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Abstract: The aim of this work was to investigate and prove the possibility of the real-time detection of
magnetic nanoparticles (MNPs) distributed in solid material by using a tunnel magnetoresistance-based
(TMR) sensor. Following the detection tests of FeCrNbB magnetic nanoparticles distributed in
transparent epoxy resin (EPON 812) and measuring the sensor output voltage changes at different
particle concentrations, the detection ability of the sensor was demonstrated. For the proposed TMR
sensor, we measured a maximum magnetoresistance ratio of about 53% and a sensitivity of 1.24%/Oe.
This type of sensor could facilitate a new path of research in the field of magnetic hyperthermia by
locating cancer cells.
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1. Introduction

Features such as cost-effective production, small size, low power consumption, and
especially high values of sensitivity and detectivity, recommend magnetoresistive (MR)
sensors as the most suitable for biomedical applications [1,2]. Although the most studied
magnetoresistive sensors are based on the giant magnetoresistance (GMR) effect, especially
due to their high linear response to the applied field as well as the simplification of
the technological process, tunnel magnetoresistance (TMR)-based sensors have better
sensitivity and resolution due to the higher MR ratio, properties that are very important for
biosensor applications [3]. Several methods have been used to improve the linearity and
sensitivity of TMR sensors such as optimizing the magnetoresistive structure [4], integrating
multiple sensors into the Wheatstone bridge [5], or integrating magnetic flux concentrators
(MFCs) [6].

Due to their special magnetic properties and biocompatibility, magnetic nanoparticles
can be used in medical applications such as human cell labeling and imaging [7,8] or cancer
diagnosis and treatment [9,10]. Currently, the detection of the magnetic responses of MNPs
can be performed by magnetorelaxometric imaging (MRX), magnetic resonance imaging
(MRI), or magnetic particle imaging (MPI) [8,11,12], but there is a need to improve the cost
and efficiency of magnetic nanoparticle localization.

In recent years, different solutions have been proposed for the use of magnetoresistive
sensors to detect magnetic particles and evaluate their concentration in ferrofluids [13–15]
as well as for the indirect detection of biomolecules or bacteria by detecting the magnetic
field generated by the magnetic particles adhering to them [16–18]. On the other hand,
the detection of magnetic nanoparticles by scanning human tissue with a highly sensitive
sensor would be of great importance in medicine for use in magnetic hyperthermia, where
a major problem is to direct the heat only to the diseased tissue without affecting the
surrounding healthy tissue.

In this work, we propose a simple model of a tunnel magnetoresistance (TMR) sensor
for the real-time detection of MNPs dispersed in solid material, with potential applications
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in magnetic hyperthermia by detecting the magnetic particles in tissues. To test the detection
performance of the sensor, transparent epoxy resin (EPON 812) was used as a solid material
in which the magnetic particles were dispersed. No magnetic flux concentrators or perma-
nent magnets were used to operate the proposed sensor, so no additional steps are required
in the fabrication process. The small size of the magnetoresistive device (400 × 250 µm2)
allows for the realization of a large number of sensors (100) on a support of 18 × 18 mm2,
which means a simplification of the technological process. The fabrication of the magne-
toresistive sensing device and its magnetic properties are described in this work as well as
the detection limits of the Fe–Cr–Nb–B magnetic nanoparticles dispersed in transparent
epoxy resin (EPON 812). The ferromagnetic FeCrNbB nanoparticles (MNPs) prepared by
high-energy ball milling from melt-spun ribbons (MSRs) [19] were submicron powders
with a glassy structure, whose peculiarity is that the Curie temperature range of 15–50 ◦C
can be changed depending on the Cr content [20]. This makes the magnetic FeCrNbB
nanoparticles suitable for biomedical applications, especially hyperthermia applications.

