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The morphological transition of iron thin films generated by a rectangular pulse current technique 

having a frequency ranging from 0.1 to 1 MHz was investigated using scanning electron microscope 

(SEM) and X-ray diffraction (XRD). An increase in the film thickness of the iron thin film grown on 

an ITO glass was found to cause two types of the Stranski-Krastanov (S-K) mode: the forward S-K 

mode that the two-dimensional growth changes into the three dimensional growth first appeared, and 

the reverse S-K mode that the three dimensional growth changes into the two-dimensional growth 

secondly appeared. A critical film thickness at which the S-K mode transition occurs was several 

orders of magnitude larger than that reported in vapor phase epitaxy. In addition, an increase in the 

deposition temperature also caused the reverse S-K mode. XRD analysis revealed that the S-K mode 

took place owing to the competition between the dominant (211) plane and the (110) plane. The iron 

thin film composed of only the (211) plane parallel to the ITO glass was generated. 
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1. INTRODUCTION 

Iron thin films have recently attracted researchers owing to a new potential application of the 

surface magnetism such as an interplay between an ultra-thin iron film and substrate, surface 

anisotropy, and transition to a spin glass state [1-7]. For example, a correlation between the magnetic 

behavior and the morphology of nanostructured iron materials is investigated to understand the origin 

of the attractive magnetic property.  

To prepare the iron thin film, an electrodeposition technique is a simple and low cost method. 

Many kinds of solutions in iron electrodeposition [8-9] have been proposed to generate the iron 

deposits. Electrochemical parameters that affect the morphology of the iron thin film [10-14] were 
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reported. The initial growth in electrodeposition follows the Volmer-Weber mode [8], i.e., isolated iron 

nuclei generated on a substrate coalesce together to form a thin film as crystallization proceeds. The 

iron thin film comprises columnar grains and pores [13-15], which indicates that the surface 

morphology is far from the smooth surface. The (100), (110), and (211) crystallographic planes grown 

parallel to the substrate were also reported to exist in the iron thin film. However, in electrodeposition, 

there have been very few studies on the Stranski-Krastanov mode [16-20] that indicates a transition 

from the two-dimensional growth to the three-dimensional growth. This is because the three-

dimensional growth already governs at an initial stage in the thin film growth reported in the previous 

studies. The Stranski-Krastanov mode is known to be very useful for the fabrication of quantum dots 

[18-20].  

In body centered cubic (BCC) metals such as iron electrodeposits, the surface energy becomes 

smaller in order of the (100), (211), and (110) plane [21]. However, the (110) plane is not always 

observed as a dominant crystallographic plane grown parallel to the substrate. In electrodeposition, the 

exchange current density dependent on the crystallographic plane is shown to play an important role in 

the appearance of the crystallographic plane other than the (110) plane [17-18]. In general, a high 

index plane that has the large exchange current density enables the deposited film to grow at a high 

growth rate. Hence, the high index plane parallel to the substrate tends to appear at a high current 

density in electrodeposition [15, 23]. However, at present, we have no phenomenological theory to 

describe the surface morphology far from equilibrium.  

As reported in the reference [24], a pulse electrodeposition technique has several advantages in 

comparison with a direct current electrodeposition technique. The low frequency below 1 kHz has 

been applied in electrodeposition. However, recently, in nickel electrodeposition at a rate of megahertz 

[25], an energy level transition between an electron at the Fermi energy level in an electrode and a 

nickel ion characterized by a quantized rotational energy level was found. Electrodeposition at a rate of 

megahertz was employed to generate the iron thin film in this study.  

In the present study, we demonstrate that the iron thin film indicates the forward and reverse S-

K mode and the transitions are related to the instability of the (211) and (110) crystallographic planes. 

 

 

 

2. EXPERIMENTAL SET UP 

An ITO glass of 15x10 mm
2
 and carbon plate of 35x40 mm

2
 were prepared for a cathode and 

anode electrode. A solution including 1.25 mol/L ferrous sulfate heptahydrate (Fe2SO4・7H2O) and 

0.86 mol/L potassium sodium tartrate tetrahydrate (C4H4KNaO6・4H2O) was employed. The solution 

was strained using a membrane with a pore size of 0.1 m and maintained in electrodeposition at a 

temperature ranging from 287 to 323 K.  

