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The influence of construction parameters and
the type of substrate on the conductivity value

of multilayer structures made of NiFe
and S10,

Aleksandra Wilczynska

Abstract—This article presents a method of obtaining multilayer
NiFe-SiO: nanocomposites by non-reactive magnetron sputtering.
Structures with different numbers and thicknesses of layers were
made on two different types of dielectric substrates. Electrical
parameters were tested in the frequency range from 4 Hz to 8 MHz,
as well as measurements of the surface roughness of the substrates.
Based on the results, the influence of design parameters and the
aging effect on the AC properties of the structures was determined.

Keywords—multilayer nanocomposites; magnetron sputtering;
AC measurements; surface roughness

I. INTRODUCTION

N the field of modern electronics, the pursuit of improving

device performance while simultaneously minimizing size
and energy consumption remains a key challenge. Multilayer
structures, especially those composed of permalloy (81% Ni and
19% Fe) and silicon dioxide (SiO2), have garnered significant
attention due to their promising electrical properties and
potential  applications in various fields, including
microelectronics and sensor technologies [1,2]. The
conductivity of such structures is a crucial parameter
influencing their functionality and overall effectiveness in
electronic devices. However, understanding the complex
interaction between design parameters and substrate type is
essential for optimizing their conductivity and, consequently,
their performance [3,4]. High-power density dielectric materials
play a crucial role in power systems. Unlike other energy
storage devices, capacitors constructed from non-conductive
materials accumulate and release electrical energy through the
process of polarization or depolarization of dipoles in dielectric
materials [5]. To date, magnetic nanoparticles have become the
focus of researchers due to their unique physicochemical
properties and wide range of potential applications. Among the
reported applications are magnetic data storage and utilization
as a magnetic field sensor, and even as an electrocatalyst in the
HER reaction [6,7]. In the field of electronics and functional
materials, SiO, nanocomposites are used as dielectrics with
special electrical properties, magnetic insulators or components
of highly sensitive sensors, also used in the pharmaceutical
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industry [8]. Their nanometric structure allows for the control
of electrical, thermal conductivity and magnetic properties,
which makes them an attractive material for advanced electronic
devices [9,10]. These types of structures are often analysed
using percolation models, which describe electrical conductivity
between particles of metallic materials. The transition from
insulator to conductor in metal-dielectric composites is
regulated by the volume ratio of the conductive material, where
below a certain threshold (x.) the electron tunnelling mechanism
or their hopping between grains occurs. Upon reaching this
threshold, the Metal-Insulator Transition (MIT) occurs, which
influences the electrical properties of the nanocomposite. Once
this threshold is surpassed (x. < x), percolation channels form
from conductor grains, leading to a change in conductivity type
to metallic [11,12].

Nickel and iron are used in the production of alloys such as
nickel alloys, stainless steel, etc. Over time, materials may age,
which may affect their mechanical and chemical properties. As
for iron, it can corrode, especially in the presence of moisture
and oxygen. This means that it can rust, forming iron oxides and
hydroxides [13]. However, nickel may undergo chemical
reactions over time, for example by creating nitrate compounds.
Alloys such as NiFe will find very wide application in materials
technology. Also, their oxidized forms are often desirable
materials. Therefore, in many cases the aging process is
accelerated to obtain the expected properties [14-18].

II. PREPARATION OF MULTILAYER NIFE-S10;
NANOCOMPOSITES

In this article, we present research on structures obtained
through magnetron sputtering. This is a process in which thin
layers of material are sputtered onto substrates by bombarding
the material source with argon ions, leading to the emission of
atoms or ions from the target. These atoms are then deposited
onto the substrate surface, forming the desired structure. This
method offers many advantages, including high consistency in
chemical composition compared to the source material, control
over layer thickness, and the ability to deposit various materials,
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making it an attractive option in the production of advanced
materials and devices [19].