2. Materials and Methods
2.1. TMR-Based Sensor Microfabrication

For the structure of the TMR-based sensors studied in this work, a thin layer of
magnesium oxide (MgO) was used as the separating layer and Co40Fe40B20 as the free
ferromagnetic layer. To achieve higher magnetoresistance values with better sensitivity, the
thicknesses of the component layers were optimized, resulting in the final configuration
of: Ta (5 nm)/Ru (20 nm)/Ta (5 nm)/CoFe (3 nm)/IrMn (20 nm)/CoFe (2.5 nm)/Ru
(0.85 nm)/CoFeB (3 nm)/MgO (1.8 nm)/CoFeB (3 nm)/Ta (10 nm), where the values
in parentheses indicate the thickness of each layer, as shown schematically in Figure 1.
The thin films were deposited on a Si/SiO2 substrate (18 × 18 mm2) using the ATC
2200/AJA International deposition system (Scituate, MA, USA), which can reach a base
pressure of 5 × 10−8 Torr and allows both magnetron sputter deposition and electron beam
evaporation. Except for the MgO barrier layer, which was deposited by electron beam
evaporation, all other thin films were prepared by magnetron sputtering at a working
pressure of 3 mTorr. During deposition, a magnetic field of 100 Oe was applied parallel to
the plane of the thin films to define the easy axis of the ferromagnetic layers.
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Magnetoresistive sensors used in MNP detection applications must exhibit a linear
change in electrical resistance with the applied magnetic field. It has been shown that in
order to achieve this goal, it is advantageous to design the detection elements in rectangular
or elliptical shapes (i.e., to have a high aspect ratio). However, as the ratio increases,
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the sensitivity of the sensor decreases [21]. In this work, we present a detection element
structure with a low aspect ratio, with the shape of a cylindrical “pillar” and a diameter of
4 µm. The total size of the device (detection element and contacts) was 400 × 250 µm2, so
it is possible to fabricate 100 sensors on a single support. The sensors were divided into
four groups of 25 sensors, marked with numbers and letter symbols so that the distinction
during the measurements was facilitated (Figure 2k). Being a simple technological process,
this type of sensor has the advantage of low cost and short manufacturing time. The
microfabrication process of the sensor includes the following steps:

(1) Definition of a TMR structure with a rectangular shape with a size of 40 × 80 µm2

by electron beam lithography (EBL) and ion beam etching (IBE). The detection element and
the bottom contact are later defined on this rectangular structure (Figure 2a).

(2) Definition of the bottom contacts by EBL and IBE and resist stripping (Figure 2b,c).
(3) Definition of the detection element by EBL and IBE (Figure 2d). At this stage, the

surface of the bottom contacts is protected by e-resist in the same lithography step as that
of the pillar.

(4) A 60 nm thick SiO2 insulating layer is deposited on the chip surface by sputtering
(Figure 2e). The deposition of the insulating layer is followed by the lift-off process, which
exposes only the surfaces covered by the e-resist (Figure 2f). The purpose of the insulating
layer is to prevent electrical contact with the bottom contact and the top surface of the MTJ.

(5) Definition of the electrical contacts by laser beam lithography and deposition of
Ta (5 nm)/Cu (200 nm). For the measurements, the CPP (current perpendicular to plane)
configuration was used, which consists of the electric current flowing perpendicular to the
plane of the thin films through the electrical contacts, which have a coplanar waveguide
geometry (ground–signal–ground,) Figure 2g).

2.2. Magnetic Annealing

Crystallization of the CoFeB layer by magnetic annealing of the MTJ stack with highly
(001)-oriented MgO barriers is crucial for maximizing the tunneling magnetoresistance.
In magnetic annealing, some properties such as a strongly pinned layer or perpendicular
magnetic anisotropy can also be achieved.

The values of temperature, magnetic field, and annealing time can lead to changes in
the crystalline structure of the magnesium oxide layer. Therefore, the annealing parameters
were studied to choose the appropriate values for each of them.

