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Rough Growth and Morphological Instability of Compact Electrodeposits
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We have investigated the initial stage of growth in electrochemical deposition at low constant curren
in quasi-2D strip geometry. We used0.5M aqueous solutions of CuSO4, and current densities ranging
between 20 and100 mA cm22. We monitored the morphology of the growing interface and the
electrical parameters of the system. We find two different growth regimes: at short times the interfac
show roughness scaling with a roughness exponent,a  0.78 6 0.05; at longer times a morphological
instability develops whose characteristic time and length scales compare well with those expected fr
a Mullins-Sekerka instability.

PACS numbers: 61.43.Hv, 47.20.Hw, 47.54.+r, 81.15.Pq
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Many industrial processes rely on the ability to cont
carefully the deposition of one material on top of a cert
substrate. For instance, only in the semiconductor indu
several techniques, such as electrodeposition, molec
beam epitaxy, chemical vapor deposition, or sputteri
are currently employed. One of the most striking facts
all of these processes is the possibility of the appeara
of surface patterns that affect strongly the properties
the deposit. The understanding of these pattern forma
problems is far from complete, although much effort h
been dedicated to it in the recent past [1–3].

Several stochastic partial differential equation mod
have been devised to study rough compact growth fro
planar surface close to equilibrium [3]. Models such as
Edwards-Wilkinson (EW) [4] and the Kardar-Parisi-Zha
(KPZ) [5] equations try to describe the spatiotemporal e
lution of a surface profilehsx, td. The EW equation is a
stochastic diffusion equation for the evolution of the s
face profile, driven by white Gaussian noise. The K
equation is similar to the EW, supplemented with a no
linear term,s=hd2, which favors growth in the direction o
the local normal to the interface. The EW and KPZ a
the simplest linear and nonlinear equations, respectiv
that respect general symmetry requirements for equ
rium growth [3,6].

The main feature of these models is that they sh
rough compact profiles with roughness that behaves
power law in both space and time. The scaling proper
of rough interface profiles are studied by means of
scale dependentroughnessWsl, td that measures the rm
fluctuations of the interface about its local average va
measured on a certain length scalel. The scaling shows
up as a functional dependenceW sl, td , lafstylzd, where
fsud ø ub , whenu ø 1, andfsud is constant, whenu ¿

1. These relations imply also thatz  ayb. Usuallya

is called theroughnessexponent, andb the dynamical
exponent. If the noise is white and Gaussian, the val
for the EW and KPZ equations in1 1 1 dimensions
are a  1y2 for both equations, andbEW  1y4, and
bKPZ  1y3.
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Turning to the experimental aspects, electrochemical d
position is a good laboratory system to study interfaci
growth phenomena, because it yields a wide variety
morphologies [7–9]. For instance, by changing the e
perimental parameters, diffusion-limited-aggregation-lik
[10,11], dense branching morphology [10,12], dendrit
[8], or compact patterns [11] may appear.

In electrochemical deposition many experimental stu
ies have been reported on ramified electrodeposits,
not much is known about compact rough growth. To o
knowledge neither the EW nor KPZ equations have be
derived from the equations for the electrodeposition pro
lem. Nevertheless, some experimental results show rou
ness scaling properties although with different roughne
exponents and temporal behavior. For instance, inve
gations [13] on copper electrodeposition in a thin cell
constant overpotential show a roughness exponenta 
0.55 6 0.06. The exponent is obtained by computing th
power spectra of the interfaces that show a power-law b
havior Sskd ~ 1yk112a . However, the above-mentioned
value may be affected by some problems related to the
plication of the power spectrum technique to columnarlik
structures [14–16]. Independently of possible problem
on the computation ofa, Kahandaet al. remark that this
exponent is obtained for interfaces after an instability of th
Mullins-Sekerka type has developed, and, probably, mo
els such as EW or KPZ do not apply.

Constant current electrodeposition experiments [1
have been performed in a stirred cell by means of atom
force microscopy. They show a roughness exponenta 
0.87 6 0.05, and a dynamical exponentb  0.45 6 0.05
in the 40–4000 nm range; both values disagree with tho
predicted for either EW or KPZ equations. In system
different from Cu, Vázquezet al. [18] have investigated
the deposition of gold by means of scanning tunnelin
microscopy, in scales between50 nm and10 mm. They
find two scaling regions separated by a crossover len
that grows like t1y4 and corresponds to the averag
columnar size. Below this crossover length the roughne
exponent is0.90 6 0.07, while above it is0.49 6 0.07.
© 1996 The American Physical Society
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Here we report on new experimental results on
electrodeposition from aqueous CuSO4 solutions. The
experiments are carried out at constant current in
temperature-controlled quasi-2D cell. The use of a m
erately high concentration (0.5M) allows us to have com
pact rough deposits that might develop branching
longer times. We show that the initial growth yields com
pact rough interfaces witha  0.78 6 0.05, in agree-
ment with the results in Ref. [17] within the experiment
uncertainty; at longer times a Mullins-Sekerka-type ins
bility develops. The present results together with tho
in Refs. [13,17] allow us to draw a clearer picture of t
slow growth regimes in compact Cu electrodeposition.

