV B summarizes oUrgegile to the bottom plate. This problem is handled in later

results for the cathode. Finally, Sec. V contains our Condu'stages of the image processing.

slons. Images were acquired using an Olympus SZH stereo mi-
croscope and a Sony XC 77RR CE CCD camera with
512X 512 pixels that resulted in a spatial resolution ofudv

per pixel.At,, was 2 s and images were also directly trans-

The electrodeposition is performed in a cell with two ferred to a PC.
glass plates of 88 cn? area as side walls. Two parallel
copper wire§99.9%, Goodfellowseparated by a distance of
4 cm serve as electrodes and spacers. Their dianteter
ranges between 12bm and 30Qum. Figure 2a) shows a
sketch of this setup. We use a coordinate system whene the
axis is parallel to the electrode, the y axis points from the
cathode to the anode, and thexis is perpendicular to the
glass plates.

The space between the electrodes is filled with an aqueous
solution of 50 mM CuS@and 4 mM NaSQ, for the mea-
surements of the dispersion relations and 50 mM Cu&al
7 mM NaSQ, for the PIV experiments. All solutions are
prepared from Merck p.a. chemicals in nondeaerated ultra-
pure HO.

All measurements are performed with constawithin
0.4% potential between the electrodes ranging between 12 V
and 19 V. The average current density is below 35 mA/cm

The two targets of our investigation require two different
ways of illumination[sketched in Figs. ®) and Zc)] and
image acquisitionsummarized in Table)l Since the mea-
surements of the dispersion relation demand a high spatial |
resolution we used a Kodak Megaplus 6.3i charge-coupled
device(CCD) camera with 30782048 pixel mounted on a FIG. 3. Part of an image taken in dark-field microscopy. Only
Nikkor SLR macro lens with 105 mm focal length and a jight scattered from the deposit or the tracer particles is visible. The
spacer ring. To take full advantage of the spatial resolution ofvidth corresponds to 3.4 mniCell thickness, 300um; applied
7.9um per pixel it was necessary to employ atfer illu- potential, 12 V; solution, 50 mM CuSCand 7 mM NaSQ;.)

II. EXPERIMENTAL SETUPS
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FIG. 4. Resulth(x,t) of the front tracking. The curve at the number§ are 6.9 cril (C|rcles).and 13.8cm (squgres Only the )
A i data points represented by filled symbols were included in the fits
bottom corresponds to the initial position of the cathode. Above thewith Eq. (1). The experiment is the same as in Fig. 4
front at 156 s, 259 s, 362 s, and 466 s after the beginning of the q- (- P 9. %

experiment. The experiment is the same as the one presented in Filq'dividual modesm. Because our initial conditions are ran-
1. The part of lengthwv between the dashed lines was chosen by th )

cutout algorithm for further processing. edor"n noise, which can be understood as a superposition of
various modes with different wavelengthswe encounter a
IIl. DISPERSION RELATION leakage problem. We observe our system in a window of
width wg. The ratiowy /N of the dominant modes is almost
To characterize the instability of a pattern forming sys-always fractional. This has a very unpleasant consequence
tems there is a quite common method: starting with the unifor the Fourier transformation, which computes the ampli-
form system, one adds a small sinusoidal perturbation ofudes for integer mode numbers: power of the dominant
wave numbek and amplituded, and investigates its tempo- modes is transferred to other less excited modes and spoils
ral evolution. As long as the system is in the linear regimethe measurement of the growth rates there.

(=)
[3,]

the perturbation will grow or shrink exponentially, A common answer to this issue is the usage of a window-
o ing function[14], which does not eliminate leakage, but re-
A(k,t)=Age”®", (1) stricts it to neighboring mode numbers. The price to be paid

is that this leakage will now occur evenf, is a common
The dependence of the growth rateon the wave numbet  multiple of all wavelengths contained in the initial signal.
is called dispersion relation. In this paper we use a different approach, which is illus-
In the context of electrodeposition dispersion relationsyated in Fig. 4. We cut out a part bi(x,t) of width w and
have been measured for the initial phase of comigeiitand  offseto and use only this part for the subsequent analysis.
ramified[11] gr_owth and calculated to explain the stability of gnq w, which are constant for the whole run of the experi-
the dense radial morphologt2]. ment, are chosen such that the left and the right ends of the
cutout have the same height,

