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Abstract—We present fully three-dimensional simulation results
of two-drain and three-drain magnetic field-effect transistors
(MAGFETs), magnetic sensors based on metal–oxide–semiconductor field-effect transistor (MOSFET) structures. By proper
development and discretization of the current density equations
comprising the nonzero magnetic field components, a two-drain
MAGFET is analyzed at both 77 K and 300 K. The discretization
scheme is implemented in the general purpose multidimensional
device and circuit simulator MINIMOS-NT which is used to
investigate the relative sensitivity, the main figure of merit of any
magnetic sensor, as a function of the geometric parameters and
bias conditions. Besides, the physical modeling of silicon at 77 K
and the Hall scattering factors for the silicon inversion layers are
discussed. Our simulation results perfectly match the available
experimental data. New in-depth knowledge can be obtained by
simulating MOSFET structures at 77 K in the presence of an
arbitrary magnetic field.
Index Terms—Low-temperature analysis, magnetic sensor,
physical modeling, split-drain magnetic field-effect transistors
(MAGFETs), three-dimensional (3–D) simulation.

I. INTRODUCTION

C

ARRIER deflection of moving charges in the presence of
a magnetic field is the physical phenomenon exploited in
the inversion layer of MOSFET-based magnetic sensors [1]–[4].
A magnetic field perpendicular to the inversion layer can be detected either by a Hall voltage or a current imbalance, depending
on which effect is maximized within the magnetic sensor body.
If the inversion layer is used as a Hall plate, the Hall voltage
is detected by placing contacts close to the drain terminal next
to the inversion layer. Gallagher and Corak [2] have shown that
such an approach does not interfere with the electric behavior
of the MOSFET. Integrating the electronics and the magnetic
sensor by using common IC batch fabrication techniques results
in millions of identical magnetic sensors that are manufactured
at very low costs, being able to detect magnetic fields in the
range of a few milli-Tesla and beyond at room temperature operation.
Another approach to use the inversion layer of a MOSFET as
the active area of a magnetic sensor is to split the drain contact
into two or more contacts. By splitting the drain into two drain
contacts, both drain contacts will equally share the current at
normal bias operation when no magnetic field is applied [3],
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[5]–[8]. Ideally, the difference between both drain currents will
be zero. When a magnetic field is applied perpendicular to the
inversion layer, the current in the channel will be deflected as a
result of the Lorentz force on the mobile charge. An imbalance
in the flowing current generates a differential current that can
be measured on the drain contacts and that is proportional to
the magnetic field strength. The relative sensitivity of the twodrain MAGFET is defined as the ratio between this differential
current and the product of the magnetic field strength with the
total current
(1)
and
are the currents at Drain 1 and Drain 2, and
where
is the magnetic field strength.
The split-drain MAGFET has been previously investigated
[9]–[13] where results show the poor sensitivity compared to
their Hall plate counterparts. This can be explained in terms
of (1). Because the relative sensitivity depends on the current
imbalance the magnitude of which is very small compared to
the magnitude of the drain currents, low relative sensitivities
are obtained. As explained in [14], the magnitude of the current
imbalance is related to the current deflection, defined as
deflection

(2)

where is the length of the MAGFET,
is the electron mois the
bility in the inversion layer of a N-MOSFET, and
magnetic field strength. Because applying a larger gate or drain
voltage will only increase the drain currents but not the differential current, the only possibility to enlarge the differential current is to strengthen the current deflection parameters. Thus, either the device has to be long enough to produce a large deflection and then to produce a larger differential current, or the
mobility of the inversion layer must be higher. In both cases the
ability of the split-drain MAGFET to detect smaller magnetic
fields will increase.
Split-drain MAGFETs are fully compatible with standard
CMOS processes. Furthermore, CMOS technologies can operate at cryogenic temperatures (4.2 K–77 K) where the electron
mobility in the inversion layer increases [15]. This effect can
be advantageously exploited for the split-drain MAGFET to
noise, being a
detect smaller magnetic fields [16]. The
major drawback of the conventional MOSFET structures, is
drastically reduced, yielding the possibility to detect magnetic
fields in the micro-Tesla range.
II. DISCRETIZATION SCHEME
In order to simulate galvanomagnetic effects in semiconductor materials with general purpose device simulators, the
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current density equations have to be extended to take the magnetic field components into account. As proposed in [17] and
[18], the current equation comprising the magnetic field in the
isothermal approximation for electrons reads

