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ABSTRACT : Silver was dectrodeposited in AgNOz agueous solution confined in a quasHwo-dimensiond dectrolytic
cdl. Ag'ion concentration profile in the dectrolyte solution layer was visudized by a holographic interferometer
The messured surface concentration of Ag” ion decreased much slower than the expected value based on the transient
diffuson modd. Then, the numerica analyss was conducted in order to quantitatively andyze theionic masstrandfer
rate enhanced by akind of natura convection induced evenin such ashdlow dectrolytelayer. The effect of dectrolytic
cdl height on the induction of naturd convection was aso andyzed. Furthermore, slver nudegtion phenomenaonto

HOPG subdtrate were examined.

The effect of gravitationd levd on nudeation phenomena was quartitatively

andyzed. Theam of thiswork isto darify the effect of gravitationa strength both on ionic masstrandfer rateinthe
dectrolyte and the metd cryddlization process. Based on these data, the research to utilize different gravitationd level
and magnetic fidd tothe dectrochemica processing is proposed.

1. Introduction

Electrodepostion is focused in the fidds of
eectrocatalyss, microdectronics and recently in producing
nanostructured and dispersed materids.  li is indigpensable
to understand the coupling behavior between ionic mass
tranfer rae and morphologica variation of the
electrodeposited film in order to design a highly tailored
interface or nanostructured devices.

Industria electrochemica science and technology have
made agreat progress with the development of the study of
the ionic mass transfer phenomena.  Wagner [1] andlyzed
that the natural convection along the vertica plane cathode
ingaled in undtirred dectrolyte solution.  Since then,
numerousworks have been carried out both theoretically and
experimentaly with laser interferometry technique, to obtain
qualitative and quantitative information [2, 3,4].

Based on the in-gtu measurements, the importance of
natura convection during electrodeposition and its effects on
the morphological variations of electrodeposits has been
recognized. We have investigated the coupling behavior
between the ionic mass transfer rate and the morphological
variation accompanying the eectrodeposition of meta with
holographic interferometer.  The concentration profile of
ions and the naturd convection velocity of the dectrolyte

solution werein-situ measured.

Becauseit isimpossible to avoid the natural convection
in normal gravity environment, we have carried out the
experiments in microgravity environment with adrop tower
to phenomenologically understand the
electrodeposition and dectrodissolution processes under
microgravity [5, 6, 7]. The effect of gravitationa
acceleration level to the ionic mass transfer rate was analyzed.
Furthermore, Fukunaka et a. ] confirmed the effect of
gravitationa level to the morphology of eectrodeposts.
They proposed that the gravitational level may influence the
€lectrochemical nucleation related phenomena

Inthispaper, theexperiments and numerical analysison
the silver dectrocrystallization and nuclestion phenomenain
AgNOs agueous solution are reviewed.  The coupling
behavior between ionic masstransfer rate and morphological
variation of the e ectrodeposited Ag filmisfocused.

in order

2. Silver Electr odeposition in Quas Two-D Cell
-- Coupling Phenomena between lonic Mass Trander
Rate and Morphological Variations[8]

Silver was dectrodeposited in 250 um thick AgNGs
solution layer confined in a horizontdly indalled
quasHwo-dimensiond  eectrolytic cdll. Ag" ion
concentretion  profile around slver dendrite  ams
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eectrodeposit ed on a periphery of circular disc cathode with
3 mm in diameter and 90 pm thick was visudized by a
holographic interferometer (Figure 1).  Ag was uniformly
precipitated around acircular cathode during the initia stage
of dectrodeposition.  SEM pictures showed that these
precipitated grains appeared to form a coagulated layer with
the critica thickness. Then, svera dendrites started to
preferentidly grow on some precipitates at the surface of

coagulated layer after acertainincubationtime.  Theionic
meass transfer rate associated with the eectrodeposition in

stagnant electrolyte has been described by the transent
diffuson eguation incorporated with the migration effect.
Thenumerical solution of surface concentrationof Ag” ionis
shown by the dotted linesin Figure 2 with measured surface
Ag’ ion concentration. It is noted that the surface Ag” ion
concentration apparently decreased with time much dower

thanthetransient diffusonmodel.  Theionic mass transfer
rate must be enhanced by akind of natural convection layer.
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Figurel. Effect of amount of electricity on interference
fringe pattern and morJ)hoIoglcal variation of silver films.
(3M AgNQ3z, 1L5A cm”)
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Figure 2. Timevarigtion of surface concentration of Ag*
ion and transientbehavior of interference fringe numbers
appearing around a cathode surface.

