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Abstract

This paper presents a new magnetodiode, the so-called dual magnetodiode,
for wireless sensor application. The device is a current mode which can
be integrated with a chip compatible with modern low power, low voltage
integrated circuit (IC). The structure and operation are completely different
from a conventional magnetodiode. The structure is composed of two p–n
junctions in that one region is common and the others are split terminals for
output of differential current. The underlying mechanism is carrier deflection
by induced force from a magnetic field. The carriers are injected from the
common region by forward bias. The defection carriers diffuse, deflect, and
recombine along substrate through split terminals according to direction
and density of the magnetic field linearly and symmetrically. From the
comparison of complementary structure of the split cathode and the split
anode structure of LD = 50 µm, the bias current 1 mA and magnetic field
0.5 T, the relative sensitivities (SR) are 11.01 and 11.19 T−1, respectively.
This device is a simple p–n junction structure which is compatible with all
micro/nanotechnology.
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1 Introduction

Sensors are very important devices for measurement system [1, 2], wireless
sensor network [3, 4], interactive multimedia system [5], automation [6],
robotics [7, 8], learning machine, internet of things (IoT) [9–11], artificial
intelligence (AI), and other smart systems [12]. In general applications, mag-
netic sensors are used for measuring speed detection, proximity switching,
positioning, current sensing, etc. The key feature of the magnetic sensor
is that the sensor is in contactless switching mode; so, there is no wear
on the contact, and hence ensures high reliability and long lifetime. When
the magnetic sensors are used together in many units, it will result in a
magnetic sensor network. From the advancement of wireless technology,
multimedia communication, and intelligent systems, it has given rise to
mobile multimedia sensor networks (MMSNs) or wireless multimedia sensor
networks (WMSNs) [13] that have been applied in many applications, such as
games, virtual reality, interactive multimedia, smart environment monitoring,
intelligent transport system [14], autonomous driving, etc. Magnetic sensor
is a kind of sensor that is used to detect magnetic energy or quantity and
transfer to electrical energy by some phenomena. Among all phenomena,
the Hall effect is one of the most popular effects to create magnetic devices
[15, 16]. There are two modes of operation of the Hall effect, i.e., one is the
Hall voltage mode and another is the Hall current mode. The Hall voltage
mode is used to make the Hall plate device that changes magnetic field to
the Hall voltage [17, 18]. This device is very popular in magnetic device
group. The current mode is also used to make magnetoresistance device [19].
Unfortunately, this effect gives the percentage of magnetoresistance not so
high for nonmagnetic material such as a semiconductor and metal material.
The magnetic material exhibits the so-called anisotropic magnetoresistance
effect. In these materials the magnetization vector determines the direction
along which the current normally flows. Because it gives very high percent of
magnetoresistance than magnetoresistance from nonmagnetic materials, we
call the phenomenon as giant magnetoresistance (GMR) [20].

Although the Hall effect current mode for magnetoresistance is not as
popular as the GMR, there are many device structures that adapt the Hall
effect current mode for magnetic detection. A magnetotransistor uses the
Hall current mode for emitter current to get deflected to a collector by
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induced Lorentz’s force from magnetic density [21, 22]. This device must
use current to supply device for more than one terminal and it has at least
four terminals [23]. There is a proposed three-terminal magnetotransistor but
it is not a natural symmetrical device, and therefore one has to adjust offset
by an external circuit before usage [24, 25]. It is not popular as the Hall
plate device in voltage mode. Magneto MOSFET or MAGFET uses the MOS
structure for detecting magnetic field [26, 27]. There are still some researches
in progress in this regard until now. Magnetodiode uses the Hall effect current
mode with two different surface recombination rate of interfaces and double
injection of carriers [28]. Since it requires the two different interfaces, it is
difficult to control properties which depend on fabrication process so much
to be the same in each fabrication. It needs some voltage drop on the p–n
junction and response to high magnetic field density. It is not a symmetrical
device because of the two different surface recombination rates. Even though
it is a simple two-terminal and a voltage supply device, it is not so popular
and interesting right from the time of its introduction.

In this paper, the new structure and operation of a magnetodiode is pro-
posed. This device uses the p–n junction diode for detecting magnetic field.
The underlying mechanism is carrier deflection in bulk from the Hall effect
current mode. The structure composes of two diodes in that one terminal
is common and the others are split. The p–n junction is a basic structure
that is compatible with all technologies. This will bring the magnetodiode
back to the point of interest again, especially the current mode device which
does not have a simple structure device to fabricate and operate like the Hall
device in voltage mode. From the current trend of energy saving, low power,
low voltage and low current, when the voltage is reduced, the Hall device
operating in the voltage mode has a problem with decreasing sensitivity.
Using the current mode will have a technological advantage in reducing size.
A dual magnetodiode can be fabricated easily with P–N junction in bulk.
Based on the basic mechanism of operation of the device, it will be used to
design and develop a new generation of high efficiency device in the future.