Before commencing the fabrication of nanolayers, it was
necessary to plan the entire experiment. For this purpose, the
Taguchi optimization method was employed. The main
objective of using this method was to enhance the production
process. The primary aim is to minimize sensitivity to input
signal variability to effectively control output variables in the
face of random fluctuations. Fundamental concepts in the
Taguchi method include loss functions, signal-to-noise ratio
(S/N) quality functions, and orthogonal arrays [20]. Considering
that certain parameters need to be defined for the discussed
method, in my experiment, these were the thicknesses and
quantities of layers as independent variables, while the
dependent variables were the content of the metallic phase
<50% of the total volume of the system, aiming not to exceed
the percolation threshold [21].
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Fig. 1. Structure distribution on the rotating plate in a sputtering machine

To obtain multilayer nanocomposites, the magnetron
sputtering method was used using a KJ Lesker 36™ sputtering
machine. The first stage was to clean the dielectric substrates
(glass and Al>O3) in an ultrasonic cleaner and polypropylene
alcohol. Then they were mounted on a rotating plate and
previously designed technological masks were applied to them,
which made it possible to obtain structures with repeatable
dimensions. The first step was to cover 1/3 of the substrates and
sputter a 100 nm copper layer on the rest, which will be used as
the bottom contact. Then 1/3 of each metallization layer was
covered on one side or in the middle with kapton tape and the
entire plate was exposed. The next stage was to initiate the
process of spraying the target materials. In series 1 of the
structures, 14 layers of 1 nm thickness were alternately
sputtered, and in series 2: 10 layers of 2 nm thickness. The layer
thicknesses were estimated based on a quartz sensor placed in
the vacuum chamber of the sputtering machine. NiFe and SiO»
were selected as the source materials. Contacts enabling
measurements were made using silver paste. Structures were
obtained in three measurement configurations, i.e. on the
surface (CIP-Current to plane), through (CPP-Current
perpendicular to plane) and double through (CPP'). Figure 1
shows the distribution of the structures tested. The markings
(1,2...12) will be used later in the article. Structures marked
with odd numbers were sputtered on laboratory glass, while
those with even numbers were sputtered on Al,O;. Figure 2
shows diagrams with the dimensions of the structures in three
measurement configurations.
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Fig. 2. Dimensions of structures in three measurement configurations:
a) current to plane (CIP), b) current perpendicular to plane (CPP), double
current perpendicular to plane (CPP")

III. AC MEASUREMENTS AND CONDUCTIVITY VALUES

The hopping mechanism of electrical conduction effectively
describes both DC and AC conduction. This model refers to
structures in which grains of conductive material are randomly
dispersed in a dielectric matrix. It is based on quantum
phenomena such as tunnelling or jumping of electrons between
adjacent metal grains, which create neutral potential wells [22].
The mechanism can be divided into three stages. In the first
case, neutral potential wells are created in the process of
obtaining a nanocomposite. In the second stage, the electron
located in the neutral potential well jumps to the neighbouring
well under the influence of an external electric field. However,
in the third stage, the electron can jump to the next well or return
to the previous one. The mechanism in question arises as a result
of meeting certain conditions. The first effect is the creation of
an alternating electric field (see equation 1), which leads to the
creation of a current of tunnelling electrons, described by
formula 2, with a specific density.

E = E, - sinwt (1
where: w — angular frequency, E, — electric field amplitude,
t — time.

j=E-o (2)
where: o — material conductivity.

The electron hopping between the wells generates an electric
dipole, which leads to the formation of a thermally activated
polarization of the material. This process results in an increase
in dielectric permittivity. After the negatively charged charge
jumps, it remains in the well for some time. There is then
a certain probability that this charge will jump to the next well
or return to the previous one [23].

The obtained structures underwent characterization of variable
current parameters over a frequency range from 4 Hz to 8 MHz
using the 4-point method with a Hioki 3536 impedance meter.
Due to the aim of comparing technological parameters for
research purposes, structures with different numbers and
thicknesses of layers were selected for examination. These
structures were obtained on two types of substrates with
different roughness and in three different measurement
configurations, also placed at various positions on the sputtering
platter. The distance between the substrate and the sputtering
source may affect the repeatability of deposited layers.
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Additionally, the aging effect of the structures was investigated
one year after fabrication, considering the use of ferromagnetic
materials prone to oxidation in atmospheric air and at room
temperature. The conductivity of the tested samples was
determined based on resistance measurements (R,) and
mathematical calculations. Using formula 3, conductivity was
calculated for structures in the CIP measurement configuration,
while formula 4 was utilized for structures in the CPP and CPP'
measurement configurations.

L.
R, (©))
o= g [5/ml]
where: | — sample length, S — sample surface area.
1
R, @)

0= 2 [S/m]

where: h — sample thickness, r — contact surface radius.