(3M AgNOsg, dotted line = Cal culated surface concentration)

3. Numerical Analyss of the Rate of lonic Mass
Transfer of Ag” lon [9]

The ionic mass trandfer rate was numericaly andyzed
in the axi-symmetric cylindrical coordinate syssem. The
transient behaviors of the convective flow pattern aswell as
the concentration profile in the cell were smulated. The
caculated radid expanding rate of the interference fringe
pattern was reasonably compared with the observed one
(Figure 3). Based on the present numericd anaysis, the
concentration of Ag+ ion & the cathode surface, when the
dendrite precursors sarted to significantly grow, was
converted to the critical concentration overpotential.
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Figure3. Comparison of observed interferencefringe

pattern with calculatedoneat 0.3 C. (3 M AgNGCs, 0.15A

cm’)

4. Effect of the Cell Height on the Induction of Natural
Convection and the lonic Mass Transfer Rate [10]

As described above, it is quite difficult to restrict the
induction of naturd convection in the normd gravity
environment even inthe call with 250 um high.  Akind of
natural convection is inevitably induced even in such athin
dectrolyte layer, as long as the present design of dectrolytic
cdl isemployed in the normal gravitational field.

Natural convectionisgoverned by the Rayleigh number
(Ra), aproduct of Grashof number (Gr) and Schmidt number
(S%). The Gr number isafunction of X, where n depends
on the eectrolytic conditions of limiting current density (1 =
3) and uniform current density @ = 4). Thus, a shorter
eectrode may provide a less posshility for natura
convection to beinduced insidean eectrolytic cell.

Inthissection, the numerica anaysis of the ionic mass
transfer rate in a quasHwo-dimensiond eectrolytic cdl with
shorter dectrode and cdll height. The effect of dectrolyte
height on the induction of natura convection and ionic mass
transfer rate was examined.

Figure 4 shows the time dependence of Ag® ion
concentration profile with different eectrolytic cell height,
where the both an eectrode and a cdl height are the same.
After starting electrodeposition, the surface concentration of
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Ag’ ion decreases and the concentration boundary layer
propagates into the bulk eectrolyte. A symmetrica
distribution of concentration profile of Ag” ion aong thex —
direction is confirmed for 25 um cell height, while a kind of
tongue shape profile near the upper edge of the cathode is
seen and diluted eectrolyte starts to flow aong the upper

. 25 um

00025

dide glass a 4 seconds for 250 pm height.  Ag’ ion
concentration around the lower edge of the cathode is il
very close to the bulk solution, since the fresh dectrolyte
eddy circulates toward the lower part of electrode surface.
The caculated velocity profile shows a stagnant zone
exigting inside a convection loop with an ellipsoid shape.
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Figure4. Time dependence of Agt ion concentration profile with different electrolytic cell height,

(a) 1 second, (b) 4 seconds. (3M AgNOs, 0.15A cm'2)

5. Effect of Gravitational Levd on the Nucleation
Phenomena of Electrodeposited Silver [11]

Fukunaka et a. [6] proposed that the gravitational level
might affect the dectrochemicad nuclegtion reated
phenomena. Morisue et al. [12] examined the effect of
gravitational level to copper nucleation phenomena on TiN
substrate. The nucleus number density decreased with
decreasing thegravitational level.

Inthepresent study, silver e ectrodeposition onto HOPG
substratewas carried out.  The aim isto clarify the effect of
gravitational strength on nuclegtion phenomena in 1-G
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terrestrial aswell ashigh gravity environment.

Silver was potentiostatically eectrodeposited on HOPG
substrate at various applied potential vs. Ag reference
electrode from 0.05 M AgNGs solution. HOPG subdtrate
was ingtaled in acavity -typeelectrolytic cell, which hasbeen
dready illustrated in [12].  The dectrolysis was conducted
in cathode over anode (C/A) and anode over cathode (C/A)
configurations. The amount of eectricity was redtricted at
159 mCcm’.

Figure5. SEM images of silver nuclel on
HOPG substrate and the applied potentia
i denendence of the nucleusdensitv.
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Figure 5 shows SEM images of dlver nuclei
electrodeposited on HOPG substrate and the applied potentia
dependence of the nucleus density calculated in 140 pm x
140 um SEM images. The images in the upper row are
the samples e ectrodeposited in C/A configuration and those
in the lower are for A/C configuration. Apparently, silver
nuclel are randomly distributed on HOPG surface and the
nucleus dengties are in the range of 16 to 10'cm®  An
exponentid  dependence of the nucleus densties on the
applied potentid are recognized from —04 to —06 V,
however, in the case of —0.7 V the smaller nucleus density
was noticed than in the case of lower applied potentid.
The reproducibility must be further examined. A higher
nucleus dendty was obtaned in A/C than in C/A
configuration, which was similar to the previous study with
TiN substrate.  Spatia distribution of the nuclel was adso
quantitatively analy zed [13].

The effects of high gravity environment using a
centrifugal machine were also examined, although detailed
results are not demonstrated here.  Higher number density
was noticed at higher gravitational level.

6. Summary

The effects of gravitationa strength and magnetic field
both on the coupling phenomena between the ionic mass
transfer rate and the metd crystdlization process are focused.

By applying different gravitationa leve and high
magnetic field to the eectrochemical processing, we can
fabricate the shape-controlled nano-sized morphology or
functional thin films. The different cell configuration, the
gravitational leve realized with a centrifugad machineand a
high magnetic field influenced the nucl eation number density
of CuorAg.

In order to obtain the deeper understanding of the effect
of gravitation strength on the electrochemical processing, the
systematical experiments is necessary both in microgravity
environment using a drop tower or an aircraft and high
gravity environment using a centrifugal machine.
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