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Abstract

The non-split drain MAGFET proposed in this paper is aspossess an
ideal, highest sensitivity in the same type of device, current mode for
low power, and low voltage that can be embedded within a system for
wireless sensor networks application. It is a split-drain MAGFET that is
designed to have no gap between drains so that there is no loss from
the gap. There are two split contacts in one drain to represent the split
drains for current difference that induced from due to magnetic field. The
relative sensitivity comparison among all the gaps (3, 2, 1, and 0 µm)
with all aspect ratio of width (W)/length (L) (L/W = 1, 0.6, and 0.2) at
biased current 0.25 mA shows that the zero gap or the non-split drain
MAGFET structure gives the highest sensitivity. The sensitivities of the
non-split drain at the aspect ratios L/W = 1, 0.6, and 0.2 in this study
are 0.0595, 0.0479, and 0.0231 T−1, respectively. It is proved that the gap
is not necessary for the MAGFET. It is a new, smart way to design the
MAGFET for the highest sensitivity and gap lossless for modern sensor
applications.
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1 Introduction

Future trends of increasing the efficiency of magnetic field detectors will
focus on continuously improving to a smaller size, low power consumption,
and high sensitivity, suitable for application in various environments [1].
Nowadays, there is a proposal to apply magnetic sensors to check the
position of the vehicle, including, developing algorithms as wireless mag-
netic sensor networks for real-time traffic flow monitoring and data pro-
cessing for a road network [2–4]. For smart systems, the sensor can be
integrated within the processor chip which as all of them are work effi-
ciently even in low voltage and low power operation. The sensor device
should be in current mode for signal processing. The small size of them
needs requires the a high high-performance device such as a device that is
capable of the reducing the subthreshold swing in MOSFET for increas-
ing the ON state current/OFF state current ratio of for the gain of the
device.

The spilt-drain MAGFET is a kind of magnetic sensor that detects
the vertical magnetic field perpendicular to drain current [5]. It is the
MOSFET that is specially designed by the split drain into two symmetry
symmetrical parts D1 and D2 for receiving current difference from Lorentz’s
force that linearly depends on magnitude and direction of vertical mag-
netic field density [6]. The MAGFET is a low power device compatible to
with modern CMOS technology for low power and low voltage integrated
circuit [7–9].

This study introduces a new design of the MAGFET for high sensitivity.
The split-drain MAGFET generally should be designed such that the gap
between drains would be kept as a minimum value as possible as we can
for realizing high sensitivity. This activity depends directly on fabrication
technologies. The non-split drain MAGFET has no gap between split drains
but there are still split contacts into a single drain for differential output
current according to magnitude and direction of the vertical magnetic field.
This new design has no gap; so, it does not depend on fabrication technolo-
gies and hence proves that gap is not necessary. This design will give the
highest sensitivity and approach to the ideal condition with the lossless from
the gap.
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2 Hall Effect: Mode of Operation

Hall effect is the basic basis of for nonferromagnetic material for magnetic
devices. This effect is indicates that there is an induced force on a moving
charge particle q in the magnetic field. Figure 1 illustrates this the Hall effect
of a semiconductor that whose carriers are hole and electron. The force that
is called the Lorentz’s force is given by

F = qv × B (1)

where F is the induced force vector, q is the particle charge, v is the drift
velocity, and B is the magnetic field density vector. Electrons and holes
flowing in a material by Ix will experience a force in –y direction as indicated
in Figure 1. The electric field EH or the Hall field is induced for balancing
the force and may be written as

F = q[EH + v × B] (2)

The Hall field gives the Hall voltage between the top and bottom sides of the
material which is

VH =
IxBz

qpd
(3)

for a p-type semiconductor or majority hole carrier material and

VH = −IxBz

ned
(4)

for an n-type semiconductor or majority electron carrier material as shown in
Figure 1.

