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Abstract

The scaling behavior of roughness in electro-
chemical deposition of copper under stable growth
conditions was studied by atomic force microscopy and
numerical simulation. An abrupt transition in the growth
mode was observed as the concentration of “brightener”
(organic additive) in the plating solution was increased.
The two growth modes are characterized by the roughness
exponentsa = 0.87 and 0.63 for low and high concentrations
of organic additive, respectively. The transition can be
reproduced numerically via a Kardar-Parisi-Zhang (KPZ)
-like equation with an additional term proportional to the
surface height. The effect of current density on the
transition is also investigated.
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Introduction

Roughening in el ectrochemical deposition hasbeen
widely studied from both fundamental and technological
pointsof view (Halsey, 1987; Barkey et al., 1989; Kahanda
et al., 1992; Pritzker and Fahidy, 1992; Iwasaki and
Yoshinobu, 1993; Iwamoto et al., 1994; Vazquez et al ., 1994,
Iwasaki et al., 1995; Iwasaki and Yoshinobu, 1995; Pastor
and Rubio, 1996). Although fractal growthinthediffusion
limited growth regime described below hasbeenintensively
studied, roughening in the stable growth mode, which is of
technological importance, has scarcely been studied.
Atomic force microscopy (AFM) is suitable for scaling
analysis of surface roughness on mesoscopic scales, owing
toitswide dynamic range of measurement in the horizontal
direction (from nanometer to about 100 pm) and high
sensitivity (subnanometer) in the vertical direction.

In electrochemical deposition, the concentration of
cations (metal ions) in the boundary layer near the cathode
is reduced with respect to the bulk concentration.
Distribution of cations inside the boundary layer is de-
termined by diffusion. Electromigration can beneglectedin
conductive solutions with supporting electrolyte. Air
bubbling enhances convection and makes the boundary
layer thinner. With increasing current density, the
concentration of cations eventually becomes zero
everywhere at the surface, and the current is limited by
diffusion of cations. Thus, at higher current densities near
the limiting current, the growth isgoverned by adiffusion-
limited non-local mechanism, which produces rough
morphology such as dense-branching and dendritic patterns
(Halsey, 1987; Barkey et al., 1989).

At lower current densities where we performed ex-
periments, asin the so called Tafel regime (Halsey, 1987),
the growth instability isweak on length scal es shorter than
A-D, where D is the thickness of the boundary layer,
A=CD/(C,-C), and C  and C_ are the respective
concentrations of the cations outside the boundary layer
and at the surface. C/A_ gives the gradient of ion
concentrationinthe boundary layer. Thegrowthrateinthe
steady state is given by (Halsey, 1987)
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whereh(r ,t) isthe height of theinterface measured from the
moving plane averaged over the whole area, which moves
at a constant growth velocity v under the constant current
condition. <h(r,t)>, meansthe average over thelocal area
onacharacteristic length scale S, whichisof theorder of D.
Because of this averaging effect, the growth governed by
Equation (1) exhibits non-local features, and the growth at
higher (lower) positions is enhanced (suppressed).

Dynamic Scaling of Growing Films

Surfaceroughnessof growing filmson flat substrates
has been shown to exhibit scaling behavior over large
variations of length scales, and considerable interest has
been directed to the physics of dynamic scaling (Krug and
Spohn, 1990; Family and Vicsek, 1991). Theory (Kardar et
al., 1986; Family and Vicsek, 1991) predictsthat theinterface
width W(L t), defined asthe mean surface height fluctuation
on length scale L and at growth-timet, scales as
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The scaling behavior is equivalent to scale invariance of
the surface height, h(r ,t): the statistical properties of h(r,t)
areidentical to those of bh(br,b’), wherebisan arbitrary
rescaling factor (Krug and Spohn, 1990).

In many growth processes, growth is determined
solely by local conditions at the growing site such as
sticking rates, surface rel axation rates and stochastic noise.
Inthemodel proposed by Kardar et al. (1986), theinterface
growth is described as
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Thefirst term on theright-hand side describes rel axation of
the interface by the surface tensiony. The second term is
included to describe the growth normal to thelocal surface
with a constant growth velocity v.

To simulate electrochemical deposition, westart from
the KPZ equation and add a non-local growth term
corresponding to Equation (1), i.e.,
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A similar growth system was previously investigated by
Hondaand Toyoshima(1992) in 1+1 dimension.