(3)
where
is the electric conductivity of the electrons,
is
is the Hall
the gradient of the electron quasi-Fermi potential,
mobility related to the drift mobility as
with
as
the Hall scattering factor and is the magnetic field.
Along with the Poisson and continuity equations (drift-diffusion approximation)
div

grad

Fig. 1.

View of the simulated two-drain MAGFET structure.

(4)
(5)
(6)

a device can be properly simulated in the presence of a magnetic
field. The discretization of (3) was carried out following the general strategy proposed by Gajewski and Gärtner [19]. The vectorial product between the current density and the magnetic field
is computed by considering a local coordinate system and the
neighboring points. The discretization reads
(7)
where
is the projected current along the mesh line in the
local coordinate system which takes the magnetic field compois the projected current along the mesh
nents into account,
line in the local coordinate system which does not take the magis the distance ratio,
netic field components into account,
is the unitary matrix, is the dimensionless product between
is a linear operator
the magnetic field and the Hall mobility,
gives the matrix representation of a
that combined with
is the matrix composed with the univectorial product, and
tary vectors of the local coordinate system. This discretization
scheme is implemented in MINIMOS-NT [20].
The boundary conditions are not modified by the presence of
a magnetic field. However, a Hall voltage appears across a device in order to compensate the deflection of the current inside
the semiconductor structure. The magnitude of this Hall voltage
can be very small, therefore the simulation grid should be sufficiently fine to resolve this voltage. That means, one has to have
good knowledge of the behavior and performance of the device
to efficiently design a simulation grid. For arbitrary structures
this is difficult to fulfill. To circumvent this problem, a modified
boundary condition can be used for the Poisson equation [21].
For general bipolar operating conditions, the isothermal case of
the boundary condition for the electric potential is

(8)

Fig. 2. Drain currents as a function of the gate voltage at 300 K.

where
ductivity, and

is the transversal ambipolar electric con-

(9)
is the ambipolar Hall coefficient.
III. TWO-DRAIN MAGFET
The simplest split-drain MAGFET structure is shown in
Fig. 1, where the drain is split into two contacts. Both contacts
must measure the same length, otherwise an undesirable offset
will appear between both drain currents even in the case of zero
magnetic field. The two-drain MAGFET structure used for the
simulations has the same technology parameters as the devices
fabricated in the 10 m CMOS INAOE MicroElectronics
Laboratory [16]. It is an N-channel MOSFET with a substrate
cm
and an oxide thickness of 60 nm.
doping of 1
The MAGFET width is 100 m and the length is 125 m. The
separation between the two drain contacts is 10 m. Fig. 2
shows the electrical characteristic of the MAGFET without
magnetic field. The total drain current is equally shared by the
drains. In Sections III-A–C, simulation results as a function of
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Fig. 3. Differential currents versus magnetic field at 300 K.
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Fig. 5. Simulated S for different distances between the drains.

1.0 and 1.4 are given [17], [22]. However, as the electric characteristics with a zero magnetic field are well reproduced, we did
not consider the mobility values or the MINIMOS 6 mobility
model as responsible for the lack of fitting to experimental data.
Thus the Hall factor is adjusted to fit the experimental data at
nonzero magnetic field. Besides, the interplay of the scattering
mechanisms in the inversion channel is quite complex and therefore it is not clear how to derive this Hall factor from simplifications as made for the bulk Hall factor in silicon [23]. For the
following simulations, if not otherwise stated, the Hall factor for
electrons has been set to 0.8.
B. Relative Sensitivity versus Geometric Parameters

Fig. 4. Differential currents versus magnetic field at 77 K.

