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Role of buoyancy in the onset of dendritic growth in thin layer electrodeposition
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Even in thin, quasi-two-dimensional horizontal cells, electrodeposition of treelike metal aggregates is ac-
companied by a gravity-induced fluid flow at the electrodes. This convective motion mixes the electrolyte and
tends to homogenize the concentration. This results in delaying the time at which the branched aggregates start
growing, which roughly coincides with the Sand’s timeat which the concentration goes to zero at the
cathode. The relative influence of diffusion and convection on the concentration distributions depends on cell
thickness, salt concentration, and current density: depending on these parameters, we predict three different
regimes for the onset of dendritic growth. We report here on the experimental observation of these regimes.
Our theoretical predictions quantitatively account for the observed beha@i863-651X99)01703-1

PACS numbgs): 81.15.Pq, 82.45.z, 47.20.Bp, 61.43.Hv

I. INTRODUCTION ties, respectivelyCy is the initial equivalent salt concentra-
tion: Cq=2.C.=2,C,, whereC,; andC,, z. andz, are the
Recent studiegl—22] have permitted a better understand- concentrations and charge numbers of the cations and the
ing of the formation of branched metal aggregates that aranions, respectivelyd is the current density.
often found in electrodeposition from binary electrolytes. In  Convective motion mixes the electrolyte and tends to ho-
particular, the respective roles of the space-charge-inducedogenize the concentration. This results in delaying the time
local electric fields [2], electroconvection[7,15, and 7.3 when the concentration goes to zero at the cathode. We
buoyancy-induced convective motiphl—16 have been de- will show how this is related to the occurrence of the differ-
scribed in detail. Very recently, de Bruyn has investigatedent diffusion-convection regimes that we described in Ref.
different aspects of the early stages of the electrodepositiof20].
[19,21]. One of the results of this very detailed study was the Typically, after applying the polarization to the cell, one
observation of a large and systematic increase of the Sandfids three different regimd0]. First, very soon after the
time: at this time, in a cell operated in galvanostatic condi-current has been switched on in the cell, one observes the
tions, the concentration goes to zero at the cathode and tHermation of a depleted region at the cathode: this is a nor-
cell potential diverge§23]. mal diffusive regime, where convection is negligiltiegime
The aim of this paper is to give an explanation to this1). Then, due to density gradients induced by the concentra-
phenomenon, based on our previous work on gravitytion changes at the electrodes, convection starts at both elec-
induced convectiofi20]. The basic idea is that convective trodes, widening the perturbed zone in these regions. When
motion mixes the electrolyte and tends to homogenize theonvection becomes the dominant mechanism, fluids with
concentration. This results in delaying the time when thalifferent densities behave approximately as immiscible lig-
concentration goes to zero at the cathode. uids (regime 2. Finally, at longer times, fluid motion is suf-
We will first use the results of our theoretical descriptionficiently slow that diffusion tends to equalize the concentra-
of convective motion to calculate the Sand’s time in differenttions vertically (i.e., along the direction normal to the gell
situations, where either diffusion or convection has a domi{regime 3. In this last regimgwhich we call the diffusion-
nant role(Sec. I). Then we will compare our calculation to hindered spreading reginj@0]), the extent of the perturbed
experiments performed in cells with dimensions allowing uszone near the electrodes varies#$ This behavior is simi-
to observe these same situatiqgec. ). lar to a normal diffusive regime, but with an enhanced dif-
fusion constanD 4 [18,20:
Il. THEORETICAL BACKGROUND
Des~ (vd?/D)?/(d?/D)=v2d?/D, 2
Several authors have shown that the growth of branched
aggregates starts when the electrolyte concentration goes ¢hereu is the fluid velocity and is the cell thickness. For
zero at the cathodgb,8,9,13,21,2P In the simple case of a typical experimental conditiond); can be one order of
binary electrolyte with no convection, this occurs at themagnitude larger than the “normal” diffusion constabt

