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Abstract 

 
In this paper we present the results for the scaling analysis of the kinetic 

roughening of electrodeposited 2.4 T CoFe thin films from the solution containing 
commonly used additives, Saccharin and Sodium Lauryl Sulfate (SLS). The 
deposit morphology is examined in two qualitatively different geometries of the 
electrode surface (sampling areas): the first one where the current crowding effect 
was expected to have strong influence on evolution of surface morphology and 
the second one where it can be neglected. The current crowding effect is 
quantified through the difference in the measured scaling exponents for two 
deposition methods: direct current and pulse current deposition. Both deposition 
methods yield the surface morphology evolution following the anomalous scaling 
law. The values of the Hurst exponent were found to be similar for both 
deposition methods for sampling area with no current crowding and in agreement 
with the experimental data reported for Cu deposition in the presence of additives. 
The results show that the pulse current method has clear advantage over the direct 
current method in terms of limiting surface roughness thus conserving the stable 
growth expressed through the values of βloc + β   < 1 for each sampling area 
geometry. The current crowding effect was quantified through the overall increase 
in Hurst and local growth exponents for both deposition methods. This 
observation was found to be consistent with the reported data for the scaling 
analysis of Cu deposition investigating j/jl ratio on the values of βloc. The variation 
of the additive coverage as a function of the local surface potential altered by 
current crowding effect is suggested as a possible explanation for the higher and 
lower values of the growth exponent β in the case of pulse current and direct 
current deposition method respectively. 
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Introduction 
 

The surface roughness of the electrodeposited magnetic thin films becomes a 
more and more important parameter for magnetic recoding heads applications as the 
increasing recording density dictates miniaturization of the head core dimensions 
approaching a sub-micron level. As the volume to free surface ratio of high magnetic 
moment structures decreases, the surface roughness and its effect on coercivity of the 
magnetic thin films1 and nanostructures becomes the parameter necessary to be 
accurately evaluated. The electrodeposition of thin films in general occurs at the 
potentials far from equilibrium resulting in kinetic roughening of the surface. Information 
regarding this phenomenon is usually obtained by following the evolution of the surface 
morphology over the time and space ordinate. The surface is treated as self-affined fractal 
geometry where the surface width (w), describing the average surface corrugation in 
statistical sense, is measured on different length scale (l) and time (t) as two independent 
fractal dimensions. The surface width is defined as root-mean–square of fluctuations of 
surface height, h(r,t), with respect to some reference plane where the term within the ‘< 
>’ brackets indicates an average over the system of size l and )t,r(h  indicates an average 
of h(r,t) measured over the N different points, (equation 1);   
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Although the kinetic roughening during the electrodeposition is a complex 

phenomenon involving many different processes, most of the electrodeposition systems 
are well described by normal scaling2 law, (equation 2). However, recently it has been 
shown that for some systems3, the anomalous scaling law has to be used in order to 
properly describe the kinetic roughening of particular films, (equation 3).  
The common formulations of these two scaling laws are presented below; 

 
)l/t(fl)t,l(w /HH β=      (2) 

 
)l/t(ftl)t,l(w /HH loc ββ= .    (3) 

 
Here the scaling function f is such that w(l,t) = lΗ  (normal scaling) or lΗtβloc  (anomalous 
scaling) for ( t/lΗ/β )>>1 and w(l,t) = lβ  (normal scaling) or lβ+βloc  (anomalous scaling) 
for ( t/lΗ/β ) << 1. The Η, β, and βloc are the scaling exponents commonly called Hurst, 
growth and local growth exponent respectively.  

 
Recent development of scanning probe methods like STMi and AFMii as well as 

computational model algorithms and computing power enabled studies of many 
electrodeposition systems of practical importance4,5,6,7 both, experimentally and through 
simulations. These studies were aimed to compare the predictions of the general 
continuum models8,9,10 to the experimentally measured values of the scaling exponents.  
The more physical meaning of the scaling exponents was obtained contributing greatly to 
                                                 
i Scanning Tunneling Microscopy 
ii Atomic Force Microscopy 
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their realistic interpretation3. In addition, the scaling analysis of the kinetic roughening 
during the electrochemical growth has been used to quantify the effect of additives in 
electrodeposition process4 as well as to compare the pulse current deposition vs. the 
direct current deposition process and evaluate their potential advantages. 