The rectangular pulse voltage at a frequency ranging from 0.1 to 1 MHz and an amplitude 

ranging from 12.5 to 35.8 mA/cm
2
 was supplied with a function generator. A metal film resistor of 22 

 was connected in series with an electrochemical cell comprising the two electrodes and solution. To 

calculate the rectangular pulse current carried between the two electrodes, a voltage drop at the metal 

film resistor was measured with a digital oscilloscope. Figure 1 shows a plot of a typical rectangular 
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pulse current at a frequency of 1 MHz, which was carried in the solution at a temperature of 302 K to 

generate the iron thin film. The current on-time was chosen to be equal to the current off-time.  

 

 
 

Figure 1. A plot of the rectangular pulse current having an amplitude of 35.8 mA/cm
2
 and a frequency 

of 1 MHz.  

 

After electrodeposition, the iron thin film generated on the ITO glass was rinsed with distilled 

water and put into a vacuum chamber to avoid oxidization. The iron thin film was observed with SEM 

(Hitachi TM3030). The conventional XRD (Rigaku Ultima) with CuK radiation and a standard -2 

diffractometer with a monochromator of carbon was used to identify the crystallographic structure of 

the iron thin film on the ITO glass. 

 

 

3. RESULTS AND DISCUSSION 

3.1 Forward and reverse S-K mode transition 

 
Figure 2. SEM images of the iron thin films generated at an amplitude of 22.3 mA/cm

2
, a frequency of 

1 MHz, and a temperature of 302 K. The iron thin film had a film thickness of (a) 3 m, (b) 6 

m, (c) 10 m, (d) 14 m, and (e) 19 m.  
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Figure 2 shows typical SEM images of the iron thin film generated at an amplitude of 22.3 

mA/cm
2
, a frequency of 1 MHz, and a temperature of 302 K. The film thickness of the iron thin film 

increases in order of alphabet in Fig. 2. Figure 2 (a) shows the smooth surface and the fracture edge to 

prove that the image is in focus. It is noted that the SEM images in Figs. 2 (d) and (e) are also in focus. 

Figure 2 (b) shows the rough surface comprising grains in contrast with the smooth surface in Fig. 2 

(a). The transition named as the forward S-K mode that means a transition from the two-dimensional 

growth (layer by layer growth) to the three-dimensional growth [16] occurs.  

The surface in Fig. 2 (c) comprises grains as well as that in Fig. 2 (b). The surface in Fig. 2 (d) 

again becomes the smooth surface. The transition named as the reverse S-K mode that means a 

transition from the three-dimensional growth to the two-dimensional growth occurs. There have been 

no studies on the S-K transition in electrodeposition as far as we know. 

According to the theoretical treatment of the forward S-K mode in vapor phase epitaxy [16, 

26], the forward S-K mode transition is caused by the competition between the free energy composed 

of the binding energy (related to an interaction between an adatom and the nearest neighbor atoms) and 

the strain energy, and the entropy. At a critical film thickness, the forward S-K transition takes place to 

lessen the free energy that increases with the film thickness. The value of the critical film thickness is 

in general about several nanometers or several monolayers [18-19].  

On the other hand, in iron electrodeposition, as shown in Figs. 2 (a) and (b), the critical 

thickness is several orders of magnitude larger than that in vapor phase epitaxy. The strain energy due 

to a lattice mismatch between the grown layer and the substrate caused the cracks in Fig. 2 (a). The 

binding energy can be approximately replaced with the surface energy and the edge energy of steps in 

the surface [19]. The crystallographic plane in the iron thin film, which is related to the surface energy, 

was investigated with XRD. 

The reverse S-K mode has not been found in vapor phase epitaxy and electrodeposition as far 

as we know. However, as shown in Figs. 2 (c) and (d), the three-dimensional growth was found to 

change into the two-dimensional growth. The iron thin film in Fig. 2 (d) had a thickness of 16 m. In 

the framework of the forward S-K mode in vapor phase epitaxy, the free energy minimum requires the 

transition from the three-dimensional growth to the two-dimensional growth to decrease the free 

energy. In this study, two kinds of the critical film thickness for the forward and reverse S-K transition 

are found to describe the S-K mode transition.  