the magnetic field, geometric parameters, and polarization at
both temperatures 77 K and 300 K will be given.
A. Differential Current versus Magnetic Field
Fig. 3 shows the experimental and simulated differential current for the structure of Fig. 1 at 300 K. The voltage at the drains
is 1.0 V, the gate voltage is 4.95 V, and the bulk voltage is 0.0 V.
The value of the Hall scattering factor for electrons used for the
simulations is 0.6. The simulation results fit the experimental
data very well. The relative sensitivity, computed according to
(1), is 2.64% T .
Fig. 4 shows the experimental and simulated differential current for the same structure at 77 K. The bias conditions are
the same as at 300 K and again the simulation results perfectly
match the experimental data. The electron Hall scattering factor
used for the simulation results is 0.8. The computed relative sensitivity is 11.09% T .
The magnitude of the Hall factor used for the simulations is
quite small compared to literature data, where values between

According to [24] and [25], the structure of Fig. 1 has not
the optimum geometry for a two-drain MAGFET structure. It
has been identified that the distance between the drains plays
a dominant role for a two-drain MAGFET. Fig. 5 shows the
simulated relative sensitivity for the structure as a function of the
drain separation distance . The bias are a gate voltage of 4.95
V, 1.0 V at the drains, and 0.0 V at the substrate. The magnetic
field is set to 50 mT. The length and the width of the MAGFET
are kept constant, at 125 m and 100 m respectively. At 300 K,
m
the relative sensitivity increases from 3.51% T at
to 3.66% T at
m.
At 77 K the relative sensitivity increases from 3.51% T at
room temperature to 10.97% T at
m, which represents an enhancement in magnetic sensitivity of more than
300%. This enhancement is attributed to the increase in the
carrier mobility due to the reduction of phonon scattering. A
maximum of 11.94% T in the relative sensitivity at 77 K
is observed at
m and then the relative sensitivity reduces at
m. If the values of relative sensitivity between
m and
m are interpolated, a relative sensitivity of 12.5% T is expected, which is larger than the theoretical limit of 12% T for a mobility value of more than 15 000
cm Vs [4].
The previous results show that the relative sensitivity improves, because the mobility increases as the operation temperature decreases. However, there is another parameter that can be
modified in order to improve the relative sensitivity: The length
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1 as a function of V

Fig. 6. Simulated relative sensitivity for different lengths.

Fig. 8.

S

and

.V

and V

Fig. 7. Simulated relative sensitivity for different widths.

Fig. 9.

S

as a function of the gate voltage at

of the MAGFET. Fig. 6 shows how the relative sensitivity improves if the length of the MAGFET is increased from 50 m
to 150 m. The bias are a gate voltage of 4.95 and 1.0 V at the
drains and 0.0 V at the substrate. The magnetic field is set to 50
mT. The width and distance are kept constant at 100 m and
10 m respectively. At 300 K, the relative sensitivity increases
from 2.10% T to 3.64% T . However, at 77 K the relative
sensitivity improves from 7.07% T to 11.11% T .
Fig. 7 shows the simulated relative sensitivity as a function
of the width. The bias is a gate voltage of 4.95, and 1.0 V at the
drains, and 0.0 V at the substrate. The magnetic field is set to
50 mT. The length and distance are kept constant at 125 and
10 m, respectively. At 300 K, the relative sensitivity increases
from 2.75% T to a maximum of 3.56% T at a width of 120
m. However, at 77 K, the relative sensitivity increases from
6.45% T to a maximum of 13.67% T at a width of 190
m. The fact that both maxima are not at the same width can be
explained in terms of the cryogenic operation of the MOSFET,
where the increase in the carrier mobility changes the distance
where the carriers are deflected, and thus the maximum occurs
for a different geometry.

C. Relative Sensitivity versus Polarization

are set to 1.0 V.

B = 050 mT.