A. Image processing
. . . . . h(o,t) —h(o+w,t)=0 2
In order to measure the dispersion relation the first step is

to track down the temporal evolution of the front: in the and the same slope,

image taken at time we identify for each columrx the

heighth(x,t) of the deposit. This is done in two steps. First, dh(o,t) dh(o+w,t)

we search for the pair of pixels with the highest gray value ax IX =0. 3

gradient in each column. Second, we perform a subpixel in-

terpolation by calculating the point of inflexion between Fulfilling Egs. (2) and (3) for all times is for all practical

these two pixels. By evaluating a stationary edge, we coulgburposes identical to the statement thas a common mul-

demonstrate that the error of this algorithm is smaller thaniple of all wavelengths contained m(x,t), that is, the con-

0.1 pixel. However, the random fine structure of the depositlition under which no leakage occurs.

acts like the addition of shot noise Ix,t). We try to miti- In practice, Eqs(2) and(3) can be satisfied only approxi-

gate this effect by applying a median filter with 7 pixel width mately. The algorithm followed to seleotandw minimizes

[13]. Figure 4 showsh(x,t) for four different times in an the sum over the height differences according to Bj.

experiment. while it assures that the sum over the slope differences ac-
Our next aim is to do a Fourier decompositionhgi,t) cording to Eq.(3) does not exceed a threshold. The average

to examine the dynamics of the amplitud&ét,m) of the height difference obtained in that way<s3 pixels while the
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FIG. 6. Dependence of the dispersion relation on the applied . . .
potential. Filled circles correspond to experiments performed apply- . FIG. 8. Temporal evolution of the Fourier amplitudes measure_d
ing 15 V, open circles applying 19 V. Cell thickness was 260 in with the_ text_ured electrode. The data belong to the experiment dis-
both cases. All data sets are averaged over three experiments, err%?yed "JlF'g_' 7. The wave r_1umbers are 35&n(square}s and
bars give the standard deviation of the mean value. 62.6 cm (C"F'es)' Qata .pomts represented by filled symbols
were included in the fits with Eq1).
slope difference threshold is 1 pixel/pixel, both values corre-

spond to the noise level di(x,t). The final step is a standard ~ To test the dependence of the dispersion relation on the

Fourier decomposition of the cutout partshix,t). applied potential, we performed measurements with 15 V
and 19 V using electrodes of 250n diameter. The results
B. Results are displayed in Fig. 6, each is averaged over three experi-

For each Fourier amplitude we tried to fit the temporalr,nents' Bpth dispersion relatiqns show a limited band of posi-
evolution with the exponential growth law given by Hg). Ve amplitude growth rates witkbetween zero ankl;;; and
Figure 5 gives examples of two modes, corresponding to thg Wave numbeky,, where the growth rate is maximal.
experiment displayed in Fig. 4. The time interval for the |N€ increase ot from 15V to 19 V is accompanied by
exponential fits is indicated by the solid symbols. The star" increase of the average growth velogitfrom 13.3.m/s
time is set by the time the hydrogel layer needs to build upf® 15-9«m/s. The distinct shift 0k, to higher wave num-
before that point no instability or destabilization of the grow- _ber.s.|s in conformity with measurements of the number of
ing interface is clearly evidenced. In the experiment showrncipient fingers as a function af reported in Ref[4]. The
in Fig. 4 this point corresponds to an elapsed time of abouflécrease ok could originate from a change of the physi-
150 s. However, some modes need longer time until they are
grown to an amplitude that can be distinguished from the ' - - - - '

measurement background noise. At the other end the fit is 10} l}m }ﬁ i - .
limited by the onset of deviations from the exponential | & v god 3 ’ i
growth law due to nonlinear effects becoming important. = o > S ]
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FIG. 9. Dependence of the dispersion relation on the cell thick-
ness. Open circles were measured in cells with250m, open