Figure 3 shows a typical XRD chart of the iron thin film. The three diffraction peaks are 

consistent with those by the crystallographic planes of polycrystalline -iron. No other peak diffracted 

by materials other than iron is observed. So as to investigate a change in the crystallographic plane 

with the film thickness, the texture coefficient T (hkl) defined by the following equation is used,  
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                                                         (1) 

where I(hkl)i is the measured intensity of the (hkl) diffraction, Io(hkl)i is the standard intensity 

of polycrystalline -iron [27] and N is the total number of a diffraction peak. The texture coefficient 

indicates the ratio of the crystallographic planes in the iron thin film parallel to the substrate.  
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Figure 3. XRD chart of the iron thin film generated at an amplitude of 22.3 mA/cm
2
, a frequency of 1 

MHz, and a temperature of 302 K.  

 

 
 

Figure 4. A plot of the texture coefficient vs. the film thickness of the iron thin film generated at an 

amplitude of 22.3 mA/cm
2
, a frequency of 1 MHz, and a temperature of 302 K.  
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Figure 4 shows a plot of the texture coefficient vs. the film thickness. A large change in the 

texture coefficients of the (211) and (110) plane occurs at a film thickness between 6 and 14 m. The 

S-K modes observed with SEM takes place in the same region ranging from 6 to 14 m.  

According to calculations based on the density functional theory [21], the surface energy of the 

(211) plane with a packing fraction of 0.481 is larger than that of the (110) plane. The appearance of 

the crystallographic plane parallel to the substrate does not obey the surface energy minimum. In 

electrodeposition, the exchange current density involved with the growth rate plays an important role 

in the surface morphology. In general, a high index plane has the large exchange current density in 

comparison with a low index plane. Hence, the high index plane parallel to the substrate often emerges 

at the high current density [22]. This is different from the crystallographic plane observed in the vapor 

phase epitaxy.  

In the iron thin film, the presence of the (211) increases the surface energy. On the other hand, 

the entropy that increases owing to the low packing decreases the free energy. The competition 

between the binding energy and entropy determines the critical film thickness according to the model 

of the forward S-K mode. In iron electrodeposition, the large critical film thickness might indicate a 

small difference between the two energies. 

   Figure 5 shows a plot of the grain size vs. the film thickness. The grain size was determined 

from the (110) diffraction peak using the Scherrer equation [22]. The grain size does not increase with 

the film thickness within a variance. This indicates that the grain growth saturates or extremely slows. 

In a field of thin films [28-29], this phenomenon is called the stagnant columnar structure. All the grain 

boundaries in the film intersect the surface and the interface between the film and substrate. Owing to 

the low spatial resolution of the SEM used in this study, the presence of the columnar structure could 

not be ascertained. No increase in the grain size in Fig. 5 allows the surface roughness that keeps 

constant even at a large film thickness. In fact, in Fig. 2 (e) the surface of the iron thin film having a 

film thickness of 19 m shows smooth and appears mirror-like.  

 
 

Figure 5. A plot of the grain size vs. the film thickness of the iron thin film generated at an amplitude 

of 22.3 mA/cm
2
, a frequency of 1 MHz, and a temperature of 302 K. 
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3.2 Reverse S-K mode transition dependent on the deposition temperature 

 

 

Figure 6. SEM images of the iron thin films generated at an amplitude of 22.3 mA/cm
2
, a frequency of 

1 MHz, and a temperature of (a) 288 K, (b) 296 K, (c) 312 K, and 323 K. The iron thin film had 

a film thickness of 3 m. 

 

 
 

Figure 7. A plot of the texture coefficient vs. the temperature. The iron thin film was generated at an 

amplitude of 22.3 mA/cm
2
 and a frequency of 1 MHz.
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Figure 6 shows SEM images of the iron thin films generated at a temperature of (a) 288 K, (b) 

296 K, (c) 312 K, and (d) 323 K. The fracture cross-section of the film in Fig. 6 (d) is shown to be the 

SEM image in focus. At a deposition temperature of 288 K, the SEM image of the iron film shows an 

aggregation of grains. The smooth surface in Fig. 6 (b) indicates that the reverse S-K mode takes place 

with an increase in the deposition temperature. The critical film thickness in the forward S-K transition 

in vapor phase epitaxy is dependent on the deposition temperature [30] owing to the entropy related to 

the surface configuration.  