Sand’s timer given by[23] [20].
) Now, depending on experimental conditions, the tirgg
r=me’D(1+ pc/p,)?Chl(43%). (1) when the concentration goes to zero at the cathode may fall

into one of the above three regimes.rl§ occurs in regime
D is the ambipolar diffusion constant for the salt: 1, one has the normal Sand’s behavior, apg=7. If 7o
D=(DcpatDapmc)/(eat pc), whereD, andD., u, and  occurs in regimes 2 or 3, due to concentration mixing, the
e are the anion and cation diffusion constants and mobili-Sand’s time should be increased. Indeed, Argeiél. and
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de Bruyn[18,21] have reported that, in their experimental
conditions, the cell potential increases at an effective Sand’s
time, which is one order of magnitude larger than the “nor-
mal” Sand’s time.

In the following, based on the model presented in Ref.
[20], we present a theoretical estimate of the effective Sand’s
time in the presence of buoyancy-induced motion, in the re-
gimes 2 and 3 mentioned above.

We start from the expression we derived in R&0] for
the lengthL of the perturbed region in the vicinity of the
electrodes; in regime 2,

9 3/10
L""(; Mvaco) d3/5D1/5t4/5, (3)
and in regime 3,
g 1/3 4413
Lmo.222<;|v|uaco) D—Uetlfz. (4
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FIG. 1. Schematic diagram showing the three different mass

transport regimes and the crossover timggandt,, (logarithmic
scalg. At high current densityJ>J*), one findst;,;<t.y,, a Situ-

ation which is compatible with the assumption that regime 1 should
be observed before regime 2, and regime 2 before regime 3. On the
other hand, at low current density<J*), Eqgs.(9) and(10) imply

that t.,,<t.,:, Which is in contradiction with the above assump-

tions (see text The vertical line separates the two regiahs J*

Here, n is the dynamic viscosity of the electrolyggijs the
acceleration of gravity, anth=dp/dC=const. M is ap-

andJ>J*.

proximately the mass per unit charge of the salt molecule From Egs.(6)—(8) one can calculate the variationstef,
(for CuSQ, M is approximately one-half of the molecular andtc,, with J,

mass$. Finally, v,= — u,4E is the anion migration velocity in

the applied electric fieldE [1,2]. Note that, in regime 1., is

the usual diffusion length, which may be written as
L~(4Dt)Y2 (5)

Now Eq. (3) tells us that_ follows a power law behavior

teor~ (2/K) 2 pigM)[e(1+ uc/ pa)/I)(DId?),

(C)

teoz=(0.22K) Y (n/gM)e(1+ pc/ pa)/ 3] H(d?D) 7,

(10

A typical result is shown in Fig. 1. The crossover timgg

as a function of time, and as a function of the different pa-2Ndtco follow power laws as a function af. As the expo-
rameters characterizing the cell, but our model could nopents of these power laws are different, there must be a value
for which te1=te=1t5,- At high current density

ments, we estimated this prefactor to be roughly equal to 0.63>J*), we havet <t a situation which is compatible

predict the prefactok of this power law. From our experi- J*

[note, however, that as mentioned[20], in regime 2, our
experimental results fok did not fit perfectly the relation
given by Eq.(3)].

times that we will call in the following t.y;

(regime -regime 2) andt.q, (regime 2-regime 3). Note
thatt.,, andt,, correspond, respectively, to timesandt,

of Ref.[20]. Of course, timeg.,; andt.,, can only be ob-
served if the concentration does not go to zero before, in
other words, ifreg>t.01 and Te>1c00, respectively.

The expressions for the crossover times can be obtained

by equating Eqgs(5) and (3) for time t.,;, and Eqs(3) and
(4) for time t.,,. We then obtain

with the assumption that regime 1 should be observed before
regime 2, and regime 2 before regime 3.