FIG. 7. Growing deposit at the textured electrode. Images weresquares in cells witkl=125um. The closed circles give the results
taken(a) 51 s,(b) 82 s,(c) 142 s,(d) 202s after the beginning of the of the textured electroded& 155um). The solid line is a fit of Eq.
experiment. The width of the images corresponds to 15.8 (Apr. (4) to the growth rates of the textured electrode. Applied potential
plied potential, 15 V; cell thickness, 1%8m; solution, 50 mM  was 15 V in all cases. All data sets are averaged over three experi-
CuSQ, and 7 mM NaSQ0,.) ments, error bars give the standard deviation of the mean value.
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cochemical properties of the copper hydrogel.

Negative “growth rates” can only be measured if the ini- =,
tial amplitude of the corresponding mode is strong enough.
To enforce this we prepared a textured electrode that stimu
lates the initial growth at a wave number of 62.8¢mit
consists of a synthetic substrate with 32@ of height with
a 35um copper plating. The copper layer was etched to de-
rive a comblike structure with copper stripes of width 0.75
mm and spacings of 0.25 mm. Islands of growing deposit
evolve at the tips of the copper stripes and amalgamate afte
some time. Figure 7 gives an example. The temporal evolu-
tion of two Fourier modes of this experiment is shown in
Fig. 8. B
The dispersion relation of the textured electrode is dis- ™ ¢ 1 2 3 4 5 6 7 8
played in Fig. 9 together with results for cell thickness of Distance to Anade y (mm)
125um and 25Qum. Within the scope of our experimental
errors no influence af is observable. In principle, a decrease  FIG. 10. Particle velocities at the anode after 888 s. Particles
of d is accompanied by a decrease of the surface tensiofith positivev, are moving away from, with negative, towards
forces, which should result in a highég,,. However, as the anode. Only par_tlcles lying outside the .SO|Id lines were c_on3|d-
discussed in Sec. IV convection will also be significantly €ed for the calculation of an average veloity,. The dashed line
reduced. This will result in a steeper transition between thé® 2 fit of Ea.(10) t0 vay(y,t). The applied potential is 12 V, the
hydrogel and the electrolyte, which increases the surface ter‘f—e" thickness is 30Q.m.

sion y [15]. Presumably these two effects cancel each othegjone in two steps. First we identify the particles in each
While we are not claiming that the Saffman-Taylor dis-image and insert their center of mass into a database. Then

Velocity of Detected Particles vy (ums

persion relation we construct contiguous histories for individual particles us-
(Daem ) ) ing five consecutive time steps. In this way we are able to
_ Tgel™ MH,0)V d<y 3 4) measure the, andv, components of the flow. The software

is published under the GNU Public License and can be
downloaded fronj24].

gives a full explanation of this fingering phenomenon, we do

believe that it captures the essentials of the physical mecha- A. Anode results

nism, especially the damping effects due to an effective sur-
face tension. Therefore, we performed a fit of E4).to the
dispersion relation of the textured electrode, which is show
in Fig. 9. As results we find a viscosity of the hydroggj,

Tgelt 7H,0 1 Ngel™ 7/H20)

All velocity measurements were performed in cells with
thicknessd=300um applying a potential of 12 V. At the
"Ynode a convection roll is clearly visible: while having no
i . : . : relevant velocity component in the direction, the tracer
of 2.4x10 kg/m_s that is about twice the viscosity of water particles in a di)s/tinct zpone move towards or away from the
7h,0-_The effective surface tensiop turns out to be 3.5 ¢0.10de. Figure 10 gives thg, components of all particles
X10™7 N/m. This is about five magnitudes lower than the detected in one image as a function of their distante the
surface tension at the water-air interface, which is presumgngde.

observe patrticles in all heightsof the cell simultaneously.