The experiment is run in a quasi-2D glass cell10 mm
deep, and in-between two high purity copper electro
3 cm long and placed 2 cm apart. The deposits are m
out of 0.5M aqueous CuSO4 (Aldrich, purity 99.999%)
solutions in ultrapure water. The temperature of the c
is stabilized within64 mK to avoid dimensional change
due to thermal dilations. We have performed all of t
experiments reported here atT  315 K. The imposed
current is kept constant by means of a Radiometer P
201 galvanostat, and the nominal [19] range of curr
density,J, used in these experiments is between20 and
100 mA cm22. We digitize, with 16 bit resolution, the
electrical signals corresponding to the temperature,
current, and the externally applied voltage,Vext.

We follow the evolution of the interface profile with
charge coupled device camera connected to an inve
microscope. The images are digitized in768 3 512
squared pixels that allow for a maximal spatial resolut
of 0.6 mmypixel. We observe a field of about0.5 mm
in the central part of the electrode, and we verify af
every experiment that the small observed “window”
representative of the whole deposit.

In Fig. 1 we plot a series of interfaces, grown atJ 
50 mA cm22, separated by a time lapse of 100 min. T
initial stages of growth show compact rough interfaces

FIG. 1. Time evolution of the interface profile atJ 
50 mA cm22. The interfaces are separated by time interv
of 100 min (solid lines betweent  0 and 400 min; dotted
lines betweent  500 and700). Notice the change in growth
speed and morphology between 400 and 500 min.
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to times of the order of 400 min (solid lines). The initiall
flat surface of the electrode grows at a rather const
speed,y  0.03 mmymin, and no preferred length scal
is apparent. This type of growth is accompanied by
monotonous increase in the external voltage needed
keep J constant. In this current range the initial valu
of Vext is between 0.1 and 0.2 V, although its valu
cannot be selected externally in these experiments.
slow increase with time is probably due to a progress
depletion of cations in the area close to the catho
surface [20].

We have characterized the geometry of these interfa
by computingW sl, td, as in [17]. A typical evolution of
this function is shown in Fig. 2, where we plotW sl, td
corresponding to the interfaces shown in Fig. 1. A pow
law region appears for length scales below a cert
crossover lengthlc, and times above 200 min. Both
the exponent of the power law and the crossover len
increase with time until they saturate at values ofa 
0.77 6 0.05 and lc  50 mm, respectively. In Fig. 3
we show the roughness plot at five different nomin
current densities, when saturation of the power law
attained, which occurs at times that decrease as the cur
density increases. The values ofa obtained coincide
within the experimental uncertainties and, therefore,a

appears to be independent of the current density at wh
the experiment is performed. The average value isa 
0.78 6 0.05 and agrees well with the value obtained b
Iwamoto, Yoshinobu, and Iwasaki [17]. Figure 4 show
the temporal evolution ofW sl, td at different length scalesl
corresponding to the interfaces shown in Fig. 1. For tim
less than,650 min, the trend is roughly exponential a
largel with a time constant of about 500 min. Therefor
no dynamical exponent may be defined for this interfac
growth.

This type of rough compact growth proceeds as far
Vext remains roughly below0.3 6 0.05 V. Above this
value the growth regime changes and the interface evo

FIG. 2. Evolution of W sL, td for the interfaces shown in
Fig. 1, at t  0 min (squares),t  200 min (circles), t 
400 min (diamonds), andt  600 min (crosses). The power-
law behavior atL , 50 mm is apparent. The value of the
exponent isa  0.77 6 0.05.
1849
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FIG. 3. Roughness plot at five different current densities:J 
30 mA cm22 at t  800 min (triangles),J  40 mA cm22 at
t  800 min (diamonds),J  50 mA cm22 at t  600 min
(circles),J  70 mA cm22 at t  400 min (crosses), andJ 
90 mA cm22 at t  300 min (squares). The average roughne
exponent isa  0.78 6 0.05.

toward a fingered structure with somewhat faceted t
that we will call compact dendrites (CD). Usually th
is also accompanied by a fast increase inVext. For
instance, in Fig. 1 the initial growth is compact and rou
during approximately 400 min. At later times a structu
with a well-defined length scale of about50 mm appears
(dotted lines). The tips of the protrusions are sligh
faceted, which reflects some anisotropy. Figure 5 sho
the evolution of the average interface position andVext
corresponding to the interfaces in Fig. 1. The evoluti
of h shows clearly an initial linear growth and a chan
in growth speed at about 450 min. This change in grow
speed is accompanied by a sudden increase inVext that
happens at a value of approximately 0.33 V. Note th
this voltage value is not well defined; it may change fro
one experiment to another by60.05 V. Computations of
the spatial power spectra of the interfaces in the finge
regime show well-defined maxima atk  0.125 mm21,
i.e.,l ø 50 mm. The time evolution of the most unstab

