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Anomalous scaling of nickel surfaces in pulse-current electrodeposition growth
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We have made investigations into scaling properties of nickel surfaces grown by pulse-current electrodepo-
sition using atomic force microscopy. The surface growth exhibits an anomalous dynamic scaling behavior
characterized by a local roughness exponentz loc , global scaling exponentz, and dynamic exponentz for an
intermediate time regimel z!t!Lz wherel andL denote a window length and system size. The local interface
width of the nickel surfaces leads toz loc51.0, global scaling exponentz52.8 and dynamic exponentz54.1.
All the experimental data collapse on a plot of the anomalous scaling function proposed by Lo´pezet al. @Phys.
Rev. E56, 3993~1997!#.
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Kinetic surface roughening, far from equilibrium has be
a study of great interest for the past decade.1–3 Stochastic
differential equations for growth have achieved explosive
velopments after Kadaret al.4 proposed their nonlinear equa
tion. Surface roughening in growth has been shown to
hibit scaling properties characterized by some sca
exponents that enable us to understand similar behavior
dependent of specified systems.5–11 The surface heigh
h(r ,t) is statistically invariant under a self-affine transform
tion h(r ,t)→l2ah(ar ,t) wherel is an arbitrary constan
anda is the roughness exponent that characterizes the ro
ness of saturated surfaces. The interface width that is the
mean square of the fluctuations of the surface height is
fined byW(L,t)5^@h(r ,t)2h̄#2&1/2 where^•••& indicates an
average over a system sizeL and h̄ indicates an average o
h(r ,t). The interface width obeys the Family-Vicse
function1

W~L,t !5ta/zf ~L/t1/z! ~1!

which behaves as

f ~u!;H ua if u!1,

const if u@1,
~2!

wherez is the dynamic exponent. The growth exponentb is
given by b5a/z, which represents the time-dependent d
namics of the surface roughness. These exponentsa, b, and
z determine the universality class which a system belongs
Equation~1! indicates the presence of a saturation timets .
The horizontal correlation lengthj(t) is related to the satu
ration time ts as j(t);ts

1/z . A great number of experiment
on thin films grown by molecular beam epitaxy~MBE!,5,6

sputtering,7,8 and electrodeposition10,11 support the scaling
behaviors described by the Family-Vicsek function.

However, recently it has been found that surface rough
ing in some theoretical models,12–15 experiments of fracture
surfaces,16,17 and thin film surfaces in growth18–20 deviate
from the Family-Vicsek function. In Ref. 13, it is pointe
out that anomalous scaling behaviors, for example,
growth exponentb.1/2 may take place in electrochemic
deposition. The value ofb expected in the case of norm
scaling is 0.5 and under. In fact, some experiments
0163-1829/2002/66~7!/073416~4!/$20.00 66 0734
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electrodeposition21,22 support the prediction. An anomalou
scaling function related to a local interface width is propos
to describe the anomalous scaling behavior.12 The local in-
terface widthw( l ,t) is defined by

w~ l ,t !;H tb
* l z loc if l z!t!Lz,

tz/z if t! l z,
~3!

where b* 5(z2z loc)/z is an anomalous growth expone
and l is a window size. The local interface widthw( l ,t) is
calculated over a window size ofl less than the system siz
L. Equation~3! indicates the presence of a crossover time
the time regimel z!t!Lz and the same form as the Family
Vicsek function for the time regimet! l z. Hence the anoma
lous scaling system described by Eq.~3! has two roughness
exponents: the local roughnessz loc independent of experi-
mental conditions and global roughness exponentz depen-
dent on experimental conditions. For example, in Ref. 20
was shown that in direct-current electrodeposition of copp
two exponents have constant values independent of exp
mental conditionsz loc50.77 andz52.0, and that the globa
roughness exponentz has a value ranging from 0.75 to 1.5
~these values are estimated from their experimental resu!.
In other experiments that have reported the anomalous s
ing behaviors,16,17,23it is recognized that the local roughne
exponentz loc is insensitive to experimental conditions an
the global roughness exponentz has a value dependent o
experimental conditions.

Thin films electrodeposited on smooth substrates ge
ally comprise a set of continuous mounds. The correla
length j(t) is considered to be approximately equal to t
mean diameter of the mound.19 Pulse-current electrodepos
tion makes it possible that much smaller mounds grow
substrates in comparison with direct-curre
electrodeposition.24 This is due to an enhancement of nucl
ation by the high pulse-current density that allows growth
sites where mounds are inhibited for direct-current el
trodeposition. Hence, in pulse-current electrodeposition
cross-over time is expected to appear in the experime
time regime because of the saturation timets;jz. In this
study, nickel thin films by the pulse-current technique we
grown on ITO~indium tin oxide coated! glasses for 50–2600
©2002 The American Physical Society16-1
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sec. Atomic force microscopy~AFM! was employed to char
acterize the surface morphology of the nickel deposits.