IV. VELOCITY MEASUREMENTS As the particle velocity is a function a we find for a given

Electrodeposition is often accompanied by buoyancy-y all velocities between® v ma(y.1).

driven convection roll$9,16—-22. The driving force for the

convection are the concentration changes at the electrodes: at
the anode the ion concentration and, therefore, the density of It is known that some time after the start of an experiment
the e|ectr0|yte increases. While it descendS, ||ghter bulk So\/ertical diffusion starts to smear out the concentration differ-

lution flows in and a convection roll as sketched in Figc)2 ~ences between the flows to and away from the electrode.
starts to grow. Chazalviel and co-workefd 9] proposed a two-dimensional
To visualize the growing deposit in they plane, we d_escription for t_his diffusion-hindered §preadi(1gHS) re-
observe the cells from above. As apparent from Fig) the ~ gime. The velocity component perpendicular to the electrode
plane defined by the convection roll is tiyez plane. This vy should obey25]
results in the uncomfortable situation, that the observed 12 312
tracer particles move simultaneously towards and away from Y _ i Y
1-—— 1-——
kevt) 1207 Gt
2
23—zd—) (5)
4

1. Theory

i i X ,Z,t)=k
the electrode, which obviates the use of standard correlation vyy.z=ke

techniqueg 23] for the PIV.
We, therefore, developed a software package capable of
keeping track of the motion of individual particles. This is

X
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with
5
p 1/3 'g
i/J«a%g D3 -
k;=13.1\ ——— — 6 5
! ZeF(pat pe) m g8’ © n,::
[=]
g
and 2
8
ap 1/3 5 1
ilu’a%g d4/3 -§’
k,=0.222 ———— —_— 7 5
2 ZF(patpe)n/ DY @ 05
i denotes the current densify25+3) mA/cnt], dpldc is 100 ! 1000
Elapsed Time (s)

the dependence of the density on the ion concentration,
WhiCh_ we meaSL_”ed to be (0-]-‘5@_-008) kg/mol for CuSQ FIG. 11. LengthL of the convection roll at the anode. was
by using a density measurement instrument DMA 5000 fromietermined by fitting sy t) with Eq. (10). The two fits to the left
Anton Paar.u, and u. represent the mobility of the anions and right of the dashed line have slopes of 200701 and 0.543
(8.3x10 8 m?/sV) and cations (5810 8 m?/sV), respec-  +0.001 where the errors are the asymptotic standard errors derived

tively. F is the Faraday constant (%@0*As/  from the covariance matrix of the fi27]. The experiment is the

mol), g is the acceleration due to gravity, amrd is the  same as presented in Fig. 10.

charge number of the catiom. represents the dynamic vis-

cosity (10 2 kg/ms) of the solution an® the ambipolar dif- y\¥2 1 y\ 32

fusion constant (8,810 °m?/s for CuSQ [26]). Because Vad YD) =00 (1——) - —( 1-— —) } (10)

D and n are weakly concentration dependent, we assign L 12 L

them errors of 10% in the subsequent calculations, further on

we assume a 5% error in the determinatiorl.oEquation(5) The fit of Eq.(10) to vay.t) is successful for the whole

assumes that the glass plates are=at-d/2 andy=0 atthe  yp of the experiment, especially the roll lendths deter-

anode. _ . _mined very precisely. Figure 11 illustrates the temporal evo-
Within this theory the extensidn of the convection rollis | tion of L obtained from the fit. After 70 80 ox, bECOMES

given by the point where,(y,t) drops to zero, P

E
The maximal velocityv . Occurs at the heights E
= +d/2y/3, in the immediate neighborhood of the electrode 3
(y=0), and is time independent, =
B
(9p 1/3 S
i P adD 3

0.63 e C;ng 9

v — U. = <

max ZcF(pat pe)m -,—’;
E
However, the authors state that due to problems with the =
boundary conditions at the electrode their solution might not §
be applicable in the region<Qy<d. g
[o]
°
2. Test of the theory E
In principle, the theory should describe directly our ex- %
perimental results, however, due to the uncertainties in the =

parameters we decided to perform a fit. Because we measur 0 10 200 800 400 500 600

a two-dimensional projection of velocities, we concentrate Elapsed Time (s)

on an average velocity,,y,t), which we calculate fromall £, 12, comparison of the flow behavior at the two electrodes
particles with absolute velocities of at least half the velocityynder identical experimental conditions. Filled circles correspond to
Of the faSteSt pal’tIC|e n thIS dIStaI’lce. In Flg 10 thIS Corre-[he anoddFig. 1])' open circles to the Cath0d5|g 13) Part(a)

