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Abstract

The effect of saccharin concentration on magnetoimpedance ratio in multilayer permalloy structure
i.e., [NiFe/Cu/NiFe]3/Cu/[NiFe/Cu/NiFe]s on Cu printed circuit board (PCB) meander substrates have been
discussed. The multilayer [NiFe/Cu/NiFe]s/Cu/[NiFe/Cu/NiFe]; structure was prepared by using the
electrodeposition method. The results of XRF characterization show that the composition of Ni:Fe is close
to the calculation mol ratio permalloy of 80:20. The magnetoimpedance effect is evaluated by total
impedance measurement at the various magnetic fields. The typical increase of the magneto-impedance
ratio with frequency confirms in this experiment. Here, the magnetoimpedance ratio modifies from 0.07 to
1.63 % for frequency measurements of 20 and 100 kHz, respectively. Finally, the MI ratio monotonically
decreases with an increase in additive saccharin concentration. The MI ratio slightly decreases by 17.17 %
(=(1.63-1.35)/1.63) for additive saccharin concentration increase of 1 to 2 g/L. Then MI ratio drastically
decreases by 40.0 % (=(1.35-0.81)/1.35) in the change of additive saccharin concentration from 2 to 4 g/L.
Here, the change in the morphological surface should attribute to the decrease in the MI ratio.
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Introduction

The Magneto Impedance (MI) effect is the change in the electrical impedance of a soft magnetic
material when it is affected by an external magnetic field [1]. The effect of MI on various soft ferromagnets
thin films can be obtained through such kind procedure i.e., rapid cooling deposition, electrodeposition,
magnetron sputtering, and other methods [2]. The MI effect has been studied extensively for magnetic
sensor applications such as biomedical applications due to its high sensitivity at room temperature and ease
of miniaturization [3]. In biomedical applications, MI sensors can be used in conjunction with
Magnetoencephalography (MEG) to detect brain activity [4]. Besides being applied in biomedical fields,
MI is also applied in engineering and industrial fields, such as navigation, military and security, target
detection and tracking, anti-theft systems, non-destructive testing, magnetic marking and labeling,
geomagnetic measurement, research space, measurement of magnetic fields in spacecraft [5-7].

Some of the interesting characteristics i.e., high magnetic permeability, well-defined magnetic
anisotropy, and low coercivity of magnetic materials required to realize a high MI phenomenon.
Furthermore, the geometric structure in the multi-layer structure such kind [NiFe/Cu/NiFe], successfully
improves the performance of the magnetic layer to obtain a high ratio of the MI. In the case
electrodeposition procedure, the multilayer structure also may avoid the formation of a trans critical state
[8,9] i.e., a maximum thickness of a single thin layer that can be well-deposited on a substrate. In addition,
it has been found that the meander (winding) sample geometry has a higher MI ratio magnitude due to
mutual induction between the nearest meander line [10-12]. The stress effect also is reported to modify the
Ml ratio [13]. Permalloy of NigoFexo is widely used for the realization of highly sensitive M1 sensors because
they are soft magnetic materials with high permeability (~10000) [14]. Utilization of NiFe using a
meandering pattern of Cu PCB as a substrate has been carried out in previous studies with variations in the
number of N layers [15] and then, symmetry and asymmetry multilayered configuration [16].
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Concerning the preparation of thin films by the electrodeposition route, organic additives have been
commonly used in the electrodeposition of metals and alloys for the relaxation of residual stresses. These
changes should bring a significant improvement in the magnetic properties as well as anti-corrosion thin
films [17]. Saccharin is one of the organic additives known to control deposit adhesion and reduce stress
on the coating [18].

This paper reports on the MI effect in multi-layer symmetry configuration of
[NiFe/Cu/NiFe]s/Cu/[NiFe/Cu/NiFe]s; electrodeposited Cu PCB meander pattern. The additive material of
saccharine as a deposition variable is used to modify the physical properties as well as the MI phenomenon.
The MI is performed by measurement of the total impedance at various magnetic fields on the multilayer
sample for low frequency (<100 kHz).