2 Device Structure and Fabrication

The dual magnetodiode is fabricated and measured for this study. The struc-
ture and process of the device are discussed in this section. It will be seen
that the dual magnetodiode is so different from a conventional magnetodiode
even though it is constructed by a diode structure. The fabrication process is
the fundamental process in a laboratory in an electronics department.
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The structure of the device is shown in Figure 1(a). It is composed of
one anode and two split cathodes. The symbol for the dual magnetodiode
device is shown in Figure 1(b). The symbol is diode that has one anode
and two cathodes. The distance between the cathodes is gap (Wg) and the
distance from anode to cathode is length (LD). The substrate is an n-type
silicon which is cathode and two separate ohmic contacts act as two separate
cathodes. This structure is called the split cathode dual magnetodiode. The
key parameters for this study are Wg and LD for which the ratios of W/L
are 50/50 and 60/60 µm. The ohmic contact cathodes are square with the
dimensions 50 × 50 µm2. The width of anode (WE) is equal the distance
of the outer edges of the two cathodes. The dimensions are so large because
they are designed and fabricated in a fundamental way in the laboratory as
mention earlier. However, it is enough to prove the idea of the device and that
it can be scaled down if it is fabricated with other technologies.

The device fabrication starts from an n-type silicon substrate with the
resistivity 3–6 Ωcm. The anode P+ is formed by boron thermal diffusion
and the split cathodes N+ and ohmic contacts are formed by phosphorus
diffusion. The aluminum is evaporated and serves as etching substrate for
device terminals. Figure 2(a) shows a photograph of complete fabricated

Figure 1 Split cathode dual magnetodiode structure.

Figure 2 Photographs of dual magnetodiode.
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devices on wafer and Figure 2(b) shows the top view layout of a complete
device. The packaging of a device for measurement is shown in Figure 2(c).

3 Measurement and Results

The devices were measured for electrical and magnetic responses. The p–n
junction was investigated for its confirmation. Figure 3 shows the rectify char-
acteristics of the p–n junction diode. It is tested by anode and each cathode to
confirm the diode structure. The measurement circuit for magnetic responses
is shown in Figure 4. A forward bias was applied via a constant current source
which pushes current from anode to cathodes. This will keep total current
(ID) constant in order to avoid any modulation from the magnetic field. The
total current is sum of diode currents, ID1 and ID2, shown as

ID = ID1 + ID2 (1)

Figure 3 P–N junction I–V characteristics.

Figure 4 Measurement circuit for magnetic response.
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The output Vo, the voltage between the two cathodes, can be expressed as

Vo = ID2(RD2)− ID1(RD1) (2)

where RD1 = RD2 = RD and Equation (1) will become

Vo = ∆ID (RD) (3)

and
∆ID = ID2 − ID1. (4)

The output voltages are amplified by an instrument amplifier. The output
responses are measured as shown in Figure 5. They were applied in magnetic

Figure 5 Magnetic responses of the split cathode dual magnetodiode.
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field density from 0 to 0.5 T perpendicular to the device surface in the Z and
–Z directions as shown in Figure 1. The bias currents by constant current
source were varied at 0.5, 1, 2, and 3 mA. Figure 5(a) shows the parameter
of W = 50 µm and L = 50 µm. It is the plot between Vo and magnetic field
density (B). The slope of the graph is defined as absolute sensitivity (SA) as
shown hereunder:

SA =
∆IDRD

∆B
(5)

From Figure 5(a), the linear dependence of Vo and B is observed. The
biased currents affect sensitivity directly. The higher-biased current gives the
higher sensitivity. The absolute sensitivities, SA, are 0.0025, 0.0200, 0.0575,
and 0.085 mV/T at the biased currents 0.5, 1, 2, and 3 mA, respectively. The
device can detect the direction of the magnetic field via symmetry responses.

Figure 5(b) is the response of the device parameter, i.e., W = 60 µm
and L = 60 µm. The overall picture looks similar to the case in Figure 5(a).
The sensitivities are 0.0025, 0.0230, 0.0540, and 0.1200 mV/T at the biased
currents at 0.5, 1, 2, and 3 mA, respectively. Comparison of sensitivity
between Figure 5(a) and Figure 5(b) forces one to think that the sensitivity
value of Figure 5(b) is greater than Figure 5(a). The device still detects
quantity and direction linearly and symmetrically.