Anisotropic crystal growth would affect surface
morphology and the apparent scaling behavior (Barkey et
al., 1989). Because faceting isnot observed in the present
case of Cu deposit (see Fig. 1), we neglect the effect of
anisotropic crystal growth on the scaling behavior of kinetic
roughening.

Experimental and Simulation

We investigated the dynamic scaling behavior of
copper growthin CuSO, solution at slow ratesunder stable
growth conditionssimilar to those of standard el ectroplating.
Copper was electrodeposited on copper plates in an acid
copper sulfate solution under the same condition asthat in
our previousreport (Iwamoto et al., 1994). Some specimens
were grown in solutions containing 0.5-10 ml/l of organic
additive “Copper Gleam PCM”, a sulfonium-alkane-
sulfonate-type additive (LeaRonal, NY), asthe brightener.
The standard concentration recommended for practical use
is5-10ml/l.

AFM was employed to measure the roughness of
the copper surface. The AFM measurements were carried
out inair with constant-force of 5.0x 10° N. We performed
measurementsover avariety of areas, i.e.,, 5x 5, 20x 20, and
50 x 50 um?. In each measurement, the height data were
acquired at aresolution of 256 x 256 or 512 x 512 pixels. The
interface width W(L ,t) was calculated from the numerical
data obtained by AFM measurements (Yoshinobu et al.,
1994).

Deposits were also grown by computer simulation
using the numerical methodin 2 + 1 dimension. The equat-
ion of theform of Equation (7) was solved numerically for
256 x 256 | attice points using the difference equation (Amar
and Family, 1990). TheKPZ termsarerewritten asfollows:
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(where ¢ is the nonlinearity parameter and &(i,j;1)
corresponds to independent Gaussian noise generated
using the Box-Muller transformation. The additional term
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isrewritten as
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where A is a constant (Bales et al., 1989; Iwasaki et al.,
1995; Yoshinobu et al., 1995). We choose the same values
of At =0.00025 and € = 25 asAmar and Family (1990). The
parameter A was varied from 0 to 1.0. In the course of
simulation, the interface width W(L,t) was calculated for
the simulated surface.

Resultsand Discussion

Figures 1aand 1b show the AFM images of copper
electrodeposits grown for one hour in solutions without
and with 10 ml/I of the organic additive, respectively. The
areasare 50 x 50 um? for bothimages. Itisclearly observed
that the surface roughnessisdrastically reduced by addition
of the organic additivein the plating solution. It should be
noted that the vertical scalein Figure 1b is exaggerated by
afactor of ~25 compared to that in Figure 1a.

Figure 2 shows the dependence of the interface
widthW(L ,t) onthelength scaleL for copper electrodeposits
grown for one hour at 24 mA/cm? with various
concentrations of the organic additive. AsshowninFigure
2, the copper electrodeposits exhibit two different scaling
behaviorsfor higher and lower concentrations of the organic
additive separated at 1 ml/l. The former has the smaller
value of roughness exponent a, 0.63 + 0.05, and the | atter
has the larger value, 0.87 £ 0.05. We call the two growth
modeswith higher and lower additive concentration asthe
smoother and the rougher modes, respectively, since the
amplitude of roughness in the former mode is lower than
that in the latter mode throughout the lengths scales
investigated. It should be noted that the scaling behavior
inside each mode is universal against variation of additive
concentration.

Figure 3 summarizes the values of the roughness
exponent o obtained for various current densities and the
concentration of the organic additive in the plating solu-
tion. Asshown in Figure 3, the two growth modes can be
observed also at higher and lower current densities. At
high current density of 48 mA/cm?, however, the boundary
between the two growth modes shiftstoward high additive
concentration, i.e., more of the organic additive is needed
for the transition from the rougher mode to the smoother
mode. At higher current density, a new growth mode is
found for low concentration of organic additive, i.e., the
surface morphol ogy becomes unstable and bulk-fractal-like
microstructures are formed. By increasing the amount of
the organic additive, however, the morphology becomes
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Figurel. AFM images of the copper el ectrodepositsgrown
for 1 hour at 24 mA/cm? (a) without and (b) with 10 ml/I
organic additives. Thevertical scaleis(a) 4000 nm and (b)
160 nm. Bar =pm.

stable and the two growth modes described above are
observed again.