Figure 3 shows the conductivity versus frequency dependences
of structures whose single layer thickness is 1 nm and their
number is 14. The presented measurements were made
immediately after receipt. In the case of the CIP configuration
(Fig. 3a), measurements taken from 120 Hz are presented,
because in the low frequency range the resistance values were
beyond the meter's range. The same situation was observed in
further measurements of structures obtained in this
configuration. As can be seen, the conductivity value increases
linearly by 5 orders of magnitude with increasing frequency,
which excludes mechanical conductivity in the tested material.
Measurement values are comparable regardless of the type of
substrate on which they were obtained and the distance from the
material source. In the case of measurements of the structure in
the "through" configuration shown in Figure 3b, it can be seen
that the conductivity is constant with increasing temperature in
the case of structures obtained on a glass substrate. The value of
structure 5, i.e. located in the centre of the plate, is slightly
higher than in the case of the structure located on the edge
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(structure no. 7). Therefore, its resistance value is lower, which
may mean that the layers of conductive material are more
continuous. A constant conductivity value indicates that the
percolation threshold has probably been exceeded, and thus
metallic conductivity. When a certain level that allows electrical
conduction is exceeded, paths composed of densely arranged
nanoparticles are formed in the nanocomposite. In such
a situation, the electrical resistance of the nanocomposite
(marked as R) consists of the resistance of the nanoparticles that
create the percolation path and the contact resistance between
them [24]. What was presented on formula 5.

n
R= Z(Ri + R¢) [R] (5)
i
where: R; — nanograin resistance, Rc — contact resistance.
) d
W =~ exp [—Hf \/Zm(U(x) —E.)dx (©)
0

where: m — electron charge, d — barrier width £, — kinetic energy
of the electron.

However, in structure number 6, which was located in the
centre of the plate in the frequency range <10° Hz, the
conductivity value is lower than in the case of structure number
8 and its value is constant up to the frequency of 150 Hz.
However, in this case two-step changes can be observed.
The first increase in conductivity is observed in the range from
150 Hz to 1.3 kHz, and the next one from 11 kHz. Figure 3¢
shows the conductivity-frequency dependence of structures in
the "double through" (CPP') configuration. Based on the graph,
it can be seen that the dependencies of the samples obtained on
glass (9 and 11) have the same curves as in the previous case,
but their values are slightly smaller, which may be caused by the
need to flow the current through a double number of layers
(i.e. 28 layers). The patterns of structures on Al,O3 are more
similar to each other than in the case of 14-layers, but electron
tunnelling between NiFe grains also occurs in them.
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Fig. 3. Dimensions of structures in three measurement configurations: a) current to plane (CIP), b) current perpendicular to plane (CPP), double current
perpendicular to plane (CPP").

In Figure 4, measurements of series 1 structures (with a single
layer thickness of 1 nm) taken approximately one year after
receipt are presented. As can be seen in the graph of structures
in the CIP configuration (Fig. 4a), the curves of individual

samples practically completely overlap, and their values remain
practically unchanged compared to the graphs from
measurements immediately after receipt. Based on these results,
the repeatability of the parameters of the obtained materials can
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be confirmed. Figure 4b shows that in the structure with the CPP
configuration, in all tested samples, there was a decrease in the
conductivity value, which is caused by the oxidation of metal
grains and thus an increase in the diffusion barrier. However, in
the case of samples sprayed on laboratory glassware, the
oxidation process will not affect the conductivity enough to
change the conductivity from the metallic to the dielectric type.
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However, significant changes occurred in sample number 6, in
which the conduction mechanism changed from a two-step to
a single-step conduction mechanism, but can now be adapted to
the hopping conduction mechanism of. Mott model, as in the
case of sample 8. Also, slight changes were observed
in the structures sputtered on Al,O3 in the CPP' configuration
(Fig. 4c).
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Fig. 4. The dependence of the conductivity on the frequency of structures with a thickness of 14/28 nm after one year in three measurement configurations:
a) CIP, b) CPP, c¢) CPP'

However, in this case it was observed that in structures
sprayed on glass, the oxidation process is more noticeable in the
sample located in the centre of the plate, i.e. it rotates around its
axis (number 9). It is possible that there are slightly thicker
layers in them, and therefore the ratio of its surface to volume
in metals decreases. This means there is less space for oxygen
to act on per unit volume of metal. It takes longer to reach the
inner areas of the metal, which in turn leads to faster oxidation
on the outer surfaces. An important observation is the fact that
in the case of structures obtained on Al,Oj; in through-through
configurations, regardless of the distance from the sputtering
source, there is always a hopping or tunnel conduction
mechanism. This means that the conductivity in the tested
structures is of the dielectric type. Taking into account that the
AC parameters are different for different substrates, it can be
concluded that this is probably due to the non-smooth surface of
AlO;. Surface roughness can influence the interfacial
interactions between nanomaterials and the substrate. These
interactions may influence the dynamics of grain growth and
lead to differences in their distribution.

