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Kinetic selection of morphology and growth velocity in electrochemical deposition

F. Oberholtzer, D. Barkey, and Q. Wu
Department of Chemical Engineering, University of New Hampshire, Durham, New Hampshire 03824

~Received 26 November 1997; revised manuscript received 5 March 1998!

Ramified copper deposits were formed by electrochemical deposition from well supported acid sulfate
solution under conditions of mixed kinetic and transport control. The growth velocity, morphology, and global
rate of growth were measured over a range of applied driving force. Chloride was added to the solutions to
modify the interfacial kinetics, and the kinetic parameters were obtained as a function of surface orientation by
polarization measurements on copper single crystals. Chloride produces an anisotropic differential resistance to
growth at the interface and a tendency toward high-velocity dendritic growth with formation of open low-
density deposits.@S1063-651X~98!13406-2#

PACS number~s!: 05.70.Ln, 68.70.1w, 81.15.Pq, 81.10.Dn
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INTRODUCTION

In well supported electrolyte solutions, which prese
relatively little Ohmic resistance, ramified patterns can
produced by electrochemical deposition at low applied fi
strengths. As a result, the kinetic resistance at the inter
accounts for a substantial portion of the total cell impeda
and is experimentally accessible. Previously, we repo
electrochemical growth of dendritic and tip-splitting depos
in solutions of cupric salts supported by sulfuric acid a
compared these with indirect measures of the degree of
isotropy in the interfacial kinetic resistance@1#. It was shown
that selection of fast growing dendritic morphologies is
vored by addition of chloride to the solution, which increas
the degree of anisotropy in surface kinetics. Here we pre
a more detailed characterization of the morphology a
growth speed as well as direct measurement of
orientation-dependent kinetic resistance on copper sin
crystal surfaces.

Electrochemical deposition differs from precipitation
solidification in that the crystallization process is accom
nied by chemical transformations. The chemical nature of
process has recently been investigated for ramified dep
tion in thin layers, and it has been shown that the chem
environment may affect the morphology by modifying t
surface processes@1–8# or the transport properties of th
solution near the interface@9–11#.

The three species of copper present in our deposition
periments are the metal Cu, the cupric ion Cu21 and the
cuprous ion Cu11. They are coupled by two elementary ele
trochemical reactions at the interface.

Cu211e2⇔Cu11, ~1!

Cu111e2⇔Cu. ~2!

Deposition is produced when reactions~1! and~2! are forced
from left to right, so that the overall reaction is

Cu2112e2⇒Cu. ~3!
571063-651X/98/57~6!/6955~7!/$15.00
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If reaction ~3! proceeds with 100% current efficiency, an
atoms are incorporated into the solid near the point of d
charge, the growth velocityv and current densityiat a point
on the surface are related by

v5S V̂

nFD i , ~4!

whereV̂ is the molar volume of the metal andnF the num-
ber of coulombs passed per mol of metal deposited. If, on
other hand, the surface-diffusion length for adatoms is
small in comparison with the features of the deposit,
local rate of growth is not necessarily proportional to t
local current density. We will assume that Eq.~4! holds un-
der the conditions of our experiments.

The current density is a function of the applied drivin
force or overpotentialh, which may be decomposed int
three additive components. These are the Ohmic overpo
tial hV, the concentration overpotentialhc , and the surface
overpotentialhs :

h5hV1hc1hs . ~5!

The total overpotentialh is imposed through the externa
circuit and has the same value over any path from the re
ence electrode to the deposit. The component overpoten
on the other hand, depend on the path, and the distributio
current density is a function of the distribution of resistanc
offered by the solution and the surface. Procedures for de
mining current densities around stationary or slowly adva
ing electrodeposits have been worked out for many elec
chemical deposition systems. The Ohmic and concentra
overpotentials depend only on solution properties, dep
geometry, and current density. However, the surface ove
tential depends as well on the properties of the interfa
including the metal surface and the double layer.