Figure 4 shows surface roughness generated by
computer simulation after 204800 stepsfor the parameter A
of 0,0.1,0.5, and 1.0, respectively. Figure4dacorrespondsto
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Figure2. InterfacewidthW inareaL x L for samplesgrown
for one hour at 24 mA/cm? with various concentrations of
the organic additive. Solid lineswith gradients 0.63 and 0.87
are drawn as guides to the eye.

10F A& a A A

% I

% i
g 5F A A A A

“ﬂ =
= L o
¢ FooA A & A 4
E F Q o o o »
S ST DR %
0 12 24 36 48

Current Density [mA/em?]

Figure 3: Growth mode phase diagram obtained from
scaling analysis for various current densities and the
concentrations of the organic additive: O and A represent
the rougher growth mode (a = 0.87) and the smoother
growth mode (o = 0.63), respectively. X represents the
bulk fractal growth mode.

the KPZ case. By increasing the contribution of the non-
local effect, rounded protrusions become more obvious on
the generated surface. In the case of A = 1.0, a surface
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similar to the onein the rougher growth mode (see Fig. 1a)
is obtained.

Figure 5 showsthetime-dependence (wherethetime
isgiven by the number of integration steps) of theinterface
widthW(L) for A=1.0. Intheearly period, the effect of the
non-local growthislittle, and the W vsL plotisamost the
same as that of the KPZ case, for which the value of a is
known to be 0.4 (Krug and Spohn, 1990). As the growth
advances, the value of a becomes larger and reaches the
saturated value of 0.9. This behavior is observed for any
value of A except for 0. Thevalue of aincreases faster for
larger value of A.

Figure 6 showstheinterfacewidth W(L) of simulated
surfaces for various values of A after 204800 integration
steps. For A = 1.0, the roughness exponent ais 0.9, which
approximately reproducesthe rougher growth mode. For A
= 0.1, the non-local effect is not strong at this stage of
roughening and the roughness exponent aremainsthe same
asthat of the KPZ growth. For extended simulation steps,
however, the roughness exponent a increases and
eventually reaches the value of 0.9.

Though the smoother growth mode is closer to the
KPZ growth, itsroughness exponent 0.63 isstill larger than
that for the KPZ model, 0.4in2+ 1 dimension. Theorganic
additive is considered to suppress the enhanced growth at
protrusions, and/or to enhance relaxation of the surface,
though the mi croscopic mechanism of the effect of additive
isnot known. Figure 3 suggeststhat the effect of the organic
additive is competitive with the current density, and thus,
with the growth rate. More study is necessary, however, to
explain the transition of the growth mode in a quantitative
manner.

Conclusion

We investigated the scaling behavior of surface
roughness in copper electrochemical deposition under
stable growth conditionsby AFM and numerical simulation.
A transition in the growth mode was observed, which
depended on the concentrations of the organic additivein
the plating solution. Two growth modes, characterized by
roughness exponents 0.63 and 0.87, were found for high
and low concentrations, respectively. The boundary
between the two growth modeswas afunction of the current
density, and shifted toward higher concentrations as the
current density, and thus, the growth rate was increased.
At higher current density, the bulk-fractal growth modewas
found at lower concentrations of the organic additive. The
rougher surface was reproduced by numerical solution of a
KPZ-like equation with an additional growth term
proportional to the height. Enhanced vertical growth of
protrusions and successive lateral growth led to the
characteristic humps of the rougher surface.
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Figure4. Simulated surfaces after 204800 stepsfor variousvaluesof A: (a) A=0, (b) A=0.1, (c)A=0.5and (d)A=1.0.
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Figure5. Time dependence of the interface width W(L)
forA=1.0: @ =100, O=200, =400, (1=800, A =1600, A
=3200, ¥ =6400, [1=12800, ¢ =25600 simulation steps. In
the early stage of growth, the roughness exponent a isthe
same as that of the KPZ growth, i.e., 0.4. For extended
simulation, a becomeslarger and finally reachesthevalue
of 0.9.
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Figure6. Interfacewidth W(L) for the simulated surfaces
in Figure 4. Solid lines with gradients 0.40 and 0.90 are
drawn as guides to the eye.