On the other hand, at low current density<(J*), one
Figure 5 of Ref[20] schematically described the evolu- finds te;<tc,;, which is in contradiction with the above
tion of our system through the different regimes. There isassumptions. In fact, the timeg,, andt.,, have no physical
also a fourth regime, which is dominated by the migration ofmeaning here: what actually happens in this case is that the
the anions, which triggers the growth of a ramified depositfole of convection remains negligible at any time. Hence, the
this regime will not be considered in the following. Transi- System remains in regime 1 for any 0.
tions between regimes 1, 2, and 3 are generally expected, at We now come to the calculation of the effective Sand’s

time 7o. We recall thatry is the time when concentration
goes to zero at the cathode. In regimerds=7[Eq. (1)].

To calculatery in regime 3, we must express the deple-

A(0)=Cy—C(0)~ 11.((

g

-1/3 D
. M ) (vaCo)%W

tion at the cathode, which frofi20] may be written as

1/6
t1/2

(11)

where C(0) is the effective concentration at the cathode.

teor~ (2/K) 3 9/gM Cov ) (D/d?), (6)

teor~(0.22K) 1 n/gM Cyuv,) " YA(d?/D)°.  (7)

Writing A(0)=C,, one finds forres:

Test=0.0082 CoMg/ ) 23(d®H D)y 42,

The anionic velocity , may be expressed as a function of or, from Eq.(8):

the applied current density[1,2]:

Ter=0.0083(Mg/ )2 (d®¥DY3)[Je(1+ uc/ua) 145

va=J/Coe(1+ uc/pa). 8

(12
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From Eq.(12) we see thatre has al~* power-law depen-
dence in regime 3.
Now, in regime 2, the calculation afy; is not straight-

forward because we have no expression for the concentratior

at the cathode in this regim&Q]. In fact, in this regime, we
supposed in Ref20] that we had two immiscible layers,
and A, with concentration<, and C;<C,, respectively.
The calculation describing regime 2 in REI0] permitted us

to determine the thicknegs(x) of the layerA ;. However, it
was only valid in the limitA(0)<d. To calculaterqs in
regime 2, we will then make a very crude approximation,

considering the two-layers system as an average medium

with concentratiorC,(Xx):

CadX)=(Ud){[d=A(X)JCo+ A(X)Cy}. (13

Furthermore, we assum€;=0. The Sand’s time should
then correspond to the time when the concentra@gy0)
becomes equal to zero; hence, whef0)=d. To calculate
concentratiorC,(0), we will assume that

[Cal0)—ColiL~Couat. (14

This simply derives from the assumption that the concentra-

tion depletion near the cathode results frGmthe electrode
reaction and(ii) the cationic diffusion toward the cathode.
The factor 3 accounts approximately for the shape of the
curve A(x) as a function ofk. This gives

[Co—Cal0)]=vaCo(1.33K)(7/gM Cou ) **°

Xd*3/5D*1/5t1/5 (15)

from which we find
o= (k%4.16)(CoMg/ 7)¥%d®Duv, 2,
or, from Eq.(8):

o= (k%14.16 C3(Mg/ 7)%2d3D[J/e(1+ ue/ ma) ]~ "2
(16)

We show in Fig. 2 the schematic variatiofdropping
numerical constantof the different effective Sand’s times
given by Egs(1), (11), and(16) together with the variations
of teo1 andt.,, described in Fig. 1. We find two different
situations.

(i) In Fig. 2a), the line 7(J) [Eq. (1)] crosses the lines
teor(J) andt.(J) at highJ (this corresponds to the region
wheret.,1<t.o2). We then observe four distinct behaviors for
the timers;. (a) At high J, 7(J)<t.,,: we are in the pure
diffusive regime, and we find the classical Sand’s behavio
described by Eq(1). The complete depletion at the cathode
is attained prior to the onset of convection(8) At lower J,
7(J)>1.01: in the pure convective regimeg is now given
by Eq.(16). As 7 varies asl™ "2, 7.4 becomes larger than
TwhenJ decreases. (y) At still lower J, 7o4>t.02: the sys-
tem now enters the diffusion hindered regime before com
plete depletion, and. is given by Eq.(12). Now 74 varies
as J~*2 which increases more slowly thanwhen J de-
creases. (8) Finally 7o (regime 3 is equal tor whenJ
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FIG. 2. The thick line shows the variation of the effective
Sand’s time as a function of the current densitylogarithmic
scalg. (a) At high concentration and/or cell thickness, one ob-
serves four different behaviors for the variationmf with current
densityJ, denoted by letterg, B, y, and (see text (b) At low
concentration and/or cell thickness, convection has no influence on
Teff» @nd one always observes the normal Sand’s behavior described

by Eq.(1).