4 Discussion

In this section we discuss about the proposed model for mechanism explana-
tion. Experimental results will be confirmed not only by this model, but also
by a simulation. Some aspects of this model are discussed and made clear by
simulation results.

4.1 Proposed Model for the Split Cathode Dual Magnetodiode

The dual magnetodiode operates via the forward bias p–n junction. The
diffusion hole minority current density (Jpx) from hole carriers is injected
from p-type to n-type and diffusion electron minority current density (Jnx) is
injected from n-type to p-type and hence combined to total current JD as the
diode current. It can be written as

JD = Jpx + Jnx (6)

Jpx =
qDppn0
Lp

(
e(

Va
kT ) − 1

)
(7)
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Jnx =
qDnnp0
Ln

(
e(

Va
kT ) − 1

)
(8)

where q is the electron charge, Dp and Dn are the diffusion coefficients of
the hole and electron, respectively, Lp and Ln are the diffusion lengths of the
hole and electron, respectively, k is the Boltzmann constant, T is the ambient
temperature, and Va is the applied forward bias voltage.

From the practical diode fabrication, Jpx is much larger than Jnx, and
in this structure at least 3 orders high according to the high p-type doping
concentration greater than the n-type doping concentration. It is convenient
to simplify as

JD ≈ Jpx (9)

The cathode’s currents (JD1 and JD2) are equal and balance with the value
JD/2 as

JD1 = JD2 =
Jpx
2

(10)

When the magnetic field is applied in the z direction, Lorentz’s force is
induced in y direction and the injected hole currents JD from the anode
to cathode are deflected in the y direction. The carrier deflection effect by
Lorentz’s force causes the cathode current JD2 to be greater than the JD1

created output differential current ∆ID which is ID2 − ID1. This discussion
can be concluded using the proposed model as shown in Figure 6.

Figure 7 shows the active area of current deflection where d is defined
as depth of current according to current cross-sectional area. The carriers are
deflected by Lorentz’s force causing the Lorentz’s angle ΘL, which is

tan ΘL =
∆y

LD
= µp ·Bz (11)

Figure 6 Proposed model for the split cathode dual magnetodiode when applied magnetic
field in +Z direction.
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Figure 7 Active area of carrier deflection.

and
∆y = LD · µp ·Bz (12)

where µp is the hole mobility. The differential current ∆ID is the integrating
current density Jpx over the effective area d ·∆y. It can be written as

∆ID = Jpx · d ·∆y (13)

By substituting Equation (12) in Equation (13), it will become as

∆ID = Jpx · d · LD · µp ·Bz (14)

The sensitivity (S) of the device is

S =
∆ID
Bz

= Jpx · d · LD · µp (15)

The relative sensitivity (SR) is defined as the sensitivity per biased current (I)
which is

SR =
S

I
(16)

Equation (15) indicates that the sensitivity of the device depends on biased
current, the length between anode and cathode contact (LD), and mobility.
Biased current is the term Jpx · d which is controlled by constant current
source that is confirmed by experimental results from Figure 5. The length
(LD) is confirmed by the results in Figures 5(a) and (b).

The cathode contact currents JD1 and JD2 are the electron majority
drift currents Jn1 and Jn2 that will drift by electric field to support hole
minority diffusion current Jpx which is recombined along the substrate and
electron minority diffusion current Jnx which is injected from n-type to p-
type through the p–n junction as shown in Equation (6). The two contact
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current densities when applied in the magnetic field in the z direction in terms
of Equation (1) can be written as

ID1 = Jn1 = qµnn1 ·A =

(
Jpx
2
− ∆Jpx

2
+
Jnx
2

)
·A (17)

ID2 = Jn2 = qµnn2 ·A =

(
Jpx
2

+
∆Jpx

2
+
Jnx
2

)
·A (18)

where ∆Jp is the deflection hole current, n is the electron carrier concentra-
tion at terminal, and A is cross-sectional area which is d∆y·. By using in the
same way in Equations (11) to (13), we obtain

∆ID = In2 − In1 = ∆Jpx ·A = JPx · d · LD · µp ·Bz (19)

which is the same as shown in Equation (14).