Further tests of AC parameters were carried out on samples in
which NiFe and SiO; layers were alternately sputtered 10 times
with 1 nm layers. The conductivity versus frequency
relationships shown in Figure 5 represent the structures in
question. As can be seen in Figure 5a, the characteristics are
comparable to those of the previous series of structures. Only
sample 4 located on the edge of the plate and obtained on an
AL O3 substrate shows slightly lower conductivity values
throughout the entire frequency range compared to the rest of
the samples. A completely different situation was observed in
cross-configuration structures (Fig. 5b). In this case, a constant
conductivity value was observed in all tested samples over the
entire frequency range. Only slight increases in the high

frequency range may indicate the occurrence of the current skin
phenomenon. Samples number 5 and 7 (obtained on glass) have
very similar values. The structure located in the middle has
slightly higher conductivity and therefore lower resistance.
On this basis, it can be concluded that the current flows more
freely through such a material, which may be due to slightly
thicker and thus more uniform layers. Metallic type conductivity
is also observed in samples prepared on Al,O3. The graph shows
that sample 8 has a conductivity value that is almost one order
of magnitude lower than sample number 6. This may be due to
the fact that the CPP' sample located on the edge of the turntable
does not rotate around its axis as the samples do. located in its
centre, and therefore it is possible that less material was
deposited on the substrates. This means that the layers
are thinner, and consequently, the conducting material islands
are further apart. Completely different relationships can be
observed in structures where the current flows through 20 layers
(as if through 40 nm of material) as depicted in Figure Sc.
In contrast to the previous series, a constant conductivity value,
followed by an almost linear increase with frequency,
is observed in samples obtained on laboratory glass (9 and 11).
In sample number 11, a conductivity value jump occurs in the
frequency range from 10 Hz to approximately 80 Hz, which is
attributed to a bridge jumping in the impedance meter and does
not affect the conduction mechanism in the investigated
structure. On the other hand, structures obtained on AlO3
exhibit constant conductivity values, which may indicate
exceeding the percolation threshold of the system. Additionally,
comparing samples in single and double through configuration
measurement, it can be observed that conductivity decreases by
an order of magnitude with an increase in the number of layers.
This suggests that an increase in structure thickness may lead to
an increase in resistance of the investigated nanocomposite.
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Fig. 5. The dependence of the conductivity on the frequency of structures with a thickness of 10/20 nm after one year in three measurement configurations:
a) CIP, b) CPP, c¢) CPP".

Figure 6 shows measurements of the same series performed
after a year. Oxidation of grains in samples with the CIP
configuration resulted in repeatability of the conductivity values
of all samples (Fig. 6a). Exactly the same situation could be
observed in the structures shown in Figure 4a. In turn, some
changes occurred in samples 7 and 8 (Fig. 6b). In structure no. 7,
during the measurements, the bridge in the meter jumped
at a frequency of 3 kHz. From this value, the conductivity value
begins to increase by 3 orders of magnitude. However, it cannot
be clearly said that the conduction mechanism has changed in
the structure under study by oxidation. It may also be the
occurrence of the accumulation of electric charge on the sample
surface. An interesting situation can be observed in sample
number 8. In this case, after a year, the conductivity value
decreased by more than 1 order of magnitude. The oxidation
process often leads to a change in the chemical structure of
a substance. As a result, this change may lead to a decrease in
conductivity. Another possible reason is that the samples were
stored in housings where they could be damaged. The oxidation
process can also damage the structure of the material, for
example by creating cracks or defects. These damages can