decreases to the value for whitk,=t..,. Here we find
again the system in the pure diffusive regime.

(i) In Fig. 2(b), the line 7(J) [Eq. (1)] crosses the lines
teo1(J) andto(J) at low J (this corresponds to the region
wheret ,1>t.00). One is always in the pure diffusive regime,
i.e., the Sand’s time follows the classical relatidn. This
typically happens at low concentration and/or low cell thick-
ness.

We will now describe an experimental verification of our
predictions.

; Ill. EXPERIMENTS

The experimental setup has been described elsewhere in
detail [8,13,20. In the present paper we have studied the
electrodeposition of copper from copper sulfate 5
X 10 2moll7%, in thin rectangular cells. Two electrolyte
layer thicknesses have been used: 0.012 and 0.05 cm. The
parallel horizontal plates were made of glass. The copper
electrodes were polished with SiC polishing papg&200
grade. The depositions were performed under constant cur-
rent, with current densities in the range 1-30 mA¢ém
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J (Aem?) FIG. 4. Comparison of the optical absorption profile in the vi-

cinity of the cathode(solid line) with the concentration profile,

a function of the current density compared to the variations of the calculgted according to EqL1) and Ref.[20] (dotted ling. The
Sand's timer and of the effective times. (solid lines, see text experlmental_ data have been recorded 17 seconds after_ the current
ConcentratiorC,/2 of the electrolyte is 0.05 moTt, and cell thick- has tﬁen switched on. C(_)nc_entrat{byi?of the electrolyte is 0.05
ness is 0.05 cm: this corresponds to the situation described in Fi(\g_r.]OII , current density is)=0.02 A/ent, and cell thicknesdd
2(a). We also show in this figure the results of a corrected (:alcula-_o'05 cm.

tion for 7o in the pure convective regim@ashed line, see text

FIG. 3. Variation of the experimental tintg (closed circlesas

find a valuek=0.33, slightly lower than the valuke=0.46
d Mmentioned in Ref[20]. We also observe in Fig. 4 that the
cathodé was systematically recorded during the po|ariza_theoret|cal curve correctly fits the experimental data at dis-
tions. tances larger than 0.015 cm. Close to the electrode, one ob-

The variation of ionic concentration in the electrolyte wasS€MVes & negati\_/e peak i_n th_e Concent_ration p_ro_fil_e: This dip
measured from IR light absorption experimeft§], in the 1S associated with the diffusion layer in the vicinity of the
vicinity of the cathode. Absorption from &t ions is pro-  cathode. Such a dip was also obtained from our numerical
portional to concentration: concentration profiles are then dicalculations presented in Ref20] which showed that its
rectly obtained from these measurements. intensity and width were almost constant in time.

