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In this paper, we investigated the effect of magnetic field on the carrier
transport phenomenon in metal-oxide-semiconductor field-effect transistor
(MOSFET) with double gates by examining the behavior of the
semiconductor under the Lorentz force and a constant magnetic field.
Various behaviors within the channel have been simulated including the
potential distribution, conduction and valence bands, total current density,
total charge density and the magnetic field. The results obtained indicate that
this modulation affects the electrical characteristics of the device such as
on-state current (lon), subthreshold leakage current (lof), threshold voltage
(VTn), and the Hall voltage (Vn) is induced by the magnetic field. The
change in threshold voltage caused by the magnetic field has been observed
to affect the switching characteristics of the device, such as speed and power
loss, as well as the threshold voltage Vrnh and (lon/lorF) ratio. Note that it is
reduced by 10-3 V. 102 for magnetic fields of £6 and +5.5 tesla respectively.
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1. INTRODUCTION

With the continuous advance of semiconductor technology miniaturization, nanoscale integrated
circuits have become extremely sensitive to external magnetic fields [1]. It is well known that miniaturizing
conventional metal-oxide-semiconductor field-effect transistor (MOSFETS) at the nanoscale [2] results in a
higher magnetic sensitivity with respect to the magnetic field due to the smaller active channel area [3], [4]. It
allows a variety of complex short-channel effects (SCE) such as hot carrier effect, threshold voltage,
substrate carrier effect, Hall voltage, will occur within linear region with large fluctuations in drain voltage
[5], [6]- The effect of the parasitic effect on the external electrical properties of field effect transistors has
been reported in the field of MOSFETs [7], [8] microelectronics, and some studies have also studied
materials that conduct current [9]. Investigation of the existence, magnetic field in carrier transport
phenomenon, and thus the active region of semiconductor device, especially magnetic field in
complementary metal oxide semiconductor (CMOS) transistor technology [10].

Experiments in some case studies have shown that magnetic fields cause a current deflection in the
drain current voltage, which alters the conductivity of the active region resulting in asymmetric magnetic
tunneling and non-uniform spatial conduction in MOSFETs [11], [12]. Wick made the first measurement of
the Hall-effect of silicon on a fairly impure sample [13]. Other studies by Shockley and Pearson and Putley
and Mitchell [14], [15] use the Hall effect of low-impurity single-crystal silicon. Magnetic reciprocating
current of an N-type metal-oxide-semiconductor (N-MOS) transistor exposed to external magnetic fields
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B=7T and 14T [16]. Therefore, the Lorentz force acts on the current wires in the current channel [17].
However, due to its limited application in such a high-level field [18], [19], this topic has not been studied.

Hall-effect device simulation is relatively new, having begun in the 1980s [20] to help analyze and
understand Hall-effect behavior in complex devices such as integrated circuits [21]. The aim of this paper is
to analyze advanced nanoscale CMOS integrated circuits and their sensitivity to external magnetic fields.
Their performance can be seriously affected, so it may be due to unforeseen failures. For vehicles and
machines controlled by these circuits, the system may lose control.

To solve this problem, it is necessary to control the effect of external magnetic field on the operation
of these circuits. This control includes the quantification, analysis, and effects of these noises on the circuit
performance. For this purpose, a double gate MOSFET transistor is considered and modeled by the finite
element method, which takes into account all the effects of carrier transport inside the semiconductor under
an external magnetic field.

2. METHOD

Figure 1 shows the structure of the device investigated in the simulation of the proposed structure in
this work. The applied magnetic field B=(0, By, 0) is assumed to be perpendicular to the current flowing
between the drain and the source of the two contacts oriented along the y-axis. The current density through
the silicon channel is along the z-axis. To detect the Hall voltage Vh, two open Hall 1 and Hall 2 rectangular
contacts are provided and fabricated on a MOSFET with a double gates structure arranged perpendicular to
the Y direction.
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Figure 1. The schematic structure of the MOSFET with double gates [22]

Channel length L=20 nm, width W=28 nm. The drain-source voltage is represented by Vg, the gate-
source voltage is represented by Vg, and the threshold voltage is represented by Vt. Table 1 illustrates the
physical parameters of the MOSFET used in this simulation structure [23].