Figure 1 Geometry and structure of hall effect.
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There are two modes of operation of the Hall effect for magnetic sensors
that enables classification of devices into two groups. The first group uses
the regular Hall effect structure as shown in Figure 1 in which the length L
is longer than the width W. The output is the Hall voltage which is related
to magnitude and direction of the magnetic field. The second group uses the
Lorentz’s force and the output is differential current or magnetoresistance. In
this group, since the Lorentz’s force is preferred, there is no need for the Hall
field to balance with the Lorentz’s force. The structure needs to be designed
in such a way that it is different from the voltage mode group in which the
length L is shorter than the width W. The two modes of operation are applied
for magnetic devices such as the Hall plate, vertical Hall in voltage mode and
magnetoresistance, magnetotransistor, and the MAGFET in current mode.

Voltage mode
The concept of the voltage mode Hall effect device is shown in Figure 1.
The Hall voltage will be induced by the magnetic field according to (3) and
(4) for the p-type and n-type, respectively. In this mode, the electric force
from the Hall field balances the Lorentz’s force so the total force is zero and
the Hall voltage appears between the top and bottom sides of the device. The
Hall device has four terminals: two for current and two in vertical for the Hall
voltage sensing. Figure 2(a) shows the top view of the Hall plate devices. The
current paths are straight even though the Lorentz’s force acts upon the carrier
but the Hall electric field balances this force. The Hall plate is very popular
useful for the magnetic sensor in the voltage mode for vertical field detection.
It can detect both magnitude and direction of the magnetic field. There is
another Hall device that detects the horizontal magnetic field. Figure 2(b) is
the vertical Hall plate device that detects the horizontal or parallel field. There
are 5 five contacts for three current contacts and the two Hall voltage contacts.
The main mechanism still uses the Hall effect in vertical direction.

Figure 2 Hall effect voltage mode of operation: (a) Hall plate device and (b) Vertical hall
device.
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Current mode
The current mode Hall device uses the Lorentz’s force for deflecting carrier
current. This mode does not want require the Hall electrical field for balanc-
ing the Lorentz’s force. The device has to be designed as a short structure.
The length L in Figure 1 is shorter than the width W for reducing the induced
Hall electrical field as much as it can. The Lorentz’s force deflects the carrier
in current as shown in Figure 3. The total force F can be written as

Fp = qE + q[vp × B]

Fn = −qE− q[vn × B].
(5)

for hole and electron, whereas vp and vn are drift velocity of hole and
electron, respectively. The hole and electron current density Jp(B) and Jn(B)
in the presence of a magnetic induction B can be written as

Jp(B) = Jp(0) + µp[Jp(B)× B]

Jn(B) = Jn(0) + µn[Jn(B)× B].
(6)

where µp and µn are hole and electron mobility, respectively. Jp(0) and Jn(0)
are the drift current densities due to the electric field E, Vx/L, when B = 0:

Jp(0) = qµppE

Jn(0) = qµnnE.
(7)

where p and n are hole and electron concentration, respectively.
The orientation of vectors E and B correspond to those in Figure 1.

From the current densities vector in (7), the Hall current mode of the oper-
ational device can be applied in current deflection and magnetoresistance
path as shown in Figure 3. The deflection current paths are longer than

Figure 3 Current mode hall effect: (a) Magnetoresistance and (b) Current deflection.
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regular path of no magnetic field, and that also means greater effective
resistance of the material. The magnetoresistance device has two terminals
and resistance increases with magnetic field. This magnetoresistance effect
is caused by design Hall plate in short structure, so it is called geometry
magnetoresistance which is shown in Figure 3(a). Another type of current
mode device is shown in Figure 3(b). This device is designed for three
terminals. The currents flow in one terminal, pass through the device, and
flow out equally to the other two terminals. The current deflection by applied
magnetic field will make a difference in terms of the output current. One
side has to design split contact symmetrically for carrying differential current
corresponding to the magnetic field density. The current mode split terminal
devices, for example, are the magnetotransistor and the MAGFET. These
devices have to be designed for receiving current region, collector for the
magnetotransistor, and drain for the MAGFET, in two split symmetrical
regions or terminals. Figure 4 shows a top view of the magnetotransistor
and MAGFET. The collector is split into two collectors as C1 and C2 and
the drain is split into two drains as D1 and D2 as shown in Figure 4(a)
and 4(b), respectively. These devices use this design from the first time that
they were introduced. Even though they were continuously developed along
in the recent past time but the design concept is never changed. It is well
known that the MAGFET has another name that we call split drain MOSFET
because the structure is designed to split the drain into two symmetrical
regions.