Materials and methods

In this study, a technical Cu PCB substrate with a meander pattern is used throughout the whole
experiment. The meander pattern on the Cu PCB substrate is shown in Figure 1. The meander line width
is 250 um, the distance between the meander lines is also 250 um, and the overall line length is 28.7 cm.
The substrate is cleaned with an ultrasonic cleaner for 30 min before the electrodeposition process. Two
types of solutions are used in the electrodeposition process, namely NiFe solution and Cu solution. NiFe
electrolyte solution was made from a mixture of NiSO4.6H>O (Merck), FeSO4 (Merck), H;:BO; (Merck),
C7HsNOsS (Merck), and C2H»5NaO4S (Merck). Meanwhile, the Cu electrolyte solution was made from a
mixture of CuSO4 (Merck), C;HsNOsS (Merck), and Ci2HasNaO4S (Merck). The stochiometric of the
solution used for NiFe layer and Cu layer are depicted at Table 1. All ingredients were dissolved in 100
mL of distilled water. In order to modify the physical properties of the multilayer sample, variations in the
amount of saccharin mass (C7HsNOsS) add to the electrolyte solution.

Figure 1 The meander pattern on the Cu PCB substrate.

Table 1 The stochiometric calculation for deposition of NiFe and Cu layers

Solution Concentration
NiS04.6H,O 0.099 M
FeS04.7H,0 0.012M
CuS04.5H,0 0.065 M

H3;BOs3 0.149 M
Ci2H25NaO4S 1g/L
C;HsNOsS 1-4¢g/L

The electrodeposition process is carried out by passing a current through the platinum and Cu PCBs,
which act as anodes and cathodes, respectively. The deposition process in NiFe solution was carried out
with a current density of 15.5 mA/cm?. Meanwhile, the deposition of Cu solution was carried out with a
current density of 8 mA/cm?. The multilayer deposition procedure was started by electrodeposited NiFe
films, followed by a Cu layer, and then electrodeposited NiFe film again. Here, the multilayer of
[NiFe/Cu/NiFe] with a repetition number of N = 1 is obtained. Thereafter, the procedure is repeated until
the desired multilayer system of [NiFe/Cu/NiFe]s/Cu/[NiFe/Cu/NiFe]s is obtained.
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Figure 2 Experimental schematic of the measurement of MI effects.

The obtained film samples were evaluated for crystalline structure by using the element composition
by using X-Ray Fluorescence (XRF) and X-Ray Diffractometer (XRD). Then, MI measurements are carried
out by measurement of a total impedance, Z = VR?+X? under several magnetic field. Here, the Z of the
multilayer sample calculate following the values of resistance (R), capacitance (C), and inductance (L) for
a given frequency (f) i.e., 20 - 100 kHz. The MI ratio to total impedance when given an external magnetic
field (H), is calculated using equation AZ/Z(%) = (Z(H) — Z(Hyax)/Z (Hpmax) X 100 % . Figure 2
shows the experimental schematic of the measurement of MI effects.

Results and discussion

Determination of the deposition rate in this study using the gravimetric method. The principle of this
method is to weigh the mass of NiFe and Cu coated on the substrate to determine the thickness of the thin
layer. The gravimetric method is used to determine the difference in mass of the substrate before and after
being coated to be used in calculating the coating thickness. The equation used to determine the layer
thickness using the gravimetric method is shown in Eq. (1).

Am
t=—o

Ap (1)

where Am is the difference in mass before and after the electrodeposition process, and A is the area of the
substrate and its density. The density used for NiFe is 8.75 g/cm? and the density of Cu is 8.94 g/cm? [16].
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Figure 3 The thickness of the NiFe and Cu layers as a function of time electrodeposition.
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Figure 3 shows the dependence of the time of deposition on the thickness of the NiFe and Cu layers
formed on the substrate. The NiFe layer is formed from the electrodeposition process using the current
density J = 15.5 mA/cm? and a voltage of 3.5 Volts. While the Cu layer is in electrodeposition using current
density J = 8 mA/cm? and potential difference V = 3 Volt. Both electrodeposition processes were carried
out with the addition of 4 g/L saccharin in NiFe and Cu electrolyte solutions. Based on Figure 3, the layer
thickness increases linearly with increasing time. These results indicate that the thickness thin layer can be
controlled by deposition time. It can also be seen that the NiFe curve is gentler than the Cu curve. This
shows that the rate of NiFe is slower than Cu.

Figure 4 Typical surface morphology of the NiFe layer electrodeposited on Cu PCB substrate.