14

dynamicsof chemical capor deposition. Phys. Rev. Lett. 62:
T76-779.

Barkey DP, Muller RH, Tobias CW (1989) Rough-
nessdevelopment in metal el ectrodeposition. J. Electrochem.
Soc. 136: 2199-2207.

Family F, Vicsek T (eds.). (1991) Dynamicsof Fractel
Surfaces. World Scientific, Singapore.

Halsey TC (1987) Stability of a flat interface in
€lectrodeposition without mixing. Phys. Rev. A36: 3512-3514.

Honda K, Toyoshima H (1992) Morphological
change of self-affine surfaces to paraboloids with cusps
during growing processes. Phys. Rev. A46: 4582-4585.

Iwamoto A, Yoshinobu T, Iwasaki H (1994) Stable
growth and kinetic roughening in electrochemica depo-
sition. Phys. Rev. Lett. 72: 4025-4028.

Iwasaki H, Yoshinobu T (1993) Self-affine growth of
copper electrodeposits. Phys. Rev. B48: 8282-8285.

Iwasaki H, lwamotoA, Sudoh K, Yoshinobu T (1995)
Dynamic scaling in electrochemical deposition. Mat. Res.
Soc. Symp. Proc. 367: 159-168.

Iwasaki H, Yoshinobu T (1995) Thermal and kinetic
surface roughening studied by scanning tunneling micro-
scopy and atomic force microscopy. Phase Transitions 53:
235-248,

KahandaGLMKS, Zou X Q, Farrdl R, Wong PZ (1992)
Columnar growth and kinetic roughening in electrochemical
deposition. Phys. Rev. Lett. 68: 3741-3744.

Kardar M, Parisi G Zhang Y C (1986) Dynamic sca-
ling of growing interfaces. Phys. Rev. Lett. 56: 889-892.

Krug J, Spohn H (1990) Solidsfar from equilibrium:
Growth, Morphology, and Defects. Godreche C (ed.).
Cambridge University Press, Cambridge, England.

Pastor MM, Rubio MA (1996) Rough growth and mor-
phological instability of compact el ectrodeposits. Phys. Rev.
Lett. 76: 1848-1851.

Pritzker MD, Fahidy TZ (1992) Morphological sta-
bility of a planar metal electrode during potentiostatic
electrodeposition and electrodissolution. Electrochimica
Acta 37:103-112.

Vazquez L, SalvarezzaRC, Ocon P, Herrasti P, Vara
IM, ArviaAJ(1994) Self-affinefractal electrodeposited gold
surfaces: Characterization by scanning tunneling
microscopy. Phys. Rev. E49: 1507-1511.

Yoshinobu T, lIwamoto A, Iwasaki H (1994) Meso-
scopic roughness characterization of grown surfaces by
atomic force microscopy. Jpn. J. Appl. Phys. 33: L67-L69.

Yoshinobu T, Iwamoto A, Sudoh K, Iwasaki H (1995)
Scaling analysis of a and poly-Si surface roughness by
atomic force microscopy. Mat. Res. Soc. Symp. Proc. 367:
329-334.



Transition of Growth Maodein Electrochemical Deposition of Copper

Discussion with Reviewers

J. Krim: Whilethere appearsto be an abrupt transition in
the experimental data, the theoretical model appears to
exhibit a very gradual, continuous transition. Could you
please comment on this?

Authors. The simulation model discussed above only ex-
plainsthe large value of the roughness exponent under the
existence of non-local effects. The origin of the abrupt
transition in experimentsis still under investigation.

Reviewer I1: It might be of interest to study the dimen-
sionality-dependence of a in the stable growth mode. In
particular, what isthe value of a in onedimension? Such an
experiment might be possible if one starts out with a
one-dimensional nanowire of Cu rather than acopper plate.
Authors: There are a few reports on quasi-(1 +
1)-dimensional electrochemical deposition (Kahandaet al.,
1992; Pastor and Rubio, 1996). Asfor theinterpretation of
results, however, there seems to be a difference; Kahanda
etal. (1992) compared their experimental valueof awiththe
theoretical vauein (1 + 1)-dimension, while Pastor and Rubio
compared their experimental value with those in (2 +
1)-dimension. Torealizeone-dimensiona growth, onewould
need a very thin wire in a very thin cell as mentioned by
Reviewer 1.
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