Table 1. Physical parameters of the MOSFET with double gates used in the simulation structure
Parameter Volume
Impurity doping in the channel (N,) 10* cm®
Impurity doping in drain and source (Ng) ~ 10®¥cm
Thickness of silicon film (tis) 10 nm
Thickness of oxide (tox) 2nm

When a constant magnetic field B is applied perpendicular to the direction of the drain current, the
Lorenz equation was used to describe the Hall-effect M of the MOSFET with double gate [24] as:

2= T (B e) @
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where m is the effective mass of the cyclotron, r is the position, t represent the average (recalculated)
electron lifetime. Vg is the motion of the electron through the Hall effect. An electric field is applied in the
direction given by the biased contacts of the transistor. Then, the Hall field £ generated by the Hall-effect
[25] is given as (2).

B, =B M(I_d) )

b e(pud+np2) \wT

At low drain voltage VD, in the linear region of operation of a MOSFET, VD < VG — VT. The area
density of carriers in the channel is approximately constant over the channel. This charge density can be
calculated as (3) [25]:

Qcn = COX(V:q - VT) (3)

where Cox represents the capacitance of the gate oxide on the circuit. The current of the drain I4 can be
calculated as (4) [25].

w \4
la = 20cnCox 5-Va (Vo — Ve —22) (4)

At the channel drain boundary, the charge density will be reduced to zero, and the current practically
remains constant. The MOSFET Hall voltage V4 can be calculates as [25]:

Vy = GHIDBT% (5)

where G represent the factor of the geometric correction and ry represent the Hall factor.

3. RESULTS AND DISCUSSION

Figure 2 shows the presence of (B=+6 and -6 tesla) with the absence of magnetic field (B=0 tesla).
From Figure 2, we can see that in the relaxation state (\Vg=0), the Hall voltages for the three magnetic field
values are almost identical. When the transistor is biased, the Hall voltage gradually increases or decreases
asymmetrically according to the direction of the applied magnetic field with respect to the zero magnetic
field (B=0 tesla). Until saturation, the movement of electrons on the walls of the holes stops.
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Figure 2. Simulated of the double gate MOSFET Hall voltage (V1) for (B=+6, -6 tesla, B=0 tesla), V4=0.05 V

Figure 3 shows the Hall voltage V4 as a function of the drain current Ip flowing through the drain
and source contacts. It consists of a gate voltage V¢ and a magnetic field B applied to the gate contact (G).
B=+6, B=-6 tesla, B=0 tesla. At rest (Vg=0), we can see that the Hall voltage is more or less for all three
magnetic field values. As the gate voltage increases, the Hall voltage gradually increases or decreases
asymmetrically with respect to the zero magnetic field (B=0 tesla) according to the direction of the applied
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magnetic field, and the Hall voltage increases or decreases immediately once the threshold voltage V7 is
reached, the voltage rises or falls rapidly. If the value of the bias voltage Vg is high, the Hall voltage will
follow the same change until it settles in the saturation region.
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Figure 3. Simulated MOSFET Hall voltage Vyversus drain current at b=+6, -6 tesla, and B=0 tesla

If the carriers are biased towards the Hall 2 recombination surface, their current will decrease with
decreasing transistor channel concentration. If the carriers are biased towards the Hall 1 recombination plane,
the carrier concentration in the transistor channel will increase and the drain current will also increase. This
explains the difference in Hall voltage between the two surfaces of the Hall 1 and Hall 2 contacts. Therefore,
the magnetic transistor is sensitive to the signal of the applied magnetic field.