The relation betweenhsand i can be expressed by th
differential surface resistance, defined as

r s5
]hs

] i
. ~6!
6955 © 1998 The American Physical Society
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6956 57F. OBERHOLTZER, D. BARKEY, AND Q. WU
The objective of our experiments was to relater s to the
morphology. The discharge of an ion and its incorporat
into the solid phase proceeds through a series of steps
include dehydration, electron transfer, surface diffusion, a
attachment. Each of these can be influenced by the sur
structure and the presence of adsorbed anions or salt fi
and the detailed mechanism is not accessible to the pre
experiments. However, the surface resistance, which is m
surable, represents a sum of resistances offered by the
vidual steps, and it captures the overall effect of interfac
processes on the macroscopic distribution of current and
face growth.

EXPERIMENTAL METHODS

Copper electrodeposits were formed in the thin-layer c
shown in Fig. 1. The cell consisted of two circular gla
plates 8 cm in diameter stacked in a 10 cm glass petri d
The plates were separated by ten strips of PTFE 100mm
thick, 1 mm wide and 10 mm long laid near the edge of
plates and oriented in the radial direction. PTFE seating ri
were placed above and below the glass plates and pre
into position with dogging devices to ensure that the sp
between the plates was level and uniform in thickness.
filled cell contained 15 to 20 cm3 of solution, with roughly
0.5 cm3 between the plates where the deposit was form
The composition of the electrolyte solution was 0.5M
CuSO4– 0.5M H2SO4 ~sulfate solution! or 0.5M
CuSO4– 0.5M H2SO4– 0.0022M KCl ~chloride solution!. So-
lutions were prepared with reagent grade chemicals and
ter purified with a Nanopure II ultrafiltation system.

Deposits were grown from the exposed end of a cop
wire, 50 mm in diameter, with a 2mm insulating coating of
polyesterimide. The counter electrode was a circular piec
bare copper wire placed in the petri dish outside of the pla
The deposits were formed at a constant potential with res
to a mercury–mercurous sulfate reference electrode c
nected to the cell through a bridge tube filled with 1.0M
sulfuric acid. The aggregate radius was measured with
quential photographs of the deposit.

Kinetic measurements were carried out with copp
single-crystal electrodes in a three electrode cell in the s
solutions used in the deposition experiments. The cell c
sisted of a 50 ml glass vessel, with counterelectrode
reference-electrode compartments separated from the
compartment by porous frits. The counterelectrode, wh
collects the current imposed on the working electrode, wa

FIG. 1. Thin-layer electrochemical cell with reference electro
and anode compartment.
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carbon rod. The reference electrode was a mercu
mercurous sulfate electrode. The working electrodes w
single-crystal copper disks, 12 mm in diameter, with orie
tations of~100!, ~110!, ~111!, and~321!. These were polished
mechanically with 0.05mm alumina and electropolished i
orthophosphoric acid. They were mounted in the hang
mensicus arrangement to confine contact with the solutio
the polished face. The Ohmic resistance of the cell was
termined by measurement of the high-frequency~100 kHz!
impedance. The overpotential as a function of applied c
rent was then determined by application of a controlled c
rent for 10 ms. The concentration overpotential was assum
to be zero because the current pulse was short compare
the time required to deplete the solution at the interface. T
Ohmic overpotential was calculated by multiplying the a
plied current by the measured cell resistance. The sur
overpotential was then found by subtractinghV from the
measured total overpotential.

RESULTS

Typical plots of aggregate radius versus time for sulf
solution and for chloride solution are shown in Figs. 2~a! and
2~b!, respectively. To compare velocities at different pote
tials, we took the slope of the radius versus time curves
two points. One velocity was taken at an aggregate radiu
0.16 mm and a second was taken at an aggregate radiu
1.0 mm or after 4 h, whichever came first. These velocit
are plotted against overpotential in Fig. 3, where the op
symbols are the first velocity and the filled symbols are
second. In all cases, the velocity decreased by a facto
about two between these limits.

The velocities in chloride solution are about ten tim
larger than the velocities in sulfate solution over most of
range of applied overpotential. In sulfate solution, there i
jump in velocity at an overpotential of 600 mV, while i
chloride solution, there is a drop in velocity at the sam
point. These shifts correspond to changes in morphology
discussed below.

Figure 4 shows deposits formed in sulfate solution at s
eral overpotentials. At the lowest driving force, the em
gence of branches was slow, and the deposit was nearly
cular early in the experiment. At higher overpotentia
branching occurred earlier, the radius of the branch tips w
smaller, and the tips split more frequently. At an overpote
tial of 600 mV, the highest driving force accessible befo
the onset of hydrogen evolution, the branches were dendr
and grew much faster than those formed at 550 mV.