sponds to all particles not lying between the two solid lines shows the temporal evolution of the overall lengtbf the convec-
This restriction is necessary to remove the contribution ofion roll. Part(b) gives the temporal evolution of the maximal ve-

particles that have already settled to the bottom glass platéocity in y direction inside the rolls. The solid lines are fits to all
From Eq.(5) we derive our fit function: data points witht>100 s.
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constant at a value of (24#0.5) um/s. Integrating Eq(5) 8

yields v g he=(30.8=2.1) um/s. 7L
The next step is testing E¢B), which predicts the growth

law of L. A fit of our experimental for times greater than 75 61

s using equationL(t):kz,fittb yields a slope of 0.543 5
+0.001, which is slightly above the square root law sug- £
gested by Eq(8). Higher exponents have also been reported 2 4 r
by other groups. Argoukt al. [20] found 0.56-0.01 and
Dengraet al.[22] measured 0.540.02. The coefficierk, s
was found to be (14t 1) um/s” If we insert our experi- 2t
mental parameters in Eq(7) we obtain k,=(134
+12) um/s*2 in agreement with the fit.

Figure 12b) shows the experimental results for the maxi- ¢ &
mal fluid velocity, which is located in the vicinity of the 0 100 200 300 400 500 600
anode. A sharp rise at the beginning of the experiment is Elapsed Time (s)

followed by a slightly inclined plateau. A linear fit yields & 5 13 temporal evolution at the cathode. The solid line de-

velocity (?f (25'5#0'1)"””/5 f_ort=0, Wh'ch Increases at a scribes the position of a finger tip, the dashed line of a neighboring

rate of 1% per minute. Inserting the experimental parametergy ey The circles mark the leading edge of the convection roll. The

into Eq. (9) results in a constant velocity of (37.1 experimental conditions afe =12V andd=300xm.

+2.5)um/s. This discrepancy can be attributed to the un-

physical boundary conditions used in the model. denotes the distancAT the temperature difference between

Summarizing, it can be stated that the theory presented ifot and cold side walls. Boehrf83] pointed out that RAZ,

Ref. [19] provides a qualitatively and semiquantitatively \yhich equals the ratio between the time scales for vertical

good description of the anodic convection roll in the DHS giffusion and horizontal convection, is the dimensionless

regime. control parameter of this transition. For high values ofARa
one observes the convective regime, for small values the

3. Initial phase of development conductive one.

Apart from the DHS regime, Fig. 11 also shows a growth If we transfer this analysis to our situation, we have to
law L ~1°7 for times between 12 s and 75 s. The exponent of'substltute the thermal density differened Tp with the den-

0.7£0.01 indicates a faster growth originating from a differ- sity difference due to concentration changép/c)co and

ent mechanism. In the verv beainning of an experiment conthe thermal diffusivityx with the ambipolar diffusivityD.
. : : > Very beg g ot an exp .~~~ This yields a concentration-dependent Rayleigh numbegr Ra
vective fluid transport is faster than the diffusive equalization xpressed by

between the copper ion enriched electrolyte and the bulk
electrolyte. Therefore, the concentrated electrolyte at the

Heigh

electrode sinks down and spreads along the bottom plate —cogd®
without significant mixing. In this so-called immiscible fluid Ra.= e (12)
(IF) regime the length. of the convection zone is expected D7

to grow with t*5. This has been shown for gravity currents o )

[28,29 and was successfully adapted for electrodepositioﬂ_—he aspect ratio is calcqlated using the length of t_he convec-
[9,19]. As explained in detail below, the range of applicabil- ion roll: A=d/L. Analyzing the results presented in Fig. 10
ity of this theory requires in our cade<470um, which is of Ref. [9] this interpretation provides a necessary condition
out of our measured range. Thus we observe a transition&Ven by
period between the IF and the DHS regime and not the IF

regime itself.

