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Abstract. This paper introduces the effect of magnetic field upon the deflection 

of the subthreshold drain current of the symmetric pocket implanted n-

MOSFET. The symmetric pocket implanted n-MOSFET’s surface potential, 

threshold voltage, electron mobility and subthreshold drain current models are 

used to study the effect of magnetic field on the subthreshold drain current 

deflection in the inversion channel. Magnetic field strength is varied from ±200 

mT to ±250 mT. Results verify the theoretical derivations. This model can be 

used if short channel n-MOSFETs are used to develop the Magnetic FET 

Sensors (MFS) that have many practical applications. 

Keywords: Pocket Implanted n-MOSFET, Magnetic FET Sensor, Subthreshold 

Drain Current Deflection. 

1   Introduction 

Metal Oxide Semiconductor Field Effect Transistor (MOSFET) is the main 

building block in the Integrated Circuit (IC) since its invention due to its low power 

consumption, high speed and low noise [1-4]. Therefore, many research works have 

been carried out for this device and novel MOSFET structures are being introduced to 

enhance device performance as well as device applications [5-11]. In the modern 

electronic systems design, electromagnetic compatibility (EMC) problem is a crucial 

factor. As the operating frequencies as well as the number of transistors integrated in 

the ICs increase, radiated and conducted electromagnetic emissions of ICs also 

                                                           
1 The corresponding author.  
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increase due to the large current flow during a short period of time. Thus several 

measurement and testing techniques based on thin-film magnetic field, electro-optic 

or magneto-optic probes have been selected by regulatory committees as standard 

methods [12-16]. But all of these passive testing elements have a fundamental 

tradeoff between their sensitivity and spatial resolution as well as an incompatibility 

between spatial resolution and test efficiency. To solve these problems, an on-chip 

magnetic probe based on a magnetic field-sensitive Split-Drain MOSFET (MAGFET) 

that works as an active element was proposed. Many integrated magnetic sensor 

circuits use a MAGFET structure as a sensing element [17].  

 

The MAGFET is a MOSFET with a single gate and two or more symmetrical 

drains sharing the total channel current. An imbalance between drain currents occurs 

due to the influence of a magnetic field. In spite of its large offset, temperature drift 

and noise, the MAGFET remains a popular magnetic field sensing device because of 

its easy integration with other electronic signal conditioning blocks in silicon chips. 

The list of magnetic sensor applications includes, but is not limited to, position-

sensing, non-contact switching [18], vehicle detection [19], navigation [20], mineral 

prospecting [21], brain function mapping [22], contactless temperature measurement 

[23], wireless sensor network [24], earth magnetic field [25] etc. As an example, there 

can be as many as 40 magnetic field sensors in a modern automobile which are used 

for various purposes [19]. 

 

Designing a sensor is impossible without the device simulation tools which help to 

predict sensor behavior [26] before actual sensors are fabricated. Device simulation 

[27] has become very important, because, it is almost cheaper than performing 

experiments and provides insight into the internal physical mechanisms associated 

with device operation. Some efforts have been developed using numerical model such 

as finite element, Garlekin’s residual method and finite difference scheme [28]. Other 

works propose a semi-analytic model [29-31] based on semiconductor physics and 

electromagnetic theory but it cannot be linked with circuit simulation tools. Another 

model based on empirical relation [32] does not reflect the physical behavior and 

geometrical effects of the device. Pocket implanted MOSFET is a good choice to 

combat Short Channel Effect (SCE). Many research works have already been 

conducted to develop drain current model of this device [6, 33-34]. Pocket profile has 

been modeled by different profiles [6, 35-37]. In this paper, a semi-analytical model 

that includes geometrical effects and linear pocket profiles on the subthreshold drain 

current deflection due to the presence of magnetic field has been developed. 

2   Drain Current Deflection Model 

The pocket implanted n-MOSFET structure shown in Fig. 1 is considered in this 

work and assumed co-ordinate system is shown at the right side of the structure. 

Localized extra dopings are shown by circles near the source and drain sides. All the 

device dimensions are measured from the oxide-silicon interface. In the structure, the 
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junction depth (rj) is 50 nm. The channel length (L) is 100 nm and width (W) is 500 

nm, oxide thickness (tox) is 5 nm, and it is SiO2 with fixed oxide charge density of 

1011 cm-2. Uniformly doped p-type Si substrate is used with substrate doping 

concentration (Nsub) of 21017 cm-3 with pocket implantation both at the source and 

drain sides with peak pocket doping concentration (Npm) of 2×1018 cm-3 and pocket 

length (Lp) of 50 nm. The n+ source or drain doping concentration (Nsd) is 9.0×1020 

cm-3. The n+ drain is split vertically with vertical distance of D1 each and the gap 

between the two is d. 
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Fig. 1. Pocket implanted n-MOSFET structure with split drains.  