The polarization of the MAGFET is relevant for the determination of the Hall voltage. The Hall voltage depends on the
carrier concentration and the thickness of the inversion layer [2].
However, the relative sensitivity depends on the differential current between the drain contacts as described by (1). Fig. 8 shows
the simulated relative sensitivity and the differential current as
a function of the gate voltage for the two-drain MAGFET with
m. The ina length of 125 m, a width of 100 m, and
crease in the differential current does not give an increase in the
relative sensitivity. This can be explained in terms of the current
magnitudes. The differential current is only a few microamperes
whereas the drain currents are at least two orders of magnitude
higher.
The relative sensitivity should depend on the drain to source
voltage because this voltage modulates the thickness of the inversion layer. Fig. 9 shows the simulation results of this dependence for various drain voltages at 77 K and 300 K. The relative sensitivity is much higher when the MAGFET structure
is operated at 77 K, where a linear behavior with respect to

RODRÍGUEZ-TORRES et al.: ANALYSIS OF SPLIT-DRAIN MAGFETs

Fig. 10.

S

as a function of the drain voltage at
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B = 050 mT.

the gate and drain polarization can be observed. Note, how the
relative sensitivity at 300 K shows a complex behavior which
can be explained in terms of how the carriers move inside the
channel. At very low drain and gate voltages, diffusion of carriers is the dominant mechanism, while at high gate and drain
polarizations, drift is the dominant mechanism. In the transition
from diffusion to drift both mechanisms play a role. At 77 K,
charge diffusion reduces at very low polarizations, and, as can
be seen from Fig. 9, below gate voltages of 1.0 V, the current is
nearly zero. The simulations of the relative sensitivity at 77 K
show that as the drain and gate voltage increase, the relative sensibility increases too. At 300 K the relative sensibility saturates
at a value of 2.62% T for a Hall factor for electrons of 0.6.
The transition between the drift and diffusion regimes can
explain the -shape of the relative sensitivity at 300 K in Fig. 9.
Fig. 10 shows how the relative sensitivity varies as a function
of the drain voltage for different gate voltages at 77 K and 300
K. The various minima at 300 K can be seen as the transition
between the linear and the saturation operation region of the
MOSFET. At 77 K no minima are observed, because diffusion is
of minor importance at cryogenic MOSFET operation. As seen
in Fig. 9 the improvement in the relative sensibility is very high.

IV. THREE-DRAIN MAGFET
The concept of the three-drain MAGFET is as old as the MOS
Hall plate device [2]. It was first proposed in [9], [26] where it is
suggested to bound together the Hall voltage terminals and the
drain to form a three-drain MAGFET. As stated by Gallagher
[2], in a MOS Hall plate device the Hall voltage terminals should
be placed as close as possible to the drain terminal in order to

detect the Hall voltage and not to interfere with the electrical
behavior of the MOSFET. That is the reason why in [9], [26]
the proposal of a three-drain MAGFET using Hall plates has
been given. By taking the central drain current as a reference, a
differential current can be measured on the lateral drains. However, no simulation results or experimental data showing the
three-drain MAGFET as a magnetic sensor with a differential
current output have been published yet. Therefore, based on the
successful simulations of a two-drain MAGFET, a three-drain
MAGFET structure is analyzed. In the following some simulation results are given.
Fig. 11 shows the three-drain MAGFET structure. The main
difference between the two-drain and three-drain MAGFET is
the central drain current at the three-drain MAGFET. The relative sensitivity is defined as follows:
(10)
and
are the currents at Drain 1 and Drain 3 when
where
,
, and
are the drain
the magnetic field is applied,
is the
currents when the magnetic field is not applied, and
magnetic field. Because the definition of the relative sensitivity
is related to the total current in the detection process, one has
to take into account the whole drain current. Taking only the
central drain current will give unrealistically high relative sensitivities. A priori it is possible to conclude that reducing the
reference current will lead to higher relative sensitivities, as it
can be seen from Fig. 12.
The three-drain MAGFET has been simulated with the same
technological parameters as the two-drain MAGFET structure.
The length is 125 m, the width is 80 m, and the distance
between the drains is 10 m. The drain voltages are 1.0 V, the
gate voltage is 4.95 V, and the substrate voltage is 0.0 V. The
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View of the simulated three-drain MAGFET structure.

