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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 currents
in quasi-2D strip geometry. We us@&bdM aqueous solutions of CugQand current densities ranging
between 20 and00 mAcm 2. 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 interfaces
show roughness scaling with a roughness exponent, 0.78 * 0.05; at longer times a morphological
instability develops whose characteristic time and length scales compare well with those expected from
a Mullins-Sekerka instability.

PACS numbers: 61.43.Hv, 47.20.Hw, 47.54.+r, 81.15.Pq

Many industrial processes rely on the ability to control Turning to the experimental aspects, electrochemical de-
carefully the deposition of one material on top of a certainposition is a good laboratory system to study interfacial
substrate. Forinstance, only in the semiconductor industrgrowth phenomena, because it yields a wide variety of
several techniques, such as electrodeposition, moleculanorphologies [7—9]. For instance, by changing the ex-
beam epitaxy, chemical vapor deposition, or sputteringperimental parameters, diffusion-limited-aggregation-like
are currently employed. One of the most striking facts in[10,11], dense branching morphology [10,12], dendrites
all of these processes is the possibility of the appearand8], or compact patterns [11] may appear.
of surface patterns that affect strongly the properties of In electrochemical deposition many experimental stud-
the deposit. The understanding of these pattern formatioies have been reported on ramified electrodeposits, but
problems is far from complete, although much effort hasnot much is known about compact rough growth. To our
been dedicated to it in the recent past [1-3]. knowledge neither the EW nor KPZ equations have been

Several stochastic partial differential equation modelglerived from the equations for the electrodeposition prob-
have been devised to study rough compact growth from &m. Nevertheless, some experimental results show rough-
planar surface close to equilibrium [3]. Models such as thaness scaling properties although with different roughness
Edwards-Wilkinson (EW) [4] and the Kardar-Parisi-Zhangexponents and temporal behavior. For instance, investi-
(KPZ2) [5] equations try to describe the spatiotemporal evogations [13] on copper electrodeposition in a thin cell at
lution of a surface profildi(x, ). The EW equation is a constant overpotential show a roughness exporent
stochastic diffusion equation for the evolution of the sur-0.55 = 0.06. The exponent is obtained by computing the
face profile, driven by white Gaussian noise. The KPZpower spectra of the interfaces that show a power-law be-
equation is similar to the EW, supplemented with a non-havior S(k) « 1/k'*2%. However, the above-mentioned
linear term,(Vk)?, which favors growth in the direction of value may be affected by some problems related to the ap-
the local normal to the interface. The EW and KPZ areplication of the power spectrum technique to columnarlike
the simplest linear and nonlinear equations, respectivehstructures [14—16]. Independently of possible problems
that respect general symmetry requirements for equiliben the computation ofe, Kahandaet al. remark that this
rium growth [3,6]. exponent is obtained for interfaces after an instability of the