In agreement with de Bruyj21], we found aV(t) curve One observes a good agreement between the experimental
exhibiting several features. In the following, we will concen- time t; and the calculated timey; for behaviors(«) and(y)
trate on the timet;, corresponding to the largest peak in the (i.e., in the pure diffusive regime, and in the diffusion-
dV/dt curve: this peak was found to correspond to the aphindered regime, respectivelyOn the other hand, in the
pearance of rough growth on the cathdd]. Figure 3  pure convective regimgease(B)] the experimental variation
shows the variation of timé;, with the current density),  observed fot, is shifted to the lower time side, in compari-
compared with the timers calculated in Sec. Il. The cell son with the calculated,. We attribute this discrepancy to
thickness isd=0.05cm. This situation corresponds to thethe fact that the “pure convective regime” approximation
case described in Fig.(®: we predicted four different be- only partially accounts for the convective motion observed in
haviors. Due to experimental limitations, we can only ob-this case; for example, the dip in the concentration profile is
serve three of these behaviors, namety,8, and y in Fig.  not accounted for by this approximation. The existence of
2(a). Indeed, it is very difficult to perform experiments cor- this dip has two consequencéa} the calculation oC,, [Eq.
responding to very short timehigh J, 7.4<19), or very  (14)] must be corrected to take into account this peak, and
long times(low J, 7¢>10000 3. For high current densities, (b) the concentratiorC,(0) at the cathode is much lower
the high power dissipated in the cell may induce local temthan the value given by E@15); hence, the time is much
perature increases, whereas for low current densities, it magwer than the value given by E¢L6).
be difficult to keep the experimental conditions constant dur- The dotted line in Fig. 3 is calculated using the following
ing the very long period needed to reach concentration deplepproximation: we consider the dip in the concentration
tion at the cathode. profile to remain constant aftéf,;. More precisely, we take

As mentioned in Sec. Il, we have to determine the prefits intensity equal to a valueAC=J(4Dtey/m)Y?%
actork of our pure convective model. We show in Fig. 4 a[eD(1+ u./un,)] (see Ref[13]). This results in a slightly
comparison between the experimental optical absorption pranore complex determination faty, which we have to cal-
file in the vicinity of the cathode and the concentration pro-culate numerically. Indeed, we obtain a large decrease in the
file, calculated according to Eq41l1) and Ref.[20]. Experi-  calculatedre, which fits the experimental results much bet-
mental conditions are such that we are in the pure convectiveer.
regime: the cell thickness = 0.05 cm and the current den- In Fig. 5, we show experimental results similar to those
sity is J=0.02 A/cn?. The absorption profile is adjusted, so presented in Fig. 3, but for a cell thickneds-0.012 cm.
that it coincides with the concentration profileemember This situation now corresponds to the case described in Fig.
that optical absorption is proportional to the concentration 2(b): one observes that the timey is very close to the
The prefactork is determined by equating the experimental Sand’s timer given by Eq.(1). This confirms our prediction
and the calculated lengths of the depleted zone. Here, wir the case described in Fig(i2.

Time evolution of the cell potential(t) (between anode an
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Finally, one can wonder about the possible influence of
electroconvection on the results discussed above. In fact, we
believe that there is no influence. Electroconvective motion
is due to the motion of the cations in the high electric field,
which builds up around the tips of the growing aggregates
[6,7]: this electric field is the consequence of the formation
of space chargdd]. Now, in principle, no space charges are
formed before the onset of ramified growth, which has been
shown to occur at the Sand’s tin}&,8,9,13,21,2R As a
consequence the Sand'’s time should not be affected by elec-
troconvection, which only starts afterward.

J (Alem?) IV. CONCLUSION

FIG. 5. Variation of the experimental tinte (closed circlesas We have measured the Sand’'s time as a function of

a function of the current density compared to the variation of the - ¢, rent density for two different cell thicknesses, correspond-
Sand'’s timer (solid line): the concentration is the same as in Fig. 3, ing to two distinct situations: for the thinner celld (

the cell thickness is now 0.012 cm. This corresponds to the situation. y 515 cm), the perturbation on the concentration at the
described in Fig. @).

cathode due to buoyancy driven motion is not sufficient to
perturb the Sand’'s behavior. On the other hand, for the

More generally, our results fdy are in good agreement thicker cell, we observe that, in a limited current density
with those reported by de Bruyn in R4R1]. Hence, we range, the Sand’s time is enhanced, due to concentration
believe that we provide here a quantitative explanation fomixing related to convection. Our theoretical results account
the increased Sand's time described by this author. This alsguantitatively for our experimental results, as well as for data
explains similar results reported in the literat{it&]. previously reported in the literature.
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