: To distinguish between the I.F anq thg DH.S regime a SC?'fo observe the IF regime. In our experiment,RA will only
ing analysis based on the vertical diffusion time was used i
Ref. [9]. We would like to advocate a different approach
using the similarity of the driving mechanism with the well-
investigated case of a side heated box filled with fllB—
32]. While in this case the density changes are due to thermal
expansion, there exist also two flow regimes: In the so-called At the cathode the situation is more complex due to the
convective regime, small layers of fluid spread along thegrowing deposit. In Fig. 13 the solid line describes the posi-
confining plates with a stagnant core in the middle of thetion of the most advanced point of the deposit in a width of
cell. The conductive regime is characterized by a cell filling2.3 mm inx direction, while the dotted line corresponds to
convection roll and isodensity lines that are almost verticalthe minimum in the same interval. The border of the convec-
These flows can be described by the Rayleigh number Reon roll was measured using a threshold: the open circles
=aATpgd® k7 and the aspect ratid=d/W. « is the ther- mark the foremost position, where thg component of a
mal expansion ana the thermal diffusivity of the fluidW  particle exceeded 4,3m/s.

Ra, A2>1000 (12)

'be larger than 1000 fob.<470um, which is out of our
"measured range.

B. Cathode results
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FIG. 14. Flow field a{a) 493 s andb) 760 s after the beginning
of the experiment. All particles detected in one image with a veloc- 100 1
ity >4.8um/s were included. Arrowheads have been omitted for
clarity, the length of the lines corresponds to the way the particles
travel in 6 s. U=12V,d=300um.)
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While the convection roll develops immediately, no
growth of the deposit is observable in the first 40 s, because F|G. 15. Angle histograms for the timéa) 3—97 s,(b) 493—
the copper deposits in a planar compact way, which is nog51 s, andc) 730-918 s. The thin line gives the distribution of the
observable with our optical resolution. During this so-calledangle a between the velocity vectar of a particle and thg axis.
Sand’s time, the ion concentration at the cathode drops tBrolongingv we determine the meeting point with the finger sur-
zero, which subsequently destabilizes the planar growtface. Its normal vector encloses the anglewith the y axis. The
mode[20]. thick line shows the distribution of. the angle diﬁergnagﬁ.

In the next phase (40st<280's) a depth of the deposit These data correspond to the experiment presented in Fig. 14.
(distance between the most advanced and most retarded partsFrom Fig. 12a) we infer, that the theoretical description
of the growing deposit becomes measurable and finally presented in Ref.19] cannot be applied to the cathode. In-
reaches a constant size. The advancing deposit significanttjeed three prerequisites of the theory are not fulfilled. Most
compresses the sizeof the convection roll as given by the importantly, it does not consider the moving boundary origi-
distance between the dots and the solid line. Within this timenating from the growth process. Moreover, this model can
interval the hydrogel layer is established, which can be seelead to unphysical negative concentrations at the cathode due
by visual inspection. to its inherent simplifications. Finally, the theory is two-

The third phaset(280s) is characterized by the appear-dimensional in they-z plane and, therefore, not able to de-
ance of the finger development. The front minim(tashed scribe the influence of the ramified deposit, which evolves in
line) and maximum(solid line) in Fig. 13 coincide with the the x-y plane.
finger tip and the neighboring valley. The lendthof the Remarkably enough, our measurements show that the
convection roll in front of the finger tip tends to converge to presence of hydrogel does not prevent convection. For a bet-
a constant size, which has also been observed in the abserntee understanding of the contribution of the flow field to the
of a gel[9,19,23. The dispersion relations studied in Sec. finger morphogenesis, we visualize it in Fig. 14 for two dif-
[l B were obtained in this phase. ferent times of the same experiment. The solid line denotes

