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We have studied the kinetic surface roughening of nickel films electrodeposited on ITO 
glasses at a low current density using atomic force microscopy, electron and X-ray 
diffraction. The AFM images of the nickel films exhibited the scaling relations 
represented by the growth exponent β=0.78±0.03 and the roughness exponent α=0.96
±0.04 that is in good agreement with the prediction by the diffusion-driven growth 
model. Electron and X-ray diffraction revealed a preferred growth orientation of the 
electrodeposited nickel films, which gives an explanation for the growth exponent β 
greater than 1/2.    
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In order to understand growth processes as a good example of dynamical scale 
invariance [1-3], many theoretical and experimental investigations into the kinetic 
surface roughening in thin films grown by deposition have been made and revealed the 
simple scaling relation that the interface width obeys w(L,t)~ Lαf(t/Lα/β) where L 
indicates a system size at time t, α the roughness exponent and β the growth exponent. 
These exponents α and β determine universality classes characterizing the scaling 
behavior of the growth mechanisms, irrespective of experimental details and imply the 
presence of the self-affine surface morphology.  Positive values of β indicate that 
unstable interface fronts develop with time. For example, for the diffusion-driven 
model of the growing surface, the time evolution of the surface height h(r,t) on basis of 
symmetry principles has the form [4], 
 
∂ h /∂ t=-κ∇4h+λ ∇2(∇h)2+F+η,                                                  (1) 
 
where κ and λ  are constants, F is the average number of particles arriving at r, which 
does not affect the scaling exponents, and η reflects the random fluctuations in the 
deposition process. The exponents α and β are obtained theoretically for two interesting 
cases in growth on two-dimensional substrates: for λ=0 and κ≠0, α=1 and β=1/4; for λ≠0 
and κ≠0, α=2/3 and β=1/5.  

Unfortunately there have been very few reports about the scaling behavior of 
electrodeposited nickel thin films. Electrodeposition of nickel films is of technological 
importance and nickel metals are well known for ones that are easy to form passive 
films [5]. Electrodeposits at a low current density generally yield self-affine deposits 
[6,7], which are dominated by local-effects not but by non-local effect such as diffusion 
and electromigration of ions in electrolytes. In this study, nickel films were 
electrodeposited on ITO glasses for 80-800sec at a very low current density in a still 
nickel sulfamate bath. Atomic force microscopy (AFM), electron and X-ray diffraction 
were employed to characterize the surface morphology and crystallographic 
orientations of the electrodeposited nickel films. The purpose of this study is to 
evaluate the scaling exponents of the nickel surface electrodeposited at a low constant 
current density and to discuss about the growth exponent β larger than 1/2 in light of 
the preferred growth orientation. 

The substrates prepared were ITO glasses (sheet resistivity 6Ω �/ ) with the rms 
roughness of 1.2nm cleaned by a wet process. The ITO glass plate for cathode 
electrodes and the nickel films for anode electrodes were located parallel in a still bath 
containing (g/l): nickel sulfamate, 600; nickel chloride, 5; and boric acid, 40. The bath 
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was maintained at pH 4, the temperature of 323 K and a very low fixed current density 
of 2mA/cm2 that was chosen in order that nickel electrodeposition could be dominated 
only by local effects. In fact, the cathode potential measured at the current density by a 
Luggin capillary as a reference electrode was 0.41V(SCE) in the linear region of the 
Butler-Volmer equation [8]. The samples were scanned in air with AFM with a 
resolution of 512x512 pixels. The AFM images with different scan regions of 500x500, 
1000x1000 and 2000x2000nm2 were used for the calculation of the scaling exponents. 

In order to determine the exponents α and β from the AFM images, we calculate 
the interface width w(L,t) defined by the rms fluctuation in the surface height and the 
height-difference correlation function G(r,t), which have the forms [1,9], 
 
w(L,t)=<[h(r,t)-< h> ]2>1/2  ∝ tβ,                                                 (2) 
 
G(r,t)=<[h(r+r1,t)-h(r1,t)]2>r1 ∝ ρ(t)r2α, for r<<ξ,                                   (3) 
 
ξ∝ t1/z,                                                                        (4) 
 
where <...> is the spatial average over the measured area, ξ the correlation length, 
ρ(t) the average local slope of mounds[10-12] given by <(∇h)2 >1/2 and the dynamic 
exponent z=α/β.   

Fig.1 shows the AFM images of the nickel surface with a region of 2000x2000nm 
electrodeposited at a low current density of 2mA/cm2 for 200, 500 and 800sec. The 
vertical scale of each image with a resolution of 512x512 pixels was magnified by a 
factor of 3.6 in order to enhance viewing. Nickel morphology appears to be continuous 
mounds that become larger as the process proceeds.  