 
 In this paper we present the results for the scaling analysis of the kinetic 
roughening of electrodeposited 2.4 T CoFe thin films from the solution containing 
commonly used additives; Saccharin and Sodium Lauryl Sulfate (SLS). The analysis was 
done on the samples, deposited from the same bath chemistry using pulse and direct 
current deposition method (PC and DC). The AFM roughness measurements were 
performed in the areas where no current crowding was present and where current 
crowding is expected to have the strong influence on the appearance of the growth 
instabilities (Figure 1). This effect is quantified through the difference in the measured 
scaling exponents for each method and relative difference in the effectiveness of PC 
deposition and DC deposition is quantified. For both deposition methods, the roughness 
evolution was found to follow the anomalous scaling independent on the current 
crowding effect. The scaling exponents extracted from the measurements are discussed in 
a sense of the effect of current crowding playing a role in each deposition method.  
 
Experimental 
 

All deposition experiments were carried out from the solution containing 
CoSO4*7H2O, FeSO4*7H2O as a source of metal ions, H3BO3 and (NH)4Cl as buffers 
and Saccharin and SLS as additives. The electrodeposition was performed using paddle 
cell configuration11 on lithographically patterned six-inch wafers with feature size 
appropriate for the investigation purpose. The current density used in DC deposition case 
was 3.8 mAcm-2, well below the diffusion-limited current density for this bath and cell 
configuration. In the case of PC deposition (ton/toff  = 20 %, j =18mAcm-2), we calculated 
the pulse function using the method previously described12 which is aimed to prevent 
occurrence of metal depletion in the electrolyte at the electrochemical interface.  There 
are two types of the areas investigated in this study shown in Figure 1. The “wire” area is 
depicted as a strip of material deposited in the elongated part of the photoresist pattern 
with lateral dimension of 5 microns purposely chosen to be less than the thickness of the 
diffusion layer in the cell13. In this area it is expected to see field concentration effect and 
consequent current crowding contributing to the local evolution of the surface 
morphology. The “field” area is attributed to a wide region of the pattern with lateral 
dimensions larger than 100 microns where the current crowding effect is not expected to 
have any contribution. The roughness measurements were done using AFM DimensionTM 
5000 from Digital Instruments. The AFM scans are performed in tapping mode using 160 
µm Si tips with resonant frequency of 300 kHz made by Digital Instruments. The AFM 
images were analyzed using standard Nanoscope (R) III AFM software model v.12r4.  
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Wire Area Field Area

 
Figure 1. Sampling map - two circles indicate the areas of the electrode (dark tone of 
gray) where the AFM scans were taken for the scaling analysis. 
 
Results and Discussion 
 

The Direct Current Deposition Case The scaling analysis of the direct current 
deposition of 2.4T CoFe alloys reveals that regardless of the sampling area geometry, 
“wire” or “field”, the anomalous scaling behavior is observed. The results are presented 
in Figure 2A and Figure 2B and the summary of the experimentally measured scaling 
exponents is presented in Table 1.  
 
 

Table 1. Summary of Scaling Exponents for DC deposition 
 
                   

Exponents 
                       

H β βloc β* = βloc + β 

 
Field area 

 
0.52  ± 0.04 0.64  ± 0.20 0.51  ± 0.20 1.15 ± 0.20 

 
Wire area 

 
0.67  ± 0.04 0.21 ± 0.15 1.04  ± 0.20 1.25 ± 0.10 
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Figure 2  A) Surface width as a function of the length scale for different film thickness 
(time)  for direct current deposition in the “field area”, B) Surface width as a function of 
different length scale and film thickness (time) for direct current deposition in the “wire” 
area. An arrow indicates the critical length scale lc where the transition between two 
scaling regimes is observed. 
 