disturb the flow of current through the material, which leads
to a reduction in its conductivity. Figure 6c¢c shows the
measurement of the structure in the CPP' configuration.
The aging process in the sample located in the centre of the plate
and obtained on an Al,Os3 substrate (no. 10) caused a slight
decrease in the conductivity value. In sample number 11,
immediately after receipt, an increase in conductivity was
observed from the value of 10 kHz. However, measurements
carried out after a year showed that the increase was shifted to
the lower frequencies (from 1 kHz). Significant changes
occurred in sample number 9 obtained on glass. In this case,
from one hopping conduction mechanism, the oxidation process
gave rise to three mechanisms. One in the frequency range of 1
kHz-40 kHz, the second in the range of 40 kHz-1 MHz, and the
third in the range of | MHz-8 MHz. In turn, in structure number
12, which was located on the edge of the plate and was obtained
on an Al,O3 substrate, the aging process caused the oxidation of
metal grains/layers, thereby increasing the diffusion barriers
around them, which results in a change in conductivity from
atypically metallic to a tunnel conduction mechanism,
i.e. dielectric type.
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Fig. 6. The dependence of the conductivity on the frequency of structures with a thickness of 10/20 nm after one year in three measurement configurations:

a) CIP, b) C

PP, c) CPP'.
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IV. SURFACE ROUGHNESS MEASUREMENTS OF SUBSTRATES

As previously mentioned, the type of substrate affects the
alternating current properties of multilayer nanocomposites.
Therefore, the roughness profiles of the glass and AlO3
substrate were investigated. The tests were carried out using
a Taylor Hobson profilemeter in accordance with the ISO 4287
standard. Parameters such as maximum peak height of the
roughness profile (Rp), maximum valley depth of the roughness
profile (Ry), maximum height of the roughness profile (Rz),
average height of roughness profile elements (Rc), total height
of the roughness profile (Rt), arithmetic mean deviation of the
roughness profile (Ra), root mean square deviation of the
roughness profile (Rq), asymmetry of the roughness profile
(Rsk), kurtosis of the roughness profile (Rku) were measured 10
times. As can be seen, the glass values are much lower than
those of the oxide substrate. This may have a significant impact
on the accumulation of metal grains in the dielectric matrix.
Additionally, Fe3Os nanoparticles are characterized by
a significant volume-to-surface ratio, which leads to high
surface energy, which in turn promotes particle aggregation.
Moreover, Fe3O4 has high chemical activity on its surface,
which makes it susceptible to oxidation in contact with air [6].
Table 1 presents the amplitude parameters.

TABLE I
AMPLITUDE PARAMETERS — ROUGHNESS PROFILE

Glass AlLO;
Rp, um 0.02 2.92
Rv, pm 0.01 424
Rz, pm 0.06 7.17
Rc, pm 0.00 2.94
Rt, pm 0.12 8.81
Ra, pum 0.009 1.08
Rgq, pm 0.01 1.33
Rsk, - 1.782 -0.443
Rku, - 10.098 3.04

CONCLUSION

The paper presents the entire sequence of technological
processes aimed at obtaining multilayer nanocomposites made
of NiFe and SiO» by dual-source magnetron sputtering on two
different types of non-conductive substrates, i.e. laboratory
glass and AlO;, as well as with different single layer
thicknesses. Additionally, thanks to the use of a technological
mask, structures were created that could be measured in three
different configurations: on the surface, through and twice
through. Measurements were carried out immediately after
receipt and then after approximately one year to determine the
aging effect on the AC properties of the structures. In the case
of samples with the CIP measurement configuration, there was
no influence of the number and thickness of layers, and no
changes resulting from long-term storage in the presence of an
air atmosphere were observed. However, noticeable changes
occur in series 1 structures in through-through measurement
configurations. The roughness of the Al,Os substrate surface
probably caused the ferromagnetic grains to accumulate into
larger clusters, which caused a change in the type of conduction,
which is characteristic of the hopping/tunnel conduction
mechanism. After some time, it was found that the oxidation of
the metal grains slightly influenced the parameters of the
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structures on the oxide substrate and no changes were observed
in the structures obtained on the glass. A very similar situation
can be seen in the case of series 2 samples, where the thickness
of a single layer is 2 nm. In this case, the through-through
measurement configuration, and thus the doubling of the
number of layers, as well as the aging effect significantly affect
the electrical properties of the nanocomposites. Not only
causing changes in the conduction type from metallic to
dielectric, but also increasing the number of conduction
mechanisms.

Based on the results obtained, it can be concluded that the
design parameters as well as the oxidation of ferromagnetic
grains in the aging process have a significant impact on the AC
properties of multilayer NiFe-SiO, nanocomposites.
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