The model of the conventional bulk n-MOSFET exhibits drastic reduction of the 

threshold voltage (Vth) having channel length in the sub-micron regime. This is known 

as Short Channel Effect (SCE). It has already been observed that by introducing 

Reverse Short Channel Effect (RSCE), SCE can be minimized [6]. In the case of 

RSCE, threshold voltage increases with decreasing channel lengths. This effect comes 

from the extra doping or pockets or fixed oxide charge located near the source and 

drain sides. Pocket implantation is done by adding extra impurity atoms (similar to 

that of the substrate) near the source and drain. This doping concentration is then 

caused to decrease from the source and drain sides towards the centre of the device 

along the channel. In [35], few simulated lateral pocket doping profiles are provided 

for different channel lengths after thermal annealing. After examining these pocket 

doping profiles, it is assumed that the pocket profiles to be linear and symmetric at 

both source and drain sides. It has been already shown that the linear profile can 

produce RSCE in threshold voltage model of the pocket implanted n-MOSFET [38]. 

This profile assumes that the peak pocket doping concentration decreases linearly to 

the substrate doping concentration with pocket lengths from both edges towards the 

center of the device along the channel [6].  
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These two conceptual pocket profiles are integrated mathematically along the 

channel from the source side to the drain side and then the integration result is divided 

by the channel length (L) to derive an average effective doping concentration (Neff) as 

in equation (1). 

1
p pm p

eff sub

L N L
N N

L L

 
   

 
   (1) 

This effective doping concentration expression has been used in deriving the 

several parameters of the device and then finally the drain current deflection model 

using Lorentz force analysis.  

 

When a magnetic field is applied to a flow of charge carriers (for instance, 

electrons) moving through a quasi-straight path, they tend to move according to a 

non-linear trajectory [12]. The deflection of electrons under the magnetic field due to 

the Lorentz force can be calculated by solving the equation (2). 

 m dF q v B      (2) 

From equation (2), it can be said that the higher the drift velocity the higher the 

magnetic force that produces larger deflection. It is known that the carrier deflection 

has been quantified using, as a measurement tool, the Hall Effect. This procedure has 

been used to measure the carrier deflection in extremely thin metallic plates that is 

commonly called Hall element. The inversion layer of a MOSFET can be used as a 

very thin hall element. However, to obtain a uniform structure, the inversion layer 

must be the channel of a MOSFET operating in the linear region, i.e. drain potential 

(VDS) must be smaller than the gate overdrive voltage (VGS – Vth), i.e. 

 DS GS thV V V .  

 

To describe how this MOSFET works, we propose a semi-analytical model based 

on semiconductor physics and electromagnetic theory. Few assumptions were taken 

into account [39]: 

1. A uniform magnetic-field induction is applied perpendicularly to the gate 

plane only, and 

2. The velocity of the ensemble of carriers along the channel is considered to 

have an average value υd. 

 

Additionally, the electric fields are labeled Ey and Ez, where the first/second 

component is the longitudinal/ perpendicular one. To quantify the electric field effect, 

we propose a model based upon Lorentz Force as in equation (3) and Newton’s 

second law of motion. Starting by Lorentz force analysis, we obtain the force 

components (Fx, Fy and Fz) as in equation (8). With the presence of electric field, 

equation (2) can be written as in equation (3). 
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Equation (8a) can be solved to obtain the instantaneous drift velocity of electrons 

along the channel (vdx) and also its position (x) in equations (9a) and (9b) respectively 

under the following assumptions: 

 

At t = 0, x = 0 and
 , ,

0

DS

dx d sat n eff

t

Vdx
v v

dt L




  
. 

,

,

DS

dx d sat

n eff

qVdx
v t v

dt m L
      (9a)
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2

,

,2

DS
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     (9b)

 

Time required for an electron to travel along the channel from source to drain is 

called transit time. So, at t = tr, x = L and solving equation (9b) we get equation (10) 

for transit time. 

, , , 2

,

,

2d sat n eff n eff DS

r d sat

DS DS n eff

v m L m L qV
t v

qV qV m
       (10)

 

Equation (8b) is solved to get the instantaneous electron deflection/trajectories 

perpendicular to the channel as in equation (11) under the following assumptions: 

At t = 0, y = 0 and
 

0

0dy

t

dy
v

dt 

 
. 