Fig.2 shows a log-log plot of G(r,t) vs the lateral distance r for the electrodeposited 
nickel films.  It can been seen that G(r,t) increases linearly with r and reaches a 
saturated value. The plateau point in Fig.2 corresponds to the correlation length ξ, 
which is equal to an average mound size formed on the surface. These curves at small 
length scales do not collapse onto a single curve, i.e., indicate an anomalous behavior 
predicted by Eq.(3). This arises from the time-dependence of the average local slope of 
the mounds ρ(t) in the linear diffusion model . The similar anomalous behavior has 
been already reported by Yang et al.[11] and Jeffries at al.[12]. We obtain an average 
value of the roughness exponent α=0.96±0.04 independent of the electrodeposition 
time and almost consistent with that predicted by the diffusion-driven model for λ=0 
and κ≠0.  
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Fig.3 shows w(t) vs the growth time t in a log-log scale, which gives the growth 
exponent β=0.78±0.03, far from the prediction by the diffusion-driven model. In 
general the theoretical value of β is 1/2 and under [1,2]. The experimental value of β 
>1/2 [7,13,14] has been tentatively explained by the Schwoebel effect [15,16] and 
shadowing [1]. In order to explain the experimental value of β larger than 1/2 in this 
study, we made attempts to determine crystallographic orientations of the mounds 
grown on the ITO glass by using electron and X-ray diffraction. Specimens for TEM 
examination were prepared by dipping up the electrodeposited nickel film on the 
copper mesh in HF solution. Fig.4 (a) shows a typical electron diffraction pattern of the 
nickel film at electrodeposition time 440sec, which indicates that the continuous (111) 
ring has a stronger intensity than the spotty (200) ring.  Fig4.(b) shows a typical X-ray 
diffraction pattern of the nickel film grown for 1500sec, which the type {111} planes 
also has a much stronger intensity than the type {200} planes. It can be seen from 
these results that the mounds grown on the ITO glass have the preferred 
crystallographic growth orientation [111]. Moreover, Fig.5 shows the AFM image of the 
mounds with a size of 500x500nm2 that comprise preferred crystallographic planes. 
Hence the atom diffusivity in the direction normal to the substrate will become 
different from that parallel to the substrate. In the similar way to the Schwoebel effect, 
this brings about a larger β in our system. 

We evaluate the dynamic exponent z not by the values of α and β obtained from 
Figs.2 and 3 but by the slope of the correlation length ξ vs time t in a log-log scale. The 
correlation length ξ was determined from the plateau points as shown in Fig.2. The 
slope 1/z in Eq.(4) becomes 0.80±0.08, which is in good agreement with β/α obtained 
from Fig.2 and Fig.3. The dynamic exponent z in this study is 1.25 by far less than 4 
predicted by the linear diffusion-driven model.  

Next we calculate the average slope of the mounds and its time-dependence from 
the AFM images. The average slope is given by (C(0))1/2/rc[17,18], here C(r) is the 
height-height correlation function defined by C(r)=<h’(r,t)h(0,t)> where 
h’(r,t)=h(r,t)-<h> ,and rc is the average mound radius determined by the position of the 
first zero of C(r). We have the average slope 0.43±0.07 approximately independent of 
the electrodeposition time. This may be related to the preferred crystallographic 
growth orientation [111]. Johnson et al. [19] showed that singular surfaces are unstable 
and develop large scale mounds with their constant slopes. Anyway we need a theory 
that makes it possible to give the growth exponent β larger than 1/2 beyond the surface 
diffusion-driven growth model. 
   In summary, the scaling exponents for the electrodeposited nickel films on the ITO 

 4



glasses were determined by the surface measurements of AFM and compared with the 
theoretical values of the surface diffusion-driven growth model. The roughness 
exponent α=0.96±0.04  is in good agreement with the value of the model for λ=0 and 
κ≠0. The growth exponent β=0.78±0.03, much larger than the prediction by the surface 
diffusion-driven growth model is explained by the preferred growth orientation of the 
mounds grown.  

The first author would like to appreciate Professor H. Kaneshiro and Dr. M. 
Kimura in the University of the Ryukyus for his help and support in use for TEM and 
AFM.  
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Figure captions 
 
Fig.1 AFM images of the nickel films grown at a low current density of 2mA/cm2 for (a) 
200, (b) 500 and (c) 800sec. Each image size is 2000x2000nm2 and the vertical scale of 
each image with a resolution of 512x512 pixels was magnified by a factor of 3.6 in order 
to enhance viewing. 
 
Fig.2 Log-log plot of the height-difference correlation functions G(r,t) vs r, calculated 
from the AFM images of the electrodeposited nickel films. 
 
Fig.3 The scaling of the rms roughness w(t) with time, calculated from the AFM images 
of the electrodeposited nickel films at 323K. The slope of the best fitting line is β=0.78
±0.03.  
 
Fig.4  Electron and X-ray diffraction patterns of the electrodeposited nickel films. (a) 
the incident electron beam operated at an accelerating voltage of 160kV was 
perpendicular to the surface of the nickel film grown for 440sec. (b) the X-ray CuKα was 
scattered by the nickel films grown for 1500 sec using a standard θ-2θ diffractometer. 
 
Fig.5 The AFM image of the nickel mounds on the ITO glass that have preferred 
crystallographic planes. The image size is 500x500nm2. 
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Fig.1 AFM images of the nickel films grown at a low current density of 2mA/cm2 for (a) 
200, (b) 500 and (c) 800sec. Each image size is 2000x2000nm2 and the vertical scale of 
each image with a resolution of 512x512 pixels was magnified by a factor of 3.6 in order 
to enhance viewing. 
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Fig.2 Log-log plot of the height-difference correlation functions G(r,t) vs r, calculated 
from the AFM images of the electrodeposited nickel films. 
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Fig.3 The scaling of the rms roughness w(t) with time, calculated from the AFM images 
of the electrodeposited nickel films at 323K. The slope of the best fitting line is β=0.78
±0.03.  
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Fig.4  Electron and X-ray diffraction patterns of the electrodeposited nickel films. (a) 
the incident electron beam operated at an accelerating voltage of 160kV was 
perpendicular to the surface of the nickel film grown for 440sec. (b) the X-ray CuKα was 
scattered by the nickel films grown for 1500 sec using a standard θ-2θ diffractometer. 
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Fig.5 The AFM image of the nickel mounds on the ITO glass that have preferred 
crystallographic planes. The image size is 500x500nm2. 
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