The main feature of these models is that they showMullins-Sekerka type has developed, and, probably, mod-
rough compact profiles with roughness that behaves asels such as EW or KPZ do not apply.
power law in both space and time. The scaling properties Constant current electrodeposition experiments [17]
of rough interface profiles are studied by means of thénave been performed in a stirred cell by means of atomic
scale dependembughnessW(/, r) that measures the rms force microscopy. They show a roughness exponent
fluctuations of the interface about its local average value).87 = 0.05, and a dynamical exponepfit = 0.45 = 0.05
measured on a certain length scaleThe scaling shows in the 40—4000 nm range; both values disagree with those
up as a functional dependenB&l, 1) ~ [*f(t/I?), where  predicted for either EW or KPZ equations. In systems
f(u) = uP, whenu < 1, andf(u) is constant, when > different from Cu, Vazqueet al.[18] have investigated
1. These relations imply also that= «/B. Usuallya  the deposition of gold by means of scanning tunneling
is called theroughnessexponent, and3 the dynamical microscopy, in scales betweé&fl nm and10 um. They
exponent. If the noise is white and Gaussian, the valuefind two scaling regions separated by a crossover length
for the EW and KPZ equations in + 1 dimensions that grows like '/* and corresponds to the average
are @ = 1/2 for both equations, an@gw = 1/4, and columnar size. Below this crossover length the roughness
Bxpz = 1/3. exponent i9.90 = 0.07, while above it is0.49 * 0.07.
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Here we report on new experimental results on Cuo times of the order of 400 min (solid lines). The initially
electrodeposition from aqueous CuS®olutions. The flat surface of the electrode grows at a rather constant
experiments are carried out at constant current in apeedy = 0.03 um/min, and no preferred length scale
temperature-controlled quasi-2D cell. The use of a modis apparent. This type of growth is accompanied by a
erately high concentratio).6M) allows us to have com- monotonous increase in the external voltage needed to
pact rough deposits that might develop branching akeepJ constant. In this current range the initial value
longer times. We show that the initial growth yields com-of V., is between 0.1 and 0.2 V, although its value
pact rough interfaces witle = 0.78 = 0.05, in agree- cannot be selected externally in these experiments. The
ment with the results in Ref. [17] within the experimental slow increase with time is probably due to a progressive
uncertainty; at longer times a Mullins-Sekerka-type instadepletion of cations in the area close to the cathode
bility develops. The present results together with thosesurface [20].
in Refs. [13,17] allow us to draw a clearer picture of the We have characterized the geometry of these interfaces
slow growth regimes in compact Cu electrodeposition. by computingW(l, r), as in [17]. A typical evolution of

The experiment is run in a quasi-2D glass déllum  this function is shown in Fig. 2, where we pl®@(l, r)
deep, and in-between two high purity copper electrodesorresponding to the interfaces shown in Fig. 1. A power-
3 cm long and placed 2 cm apart. The deposits are madaw region appears for length scales below a certain
out of 0.5M aqueous CuSPQ(Aldrich, purity 99.999%) crossover length,, and times above 200 min. Both
solutions in ultrapure water. The temperature of the celthe exponent of the power law and the crossover length
is stabilized within=4 mK to avoid dimensional changes increase with time until they saturate at valuesaof=
due to thermal dilations. We have performed all of the0.77 = 0.05 and I. = 50 um, respectively. In Fig. 3
experiments reported here At= 315 K. The imposed we show the roughness plot at five different nominal
current is kept constant by means of a Radiometer PGReurrent densities, when saturation of the power law is
201 galvanostat, and the nominal [19] range of currentttained, which occurs at times that decrease as the current
density,J, used in these experiments is betweé®nand density increases. The values af obtained coincide
100 mAcm 2. We digitize, with 16 bit resolution, the within the experimental uncertainties and, therefaxe,
electrical signals corresponding to the temperature, thappears to be independent of the current density at which
current, and the externally applied voltadg,;. the experiment is performed. The average value is

We follow the evolution of the interface profile with a 0.78 = 0.05 and agrees well with the value obtained by
charge coupled device camera connected to an invertddiamoto, Yoshinobu, and Iwasaki [17]. Figure 4 shows
microscope. The images are digitized #68 X 512  the temporal evolution oV (, r) at different length scalds
squared pixels that allow for a maximal spatial resolutioncorresponding to the interfaces shown in Fig. 1. For times
of 0.6 um/pixel. We observe a field of abolt5 mm less than~650 min, the trend is roughly exponential at
in the central part of the electrode, and we verify afterlargel with a time constant of about 500 min. Therefore,
every experiment that the small observed “window” isno dynamical exponent may be defined for this interfacial
representative of the whole deposit. growth.