The linear graph in Figure 3 is viewed as the equation y = mx + C, then the gradient of the equation
shows the deposition rate at the time electrodeposition takes place. The deposition rate obtained for the
NiFe layer is 2.86 nm/s while the deposition rate for the Cu layer is 5.59 nm/s with the gradient equation y
=mx + C the NiFe layer is y = 2.86x + 3.80 and y = 5.59x + 4.85 for the Cu layer. The value of the constant
(C) in the graph equation indicates the distance the gradient line shifts to the point (0,0).

XREF test was carried out to determine the elemental composition deposited from the growth of a thin
layer of electrodeposition. Characterized samples a sample of NiFe coating produced from
electrodeposition with the addition of saccharin as much as 4 g/L. The deposited sample has a layer
thickness of 300, 500, 700 and 900 nm. The thickness of thin films was determined by controlled deposition
time and rate, it is known using the equation y = mx+c where m is the deposition rate, y is the layer
thickness, and x is the deposition time.

A thin layer with a thickness of 300 nm has a Ni:Fe composition percentage of 80:20. In a thin layer
with a thickness of 500 nm has a Ni:Fe composition percentage of 65.68:20. The percentage composition
of Ni:Fe in a layer with a thickness of 700 nm is of 77.4:20 and a thin layer with a thickness of 900 nm has
a Ni: Fe composition percentage of 79.27:20. Based on the 4 variations in the thickness of the thin layer
above, the overall percentage of Ni:Fe composition obtained is almost 80:20, which is the percentage of
the permalloy composition. The most similar percentage of permalloy composition is found at 300 nm
thickness. This is in accordance with the research conducted by Salman [19] which obtained the percentage
composition of Ni:Fe of 79.34:20.66 and 80.32:19.68 where both results are also close to the percentage of
Ni:Fe permalloy composition = 80:20 [16].

Figure 4 shows the typical surface morphology of the NiFe layer electrodeposited on a technical Cu
printed circuit board (PCB) substrate. The relatively homogeneous surface morphology of the sample
confirms that the thin film/layer formation process takes place simultaneously. This is supported by the
presence of relatively the same grains. Meanwhile, the presence of some kind of elongated defects is
unavoidable because of the use of technical PCB Cu substrates.

Characterization using X-Ray Diffraction (XRD) was carried out to confirm that the thin layer
deposited was Ni-Fe permalloy. Results characterization with XRD is displayed in the form of a diffraction
pattern with a graph of the relationship between the diffraction angles (20) taken from 30 - 60 ° with
intensity (I) as shown in Figure S.
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Figure 5 XRD test results on NiFe layers with a thickness of 300, 500, 700 and 900 nm.
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Figure 5 shows the X-ray diffraction pattern of a NiFe sample with 300, 500, 700 and 900 nm layer
thickness variations in the display SMA4win program. From the XRD results, it can be seen that the
diffraction pattern is the same although each NiFe thin layer has a different thickness. The characteristic
peak angle of the NiFe layer in the 4 variations of sample thickness is shown in Table 2.

Table 2 The characteristic peaks of the 300, 500, 700 nm and thickness samples 900 nm.

Sample Thickness (nm) 20 (°)
300 44.25
500 44.04
700 4436
900 44.25
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Figure 6 (a) Multilayer MI curve [NiFe/Cu/NiFe]s/Cu/[NiFe/Cu/NiFe]s; with variations in frequency (b)

Graph of the effect of frequency on the MI ratio.

The diffraction spectral for the typical variation of the thickness layer is obtained at the angle of about
20 = 44.2 ° with Miller index hkl (111). The results are in agreement with the International Center for
Diffraction Data (ICDD) database number 471417. The presence of another peak in Figure 6 is due to the
Cu PCB used as a substrate. The characteristic peak of the angle 20 obtained is also according to research
conducted by Han et al. which shows that the NiFe permalloy has a peak characteristic at an angle of 20 =
44.3° with Miller index hkl (111) [20]. This peak result is also under research by Subramanian et al. which
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has a diffraction peak at the index Miller hkl (111) [21]. This indicates that the layer formed on the PCB
Cu substrate from this electrodeposition result is NiFe permalloy.