Figure 7 shows a plot of the texture coefficient vs. the deposition temperature. A large change 

in the texture coefficients of the (211) and (110) planes occurs at a temperature ranging from 288 to 

296 K. As shown in Fig. 6, in the same temperature range from 288 to 296 K, the reverse S-K mode 

transition takes place. 

 

3.3 Smooth surface morphology independent of the frequency 

 
 

Figure 8. SEM images of the iron thin films generated at an amplitude of 22.3 mA/cm
2
 and a 

temperature of 312 K, and a frequency of (a) 0.1 MHz, (b) 0.6 MHz, and (c) 1 MHz.  

 

 

 

Figure 9. A plot of the texture coefficient vs. the frequency. The iron thin film was generated at an 

amplitude of 22.3 mA/cm
2
 and a temperature of 312 K. 
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Figure 8 shows SEM images of the iron thin films generated at a frequency ranging from 0.1 to 

1 MHz. The fracture cross-section of the film in Fig. 8 (c) is shown to be the SEM image in focus. 

Irrespective of the frequency, the iron film shows the smooth surface that appears mirror-like. The 

megahertz frequency is expected to affect the deposition mass in electrodeposition. If the resonant 

frequency at which the deposition mass rapidly increases exists at a frequency ranging from 0.1 to 

1MHz as well as that in nickel electrodeposition [25], the forward S-K mode may be suppressed by an 

increase in the growth rate. As shown in Fig. 8, the surface appears smooth and stable. 

Figure 9 shows a plot of the texture coefficient vs. the frequency. A texture change between the 

(200) and the (110) plane takes place at 0.2 MHz, however, the value of the texture coefficient of the 

(211) plane almost keeps constant.  

 

3.4 Smooth surface morphology independent of the current density 

Figure 10 shows SEM images of the iron thin films generated at a current density ranging from 

12.5 to 35.8 mA/cm
2
. The fracture cross-section of the iron thin film in Fig. 10 (c) is shown to be the 

SEM images in focus. Irrespective of the current density, the iron film shows the smooth surface that 

appears mirror-like.  

 

 
 

Figure 10. SEM images of the iron thin films generated at a frequency of 1 MHz and a temperature of 

302 K, an amplitude of (a) 12.5 mA/cm
2
, (b) 22.3 mA/cm

2
, and (c) 35.8 mA/cm

2
.  

 

Figure 11 shows a plot of the texture coefficient vs. the current density. The (211) plane is a 

stable and dominant crystallographic plane at a current density ranging from 12.5 to 35.8 mA/cm
2
. The 

texture coefficient of the (211) plane above 0.92 indicates that the (211) plane parallel to the ITO glass 

is almost occupied in the iron thin film. The (110) plane that has the smallest surface energy [21] is 

formed in the vicinity of the ITO glass surface at the initial stage. The value of the (211) texture 

coefficient above 0.92 indicates that the iron thin film comprising only the (211) plane is generated at a 

site distant from the surface of the ITO glass. At a far lower current density, the low index plane will 

be dominant. In electrodeposition, not only the surface energy, but also the exchange current density is 

involved with the dominant crystallographic plane in growth [22].  

Thus, when the competition between the (211) plane and (110) plane occurs in iron 

electrodeposition, it is concluded that the S-K mode transition takes place. 
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Figure 11. A plot of the texture coefficient vs. the current density. The iron thin film was generated at 

a frequency of 1 MHz and a temperature of 302 K. 

 

 

 

4. CONCLUSIONS 

The S-K mode transition of the iron thin film generated by the rectangular pulse current 

technique was investigated using scanning electron microscope (SEM) and X-ray diffraction (XRD). 

The S-K mode transition was found to be composed of the forward S-K mode and the reverse S-K 

mode. With an increase in the film thickness of the iron thin film, the forward S-K and the reverse S-K 

mode appeared in order. With the increase in the deposition temperature, only the reverse S-K mode 

transition appeared. The XRD analysis revealed that the S-K mode took place when the dominance of 

the (211) plane was disturbed by the (110) plane. The iron thin film composed of only the (211) plane 

parallel to the ITO glass was generated at a frequency of 1 MHz, a temperature of 302 K, and a current 

density above 12.5 mA/cm
2
. 
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