Figure 4 Current mode hall effect devices: (a) Magnetotransistor and (b) Split-drain
MAGFET.
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The point of these current mode devices is a gap between the split regions.
It is believed that the split region is necessary for the current mode devices.
It is well known that the gap causes some loss in the differential current
output from the ideal device. These devices are recommended to keep this
gap small as possible as they can. Unfortunately, the minimum gap depends
on fabrication technologies. In this study, the new design concept is proposed
and proved that a gap is not necessary for the current mode device. The gap
causes the nonuniform current distribution and current deflection in this area.
The real point is that the contact current is the most important parameter for
carrying the differential output current but do not separate the drain region.
It will make one to contemplate changing design ideas. Our proposed design
is smart, easy, and independent from any technological limitation. This design
will also apply to other current mode Hall effect devices.

3 Device Structures and TCAD

3.1 Device Structure

The device structures of the conventional MAGFET and non-split drain
MAGFET are shown in Figures 5(a) and (b), respectively. The conventional
split-drain MAGFET is the MOSFET that has two split drains with the gap (d)
between them. The non-split drain is the conventional MAGFET that has no
gap. The channel length (L) and width (W) are shown in Figure 5. The gaps
are varied at 3, 2, 1, and 0 µm. The aspect ratios (L/W) with the minimum
distance of 1 µm are varied at 0.2, 0.6, and 1. The substrate is the n-type
silicon with the concentration of 1015 cm−3. The n-type concentration of
source and drain are is 1018 cm−3 and SiO2 as gate insulator has a thickness
of 500 Å. There are two contacts in two split drains for the conventional
MAGFET and when gap is zero in Figure 5(b), there are the same two
contacts in one drain.

Figure 5 Device structure: (a) Conventional MAGFET and (b) Non-split drain MAGFET.
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3.2 TCAD

TCAD sentaurus is the a standard process and device simulation pro-
gram [10–13]. It is used as a tool for this study. There are important equations
such as Fermi-Dirac probability, incomplete ionization of dopants, drift and
diffusion current, current continuity equation, and Poisson equation. They
are solved simultaneously with few or no approximation. The model for the
magnetic effect is as follows

J∝ = µ∝g∝ + µ∝
1

1 + (µ∗∝B)2
· [µ∗∝B× g∝ + µ∗∝B× (µ∗∝B× g∝)] (8)

where ∝ is the n- or p-type semiconductor, J∝ is the carrier current density
vector, g∝ is the current vector without mobility, µ∗∝ is the the Hall mobility,
B is the magnetic induction vector, and B is the magnitude of vector [14].

4 Results and Discussion

The current–voltage characteristics of devices in Figure 5 are measured to
confirm that they operate as the MOSFET. Two drains are connected together
as one drain during the measurement. The current–voltage characteristic of
the device, L/W = 1, is shown in Figure 6. It shows good characteristics

Figure 6 Current-voltage characteristics of MAGFET.
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with the threshold voltage, VT, approximately 0.5 V. The saturation current
is a function with (VG − VT)2, which is according toin accordance with the
regular long channel MOSFET.

Figure 7 shows magnetic responses of all the devices. The constant cur-
rent source pulls the current down from source to ground. The biased current
is controlled by constant current source to avoid output differential current
from the magnetic field modulation. Normally ID1 and ID2 are equal except
that there are some offset values from the fabrication process when there is no
magnetic field. The total drain currents ID are the sum of drain 1 and drain
2 currents, (ID1 + ID2), which is according toas per the constant current
source. The output responses are current difference (∆ID = ID1 − ID2)
causes caused by the Lorentz’s force according to magnitude and direction of
the vertical magnetic field. Figures 7(a) to 7(c) show responses of the devices
aspect ratios as 0.2, 0.6, and 1, respectively. The gaps are varied at 3, 2, 1,
and 0 µm in each device. All of the characteristics (∆I − B) show linearly
dependence.