In chloride solution, dendrites were produced over m
of the range of applied overpotential~see Fig. 5!. At driving
forces between 250 and 400 mV, the branches were dend
but frequently emitted new branches with different grow
directions. At 450 and 500 mV, the morphology was de
dritic, with stable central needles, regular side branches,
tertiary branching. At 550 mV, the branches again emit
new branches frequently, and at 600 mV, the deposit w
dark, its shape was dominated by tip splitting, and no cen
needle crystals were visible. The deposits formed at 600
grew at a lower velocity than those formed at 550 mV.

Figure 6~a! shows the cell current plotted against time f
deposits formed in sulfate solution at overpotentials of 4
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57 6957KINETIC SELECTION OF MORPHOLOGY AND GROWTH . . .
and 600 mV. The current increases very rapidly at first as
surface area of the deposit increases and the Ohmic r
tance decreases steeply. However, deposition depletes th
terfacial concentration of the metal ion, and the current ev
tually rises at a slower steady rate. The corresponding
for the chloride solution is shown in Fig. 6~b!. Here, the
dendritic deposit grown at 400 mV follows the same patt
as in the sulfate solution. However, at 600 mV, where
deposit grows by tip splitting, the current reaches a ma
mum and then declines. As discussed below, this drop
current is evidence that a film of cuprous chloride has p
cipitated on the metal.

The cell current, sampled in each experiment at a dep
radius of 0.16 mm, is plotted against overpotential in Fig.
The current is greater in chloride solution than in sulfa
solution, but the contrast in current is much smaller than
contrast in growth velocity. As a result, the deposits form

FIG. 2. Radius vs time.~a! Deposits formed in sulfate solutio
at overpotentials of 400 and 600 mV.~b! Deposits formed in chlo-
ride solution at overpotentials of 400 mV and 600 mV.
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in chloride solution are more open and less dense than th
formed in sulfate solution. This can be seen by compari
of the time integral of current, or total charge passed, a
deposit radius of 0.16 mm~Fig. 8!. A solid deposit at this
radius is equivalent to 220 mCoulombs, while the dens
deposit obtained, formed at 300 mV in sulfate solution, w
equivalent to 150 mCoulombs and the least dense, forme
550 mV in chloride solution, to 0.8 mCoulombs. The vo
fraction thus ranged from 32% to more than 99%.

A condition of zero current does not assure equilibriu
and in solutions exposed to air, equilibrium is generally i
possible to obtain. Moreover, our solutions were made
with cupric salts, and in chloride solution the cuprous ion
stabilized by formation of chloride complexes. We therefo
computed the solution composition that would result fro
excluding oxygen from the electrolysis cell and allowing t
solution and metal to come to equilibrium. This proce
would occur by reaction of cupric ion with the metal to for
the curprous ion and by formation of chloride complexes
solution. Stability constants for the complexes are shown
Table I @12,13#. Table II shows the composition of the chlo
ride solution at equilibrium. The liquid-phase composition
not very different from that of the sulfate solution, and nea
all of the copper in solution is the uncomplexed Cu21. How-
ever, the specie CuCl is saturated and a solid phase of
compound is present at equilibrium. This fact alone does

FIG. 3. Velocity v vs overpotentialh for sulfate and chloride
solution. The open symbols represent velocities measured at
dius of 0.16 mm, and the filled symbols velocities measured at
mm or 240 min.
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6958 57F. OBERHOLTZER, D. BARKEY, AND Q. WU
assure that CuCl will precipitate in the experiments beca
these occur under nonequilibrium conditions.

The kinetic parameters were found by plotting logi)
againsths for the single-crystal disk electrodes. In sulfa
solution ~Fig. 9! the rate of deposition is controlled b
discharge of Cu21 to Cu11, as shown by the slope of th
polarization curves in the limit of high overpotential~hs
.70 mV!. In this region they can be represented by@14,15#

FIG. 4. Deposits formed in sulfate solution at overpotentials
~a! 300 mV,~b! 400 mV,~c! 500 mV,~d! 600 mV. The width of the
wire is 50mm, and the field of view is 1.25 mm.