After we studied the annealing parameters, the magnetic tunnel junction multilayer
stack was magnetically annealed for one hour under vacuum conditions at 320 ◦C and a
magnetic field of 5 kOe. During annealing, the magnetic field was applied in the plane
of the thin films in the direction of the anisotropy induced during deposition and kept at
the same value until the sample reached room temperature. The sample was cooled down
naturally to room temperature in about 20 min. Although the conditions for obtaining the
magnetoresistive structure are still under investigation and improvements are needed, the
images taken with the electron transmission microscope LIBRA®200MC/Carl Zeiss GmbH
(Jena, Germany) and shown in Figure 3 demonstrate the transition of the CoFeB/MgO
interface from the amorphous state before annealing (Figure 3a) to the crystalline state after
annealing (Figure 3b).

2.3. Magnetic Nanoparticles

In order to investigate the detection capability of the sensor, magnetic FeCrNbB
nanoparticles (MNPs) with a diameter of 50–500 nm, obtained by high-energy ball milling
from melt-spun ribbons (MSRs) precursors [19], were dispersed in transparent epoxy
resin (EPON 812) at different concentrations expressed in mass percent. The total mass of
epoxy resin and NP mixture was fixed and the mass of NPs was gradually increased to
obtain concentrations of 2%, 4%, 6%, and 8%. FeCrNbB particles exhibited high saturation
magnetization and soft magnetic properties, which make them a very good candidate for
magnetic hyperthermia.



Coatings 2023, 13, 227 4 of 9Coatings 2023, 13, 227  4  of  12 
 

 

 

 

Figure 2. (a–g) Schematic representation of the sensor microfabrication process. (h) SEM image of 

the magnetoresistive structure of 40 × 80 μm2 and (i) pillar detection element. (j) Optical microscopy 

image of the final device with coplanar waveguide geometry of the contacts. (k) Schematic repre‐

sentation of a chip with 100 MTJ sensor devices. 

2.2. Magnetic Annealing 

Crystallization  of  the CoFeB  layer  by magnetic  annealing  of  the MTJ  stack with 

highly (001)‐oriented MgO barriers  is crucial for maximizing  the tunneling magnetore‐

sistance. In magnetic annealing, some properties such as a strongly pinned layer or per‐

pendicular magnetic anisotropy can also be achieved. 

Figure 2. (a–g) Schematic representation of the sensor microfabrication process. (h) SEM image
of the magnetoresistive structure of 40 × 80 µm2 and (i) pillar detection element. (j) Optical mi-
croscopy image of the final device with coplanar waveguide geometry of the contacts. (k) Schematic
representation of a chip with 100 MTJ sensor devices.
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Figure 3. (a) TEM image of the CoFeB/MgO interface before annealing; (b) TEM image of the
CoFeB/MgO interface after annealing.

Since epoxy resin has physical and chemical properties similar to human tissue [22], a
mold of EPON 812 was prepared for the detection tests in which areas without particles
alternated with areas with magnetic particles (Figure 4). Due to its similarity to tissue,
epoxy resin is used in a variety of experiments that require the replacement of living
organisms [23,24], thus avoiding the ethical problems that the use of human or animal
tissue could lead to. Therefore, even in our case, this structure of resin and particles had the
task of simulating a human tissue sample in which magnetic particles had been distributed.
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Figure 4. (a) Schematic representation of the resin/resin + magnetic particle assembly with dif-
ferent concentrations and of the magnetoresistive device; (b) Optical image of the sensor and the
resin/resin + particle assembly, before being placed in the detection area.

3. Results
3.1. Sensor Performance

To characterize the performances of the TMR-based sensor, the magnetoresistance
curve was drawn by measuring the electrical resistance of the sensor as a function of the
applied magnetic field generated by a Helmholtz coil system connected to a bipolar source
(Kepko BOP 100–10 MG) and measured with a Gaussmeter equipped with a Hall probe.
The magnetic field was applied in the plane of the thin layers of the TMR structure in the
direction of the anisotropy induced during deposition. A ground–signal–ground (GSG)
probe was used to determine the electrical resistance of the TMR sensor. The system used
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a DC current source (Keithley 2400, Tektronix, Beaverton, OR, USA) and a multimeter
(Keithley 2000, Tektronix, Beaverton, OR, USA) to measure the voltage (Figure 5). Data
acquisition and system control were performed using a program developed in LabView.