magnetic field is set to 50 mT. A tendency cannot be deduced
from Fig. 12 unless the magnitude of the drain currents for the
zero magnetic field are analyzed. For a central drain size of 12
m a maximum in the relative sensitivity of 4.56% T at 300
K and 13.00% T at 77 K are observed. The magnitude of the
central drain current is nearly 60% of the lateral drain currents
and
) and about
at 300 K (
and
).
44% at 77 K (
Because the magnitude of the reference current is small, the
relative sensitivity is high, according to expression (10). However, the magnitude of the central drain current cannot be set
as a general rule because the central drain current for the drain
size of 8 m is high as for the lateral drain currents and it gives
a reasonable high relative sensitivity at both 300 K and 77 K.
The geometric dependence of the relative sensitivity for the
three-drain MAGFET follows the same laws as for the twodrain MAGFET. The important characteristic of the three-drain
MAGFET is that the central drain current should be as small as
possible, but one has to guarantee that the side drain currents
are equal, otherwise, an undesired offset will impact the general
performance of three-drain MAGFETs, as seen in the following
simulations.
Fig. 13 shows the simulated relative sensitivity as a function
of the gate voltage for different drain voltages at 77 K and 300 K.
An improvement of two times in the relative sensitivity can be
obtained at 300 K, if the MAGFET is split in three drains in such
a way that the central drain current is as small as possible. The
three-drain MAGFET has the following geometric parameters:
A length of 125 m, a width of 80 m, a distance between the
drains of 10 m, and the central drain measures 12 m.
Fig. 14 shows the simulated relative sensitivity as a function
of the drain voltage for different gate voltages at 77 K and 300
K. Even for very high voltages, where the relative sensitivity
is very low, the three-drain MAGFET gives a superior performance with respect to the two-drain case at 300 K. One can expect an incredible improvement of the relative sensitivity for the
three-drain MAGFET when operated at 77 K. From Figs. 9 and
13 and Figs. 10 and 14, it is clear that the two-drain MAGFET
performs twice as good as the three-drain MAGFET. A plausible
explanation can be given in terms of the current magnitudes: at
low temperature operation they increase considerably. There-

Fig. 12.

Simulated S and I

Fig. 13.

S as a function of the gate voltage at

for different sizes of Drain 2.

B = 050 mT.

fore, the gain in the differential current is lost by the magnitude
of the reference current.
V. PHYSICAL MODELING AT 77 K
From a historical point of view, MINIMOS-NT has been designed in such a way that the large numerical differences between the quantities to be solved, the electric potential and carrier concentrations, do not interfere with the numerical solver
when a device is simulated at temperatures different to room
temperature [27]. However, not only the numerical differences
impact the modeling of semiconductor devices at low temperatures. As pointed out in [15] and [28], physical parameters as
the intrinsic carrier concentration, band-gap energy, or mobility
values differ. According to our simulation experience [29], the
electric characteristics of the two-drain MAGFET, the device
for which experimental data at 77 K are available, are well reproduced by MINIMOS-NT. However, that does not mean that
all physical models available in the simulator properly repro-
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S

as a function of the drain voltage at
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B = 050 mT.

duce all physical effects in the temperature range of cryogenic
interest: 4.2 K to 77 K. For example, the MINIMOS-NT mobility model only takes lattice, ionized-impurity, and surface
scattering together with velocity saturation into account. At 77
K neutral impurity scattering freezes some donor (or acceptor)
atoms, lowering the concentration of available carriers for the
electric conduction. Carrier to carrier scattering is important at
very small dimensions, where large carrier concentrations are
located in very small volumes. At 77 K, the carrier concentrations are highly concentrated in very small volumes due to
quantum-mechanical effects, no matter what the device dimensions are. All of this impacts the inversion layer of MOSFET
devices. However, as long as the electrical characteristics of
nanometer MOSFET devices are well reproduced even at 77 K,
mobility models taking into account missing scattering mechanisms at cryogenic temperatures will be developed only for fundamental physics research.
The simulation results that have been presented in this work
have been computed using a small numerical value for the electron Hall factor. During the implementation of (3) by using the
discretization scheme (7), simulations of small dies in the presence of a magnetic field have been performed. The simulated
Hall voltages agree with the analytical values when a Hall factor
of 1.1 for electrons and 0.7 for holes are used. The Hall voltages agree with the analytical values even in the case when
the spatial direction of the current density and magnetic field
varies. In view that the electrical characteristics of the two-drain
MAGFET are well reproduced at both 77 K and 300 K, and that
the magnetic effects are well reproduced by using smaller values
of the Hall factors, this indicates that more research in the physical modeling at both 77 K and 300 K is needed, although the