Figure 7 shows the ∆I − B magnetic responses of the MAGFET. The
magnetic fields varied varying from −0.5 to 0.5 T are applied in a vertical
perpendicular direction to a planar device. The relation between output
differential current ∆I and magnetic field density B is linear. The voltage
source VD at drain and VG at gate is 1 V and constant current source is
0.25 mA. The relative sensitivity sensitivities (Sr = ∆I/∆B.I) of L/W
= 0.2 with gaps at 3, 2, 1, and 0 µm are 0.0003, 0.0036, 0.0092, and
0.0231 T−1, respectively. The magnetic responses of the aspect ratio L/W =
0.6 are shown in Figure 7(b) in the same condition. The relative sensitivities,
Sr are 0.0182, 0.0264, 0.0338, and 0.0479 T−1, respectively. Similarly, the
magnetic responses of the aspect ratio L/W = 1 are shown in Figure 7(c)
and the relative sensitivities Sr are 0.0326, 0.0389, 0.0481, and 0.0595 T−1,
respectively. It is seen that the higher the sensitivity, the less the gap it is.
All of them, i.e., the zero gap or the non-split drain structure gives the highest
sensitivity. The sensitivity increases with the longer channel length L or larger
L/W. The relative sensitivities Sr of all the aspect ratios at the biased current
0.25 mA are summarized in Table 1. The current density distribution of the
MOSFET of the device aspect ratio L/W = 1 at magnetic field 0.5 T in z
and –z direction is shown in Figure 8. In the case of no applied magnetic
field in the middle of Figure 8, the current density near the drain contact
is uniform and symmetric in all the gaps. The current density is crowded
near contact at both the drains and at the channel region near the drains.
When the vertical magnetic field is applied in the z direction, the Lorentz’s
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Figure 7 Differential current – magnetic field responses: (a) L/W = 0.2, (b) L/W = 0.6 and
(c) L/W = 1.

force that is induced in the direction to the left-hand side caused the current
density on the left drain D1 to be greater than on the right drain D2. In
this case, the output differential current ∆I is positive. It can be observed
clearly at small gaps which are 1 and 0 µm as shown in the circle as the
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Table 1 Relative sensitivity (T−1) at 0.25 mA, B = 0.5 T
Gap(µm)

L/W Ratio 3 2 1 0
0.2 0.0003 0.0036 0.0092 0.0231
0.6 0.0182 0.0264 0.0338 0.0479
1 0.0326 0.0389 0.0481 0.0595

example in the left side of Figures 8(c) and (d). When the magnetic field
is applied in the −z direction, the Lorentz’s force that is induced in the
direction to the right side of the channel causes the current density on the
right drain D2 to be greater than the left drain D1. However, in this case,
the output differential current ∆I is negative. The current density distribution
between contacts in the drain is uniform and high for non-split drain that we
can observed in the area in the circle between contacts in the right side of
Figure 8(d). In the case of split drain in Figure 8(a)–(c), the current density
distribution between both the drains is non-uniform with the lower current
density when the distance is far from out of the channel as shown in the
circle between contacts as the example on the right side of Figure 8(a),
(b), and (c). The non-uniform current density distribution also means that
there is discontinuity in current deflection. The current density distribution
of L/W = 0.6 and 0.2 is shown in Figures 9 and 10, respectively. They show
the results in the same manner as in the case of L/W = 1 but they hardly to
could be observed as the current difference as described in Figure 8 especially
when the channel length or the aspect ratio L/W is reduced. It results in
the longer channel length, i.e., higher sensitivity. In Figure 9, we may be
able to observe the current density difference but not so clear when the gaps
are 3 and 2 µm apart and hardly we can distinguish the current difference
when the gaps are 1 and 0 µm apart, which is different from the case of
L/W = 1 in Figure 8. Figure 10 is the case of a shortest channel in this
study and the current density difference is difficult to observe in all the gap
parameters.