The results demonstrate that the scaling behavior is not influenced by the system 
geometry i.e. current crowding effect. However, a considerable difference is observed in 
the values of scaling exponents. In the case of the “field” area, Hurst exponent is 
measured to be  ~ 0.5 which is similar to what has been previously reported for Cu 
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electrodeposition with additives present in the solution4. The lower value of the Hurst 
exponent than the ones expected theoretically for the local growth model8 and for the 
ones generally observed in deposition systems without additives3,5,6,7 indicate that some 
moderation in the nucleation and growth mechanism exists due to the presence of 
additives. As already discussed previosly4, the additive effect could be interpreted 
through the enhancement of the surface diffusion since the same value of this exponent is 
expected from the EW9 equation in 1+1 dimensions. The observed values of βloc ~ 0.64 
and βloc + β  ~ 1.15 are to some extent surprisingly high. As one would expect the 
presence of the additives in this bath should result in lower values of growth and local 
growth exponents than observed in similar systems without additives in the solution. 
However, their determined values indicate that this system will grow unstable for 
ultimately long deposition times (βloc + β  ~ 1.15 >1). In practice, this might not happen 
during the time frame of the real experiment, but this is an indication that the leveling 
action of the additives is not completely optimized for DC deposition case. This 
observation could be related to the interfacial balance of the Fe2+ and Fe3+ species and 
possible precipitation of the Fe-oxide influencing the surface morphology above the l > lc 
scale. Although there is not enough evidence, the observed lower Hurst exponent and 
higher growth exponents than expected can indicate a strong influence of the local pH 
increase at the electrochemical interface affecting the evolution of the surface 
morphology. The results for the “wire” area, as expected, indicate a gradual increase of 
the Hurst and global growth exponents (H ~ 0.67, β + βloc ~ 1.25). These higher values 
can be attributed to the geometry of the sampling area and pronounced field 
concentration and consequent current crowding effect. There is a clear correlation 
between the geometrical effect and the increased values of exponents observed. We could 
expect this trend to be more pronounced as the size of the investigated region becomes 
closer to the lc . An interesting point here is that the local growth exponent βloc is higher 
while the growth exponent β is lower than the ones measured on “field” area. The overall 
global growth exponent β + βloc is measured to be larger than for the “field” area and this 
ambiguity we will try to interpret latter on in the text discussing the action of the 
additives dependent on the conditions at the electrochemical interface.  At this moment 
we cannot make connection between the theoretical prediction for secondary current 
distribution14 and ratio of the local current density magnitude in this profile to the 
diffusion limited current density.  However, the observed Laplace effect15 on measured 
βloc in this electrode geometry indicates that this phenomenon can be quantified indirectly 
through the scaling analysis. Similar observation has been reported already for the Cu 
system with no current crowding and no additives present in the solution investigating the 
effect of j/jl on βloc

3.  
 

The Pulse Current Deposition Case The scaling analysis of the pulse current 
deposition of 2.4T CoFe alloys reveals similar results as in the case of the direct current 
deposition. Regardless of the sampling area geometry, “wire” or “field”, the anomalous 
scaling behavior was observed. The results are presented in Figure 3A and Figure 3B and 
the summary of the experimentally measured scaling exponents is presented in Table 2. 
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Table 2. Summary of Scaling Exponents for PC deposition 

 
                   

Exponents 
                       

H β βloc β* = βloc + β 

 
Field area 

 
0.50 ± 0.03 0.23 ± 0.02 0.36  ± 0.02 0.59 ± 0.02 

 
Wire area 

 
0.74  ± 0.03 0.40 ± 0.04 0.42 ± 0.02 0.82 ± 0.04 
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Figure 3 A. Surface width as a function of different length scale and film thickness (time) 
for Pulse Current Deposition in the “field” area. An arrow indicates the critical length 
scale lc where the transition between two scaling regimes is observed. 
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Figure 3 B. Surface width as a function of different length scale and film thickness (time)  
for Pulse Current Deposition in the “wire” area. An arrow indicates the critical length 
scale lc where the transition between two scaling regimes is observed. 
 

Similar to the DC deposition case, for PC deposition we observed no influence of 
the geometry of the sampling area on the scaling behavior. The anomalous scaling was 
confirmed in cases, “wire” and the “field” area with different scaling exponents 
measured. In the case of the “field” area the measured Hurst exponent was ~ 0.50 which 
is also observed in DC deposition case. This value is reported previously only for the DC 
deposition case of Cu in the presence of additives. In the case of PC deposition of Ni16, 
for example, with no additives present, the reported value of Η is somewhat larger than 
what is observed in our study, ~ 0.92. Interesting result in our study is that the both; PC 
and DC deposition are yielding the same value of the Hurst exponent ~ 0.5. Since there is 
not enough relevant data in the literature to compare identical systems, assuming the 
universal meaning of the scaling exponents, a very general conclusion can be derived. 
Regardless of the deposition method, the influence of additives in the solution is 
quantified by measuring lower Hurst exponent (~ 0.5) than what is observed in the 
systems without additives.  

