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This paper reports the role of the boric acid (H3BO3) content in a sulphate based aqueous          

electrolyte (AE) on the magnetic characteristics, deposit composition, domain structure, 

surface morphologies and structural properties of the Ni–Fe/ITO thin film samples grown 

by electrochemical deposition (ED) technique. The results show that the amount of the 

H3BO3 must be controlled to obtain the proper Ni–Fe/ITO thin film samples without brittle 

properties. The influence of the H3BO3 content in the AE on the deposit composition, 

structural parameters and magnetic characteristics is found to be negligible. However, the 

roughness parameters and the size of the nodular particles are noticeably influenced by the 

H3BO3 content. All samples have nanosized crystallites in the range of 19.6–20.5 nm. The 

films possess almost the same magnetic squareness ratio (%11 ± 2) and coercivity values 

(49 ± 1 Oe). In all deposits, regardless of the H3BO3 content, quite large magnetic stripe 

domains with a width of 1.6 ± 0.2 μm are also detected. The films exhibit a uniform 

surface structure consisting of nodular particles. However, increasing H3BO3 content in the 

AE leads to a dramatic reduction in the width of the surface particles. Furthermore, the 

surface roughness of the samples considerably decreases as the H3BO3 content in the AE is 

increased. 
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1. Introduction 

 

Ferromagnetic Ni–Fe alloys exhibiting nanostructured characteristics have excellent 

properties such as low coercivity, relatively high permeability, high saturation magnetization and 

low thermal expansion coefficient [1–9]. These desired features make ferromagnetic Ni–Fe alloys 

one of the perfect candidates for many industrial and technological applications [1–7, 9, 10]. To 

produce such metallic thin film systems, several effective process have been reported in the 

literature as follows: molecular beam epitaxy, sputtering, evaporation and electrochemical 

deposition (ED) [9]. In this work, ED process without a vacuum was preferred in manufacturing 

process of the Ni–Fe/ITO alloy thin films. Compared to high–vacuum processes, ED has been 

widely used in manufacturing process of ferromagnetic single, alloy, composite and multilayer 

systems at the nanometer scale due to its rapid fabrication time, flexibility, simplicity, versatility, 

repeatability and economic advantages [1–3, 5, 11–15]. On the other hand, it is well known that 

the boric acid (H3BO3) is a common additive utilized in ED process of a wide variety of materials 

including iron group elements from both chloride and sulphate based aqueous electrolytes (AEs) 

[9, 16]. It has been shown that the morphology of the materials prepared by ED technique can be 

improved, the brittleness of the samples can be reduced and the brighter deposits can be obtained 

by adding H3BO3 to the AE [17–26]. As a buffering chemical agent, the H3BO3 can inhibit pH 

raise on cathode surface and can prevent hydroxide formation [27–29]. Furthermore, the H3BO3 

can act as a homogeneous catalyst for metal deposition [29–31]. Although H3BO3 is a common 

additive used in the ED process of the Ni–Fe/ITO thin films [11, 32–34], the effect of the H3BO3 
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content in AE on the electroplated Ni–Fe/ITO thin film samples has not yet been studied. 

Moreover, most studies on Ni–Fe manufactured electrochemically on different substrates have 

mainly focused on the effect of the H3BO3 content on the effectiveness of the ED process, Fe and 

Ni polarization behaviors and chemical composition of the samples [29, 35–41]. Few researchers 

(Gangasingh and Talbot [40] and Kashiwa et al. [41]) have addressed the influence of adding 

H3BO3 to the AE on the morphologies of the Ni–Fe films. Moreover, different results concerning 

the effect of the H3BO3 on the surface performance have been reported [40, 41]. Therefore, the 

influence of the H3BO3 content in the AE on the Ni–Fe/ITO thin film samples is of interest. In this 

paper, we have studied the influence of the H3BO3 content in the AE not only on the deposit 

composition but also on the structural and magnetic properties, morphological characteristics and 

magnetic domain structure of the electrochemically deposited Ni–Fe/ITO thin film samples. 