simulation results do reproduce the available experimental data
very well.
VI. STATE OF THE ART MAGNETIC SENSORS
Superconducting quantum interface devices, better known as
SQUIDs, are by far the most sensitive magnetometers ever made
[30]–[32]. Their incredible resolution and very low noise make
them the perfect choice for biomagnetism measurements where
very low magnetic fields are present [33]. However, SQUIDs
must be operated at the temperature of liquid Helium (4.2 K) for
optimal operation [34] making SQUIDs massive devices with
expensive operation costs. Although recent development in high
temperature SQUIDs has been made [35], [36], advances in flux
gate magnetometers show sensitivities which can compete with
high temperature SQUIDs [37]. Also, magnetic sensors based
on the anisotropic magnetoresistance effect, the giant magnetoresistance effect, or compound semiconductors have high sensitivities [38]–[40].
All of those devices are manufactured using noncompatible
steps of semiconductor processes, making it difficult to integrate
sensor and electronics on the same substrate. The great advantage of the MAGFET is that is 100% compatible with the standard CMOS process. This feature has been advantageously used
in the following [41]–[44] where in spite of its weakness, the
split-drain MAGFET has been used as the transducer of the application at room temperature operation. As a novel application
in a CMOS system, a split-drain MAGFET can be used to test
the signal integrity of a data line [45]. It is clear that full understanding of the split-drain MAGFET under such operating conditions requires full three- dimensional analysis of the sensor.
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Up to now our device has been tested as it is, that is, as
a single device with no integrated electronics for temperature
compensation or noise reduction. At room temperature operation the split-drain MAGFET is a high-field sensing device with
a sensing range in the order of mT, but when operated at 77 K,
the split drain MAGFET classifies as a medium-field sensing device with a sensing range in the order of nT [16], [31], [32]. At
that is
77 K, the two-drain MAGFET has a sensitivity of 80
SQUID which
far away from the high temperature
has a sensitivity of 20 pT [46]. Implementing a noise reduction
strategy, the split-drain MAGFET can reach a sensitivity of 50
nT. An obvious advantage of the operation of CMOS systems
at 77 K is that the thermal noise is reduced, whereas the flicker
noise remains fairly temperature independent [15]. The noise
at 100 Hz at 77
level of the two-drain MAGFET is 88
K and the measured offset is of 31 nA at 77 K. We expect that
the split-drain MAGFET integrated with electronics and operated at 77 K achieves competitive sensitivities and noise levels.
VII. CONCLUSION
Full geometrical analyzes of two-drain and three-drain
MAGFETs have been carried out. Rigorous three-dimensional
simulations have been carried out to investigate the relative
sensitivity of both structures at 77 K and 300 K. Results show
that square structures with larger lengths offer higher relative
sensitivity at room temperature operation, but wider devices
give better relative sensitivities at cryogenic temperature operation. In addition it is shown that the polarization of the
split-drain MAGFET structure exhibits a complex behavior at
300 K whereas at 77 K it is very simple.
Three-drain MAGFET structures perform better compared to
two-drain MAGFET structures at room temperature. The central drain current should be as small as possible in order to get
a higher relative sensitivity. However, a mismatch for the side
drain currents of a three-drain MAGFET could be the disadvantage of this structure. Also, it has been shown that split-drain
MAGFET structures operated at cryogenic temperatures can be
used as magnetic sensors where high resolution and low noise
are needed, for example, geomagnetic measurements.
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