The purpose of this paper is to present the scaling beh
ior of surface roughening in pulse-current nickel ele
trodeposition that obeys the anomalous scaling function
to discuss the values of the local and global roughness e
nents in electrodeposition. The experimental procedure
pulse-current electrodeposition was as follows. ITO gl
substrates~sheet resistivity 6V/h) with a r.m.s. roughness
of 1.2 nm cleaned by a wet process were prepared for b
cathode and anode electrodes. The r.m.s. roughness o
ITO glass is too small to affect the roughness of nickel s
faces grown in this experiment. The two ITO glass substra
were located parallel in a still bath containing (g/ l ): nickel
sulfamate, 600; nickel chloride, 5; and boric acid, 40. T
bath was maintained at pH 4 and the temperature of 323 K
square wave current pulse was applied between the two
electrodes. The current on-time and off-time were 2 an
msec, and the peak current density was 10 mA/cm2, which
were chosen based on the response rate of the system
current off-time denotes the time interval at which no curr
supplies between the two ITO glasses. The average cu
density in pulse-current electrodeposition was 2 mA/cm2.
Nickel ions were electrodeposited on the ITO glass of
31 cm2. The system sizeL in this experiment is 1 cm. The
nickel thin films on the ITO glasses were grown for t
growth time ranging from 50 to 2600 sec. The nickel dep
its were scanned in air with AFM that has a resolution
5123512 pixels. The Si3N4 cantilever used in this study ha
a tip radius less than 15 nm, which gives a high resolut
enough to observe nickel mounds formed on the ITO glas
The AFM images with different scan regions of 2503250,
5003500, 7503750 and 100031000 nm2 were used for
the calculations of the scaling exponents.

Figure 1 shows typical AFM images of nickel electrod
posits that comprise a set of continuous mounds. It can
seen that some mounds in Fig. 1~b! have cusps like pyra

FIG. 1. AFM images of 100031000 nm2 nickel surfaces at two
different growth time: ~a! t5400 sec and maximumh(r ,t)
5106 nm and~b! t52600 sec and maximumh(r ,t)5182 nm.
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mids. The film thickness of the electrodeposit at 100 s
was about 35 nm and the interface width wasw53.7 nm.
The electrodeposit at 2600 sec reached a film thicknes
910 nm withw534 nm. In comparison with the typical ex
perimental result ofw50.88 nm ath537 nm in MBE,18

the surface of the electrodeposit is very rough, which allo
us to determine the roughness exponent. The local rough
exponent z loc is determined by two methods: the Hur
rescaled range (R/S) analysis25 and the Fourier transforma
tion method.26

The formula for the calculation of the exponentz loc in the
R/S analysis is as follows: An arbitrary radius on the AF
images is represented byr k :

R~k,t !/S~k,t !;r k
2z loc , ~4!

where

R~k,t !5 max
0< i<k

@X~ i ,t !#2 min
0< i<k

@X~ i ,t !#, ~5a!

S~k,t !5Fk21(
i 51

k

@h~r i ,t !2^h~r ,t !& i #
2G1/2

, ~5b!

X~k,t !5(
i 51

k

@h~r i ,t !2^h~r ,t !&k#. ~5c!

The value of̂ h(r ,t)&k denotes an average over the range
r k beginning atr 1. The indexk indicates a number that rep
resentsr 1,r 2,•••,r k . First, we calculateX(k,t) within a
radius r k on the AFM image. Next, we find the maximum
and minimum change ofX(k,t) and normalizeR(k,t) by the
standard deviationS(k,t). Figure 2 shows a log-log plot o
R(k,t)/S(k,t) vs r k for the AFM image of 1000
31000 nm2 electrodeposited for 1600 sec. The slope of t
best straight-fitted line to the data in Fig. 2 gives the lo
roughness exponentz loc50.97. The averagez loc for the
nickel films grown for 50–2600 sec becomes 1.0060.05.