 

 

2. Experimental 
 

Thin films of Ni–Fe samples were deposited from the sulphate based electrolytes 

including 0.070 M Ni sulphate (NiSO4·6H2O), 0.0045 M Fe sulphate (FeSO4·7H2O) and various 

H3BO3 contents ranging from 0.10 to 0.04 M with an interval of 0.02 M. Apart from these 

reactants, further additives and complexing agents were not used in the AEs. The manufacturing 

process was performed by means of a potentiostat/galvanostat (VersaSTAT 3) in a cell consisting 

of three electrodes (a counter electrode, a reference electrode and a working electrode). A platinum 

sheet with an area of 150 mm
2
 was utilized as a counter electrode. The reference electrode was a 

saturated calomel electrode (SCE) and an indium tin oxide (ITO) covered glass was served as a 

working electrode. The sheet–resistance and thickness of the magnetron sputtered ITO–covered 

glass substrates were 8–12 Ω/sq and 160–180 nm, respectively. Prior to ED process of the 

samples, as a first step of a substrate cleaning process, the ITO–covered glass substrates with a 

working area of 100 mm
2
 were washed in an acetone solution for 10 minutes and then in an 

ethanol solution for 10 minutes. Subsequently, they were cleaned in deionized water for 15 

minutes via an ultrasonic bath. After the substrate cleaning process, the films were electroplated 

from the AEs with a pH value of 5 ± 0.2 under galvanostatic conditions at ambient temperature of 

20 ± 1 °C by applying a current density of –20 mA/cm
2
. The thickness of the samples was adjusted 

to approximately 300 nm by controlling the charge using Faraday's law for all H3BO3 contents. 

The influence of the H3BO3 content in the AE on the crystallite size and crystal structure 

was explored by a Rigaku Smart LabTM X–ray diffractometer (XRD). The scan was done in the 

range of 40°–55° with 0.01° steps using a Cu–Kα  radiation with λ = 0.15406 nm. To determine 

the differences in the Fe content of the deposits in atomic percentages (at.%) with respect to the 

H3BO3 content in the AE, an energy dispersive X–ray spectroscopy (EDX) was employed. The 

impact of the H3BO3 content on the magnetic characteristics such as coercivity and magnetic 

squareness ratio was determined at ambient temperature and pressure using a JDAW–2000D 

model vibrating sample magnetometer (VSM) by applying the magnetic field along the in–plane 

direction. The surface morphologies were imaged using a scanning electron microscopy (SEM, 

Tescan MAIA3 XMU) and an atomic force microscopy (AFM, MultiMode V SPM of Veeco) 

operating in tapping mode. The roughness parameters were evaluated through the WSxM software 

package (Version 5.0) [42]. Magnetic domain structure was analyzed by magnetic force 

microscopy (MFM) operating in lift mode. Prior to zero–field MFM measurements, the CoCr–

covered tips were magnetized along the tip axis via a permanent magnet. During MFM imaging, 

the distance between the film surface and the tip was held at 180 nm not only to increase the 

magnetic signal but also to decrease the surface contribution. 

 
 
3. Results and discussion  
 

To see the influence of the H3BO3 content on the properties of the Ni–Fe deposits, we 

produced the Ni–Fe thin films on the ITO substrate from the AEs consisting of Ni and Fe ions and 

different H3BO3 contents. The deposits electrochemically fabricated from the AEs with the H3BO3 
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contents of 0.06, 0.08 and 0.10 M adhered well to the ITO substrate surface without any brittle 

properties. However, the proper ED process could not be carried out properly when the films were 

manufactured from the AE containing the H3BO3 contents (< 0.06 M). Because, these films 

showed a brittle feature during manufacturing process. These results are in good agreement with 

those of former studies documented in the literature [17, 18, 26]. As a consequence, the proper ED 

processes were established from the AEs composed of 0.06, 0.08 and 0.10 M H3BO3 contents. 