Figure 12 is devoted to a comparison between the flowthe interface of the deposit, and the arrows indicate the ve-
behavior at the two electrodes. The developmentk dfs-  locity of individual particles. It is apparent that convection is
played in Fig. 12a) differ significantly from each other. restricted to a small zone in front of the growing deposit. The
However, the comparison of the maximal fluid velocities in hydrogel occurs also in the immediate vicinity of the front,
Fig. 12b) show similarities with respect to the absolute however, its extension could not be investigated in any detail
value and the approximate temporal constance. The fit at thieere.
cathode yields a velocity of (23#60.3) um/s for t=0s, To examine the orientation of the flow field with respect
which decreases 0.9% per minute. to the interface we first computed the distribution of the
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anglea between the velocity vectons of the particles and field and could, th_erefore, successfully test the model pro-
they axis. These data correspond to the thin lines shown iR0Sed by Chazalviel and co-workers.
Fig. 15. The distribution clearly broadens with time and ex- At the cathode the maximal fluid velocity inside the con-
hibits two distinct maxima for the fully developed fingers Vection roll is of the same order as at the anode, but the
analyzed in Fig. 16). tempora_\l evolution oL cﬁffers strongly. An analy5|§ of the
Then we identified for each particle an associated point oPfiéntation of the velocity vectors reveals the existence of
the finger envelope by prolonging. The angle between the SOMe mismatch bgtween the_development qf the conyectlon
normal vector at this meeting point and thexis is labeled roII_and the deposit front while t_he system is in the Ime_ar
8. The angle difference— 3 is a measure for the mismatch regime. In the fglly develo.ped finger regime, the velocity
between the deposit and the convection roll and is displaye$€ctors are again perpendicular to the envelope of the de-

as the thick line in Fig. 15. posit. _ _ _
Figure 1%b) reveals that the convection field has a mis- Our results provide a reasonable explanation why in the

match of about 15° to the front during the initial phase of@PSence of gravity-driven convection rolls the fingering in-
finger development. Thus we conclude that the developmeritt@bility cannot be observed: without convective mixing, the
of the convection field lags behind the development of thefoncentration gradient at the hydrogel interface can be as-
front. After the fingers are fully developed, the convectionSUmed to be steeper, which will increases the effective sur-
field readjusts again perpendicularly to the interface adace tension.In consequenkg shifts to smaller wave num-
shown in Fig. 1), which is a sign of the concentration bers and the overall growth rates decrease, which will
gradient adapting to the geometry of the deposit. suppress the evolution of fingers. .

Due to the lack of comparable measurements of other An alternative explanation assumes two zones within the
electrodeposition systems we can not judge if this effect id'ydrogel layer. One part of the hydrogel in immediate vicin-

due to hydrogel or a generic feature of the cathodic convec!y Of the deposit will be mixed by the convection roll and
tion roll. the consequential shear thinning will decrease its viscosity.

In front of it there is a zone of quiescent hydrogel of higher
viscosity, at the interface between these two the instability
takes place. In this scenariq,; is determined by the length
We measured the dispersion relation in the linear regimef the convection rolL.
of the finger morphology and their dependence on cell thick- A fully quantitative theoretical analysis remains to be
ness and applied potential. By means of a textured electroddpne.
we were able to measure negative growth rates. The striking
feature of the smooth finger envelope is connected with the
existence of a limited band of wave numbers between 0 and
Kerit With positive growth rates. The damping of all perturba-  We want to thank Marta-Queralt pez-Salvans, Thomas
tions with higher wave numbers can be attributed to an efMahr, Wolfgang Schpf, Bertram Boehrer, Ralf Stannarius,
fective surface tension associated with a hydrogel boundargind Peter Kohlert for clarifying discussions. We are also in-
in front of the deposit. A fit of the dispersion relation yields debted to Niels Hoppe and Gerrit Sctielder, who were
some estimates for the effective surface tension and the visastrumental in the density measurements aird Reinmuth
cosity of the copper hydrogel. for preparing the textured electrodes. This work was sup-
Furthermore, we performed PIV measurement at bottported by theDeutsche Forschungsgemeinschaifider the
electrodes. At the anode we could confirm & growth  Projects Nos. En 278/2-1 and FOR 301/2-1. Cooperation was
law for the lengthL of the convection roll. We determindd  facilitated by the TMR Research Network FMRX-CT96-
by fitting the suggested analytic expression for the velocity0085: Patterns, Noise & Chaos.

V. SUMMARY AND CONCLUSIONS
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