FIG. 5. Deposits formed in chloride solution at overpotentials
~a! 300 mV,~b! 400 mV,~c! 500 mV,~d! 600 mV. The width of the
wire is 50mm, and the field of view is 1.25 mm.
e

log~ i !5 log~ i 0!1
hsanF

2.3RT
, ~7!

wherea andi 0 are kinetic constants.a is equal to 0.5 for all
three surfaces, andi 0 contains all of the anisotropy in th
kinetics. Consistent with previous measurements,i 0 de-
creases in the order~110!.~100!.~111! @16#. In dilute chlo-
ride solution~Fig. 10!, the kinetic behavior is not describe
by Eq. ~8! and so deposition from chloride solution is n
entirely a discharge controlled mechanism. An additional i
pedance is presented by the crystallization process.

DISCUSSION

Over most of the available range of driving force, dep
sition in chloride solution produces dendrites while depo

f

f

FIG. 6. Cell currentI vs time. ~a! Sulfate solution for a tip-
splitting deposit~400 mV! and a dendritic deposit~600 mV!. ~b!
Chloride solution for a dendritic deposit~400 mV! and a tip-
splitting deposit~600 mV!.
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57 6959KINETIC SELECTION OF MORPHOLOGY AND GROWTH . . .
tion in sulfate solution produces tip splitting. The excepti
is near the maximum driving force before the onset of h
drogen evolution, where dendrites grow in sulfate solut
and deposits in chloride solution turn dark and tip split.

While chloride has little effect on the transport propert
of the solutions, its effect on the interfacial resistance is s
stantial, as can be seen in Fig. 10. The polarization curves
sulfate solution indicate a process controlled by discharg
the divalent ion by reaction~1! @14,15#. They follow the
form of Eq. ~8!, and the differential resistancer s is uniform
among the faces. In contrast, the differential resistance
chloride solution is strongly anisotropic. The polarizati
curve for the~100! surface deviates markedly from the oth
curves, andr s is not uniform in the high current region
Evidently, deposition in this solution is not controlled b
discharge alone, but is strongly influenced by surfa

FIG. 7. Cell currentI vs overpotentialh.

FIG. 8. Equivalents deposited at a radius of 0.16 mm vs ov
potentialh.
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specific factors, probably including a monolayer of adsorb
chloride @17#.

The differential resistancer s is the term that represent
surface kinetics in stability analyses of electrodeposition
cause it governs the response of local current densitie
variations in overpotential on perturbations@18#. Presumably
it is this term that determines the response to small fluct
tions near a growth tip as well. In sulfate solution,r s is the
same for all orientations, and tip splitting is produced at m
driving forces. In chloride solution,r s depends on orienta
tion, and dendrites are produced at most driving forces. T
result is consistent with the view that interfacial anisotropy
required to stabilize dendritic growth@19#.

The tip splitting growth produced at very high growth ra
in the chloride solutions is accompanied by a color chan
evidence that a precipitate has formed on the metal. Sim
transitions are well documented in binary solution and ha
been attributed topH shifts @20–23#. In the present experi-
ments, thepH is much lower than in binary copper sulfat
and copper oxides are not likely to precipitate. Moreover,
these well supported solutions, thepH does not vary appre
ciably in the vicinity of the deposit. Precipitation of copp
oxides is therefore not likely to cause the color change in
experiments. On the other hand, our calculation of the eq
librium compositions shows that cuprous chloride is pres
in supersaturation, and a film of cuprous chloride may fo
on the metal. If transport across the film were rate limitin
the anisotropy in kinetics shown in Fig. 10 would no long
control the selection of morphology at the tip.

TABLE I. Stability constants for chloride complexes of copp
in aqueous solution.

Species Stability constant

CuCl 5.013102

CuCl2
2 1.153106

CuCl3
22 1.003106

Cu2Cl4
22 1.0031013

CuCl1 2.31
CuCl2 0.65

CuCl3
2 0.38

TABLE II. Molar concentrations of chloride complexes of cop
per at equilibrium. The asterisk indicates the molar quantity
CuCl, which would precipitate from one liter of solution made u
with 0.5M of CuSO4 and 0.0022M of KCl.