According to EDX measurements performed for the compositional analysis of the Ni–Fe 

samples electroplated at various H3BO3 contents, there is a very slight increment in the Fe content 

from 7.2 to 7.8 at.% as the content of the H3BO3 in the AE is enhanced from 0.06 to 0.10 M. This 

result indicates that the impact of the H3BO3 content in the AE on the Fe content of the Ni–Fe/ITO 

thin films is negligible under these experimental conditions. However, different results exist in the 

literature regarding the impact of the H3BO3 content in the AE on the Ni–Fe system. The studies 

showed that the H3BO3 tends to increase the Fe content in the deposit structure [35–37, 39, 40]. In 

contrast, the films contained smaller Fe content when the H3BO3 was present in the AE [38, 41]. 

These contradictory findings may arise from different parameters applied in the electroplating 

experiments such as applied current density or deposition potential, substrate type and AE 

properties, etc.  

 

 
 

Fig. 1. XRD patterns of the electrochemically prepared Ni–Fe/ITO thin film samples  

for different H3BO3 contents. 
 

 

The recorded XRD patterns are demonstrated in Fig. 1. The diffraction peaks 

corresponding to the (111) and (200) crystallographic planes of the face–centered cubic (fcc) phase 

structure appear on the XRD patterns, reflecting that the films are single phase solid solutions. 

These results are very good in accordance with those of reported in previous studies [32, 43, 44]. It 

has been reported that the crystal structure of electrochemically grown Ni–Fe samples at <50% Fe 

composition is fcc [43, 44]. On the other hand, as clearly seen from Fig. 1, the (111) diffraction 

peak always has a very high intensity compared to the (200) one, indicating the formation of [111] 

preferred orientation regardless of the H3BO3 content. The intensity of the (111) and (200) 

diffraction peaks does not change appreciably with the H3BO3 content. Furthermore, the effect of 

H3BO3 content in the AE on the intensity of the diffraction peak due to the ITO–covered glass is 

insignificant. This means that the current efficiency (hence the thickness of the Ni–Fe/ITO 

samples) is not strongly affected by changing the H3BO3 content from 0.10 to 0.06 M in the AE, 

which is in good agreement with the results of previous studies [36, 37, 40]. It was shown that a 

significant change in the thickness of the Ni–Fe/ITO gives rise to a strong change in the ITO 

diffraction peak intensity, supporting our results [33].  

The crystallite size (CS) was determined using the Scherrer’s formula [45]: 

 

CS = [0.9λ/Bcosθ] × [180֯/π] 

 

where CS is the crystallite size, θ is the diffraction angle, λ is the wavelength of Cu–Kα radiation 

and B is the FWHM of the (111) diffraction peak. As given in Table 1, the sizes of the crystallites 

are found to be in the range of 19.6–20.5 nm. This result shows that the films exhibit nanosized 
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crystallites and the amount of the H3BO3 in the AE does not  have a significant impact on the size 

of the crystallites.  

In order to study the magnetic behavior and to investigate the effect of the H3BO3 content 

on the coercivity and magnetic squareness ratio, the in–plane magnetic hysteresis loops were 

obtained at ambient temperature using a VSM. Figure 2 shows the results of the magnetic 

measurements for all H3BO3 contents. As clearly seen from Fig. 2, all of the films exhibit a 

ferromagnetic behavior. In addition, the H3BO3 content does not play an important role on the 

coercivity value (Table 1). All of the films exhibit almost the same coercivity values (49 ± 1 Oe). 

Furthermore, the effect of the H3BO3 content on the magnetic squareness ratio is determined to be 

negligible. As clearly seen from the Table 1, the films exhibit very low and close magnetic 

squareness ratio values (%11 ± 2). These very low and close magnetic squareness ratio values 

reveal not only an insignificant impact of the H3BO3 content on the magnetic squareness ratio but 

also confirm the formation of the magnetization component in the perpendicular direction to the 

sample plane [46–49]. Moreover, in many different systems, the formation of magnetic stripe 

domains was attributed to the presence of perpendicular magnetization component [7, 47, 48, 50–

57], which is consistent with the results of the MFM measurements presented below. 

 

 
(a)                                                                                  (b) 

 
(c) 

 

Fig. 2. Room temperature normalized in–plane magnetic hysteresis loops for various H3BO3 contents. 
 

