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Abstract: In this study, EuS thin films with varying thicknesses (15, 25, and 50 nm) were deposited
onto a Si/SiO2 substrate using e-beam evaporation. Subsequently, two Ag contact electrodes with a
0.2 mm spacing were prepared via thermal evaporation using a shadow mask. To investigate the
influence of film thickness and temperature on the electrical properties of EuS thin films, current-
voltage (I–V) measurements were performed in a temperature range of 300–433 K for a voltage range
of −2 V to +2 V. The I–V characteristics exhibited a temperature-dependent behavior, particularly
showing an increase in current with rising temperature in the forward bias region. Furthermore, an
improvement in the Schottky behavior was observed with increasing EuS film thickness. Additionally,
the AC electrical and dielectric properties of the EuS thin film were examined in a frequency range of
4 Hz–8 MHz. Capacitance, conductance, impedance, and the Cole–Cole characteristic of EuS were
analyzed in detail with respect to frequency, temperature, and film thicknesses.

Keywords: EuS; electrical characterization; e-beam evaporation

1. Introduction

Europium sulfide (EuS) has long been a focus of research in the realm of spintronics,
a field that endeavors to harness the interplay of electronic and magnetic properties of
charge carriers for the development of innovative electronic devices [1,2]. The allure of
spintronics lies in its potential to yield devices with faster data processing capabilities and
enhanced magnetic storage capacities [3]. An ideal spintronic material would be a magnetic
semiconductor boasting a Curie temperature (TC) well above room temperature (RT).

EuS stands out as one such magnetic semiconductor, characterized by an exceptionally
high magnetic moment of 7 µB per Eu atom, arising from the presence of highly localized,
half-filled 4f orbitals [4]. It possesses a bandgap energy of 1.65 eV and exhibits tunability
through quantum-confinement effects [5]. However, the Achilles’ heel of EuS has been
its relatively low TC, pegged at 16.5 K. Nonetheless, various strategies, including lattice
contraction and multilayer configurations, have shown promise in raising TC significantly,
even surpassing RT in some instances [6–10]. In addition to magnetic properties, the quality
of EuS thin films plays a pivotal role in their potential applications. Prior studies have
explored epitaxial growth of EuS on various substrates, yielding varying results [11–13].
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While the magnetic properties of EuS have been extensively studied, investigations of
its electrical properties are limited. EuS is a binary compound, and its electrical properties
may vary depending on its crystal structure and the conditions at which it was synthesized.

At lower temperatures or under certain conditions, EuS can become an insulator,
meaning it does not conduct electricity effectively. This insulating behavior is often as-
sociated with the antiferromagnetic arrangement of europium ions. EuS, however, is a
ferromagnetic insulator and is an important candidate for isolating the magnetic response
of surface states from the parallel conduction of topological insulator materials [14].

EuS transitions from insulator to metal under high pressure and exhibits metallic
behavior by making a phase transition [15]. The electrical properties of EuS are highly
temperature-dependent. At higher temperatures, it tends to be metallic and conduc-
tive, while at lower temperatures, it can become insulating, and EuS has a band gap of
1.65 eV [16].

2. Materials and Methods

In this study, we fabricated the samples using e-beam evaporation of high-purity
(99.99%) EuS powder. The evaporation process was carried out in an ultra-high-vacuum
chamber with a base pressure of 2 × 10−9 mbar. The substrates employed for deposition
were commercially available 1 cm × 1 cm Si/SiO2 wafers, which underwent a thorough
cleaning process with isopropanol to eliminate any potential surface contaminants prior to
introduction into the vacuum chamber.

Throughout the film growth process, the precise control of film thickness was main-
tained using a quartz microbalance, which had been accurately calibrated. The substrate
temperature was maintained at room temperature during the entire deposition process.
Once the desired film thickness was achieved, the samples were carefully removed from
the chamber under nitrogen flow. In this research, three samples were prepared with a
thickness of 15 nm, 25 nm, and 50 nm, respectively. To confirm the uniformity of the films,
scanning electron microscope images were collected.

Subsequently, silver contacts were evaporated onto the corners of the EuS films to
enable direct current (DC) electrical characteristic measurements. Current–voltage (I–V)
measurements were conducted over a voltage range of −2 V to +2 V at different tempera-
tures. Measurements were taken at 10 K intervals, spanning from room temperature (RT) to
433 K. The I–V measurements of the thin films were performed using the Keysight B2901BL
Precision Source/Measure Unit. For alternating current (AC) electrical assessments, the
Hioki IM3536 LCR Meter was employed, covering a frequency range from 4 Hz to 8 MHz,
with variations based on temperature conditions.