Species Molar concentration

Cu21 4.9931021

Cu1 5.7331025

CuCl1 8.3931024

CuCl(s) 5.4131024 *
CuCl(aq) 2.0931025

CuCl2
2 3.4931025

CuCl3
22 2.2131028

Cu2Cl4
22 9.2231029

CuCl2 3.9731027

CuCl3
2 1.10310210r-
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6960 57F. OBERHOLTZER, D. BARKEY, AND Q. WU
The appearance of dendrites in sulfate solution at 600
cannot be accounted for with our kinetic data. Kinetic me
surements on planar electrodes may not reflect the real
iting steps for high-speed growth at sharply curved tips. O
possibility is that the morphology is dominated at very hi
overpotential by twinning processes, which are not captu
in the kinetic data shown in Fig. 9@24,25#.

The contrast in velocity between solutions is much lar
than the contrast in material flux to the deposits because
current density in dendritic growth is concentrated onto fa
growing tips of small radius. There is some difference
current density, however, and so we examine the trans
mechanisms likely to dominate mass transfer in this syst
We assume that all of the current passing into the solid d
so by discharge of cupric ion~100% current efficiency!. The
migration flux of cupric ion is given by the fraction of th
current that is carried by movement of cupric ion in solutio
For our solutions, this fraction is roughly 0.1 so that mig
tion accounts for a small part of the material flux.

An additional source of material at the interface is p
vided by advection, or the relative motion of the growth fro
and the solution. The maximum currenti a that can be sup-
ported by advection alone is given by@26–28#

i a5nFCbv, ~8!

whereCb is the concentration of metal ion in the bulk of th
solution. The highest velocity we measured was roughly
mm/h, which gives a maximum advection current of abo
30 mA at a deposit radius of 0.16 mm, or one-tenth of t
observed current. At lower velocities, the advection term
creases more rapidly than the measured currents. We
clude that migration and advection together account for
more than 20% of the material flux.

The most important transport mechanism in these exp
ments is convective diffusion. The maximum convective d

FIG. 9. Log of current densityi vs surface overpotentialhs

~Tafel plot! for copper single crystals in sulfate solution, 0.5M
CuSO4/0.5M H2SO4.
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fusion flux can be estimated from dimensionless correlati
as follows. The convective-diffusion limited current dens
is given by

i L5
nFDCb

L
Sh, ~9!

where Sh is the Sherwood number,D the diffusivity of the
metal ion, andL the plate spacing. For natural convectio
@29,30#,

Sh5~Gr Sc!0.25, ~10!

where the Grashof and Schmidt numbers are defined by

Gr5
gDrL3

r infn
2 ,

Sc5
n

D
.

r is the solution density,Dr the density difference betwee
the bulk and the fully depleted solution, andn the kinematic
viscosity. The solution parameters were estimated with c
relations@31#, and the diffusivities were taken from previou
measurements@32#. The maximum convective-diffusion flux
for the present experiments is roughly 200mA at a deposit
radius of 0.16 mm. This figure is larger than the maximu
recorded current~'100 mA!. We conclude that natural con
vection accounts for most of the material flux in our syste
and growth of the aggregates always takes place well be
the transport-limited current. This is consistent with the vie
that the rate of growth is limited by interfacial kinetics a
well as material transport.

FIG. 10. Log of current densityi vs surface overpotentialhs

~Tafel plot! for copper single crystals in chloride solution
0.5M CuSo4/0.5M H2SO4/0.0022M KCl.
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CONCLUSION

The morphology and growth velocity of ramified depos
formed by electrochemical deposition of copper are c
trolled in part by interfacial kinetics. The global rate
growth is significantly lower than the transport limited ra
and modification of the activated processes at the inter
can produce large changes in the overall process. Over m
of the accessible range of driving force, there is a corresp
dence between kinetic parameters obtained on single cry
and the morphology observed in ramified deposition. In s
fate solution, the kinetics are controlled by ionic discharge
solution, an isotropic process that results in tip-splitti
ys

J

l,

c-
-

,
ce
ost
n-
als
l-
n

growth. In the presence of chloride, surface processes
come important, the differential resistance to growth is a
isotropic, and dendrites or faceted fingers are formed.
transition from tip splitting to dendrite growth is accomp
nied by large increases in growth velocity and void fractio
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