 

The MFM micrographs of the samples are shown in Fig. 3. The MFM micrographs 

obtained at zero–field state exhibit darker and brighter regions with a weak contrast, indicating the 

occurrence of the magnetic stripe domain structure with alternating up and down magnetizations 

irrespective of the H3BO3 content in the AE [7, 33, 46, 58–60]. The width of the stripe domains is 

determined using a two–dimensional Fast Fourier Transform analysis (2D–FFT) of the MFM 

micrographs. As clearly noticed from Fig. 3, there is no significant difference in the width of the 

stripe domains of the films deposited from the AEs with various H3BO3 contents. All of the films 

electroplated at different H3BO3 contents have quite large magnetic stripe domains with a width of 

1.6 ± 0.2 μm. This phenomenon indicates the occurrence of very strong long–range interactions 

between the particles [60, 61] and the effect of the H3BO3 content on the stripe domain width is 

negligible. Accordingly, it is concluded that the impact of the H3BO3 content on the Fe 

composition, crystallite size, coercivity, magnetic squareness ratio and stripe domain width is 
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insignificant. However, the same thing cannot be said for the surface morphology. The particle 

size and surface roughness parameters are noticeably affected by the amount of the H3BO3 content 

in the AE as discussed below.    

 
(a)                                                             (b) 

 
(c) 

 

Fig. 3. MFM micrographs obtained at zero-field state over a scan area of 3 μm × 3 μm for various H3BO3 

contents (a) 0.06 M, (b) 0.08 M and (c) 0.10 M, respectively. 
 

 

The surface morphologies of the electroplated Ni–Fe/ITO thin films imaged through the 

SEM measurements obtained at low and high magnifications are shown in Fig. 4 for the lowest 

(0.06 M) and highest (0.10 M) H3BO3 contents. The films exhibit an uniform surface structure 

consisting of nodular particles. However, as can be observed in Fig. 4, the amount of the H3BO3 in 

the AE plays a significant role on the width and density of the nodular particles. It is determined 

that the film electrochemically deposited from the electrolyte with the lowest H3BO3 content of 

0.06 M possesses the largest nodular particles in the range of 100 to 400 nm with an average width 

of ⁓230 nm. However, the film electrochemically grown from the AE containing the highest 

H3BO3 content of 0.10 M exhibits the smallest nodular particles varying between 30 and 150 nm 

with an average width of ⁓70 nm, resulting the formation of the more compact surface structure 

relative to other films. Consequently, an enhancement in the H3BO3 content in the AE leads to a 

strong increase in the nucleation density, which was ascribed to the adsorptive interactions of the 

H3BO3 at the electrode surface [19, 20]. Similar effects of the H3BO3 content on the surface 

morphologies have been also reported in electrochemically deposited Ni [19], Zn–Co [20, 22], 

Co–Cu [23], Ni–Zn [25] and Ni–Fe [41]. However, the study showed that the addition of the 

H3BO3 to the AE does not play a significant role on the surface morphology of electrochemically 

deposited Ni–Fe on a rotating disk electrode [40]. In the present work, more detailed surface 

characterization supporting the SEM results was also performed using an AFM and the results are 

provided below. 
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(a)                                                         (b) 

 
                                                         (c)                                                        (d)  

 

Fig. 4. SEM micrographs for the lowest and the highest H3BO3 contents (a) 0.06 M (low–

magnification), (b) 0.06 M (high–magnification) (c) 0.10 M (low–magnification) and (d) 0.010 M 

(high–magnification), respectively. 

 

 

The obtained three dimensional (3D) AFM micrographs of the samples grown from the 

AEs with different BA contents are demonstrated in Fig. 5. The images confirm that the films have 

a surface structure consisting of particles with various sizes. From the 3D AFM micrographs, it is 

also concluded that increasing H3BO3 content in the AE leads to a marked reduction in the particle 

size, which is in good agreement with the SEM micrographs. In addition, the surface roughness 

parameters are affected by the differences observed in the size of the particles. The evolution of 

the roughness parameters, which were derived from the analysis of the AFM micrographs through 

the WSxM software package [42], is depicted in Fig. 6 depending on the H3BO3 content in the AE. 