Coatings 2023, 13, 227  7  of  12 
 

 

 

Figure 5. Schematic diagram and image of the experimental setup used for the TMR measure‐

ments. 

Measurements of the sensor electrical resistance changes as a function of the applied 

magnetic field were performed with a bias current of 1 μA flowing through the MTJ sen‐

sor. During the measurements, the magnetic field was applied from −400 to +400 Oe in the 

direction of the easy axis of the pinned layer. From the sensor transfer curve (Figure 6), 

the proposed TMR sensor had a maximum magnetoresistance ratio of about 53% and a 

sensitivity of 1.24%/Oe. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Schematic diagram and image of the experimental setup used for the TMR measurements.

Measurements of the sensor electrical resistance changes as a function of the applied
magnetic field were performed with a bias current of 1 µA flowing through the MTJ sensor.
During the measurements, the magnetic field was applied from −400 to +400 Oe in the
direction of the easy axis of the pinned layer. From the sensor transfer curve (Figure 6),
the proposed TMR sensor had a maximum magnetoresistance ratio of about 53% and a
sensitivity of 1.24%/Oe.
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Figure 6. Sensor transfer curve.

3.2. Detection of Magnetic Nanoparticles

By using the presented sensor prototype, we demonstrated in this work the possibility
of detecting different concentrations of magnetic particles distributed in a given volume.
Furthermore, the design needs to be improved so that it can be easily used for magnetic
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sensing, especially for MPN detection. The chip structure containing the sensors will be
encapsulated in a chip carrier package that prevents physical damage and corrosion, as
shown schematically in Figure 7. A chip wire bonding machine was used to connect the
chip to the package.
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To magnetize the MNPs in order to obtain a detectable stray magnetic field, an external
magnetic field of 20 Oe was applied perpendicular to the film plane of the magnetoresistive
sensor. The sensing direction of the sensor coincides with the direction of the easy axis
of the pinned layer, therefore, the sensitivity of the sensor is not affected by the applied
magnetizing field for the particles.

For the detection measurements, the magnetoresistive sensor was brought to the
region of maximum sensitivity of the magnetoresistance curve and then the output voltage
of the sensor was measured for a few seconds (Figure 8a) for particle concentrations of
2%, 4%, 6%, and 8%. By calculating the average values of the sensor output voltages
measured at the time intervals corresponding to each particle concentration, the graph
in Figure 8b was obtained. It can be seen that the sensor voltage decreased linearly with
increasing particle concentration from 0% to 6%. The voltage value increased slightly at
8%, which may indicate that the sensor is able to quantify particle concentrations up to a
6% concentration, while it reaches a saturation zone at higher values.
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Figure 8. (a) Variation in the sensor output voltage in time for different particle concentrations;
(b) the average value of the output voltages as a function of particle concentration.
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4. Conclusions

We investigated the possibility of detecting magnetic nanoparticles in real-time using
a simple TMR-based sensor model. Therefore, we proved the capability of measuring
various concentrations of MNPs dispersed in a specific volume by utilizing the sensor
prototype that described above. The presented sensor had a relatively high sensitivity and
its fabrication did not require additional technological steps as in the case of using different
configurations involving permanent magnets (Wheatstone bridge or flux concentrators).
It has been shown that the sensor is able to detect in real-time and quantify these concen-
trations up to a saturation value. We believe that the proposed concept of a simple tunnel
magnetoresistance (TMR) sensor for the real-time detection of MNPs could have significant
potential applications in localizing cancer cells by detecting the magnetic particles in tissue
and in cancer therapy by magnetic hyperthermia.
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