4.2 Simulation of the Split Cathode and Split Anode Dual
Magnetodiode

The proposed model will be confirmed by a simulation [29]. In this section,
the structure of the split anode will be introduced. The simulation tool is
Synopsys Sentaurus TCAD package program [30–32]. All semiconductor
equations such as continuity, recombination, mobility, impurity ionization,
and the Hall effect are available and used for simultaneous calculations
[33–35]. It helps to save time and money in the study by the simulation
method.

The device structures for simulation are shown in Figure 8. They consist
of two basic structures: the split cathode in Figure 8(a) and the split anode in

Figure 8 Dual magnetodiode structures for simulation.
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Figure 8(b). The structures have a modified design to have symmetry for each
other in order to compare the performance. The common terminal is designed
to have less space on both sides and placed in the middle to reduce losses and
increase efficiency. The split cathode starts from the n-type substrate with
the concentration of 1015 cm−3, whereas the p-type anode and n-doping split
ohmic contact areas are doped with the same concentration of 1018 cm−3.
In the same way, the split anode starts from the p-type substrate with the
concentration of 1015 cm−3. The cathode is n-type with the concentration of
1018 cm−3, and two anodes are p-type with the concentration of 1018 cm−3.
The parameter is the length between cathode and anode (LD) which is varied
at 5, 10, 20, 30, 40, and 50 µm. The width between split contacts (Wg)
is 5 µm and the substrate thickness is 1 µm. There is field oxide covered
throughout all the area in addition to making the current path between anode
and cathode.

The magnetic responses of the split cathode in various parameters of LD

are shown in Figure 9. The responses are linearly dependent with magnetic
field density and length LD according to Equation (14). The device detects
the density and direction of the magnetic field. The relative sensitivities at
biased current 1 mA and magnetic field density 0.5 T are 0.987, 1.611, 2.870,
4.097, 8.076, and 11.01 T−1 for the deflection length LD 5, 10, 20, 30, 40,
and 50 µm, respectively. Figure 10 shows the responses of the split cathode
at various biased currents of deflection length LD = 50 µm. The relative

Figure 9 The magnetic responses of the split cathode at biased current 1 mA.
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Figure 10 The magnetic responses of the split cathode of length LD = 50 µm.

sensitivities are 7.506, 11.09, 24.08, and 45.08 T−1 for the biased currents
0.5, 1, 2, and 3 mA, respectively. The more biased current increases the term
Jpx · d in Equation (14).

The two dimensional top view of current density distribution with applied
magnetic field is shown in Figure 11. The current density distribution of
conventional current, electron current, and hole current are shown in Fig-
ures 11(a), (b), and (c), respectively. The magnetic field is applied at 0.5 T and
biased current is 1 mA. The left-hand side of Figure 11 is the case of applied
magnetic field in −z direction, the right-hand side is the case of applied
magnetic field in z direction, and in the middle is the case of no magnetic
field. The conventional current flows from anode to two cathodes equally
when no magnetic field is applied so that we can observe the symmetry
color distribution in the middle of Figure 11(a). The current density is dense
at anode contact and reduces from anode to cathodes and denser again at
cathode contacts. When magnetic field is applied in the z direction, the
Lorentz’s force induced in the y direction causes the current defects on the
right-hand side as shown in the right-hand side of Figure 11(a). In a similar
way, the current deflects on the left-hand side when magnetic field is applied
in the –z direction. It is easier to observe these changes when observing the
current distribution in circles that are made in Figure 11. Figure 11(b) is the
case of hole current density. The holes are injected from the p-type anode
to the n-type cathode and diffuse and recombine along the n-type cathode
bulk. The hole current density is dense at anode contact and reduces from
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Figure 11 Current density distribution of the split cathode dual magnetodiode.

anode to cathode and denser again at cathode contacts. But the current density
at cathode is less than anode because the anode current is recombined with
electrons during diffusion in the n-type semiconductor, resulting in a reduced
amount of hole diffusion current that we can observe in the current density
of hole current at both anode and cathode in Figure 11(b). It differs from
the conventional total current in Figure 11(a) because total current is created
by the sum of electron and hole currents which are constant throughout the
device, as we can observe from the current density at both anode and cathode
in Figure 11(a). The hole current deflection due to magnetic field in the
−z direction and z direction in Figure 11(b) is in the same way as that of
the total current in Figure 11(a).