In this study, the frequency variation of [NiFe/Cu/NiFe]3/Cu/[NiFe/Cu/NiFe]s with symmetrical
electrodeposition was carried out on a meander pattern of Cu PCB substrate with the addition of saccharin
1 g/L additive to determine its effect on the Ml ratio. NiFe has a thickness of 600 nm and Cu has a thickness
of 150 nm. MI measurements are carried out using low frequencies with a frequency range from 20 - 100
kHz. The change in voltage across the sample during low-frequency measurements is due to the magneto-
inductive effect. The skin effect under these conditions is very weak so the change in sample impedance on
the application of a magnetic field results from the contribution of inductance (L) which is proportional to
the planar magnetic permeability of the layer [7].

A typical magnetoimpedance curve with a symmetric structure N = 3 is obtained from data processing
by the SMA4win program. Figure 6(a), shows the results measurement of the MI ratio as a function of the
external magnetic field. It is seen that when no external magnetic field is applied, the magnetoimpedance
ratio reaches its peak at each frequency. However, when a magnetic field is applied (H > 0) the
magnetoimpedance ratio decreases until the value of the magnetic field is constant at around 60 mT.

Figure 6(b), shows the MI ratio increases with increasing frequency. At the lowest frequency (20
kHz) the MI ratio is 0.07 %. Furthermore, the MI ratio changed to 0.29 % at a frequency of 40 kHz and
0.75 % at a frequency of 66.67 kHz. The MI ratio reaches its maximum peak at 100 kHz frequency, which
is 1.63 %. The large MI value can be caused by the use of magnetic materials that have large permeability,
small skin depth, and small DC resistance. As the frequency increases, the permeability will increase and
there will be a decrease in skin depth which is then increased by the applied field so that a higher MI ratio
is obtained [7].

Figure 7(a) shows the results of the MI ratio measurement with variations in saccharin mass at a
frequency of 100 kHz as a function of the external magnetic field to the MI ratio. The mass variation of
saccharin used in this study was 1 - 4 g/L.

It can be seen in Figure 7(b) that when the mass of saccharin increases, the MI ratio will decrease.
From the measurement results in the figure, it was observed that the highest MI ratio was obtained when
the saccharin mass used was 1 g/L with a ratio value of 1.63 %. Furthermore, the MI ratio was reduced by
a value of 1.61 % with the use of saccharin 2 g/L and 1.35 % in the mass of saccharin 3 g/L. The lowest MI
ratio value of 0.81 % was obtained at 4 g/L saccharin mass. From the measurement results, it was observed
that the MI ratio when the saccharin 1 and 2 g/L coincided, indicating that the difference in the MI ratio
values between the 2 was not very significant. This can happen because that position has experienced
saturation. The results of this study are in accordance with the research conducted by Mishra [17], who
found that the ratio (AZ/Z)% max was optimum when the saccharin mass was 1 g/L [17].

Electrodeposition with the addition of saccharin to the solution can help level the surface, reduce the
internal stress of the deposit, and reduce grain size. However, the excessive addition of saccharin in the
electrolyte solution causes a non-uniform microstructure and a bimodal size distribution resulting in surface
roughening [22]. The decrease in the MI ratio with the addition of saccharin was due to changes in magnetic
properties due to changes in the microstructure of the layer formed [17]. As a result, there is a change in
the magnetic domain structure and the spin relaxation attenuation decreases with decreasing anisotropy.
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Figure 7 (a) Multilayer MI curve of [NiFe/Cu/NiFe]s/Cu/[NiFe/Cu/NiFe]s; with variations in saccharin
mass (b) Graph of the effect of saccharin mass on MI ratio.
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Conclusions

The effect of saccharin solution to magnetoimpedance ratio in multilayer [NiFe/Cu/NiFe];
/Cu/[NiFe/Cu/NiFe]s structure on Cu PCB meander substrates has been evaluated. The magnetoimpedance
effect is evaluated by total impedance measurement at the various magnetic fields. The typical increase of
the magneto-impedance ratio (MI) with frequency confirm in this experiment. Here, the MI ratio modifies
from 0.07 to 1.63 % for frequency measurements of 20 and 100 kHz, respectively. Finally, the MI ratio
monotonically decreases with an increase in additive saccharin concentration. The MI ratio slightly
decreases by 17.17 % (=(1.63-1.35)/1.63) for additive saccharin concentration increase of 1 to 2 g/L. Then
MI ratio drastically decreases by 40.0 % (=(1.35-0.81)/1.35) in the change of additive saccharin
concentration from 2 to 4 g/L. Here, the change in the morphological surface should attribute to the decrease
in the MI ratio.
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