The film fabricated from the AE with the H3BO3 content of 0.06 M displays the roughest surface 

with the highest average roughness (Sa) and root mean square roughness (Sq) values. The Sq and 

Sa values are determined to be 45.9 and 37.9 nm for the film deposited at the H3BO3 content of 

0.06 M, respectively. Compared to the film electroplated at the H3BO3 content of 0.06 M, the film 

electroplated at the H3BO3 content of 0.08 M exhibits significantly lower Sq and Sa values of 6.4 

and 5.0 nm, respectively. The lowest Sq and Sa values (4.0 and 3.1 nm, respectively) are obtained 

for the film fabricated at the highest H3BO3 content of 0.10 M, revealing the remarkable influence 

of the H3BO3 content in the AE on the surface performance of the electrochemically deposited Ni–

Fe/ITO samples. The structural and morphological properties and magnetic characteristics of the 

samples are also summarized in Table 1 with respect to the H3BO3 content in the AE. 
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(a)                                                                               (b) 

 
(c) 

 

Fig. 5. 3D AFM micrographs for various H3BO3 contents (a) 0.06 M, (b) 0.08 M and (c) 0.10 M, 

respectively. 

 

 

Overall, this study reveals the negligible effect of the H3BO3 content on the crystallite size, 

Fe content, coercivity, magnetic squareness ratio and magnetic stripe domain width but confirms 

its key role on the surface quality and proper ED process of the Ni–Fe/ITO samples.  

 

 
Table 1. The structural and morphological properties and magnetic characteristics  

for various H3BO3 contents. 

 

H3BO3 content in the AE (M) 0.06 0.08 0.10 

CS (nm) 20.5 19.6 20.4 

Average particle size (nm) ⁓230 ⁓90 70 

Sq (nm) 45.9                        6.4 4.0 

Sa (nm) 37.9 5.0 3.1 

Coercivity (Oe) 49 48 50 

Magnetic squareness ratio (%) 10 13 11 

 

 

 

4. Conclusions 
 

The purpose of this research was to examine the impact of the H3BO3 content in the AE on 

the magnetic characteristics, chemical composition, domain structure, morphological and 

structural properties of the Ni–Fe/ITO thin film samples. The proper films without brittle 

properties were electroplated from the AEs with the H3BO3 contents of 0.06, 0.08 and 0.10 M. 

However, the brittle films were obtained at low H3BO3 contents (< 0.06 M) under the conditions 

applied in this study. All of the films displayed the identical Fe and Ni contents (7.5 ± 0.3 at.% Fe 

and 92.5 ± 0.3 at.% Ni). The fcc structure with the [111] preferred orientation was determined in 

the deposits. Furthermore, the crystallite size estimated by Scherrer’s formula was found to be in 

the range of 19.6–20.5 nm irrespective of the H3BO3 content. The films displayed almost the same 
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coercivity of 49 ± 1 Oe and very low and close magnetic squareness ratio of % 11 ± 2. Also, quite 

large magnetic stripe domains with a width of 1.6 ± 0.2 μm were detected at all H3BO3 contents.  

However, increasing H3BO3 content in the AE gave rise to a noticeable reduction in the 

average width of the surface particles from about 230 to 70 nm. Moreover, as the content of the 

H3BO3 content in the AE was increased from 0.06 to 0.10 M the Sa and Sq roughness values 

decreased considerably from 37.9 to 3.1 nm and from 45.9 to 4.0 nm, respectively. Consequently, 

this research showed that the impact of the H3BO3 content in the AE on the crystallite size, 

chemical composition, coercivity, magnetic squareness ratio and magnetic stripe domain width of 

the electroplated Ni–Fe/ITO thin film samples is negligible. It was also shown that the amount of 

the H3BO3 in the AE must be controlled for the proper ED process of the Ni–Fe/ITO thin films 

without brittle properties and to produce samples exhibiting high surface quality characterized by 

low surface roughness, compact surface structure and small particle size. 
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