FIG. 4. Time evolution ofWsl, td at different length scales
L  0.6 mm (circles), L  3 mm (crosses), L  30 mm
(squares), andL  230 mm (triangles). An average ex
ponential trend is apparent at largeL, with time constant
t ø 500 min.
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mode in this regime is exponential with a time consta
of 120 min. These values of the typical wavelength a
the exponential time constant agree well with the resu
of Kahandaet al. [13]. Figures 4 and 5 also indicate tha
at longer times (,650 min in this particular experiment)
another instability develops that corresponds to a dendr
dense branching transition. A detailed report on t
instability will be published separately [21].

Following Ref. [13], we can compare the typical leng
scale of the CD structure with the one appearing in
Mullins-Sekerka instability. The dispersion relation fo
this instability issskd  y0ks1 2 d0lDk2d, wheresskd is
the wave-number dependent growth rate,y0 is the average
interface velocity,d0 is the capillary length, andlD is
the diffusion length. If we take as in [22]lD as the
interelectrode distance andd0 ø 0.1 nm, the wavelength
of the most unstable wave vector isl  2p

p
3d0lD ,

16 mm, which compares fairly well with the typica
wavelength found. Substituting in the expression
sskd, the values ofy0 andk corresponding to Fig. 4, we
obtain a growth rate of approximately4 3 1023 min21,
which yields a time constant of about 250 min, which
within the order of magnitude of the experimental value

The experimental facts concerning very slow comp
Cu electrodeposition can be fitted in the following comm
scenario: experiments in Ref. [17] and ours show tha
short times there is a compact rough growth, with a rou
ness exponent of about 0.8. Experiments in Ref. [13] a
ours show that at longer times a morphological instabil
develops with characteristic time and length scales that
well explained by the Mullins-Sekerka instability.

The values of the roughness exponent we obtain
slightly below those obtained in Ref. [17]. The unce
tainty intervals overlap, but there might be a reasona
explanation for the small discrepancy. The measureme
performed by Iwamotoet al. are really 3D, while our val-
ues are obtained through 2D measurements. In this l
case the real interface profile may differ from the digitiz
profile due to the depth of the cell. Even in very thin ce

FIG. 5. Evolution of Vext (solid line) andh (circles) corre-
sponding to Fig. 1. Note the sudden increases coincident w
the change in morphology.
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like ours the actual digitized profile is a nonlinear supe
position of the profiles occurring at different depths. Th
may increase the apparent roughness of the surface
length scales below the cell depth, and then yield a low
value for the roughness exponent.

The temporal evolution of the roughness in our e
periments appears to be exponential, while in Ref. [1
it follows a power law. A possible explanation for th
discrepancy is, for the moment, somewhat speculat
Kahandaet al. [13] first suggested that the present sc
nario might be described by a KPZ equation supplemen
with some terms that would cause a morphological ins
bility. A linear termah with positive coefficient has been
proposed in the context of chemical vapor deposition
stabilities [23]. Numerical simulations of such a modifie
KPZ equation [24] suggest that at timest ø 1ya the in-
fluence of the linear term is small, the growth is dom
nated by the KPZ part, and the exponents obtained are
KPZ ones. At longer times, the morphological instabili
starts to develop and the roughness exponent grows
time. However, the time evolution of the roughness
large length scales is exponential with time constant1ya,
and therefore no dynamical exponent may be defin
This phenomenology may explain the differences betwe
our results and those in Ref. [17]. Actually Iwamotoet al.
explore shorter time and length scales. Therefore, t
may find saturated roughness scaling in the nanom
range while the system is still in the power-law tempo
regime. Our experiments yield roughness scaling in
micrometer range; therefore, we need to wait until co
paratively longer times for the roughness scaling to sa
rate at these length scales. Hence, temporal behavio
an exponential type might appear.

Finally, some comments are in order about the e
perimental procedure. Temperature stability appears to
an important requirement at these low voltages. Re
ence [2] gives a clue about how temperature enters
the problem. Kessleret al. have shown that, at vanish
ing overpotential, the electrodeposition problem may
mapped onto a diffusion-limited growth problem with
dimensionless supercooling given by

D 
qccc,`yc

kT
Vext ,

where qc is the cation charge, andcc,` is the cation
concentration in units in which the solid bulk concentrati
is unity. Straightforward calculations permit us to compa
the effect that the noise inVext and T will have on the
dimensionless supercooling. If one wants to perform a l
noise experiment withVext  0.5 V, voltage noise of the
order of0.5 mV, and atT , 300 K, one has to keep the
temperature fluctuations well below0.3 K.
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