On the other hand, the Fourier transformation method26 is
to determine the local roughness exponentz loc from the
power spectrum. The power spectrum ofH( f ,t) that is the
Fourier transform ofh(r ,t) is given by

FIG. 2. Log-log plot ofR(k,t)/S(k,t) vs r k calculated from
the AFM images of 100031000 nm2 electrodeposited for 1600
sec. The straight solid line that is best fitted to the data ha
slope of 0.97.
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H~ f ,t !; f 2g, ~6!

wheref is the frequency andg is a constant value. The loca
roughness exponent is expressed by the slopeg,

z loc5~g22!/2. ~7!

Figure 3 shows a typical log-log plot ofuH( f ,t)u2 vs the
frequencyf calculated from the same image used in Fig.
The slope ofg best fitted to the data yields 3.98. The avera
value of z loc for the AFM images of the nickel surface
grown by pulse-current electrodeposition becomes 1
60.06, which is independent of the window lengthl. It is
concluded that the local roughnessz loc obtained from the two
methods is 1.0.

In order to prove the existence of an anomalous sca
behavior in this experiment, we need to indicate an ano
lous exponentb* Þ0. As the window lengthl decreases, if
anomalous scaling takes place in pulse-current electrod
sition, the anomalous growth exponentb* is expected to
appear in a plot ofw( l ,t) vs t in a log-log scale. Figure 4~a!
shows the presence of a crossover time for the window
l 5500 nm, which is in agreement with the anomalous sc
ing function of Eq.~3!. In Fig. 4~a!, z/z for the time regime
t! l z andb* for l z!t!Lz, which are best fitted to the data
are estimated at 0.67 and 0.43. In Fig. 4~b!, the slope of 0.67
for t! l z , which is best fitted to the data corresponds toz/z.
Using the values of the slopes, the global roughness ex
nent z and the dynamical exponentz are determined as 2.
and 4.1. The local roughness exponent and dynamical e
nent are very different fromz loc50.78 andz52.0 in the
direct-current electrodeposition of copper20 owing to the dif-
ferent growth mechanism. For example, no cusp structu
are observed in the electrodeposited copper surfaces. B
shown in Fig. 1~b!, the cusp structures of mounds seems
exist in pulse-current nickel electrodeposition. In nickel ele
trodeposition, the presence of preferential growth directi
is generally recognized.22 In Ref. 27, it was reported tha
calculations of the stochastic differential equation that
scribes the growth of pyramidlike mounds~surrounded by
specific crystallographic planes! yield a51.0 andz54. On

FIG. 3. Log-log plot ofuH( f ,t)u2 vs f calculated from the AFM
images of 100031000 nm2 electrodeposited for 1600 sec. Th
straight solid line that is best fitted to the data has a slope of23.98.
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the other hand, in surface dimensiond51, numerical simu-
lations of the linear surface diffusion model described
]h(r ,t)/]t52K¹4h(r ,t)1h(r ,t) whereh(r ,t) denotes the
random fluctuation in deposition andK is constant givez loc
51.0 and z54.12 These studies suggest that the nick
growth in pulse-current electrodeposition should be int
preted in view of surface diffusion and preferential growth
crystallographic planes.

FIG. 5. The data collapse of the anomalous scaling function
window lengthsl 5250, 500, 750, and 1000 nm. The straight lin
are plotted as a guide to the eye. The slopes foru!1 andu@1 are
estimated at22.8 and21.8.

FIG. 4. Local interface widthw( l ,t) vs t in a log-log scale for
two different window lengths. The straight lines are shown to gu
the eye.~a! For the window lengthl of 500 nm, there appears to b
a time crossover. In the time regimet! l z, the slope is 0.67 and in
the time regimel z!t!Lz, the slope is 0.43.~b! For the window
length l of 1000 nm, the slope in the time regimet! l z is 0.67.
6-3
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According to Ref. 12, the anomalous scaling functi
g( l /t1/z)5w( l ,t)/ l z is given from Eq.~3! as

g~u!;H u2(z2z loc) if u!1,

u2z if u@1.
~8!

Figure 5 shows that all the experimental data collapse on
anomalous scaling function represented by Eq.~8!. The
anomalous scaling function well describes the experime
results. The two straight lines for the time regimesl /t1/z!1
and l /t1/z@1 give a slope of21.8 and22.8. These values
are consistent withz52.8 and z loc51.0 obtained from
Eq. ~3!.
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On the basis of anomalous scaling, surface roughenin
pulse-current electrodeposition growth were examined us
AFM. The presence of a crossover time for the experimen
time regime is shown and the anomalous scaling expon
are determined as the local roughness exponentz loc51.0,
global roughness exponent52.8, and dynamical exponentz
54.1. All the data collapse on the anomalous scaling fu
tion, which indicates that the experimental results obey
anomalous scaling function.
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