3. Results and Discussion

Figure 1a provides an in-depth SEM image of the surface characteristics of the 50 nm
EuS thin film. Upon meticulous examination, it becomes clear that the surface presents a
uniform and exceptionally smooth texture. It is worth highlighting that there is a conspicu-
ous absence of any observable signs of segregation or irregular distribution of EuS material
on the Si/SiO2 substrate, thereby signifying the presence of a homogenous and firmly
adhered thin film structure. The EDX spectrum that corresponds to the 50 nm thin film
specimen is shown in Figure 2, rendering invaluable insights into its elemental composition.
This spectral analysis unveils distinctive and prominent peaks that unambiguously signify
the presence of both Eu and S elements within the thin film. Additionally, it is imperative
to underscore that the spectrum also exhibits supplementary peaks originating from the
Si/SiO2 substrate.
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Figure 1a,b collectively serve as a visual testament to the meticulousness and efficacy 
of the film preparation process, underpinning the reliability and quality of the samples 
examined in this study. These observations lay a robust foundation for the subsequent 
exploration of the electrical characteristics and behaviors of the EuS thin films, as 
discussed in the following sections. 
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temperature. Conspicuously, each of the three samples displays unique responses in the 
IV curve as a function of both film thickness and temperature. 

One conspicuous trend that emerges as film thickness increases is a reduction in 
current within the reverse-bias region coupled with a simultaneous increase in the 
forward-bias region. This phenomenon can be attributed to a behavior reminiscent of 
approaching the Schottky behavior [17,18]. It is noteworthy that the sample with a 50 nm 
film thickness exhibits a complete absence of current in the reverse bias region, effectively 
reaching zero. 
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evidenced by the increase in bias current as the temperature increases. 
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Figure 2. I–V characteristics of EuS thin films of different thicknesses: 15 nm (a), 25 nm (b), and 50 
nm (c). 

To obtain a better understanding of the behavior, capacitance-frequency (Cp-f) 
measurements were made. Figure 3 shows the capacitance frequency dependence Cp-f 
graphs for every sample at various temperatures. The behavior for all thicknesses is the 
same. Initially, the capacitance increases with increasing temperature from 1 Hz up to 106 
Hz, then capacity reduces as temperature increases as frequency exceeds 106. Since this 
frequency-dependent behavior of capacitance values occurs at low frequencies, the 
measurement system can detect the movements of the loads in the traps, and the signal 
period applied at high frequencies may be shorter than the lifespan of the loads in the 
traps [20,21]. 
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Figure 2. I–V characteristics of EuS thin films of different thicknesses: 15 nm (a), 25 nm (b), and
50 nm (c).

Figure 1a,b collectively serve as a visual testament to the meticulousness and efficacy
of the film preparation process, underpinning the reliability and quality of the samples
examined in this study. These observations lay a robust foundation for the subsequent
exploration of the electrical characteristics and behaviors of the EuS thin films, as discussed
in the following sections.

The I–V characteristics, shown in Figure 2a–c, provide a comprehensive view of how
the electrical behavior of the three samples varies with changes in film thickness and
temperature. Conspicuously, each of the three samples displays unique responses in the IV
curve as a function of both film thickness and temperature.

One conspicuous trend that emerges as film thickness increases is a reduction in
current within the reverse-bias region coupled with a simultaneous increase in the forward-
bias region. This phenomenon can be attributed to a behavior reminiscent of approaching
the Schottky behavior [17,18]. It is noteworthy that the sample with a 50 nm film thickness
exhibits a complete absence of current in the reverse bias region, effectively reaching zero.
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These I–V characteristics unequivocally confirm the formation of Schottky junctions
between the Ag contacts and the EuS thin films. This behavior aligns with the Schottky
diode equation, as represented by Equation (1):

I = I0

[
exp

(
qV
nkT

)
− 1

]
(1)

where I0 is the saturation current based on thermionic emission theory, n is the ideality
factor, k is the Boltzmann’s constant, T is the absolute temperature [19].

Furthermore, the I–V characteristics of all the EuS thin films across the measured
temperature range consistently support the notion of Schottky junction formation. This is
evidenced by the increase in bias current as the temperature increases.

To obtain a better understanding of the behavior, capacitance-frequency (Cp-f) mea-
surements were made. Figure 3 shows the capacitance frequency dependence Cp-f graphs
for every sample at various temperatures. The behavior for all thicknesses is the same.
Initially, the capacitance increases with increasing temperature from 1 Hz up to 106 Hz, then
capacity reduces as temperature increases as frequency exceeds 106. Since this frequency-
dependent behavior of capacitance values occurs at low frequencies, the measurement
system can detect the movements of the loads in the traps, and the signal period applied at
high frequencies may be shorter than the lifespan of the loads in the traps [20,21].
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4. Conclusions

In conclusion, the I–V characteristics of the EuS thin films with varying thicknesses
demonstrated temperature-dependent behavior, revealing a decrease in current in the
reverse bias region and an increase in the forward bias region as the film thickness increases.
This behavior suggests the formation of Schottky junctions between Ag and EuS. Addition-
ally, the capacitance-frequency (Cp-f) measurements displayed temperature-dependent
trends, with an initial capacitance increase followed by a decrease at high frequencies.
These observations suggest that the electrical properties of the thin films are influenced by
the movements of charges within traps, particularly at low frequencies, and signal periods
at high frequencies may not capture the full behavior of these traps.
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