Figure 4 shows the central potential in the x direction for three magnetic field values. Given that the
device is in the on state, the gate voltage varies from 0 to 1 V and the drain voltage is 0.05 V, so the current
in the channel increases with the gate voltage. The Hall-effect causes a drain-source current with magnetic
induction B perpendicular to the direction of this current, along the two contact Hall planes.
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Figure 4. Simulated MOSFET Hall voltage V variation with respect to drain voltage (Vp) for
B=+6, -6 tesla and B=0 tesla when V¢=0.05 V

The drain current Ip versus drain voltage Vp curves for constant flux density, (B=0 tesla, 6 and
-6 tesla) are shown in Figure 5. In the linear region of the Ip versus Vp curve, the drain current Ip remains
constant in both directions of the applied magnetic field, whereas in the saturation region we find that the Ip
increases or decreases depending on the direction of the applied magnetic field. Due to the Hall effect,
electrons accumulate on the contact surface between Hall 1 and Hall 2. So, the magnitude of the charge
amplitude in the inverse layer per unit area is effectively reduced, reducing the permittivity of the channel
shown in Figure 5, thereby reducing the drain current Ip. If a constant magnetic field B is applied in the
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opposite direction (negative y direction), the effect will be exactly the opposite. In this case, the permeability
increases and the current Ip of the drain increases. The Hall voltage against the drains voltage is shown in
Figure 6. If the carriers have been deflected in the direction of Hall 2 recombined surface, then the
concentration in the channel of the transistor will decreases and the current will also decrease.
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Figure 5. Simulated MOSFET Hall voltage variation with respect to drain current for different drain voltages,
at B=+6, -6 tesla and B=0 tesla and VV¢=0.05 V
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Figure 6. Simulated MOSFET drain current Ip versus drain voltage Vp in case of (B=+6, -6 tesla and B=0
tesla) when Vg=0.5 V

Figure 7 shows the Hall voltage against the drain current cof the MOSFET surface. If the carriers
are deflected in the direction of the recombination surface of the Hall 1, then the concentration in the
transistor channel will increases, and the current of the drain will increase. This declares the different in the
value of the Hall voltage on the both surfaces of Hall 1 and Hall 2 connections. So, we can conclude that this
magneto-transistor was extremely sensitive to the applied magnetic field sign.

Figure 8 shows the discontinuous ratio of drain current with respect to the magnetic field B direction
which applied at various drain voltages V¢=0.1 V, V¢=0.5 V and V4=1 V. Note that at high drain voltages,
there is a large difference in sensitivity corresponding to the saturation region of the Ip versus Vp curve
shown in Figure 6. At B=0 tesla, the difference in the threshold voltage Vt=0.440 V region is slightly
smaller, but observed at the minimum drain voltage Vg, the difference is almost negligible.

The sensitivity of the device was evaluated for both channels and the results are shown in Figure 9.
The different gate voltages Vg=0.1 V, Vg=0.5 V, and Vg=1 V obtained in Figure 8 show the proportional
sensitivity between the Hall voltage difference and the direction of the applied magnetic field. There is a
large difference in the sensitivity of the different gate voltages, but a large difference is observed at gate
voltages around the threshold voltage Vt=0.440 V for B=0 tesla.
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Figure 7. Valence band energy along with the channel length along x-direction at (B=+6, -6, and B=0 tesla)
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Figure 8. Simulated MOSFET drain current Ip imbalance (Alp = Ip1-1p2) versus the applied magnetics field
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Figure 9. Simulated MOSFET Hall voltage difference (AVu=VH1-VH2) versus the applied magnetics field
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4. CONCLUSION

This paper presents a numerical simulation of the effect of magnetically induced Hall magnetic
fields on the electrical characteristics of an n-channel double gates MOSFET transistor. Several theories
suggest that for small transistors, the Hall voltage Vi peaks in both magnetic field directions in the threshold
region of short-channel FETs compared to long-channel FETs. This heaped because the drain current (Ip)
changes at different drain voltages (Vp) and the direction of the applied magnetic field is perpendicular to the
direction of the drain current caused by the inversion charge of the layer, which directly reflects the
permeability behavior. It is expressed that they are there. From the results obtained, it can be seen that for
short channel transistors, the drain current Ip and magnetic trans conductance (gmm) are also reduced,
depending on the strength of the magnetic field rather than the direction of the magnetic field. Adverse
effects observed include a decrease in the (lon/lof) ratio as a function of the applied magnetic field (B). This
is one of the requirements of today's CMOS technology. From this point of view, we examined the various
solutions developed to remedy the controlled parasites and set out to quantify and reduce (or eliminate) them.
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