In Fig. 1 we plot a series of interfaces, grownJjat This type of rough compact growth proceeds as far as
50 mAcm 2, separated by a time lapse of 100 min. TheV., remains roughly below).3 + 0.05 V. Above this
initial stages of growth show compact rough interfaces upralue the growth regime changes and the interface evolves
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FIG. 1. Time evolution of the interface profile al = FIG. 2. Evolution of W(L,t) for the interfaces shown in

50 mAcm 2. The interfaces are separated by time intervalsFig. 1, at + = 0 min (squares),r = 200 min (circles), t =
of 100 min (solid lines betweem = 0 and 400 min; dotted 400 min (diamonds), and = 600 min (crosses). The power-
lines betweenr = 500 and700). Notice the change in growth law behavior atL < 50 um is apparent. The value of the
speed and morphology between 400 and 500 min. exponent ise = 0.77 = 0.05.
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100.0 mode in this regime is exponential with a time constant
of 120 min. These values of the typical wavelength and
the exponential time constant agree well with the results
of Kahandeet al. [13]. Figures 4 and 5 also indicate that
at longer times €650 min in this particular experiment)
another instability develops that corresponds to a dendritic-
dense branching transition. A detailed report on this
instability will be published separately [21].

Following Ref. [13], we can compare the typical length
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FIG. 3. Roughness plot at five different current densities: ~ the wave-number dependent growth raigis the average
30 mAcm 2 at + = 800 min (triangles),J =40 mAcm > at interface velocity,d, is the capillary length, andp is
t = 800 min (diamonds),J = 50 mAcm™ at r = 600 min  the diffusion length. If we take as in [22], as the
(circles),J = 70 mAcm ™= at = 400 min (crosses), and = ;arelectrode distance anty ~ 0.1 nm, the wavelength
90 mAcm™= at¢ = 300 min (squares). The average roughness
exponent isx = 0.78 =+ 0.05. of the most unstable wave vector dss= 27+/3dylp ~

16 um, which compares fairly well with the typical

wavelength found. Substituting in the expression for
toward a fingered structure with somewhat faceted tipsr (), the values ofy, andk corresponding to Fig. 4, we
that we will call compact dendrites (CD). Usually this gptain a growth rate of approximatelly X 1073 min_ll
is also accompanied by a fast increase Vig.. For  which yields a time constant of about 250 min, which is
instance, in Fig. 1 the initial growth is compact and roughwithin the order of magnitude of the experimental value.
during approximately 400 min. At later times a structure  The experimental facts concerning very slow compact
with a well-defined length scale of aboit um appears Cu electrodeposition can be fitted in the following common
(dotted lines). The tips of the protrusions are slightlyscenario: experiments in Ref. [17] and ours show that at
faceted, which reflects some anisotropy. Figure 5 showshort times there is a compact rough growth, with a rough-
the evolution of the average interface position angdi  ness exponent of about 0.8. Experiments in Ref. [13] and
corresponding to the interfaces in Fig. 1. The evolutionoyrs show that at longer times a morphological instability
of i shows clearly an initial linear growth and a changedevelops with characteristic time and length scales that are
in growth speed at about 450 min. This change in growthyell explained by the Mullins-Sekerka instability.
speed is accompanied by a sudden increasg.in that The values of the roughness exponent we obtain are
happens at a value of approximately 0.33 V. Note that|ightly below those obtained in Ref. [17]. The uncer-
this voltage value is not well defined; it may change fromtainty intervals overlap, but there might be a reasonable
one experiment to another by0.05 V. Computations of  explanation for the small discrepancy. The measurements
the spatial power spectra of the interfaces in the fingeregerformed by Iwamotet al. are really 3D, while our val-
regime show well-defined maxima at= 0.125 um™',  yes are obtained through 2D measurements. In this later
i.e., A = 50 um. The time evolution of the most unstable case the real interface profile may differ from the digitized

profile due to the depth of the cell. Even in very thin cells
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FIG. 4. Time evolution ofW(l,r) at different length scales:
L = 0.6 um (circles), L =3 um (crosses), L =30 um _
(squares), andL = 230 um (triangles). An average ex- FIG.5. Evolution of V. (solid line) andk (circles) corre-
ponential trend is apparent at large with time constant sponding to Fig. 1. Note the sudden increases coincident with
7 = 500 min. the change in morphology.
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like ours the actual digitized profile is a nonlinear super-M. E. C. This work has been supported by DGICYT Pro-
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value for the roughness exponent.
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