 
 The values of the βloc ~ 0.36 and βloc + β  ~ 0.59 exponents for the PC deposition 
case in the “field” area indicate clearly growth with no instabilities. These exponents are 
significantly lower than the ones measured in DC deposition case for “field” area. The 
apparent advantage of pulse deposition in terms of surface finish quality is now 
qualitatively described thorough this significantly lower values of growth and local 
growth exponents. Similar observation with less dramatic difference has been reported 
previously in the case of Ni deposition with no additives in the bath16.  The influence of 
geometrical effect on the scaling expoents from the measurements in the “wire” area is 
similar to the values observed for DC deposition method. The slightly higher value of 
Hurst exponent measured (~ 0.74) is almost equal  (considering the broadness of the 
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confidence intervals) to what was measured for “wire” area in the case of DC deposition.  
However, the higher value of βloc + β  ~ 0.82 is still below 1 and far less than what we 
determined in the case of DC deposition in the same region. It is likely that the PC 
deposition is not yielding unstable growth regardless of the current crowding effect, at 
least for the critical dimensions of the “ wire” area (5 µm) that were examined in our 
analysis. An important fact is that the measured values of βloc ~ 0.42 and β ~ 0.40 are 
both higher than for the “field” area and this is qualitatively different result from what 
was observed in the case of DC deposition. The possible explanation can be correlated to 
the Saccharin coverage (Figure 4) of the CoFe surface and its dependence on the potential 
of the CoFe surface during DC and PC deposition. In the case of the DC deposition, the 
potential of CoFe surface is ~ -0.92 V vs. SCE and apparent Saccharin coverage is ~ 
75%. In the case of PC deposition the potential of the CoFe surface is ~ -1.1 V vs. SCE 
and the apparent Saccharin coverage is ~ 95%.  
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Figure 4. The apparent Saccharin coverage of the CoFe surface as a function of the 
electrode potential. The coverage data are calculated form the differential capacitance 
measurements, ν =1000 Hz, in the solution containing 0.5 g/l of Saccharin, 25 g/lit of 
H3BO3 and 20 g/lit of NH4Cl. 
 

In the case of the “field” area, there is no local variation of the current density 
throughout the electrode surface. The proximity of the edges does not play a role and no 
current crowding should influence the local current density. This means that the additive 
coverage can be considered as independent on geometry, and representative values can be 
described in Figure 4. However, for the “wire” area, the current crowding contributes to 
the local (spatial) variation (increase) of the surface overpotentaial (Esl ~Eo +η(jl)). 
Assuming the mixed or activation control of deposition in this case, this difference can be 
accounted for ~ several tens of mV. As a consequence of this the variation of the additive 
coverage across the surface of the profile can be accounted for several %. Also, as known 
from the electrodeposition experience, the current crowding effect can result in overall 
higher deposition rate in the constricted regions like “wire”, resulting effectively in more 
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negative average surface potential and consequently an average additive coverage of this 
area to be altered as compared to the “field” area. In the case of DC deposition, these 
effects are reflected on the locally higher additive coverage. The measured value of the β 
lower than what is measured in the case of “field” area is quantification of these effects. 
However, the increased ratio between the local current density in this region to the 
diffusion limiting current density jloc /jl is contributing to the much higher βloc exponent 
measured3. In DC case, this contributes to the global growth exponent βloc + β  to be 
grater than 1 even with apparently lower growth exponent β . The unstable growth is 
predicted. In the case of PC deposition, the same analogy is valid, although the more 
negative local and average surface potential in the “wire” area due to the current 
crowding is contributing to the lower additive coverage, Figure 4. This is reflected to the 
mild increase in the β exponent as compared to the “field” area. Due to increased ratio of 
jloc /jl   the higher value of βloc is observed as well, but the overall growth exponent is not 
predicting the unstable growth evolution (βloc + β  <1).  
 
Conclusion 
 

In this paper we have presented the results from the scaling analysis of the kinetic 
roughening of the 2.4T CoFe films deposited using DC and PC deposition method. The 
surface deposit morphology is examined in two qualitatively different geometries of the 
electrode surface where current crowding effect was pronounced and where it can be 
neglected.  Both deposition methods yield the evolution of the surface morphology 
described by the anomalous scaling law. The results show that the PC method has clear 
advantage over the DC method in terms of the limiting surface roughness conserving the 
stable growth expressed through the values of βloc + β  < 1 for both; “field” and “wire” 
sampling areas. The values of the Hurst exponents were found to be similar for both 
deposition methods and in agreement (no current crowding area) with the experimental 
data reported for Cu deposition in the presence of additives. The current crowding effect 
was quantified through the overall increase in Hurst and local growth exponents for both 
deposition methods and this observation was found consistent with the reported data in 
the case of Cu deposition3 investigating j/jl ratio on the values of βloc. The local variation 
of the additive coverage as a function of the local surface potential altered by current 
crowding effect is suggested as the possible explanation for the increase and decrease of 
the growth exponent β in the case of PC and DC deposition methods respectively.  
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