Figure 11(c) is the electron current density distribution. This electron
current drifts by electric field from cathode to anode to compensate electrons
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that recombine with holes that are injected and diffuse from anode to cathode.
The electron current density is dense at cathode and reduces from cathodes
to anode and dense again at anode contact. We can observe this change from
the current density of the anode and cathode in Figures 11(c) and 11(b). The
electron current density, when magnetic field is applied in the z direction,
results in the current density of cathode 2 (ID2) being greater than cathode 1
(ID1) because Lorentz’s force is induced in the y direction or electron current
drifts to compensate for the hole current in cathode 2 being greater than the
hole current in cathode 1.

Figure 12 shows magnetic responses of the split anode that the parameter
deflection lengths LD are varied at 5, 10, 20, 30, 40, and 50 µm. The relative
sensitivities at biased current 1 mA and magnetic field density 0.5 T are 0.989,
1.702, 2.936, 4.177, 8.106, and 11.19 T−1, respectively. Figure 13 shows the
responses of the split anode at various biased currents of deflection length
LD = 50 µm. The relative sensitivities are 7.606, 11.18, 26.09, and 47.09 T−1

for biased currents 0.5, 1, 2, and 3 mA, respectively. The more biased current
increases minority electron diffusion current density, Jnx. In the same way
as split cathode, the differential output current ∆ID in Equation (14) will
become

∆ID = Jnx · d · L · µn ·Bz (20)

The sensitivity of the device then becomes

S =
∆ID
Bz

= Jnx · d · LD · µn (21)

Figure 12 The magnetic responses of the split anode at biased current 1 mA.
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Figure 13 The magnetic responses of the split anode at length LD = 50 µm.

where µn is the electron mobility. The sensitivity in Equation (21) is the slope
of graphs in Figures 12 and 13 which are the same sign as in the case of the
split cathode because the differential current now is

∆ID = ID2 − ID1 = (− |ID2|)− (− |ID1|) = |ID1| − |ID2| (22)

The currents ID1 and ID2 flow into the anode terminals which are opposed
to the split cathode case, and in which currents flow out of the cathode
terminals. The current density distribution of total current JD from anode to
cathode, hole majority drift current from anode to cathode to compensate for
electron recombination in substrate, and electron minority diffusion current
from cathode to anode are shown in Figures 14(a) to (c), respectively. The
biased current is 1 mA and applied magnetic field is 0.5 T. The current
density is symmetrical when no magnetic field is applied and deflected on the
left-hand side for the applied magnetic field in the z direction which cause
magnitude of ID1, (|−ID1|), greater than the magnitude of ID2, (|−ID2|).
The currents are defected on the right-hand side for applied magnetic field in
the −z direction as shown in Figure 14.

The proposed model for the split anode magnetodiode is shown in
Figure 15. The magnetic field is applied in the +z direction. The device
current is minority electron diffusion current injected from cathode to split
anodes. This current diffuses and recombines along the current path in p-
substrate. The split contact anode hole majority drift current flows to support
the recombination current. The Lorentz’s force is induced in the−y direction
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Figure 14 Current density distribution of the split anode dual magnetodiode.

Figure 15 Proposed model for the split anode dual magnetodiode when applied magnetic
field in +Z direction.
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and the conventional current JD of the device is in the −x direction. The
current difference ∆ID in Equation (22) and sensitivity in Equation (21) is
positive again as in the case of the split cathode that are shown in Figures 9
and 12.

Magnetic sensors are important devices that are integrated into mobile
devices [36] and activities of daily living (ADL). To improve the magnetic
sensor so as to be highly effective, it must rely on a thorough study of the
basic mechanism of the device. As a result of the proposed new structure, it
can be used for design in the future for higher sensitivity, energy saving, and
reduced size. It can be integrated into the IC, resulting in systems with a mag-
netic sensor such as the NodeMCU [37], wireless sensor networks (WSNs),
IoT, multimedia sensor networks (MSNs), and virtual reality (VR) [38].

5 Conclusion

The new structure and mechanism of the magnetodiode are proposed. It is
different from the conventional magnetodiode that used the two different sur-
face recombinations. The structure is like a two p–n junction diode, i.e., the
so-called dual magnetodiode in that one terminal is common and the others
are split. There are two structures of the device, which are split anode and split
cathode. The underlying mechanism is deflection of diffusion carriers that
are injected from a common terminal through the p–n junction by Lorentz’s
force which is induced linearly from magnetic field density cross with carrier
conventional current. The diffusion current deflection causes the differential
output current ∆ID according to direction and density of magnetic field
linearly and symmetrically. The device is the p–n junction structure that is
compatible with all technologies including low power and low voltage IC.
It is a device with high potential for current mode magnetic sensor that is
exactly similar to the Hall plate in voltage mode magnetic device.
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