Figure 11 shows the current density distribution of non-split drain struc-
ture of the aspect ratios L/W 1, 0.6, and 0.2. The magnetic field is 0.5 T in
the +z direction. It can be observed as the differential current distribution
near the drain contact as shown in the circle of Figure 11(a). In this case,
the sensitivity is high as shown in Figure 7. The current density increases
when the aspect ratio is reduced or the channel is shorter than width as we
can see in Figures 11(b) and 11(c). The differential current near the drain is
hardly observed when the aspect ratios are reduced from 1 to 0.2 as shown
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Figure 8 Current density distribution of MAGFET, L/W = 5 µm/5 µm = 1, BZ,−Z = 0.5 T:
(a) Gap = 3 µm, (b) Gap = 2 µm, (c) Gap = 1 µm and (d) Gap = 0 µm.
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Figure 9 Current density distribution of MAGFET, L/W = 3 µm/5 µm = 0.6, BZ,−Z =
0.5 T: (a) Gap = 3 µm, (b) Gap = 2 µm, (c) Gap = 1 µm and (d) Gap = 0 µm.
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Figure 10 Current density distribution of MAGFET, L/W = 1 µm/5 µm = 0.2, BZ,−Z =
0.5 T: (a) Gap = 3 µm, (b) Gap = 2 µm, (c) Gap = 1 µm and (d) Gap = 0 µm.
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Figure 11 Current density distribution of MAGFET: (a) L/W = 1, (b) L/W = 0.6 and
(c) L/W = 0.2.

in Figure 11. The sensitivity decreases with the reduced aspect ratio L/W
directly. The sensitivity and aspect ratio relation is according to the standard
equation of the MAGFET are [15].

Sr =
1

2
µch

L

W
GH (9)

where µch is the channel mobility, L the is gate length, W is the gate width,
and GH is the geometrical factor. Normally GH is less than 1, and depends
on the device geometry including the gap. The zero gap will enhance the
GH approach to the ideal value. From the results of Figures 7 to 11, it
can be said that the MAGFET does not need to design a gap between split
drain structures as the conventional design. The non-split drain structure
which has no gap will enhance the MAGFET approach to realize the ideal
condition.

Proposed model
From the results, a simplified model for easier understanding is proposed.
Figure 12 shows the comparison between the conventional split drain
MAGFET and the proposed model of the non-split drain MAGFET that
illustrates how the gap will make some loss. Figure 12(a) shows the case
of the conventional design with gap; the electron currents are deflected by
induced force to the left-hand side according to the magnetic field direction.
The current of ID1 terminal should be ensured to be greater than ID2. As we
can see in Figure 12(a), some electron current paths in the middle gap that
should be deflected in D1 cannot deflect, and hence turn back to D2. This
results in some losses and sensitivity decreases from the expected value and
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Figure 12 The comparison between (a) Split drain MAGFET and (b) Proposed model of
non-split drain MAGFET.

will have more effect when the gap is larger. If we observe the same condition
with no gap design in Figure 12(b), we could see that the electron current
deflection appears along the channel and continues within drain region. We
can compare and observe the consistency of this model with the results of the
current density distribution between contacts in Figure 8 and also in Figures 9
and 10. The amounts of current paths’ deflection from D2 to D1 of the new
no-gap design are greater than the conventional gap design.

By designing the MAGFET structure without gap or non-split drain
MAGFET, it helps us to obtain the highest sensitivity that is ideal to the
MAGFET structure because there is no loss from the gap. Nowadays, mag-
netic sensors with high efficiency are needed for wireless magnetic sensor
nodes, which can be applied to monitor the status of a vehicle such as
monitoring the amount of space in a parking lot, detecting the presence of
a vehicle in a predetermined zone or real-time monitoring of traffic density
data [16], and many other applications.

5 Conclusion

This is the first time to that we have proposed a new non-split drain MAGFET.
It is a magnetic device that detects the vertical magnetic field similar to a
conventional MAGFET. Its structure is the split drain MAGFET that has
no gap between drains so that it has one drain with the two split contacts
within a drain. The output differential current can be carried out by split
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contacts instead of the split drains of the conventional structure. This struc-
ture enhances the MAGFET to approach the ideal condition for the highest
sensitivity of the same type of device with lossless from the gap. It is the
simplest design for the highest sensitivity device which does not depend on
any technological limitation. It can be applied to as the current mode devices
which are compatible with low power, low voltage integrated systems for
modern wireless sensor networks.
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