2 3 2

, ,

, ,2 6 2

DS

y eff d sat z

n eff n eff

qVq t t t
y E v B

m m L

  
     

    

  (11)
 

,where Ey,eff is the  effective normal electric field, (along the y-direction as given in 

equations (14)) which is the summation of the effective normal electric field [40] 

along the y-direction due to the application of gate voltage as given in equation (12) 

and Hall electric field generated [41] along the y-direction due to the application of 

magnetic field along the z-direction as given in equation (13). 

  .= + 2ox

yN GS th th FB s inv

Si

C
E V V V V 


      (12) 

1
yH x z

eff

E J B
qN

     (13)

 

,y eff yN yHE E E     (14)

 
,where ψs,inv is the surface potential at inversion condition and Vth is the threshold 

voltage of the pocket implanted n-MOSFET obtained from [42] and [43] respectively; 

VGS and VFB are the gate and flat band voltages respectively, Jx is the subthreshold 

drain current along the x-direction obtained from [6],  Bz is the magnetic flux density 

applied along the z-direction. 

  

Drain current sensitivity, S along the positive y-axis is defined in equation (15). 

   

 

0 0

0z

y yB B
S

B y B

  


   
  (15) 

,where  0y B   and  0y B   are the drain current deflections without and 

with the presence of  magnetic field. 
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3   Simulation Results 

The drain current deflection of MFS-based pocket implanted n-MOSFETs was 

simulated for different values of device and pocket profile parameters. In Figs. 2-3, 

direction of magnetization perpendicular to the channel was changed to observe the 

change of direction of drain current deflection. It is observed that as the magnetization 

is increased the magnitude of drain current deflection is increased. Besides, if gate 

voltage is increased the magnitude of drain current deflection is also increased. 

Because, when gate voltage is increased, the effective normal electric field is 

increased. This field is additive/ subtractive with the Hall electric field produced due 

to the Lorentz force generation when the magnetic field is applied perpendicular to 

the direction of drain current flow. 
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Fig. 2. Drain current deflection in the positive y-direction with gate-to-source 

voltage variation for different magnetic flux density in the negative y-direction.  
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Fig. 3. Drain current deflection in the negative y-direction with gate-to-source voltage variation 

for different magnetic flux density in the positive y-direction.  

In Fig. 4, if oxide thickness is increased then the magnitude of drain current 

deflection is decreased for a particular gate voltage due to the decrement of effective 

normal electric field. That is, if nano scale MOSFET is to be used then oxide 

thickness needs to be decreased then the amount of drain current deflection will 

decrease. To compensate this effect pocket doping can be introduced so that the 

deflection can be increased. 
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Fig. 4. Drain current deflection in the negative y-direction with gate-to-source voltage 

variation for different gate oxide thicknesses with B = -200 mT. 
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In Figs. 5-6, if pocket length or peak pocket doping concentration is increased then 

the magnitude of drain current deflection is also increased for a particular gate voltage 

due to the increment of effective normal electric field. That is, the introductions of 

pocket doping near the source or drain edges can increase the amount of drain current 

deflection for the nano scale n-MOSFET. 
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Fig. 5. Drain current deflection in the positive y-direction with gate-to-source voltage variation 

for different pocket lengths with B = -200 mT. 
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Fig. 6. Drain current deflection in the positive y-direction with gate-to-source voltage variation 

for different peak pocket doping concentration with B = -200 mT. 
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Fig. 7. Drain current deflection sensitivity vs. gate-to-source voltage with B = -200 mT for 

channel length of 100 nm. 

 

In Fig. 7, drain current deflection sensitivity, S along the positive y-direction with 

gate-to-source voltage variation is shown with magnetic flux density of -200 mT 

perpendicular to the direction of drain current. The nature of this curve is very similar 

to the result of drain current sensitivity, S of Fig. 5 in [44]. 

4   Conclusions 

In this paper, a semi-analytical subthreshold drain current deflection model of 

MFS-based pocket implanted n-MOSFET in nano scale regime has been developed. 

Subthreshold drain current model based on the conventional drift-diffusion equation, 

surface potential as well as the threshold voltage models for the pocket implanted n-

MOSFETs incorporating the effects of substrate and drain bias dependencies are used. 

The model is developed assuming two linear symmetric pocket doping profiles along 

the channel at the surface of the device from the source and drain edges. The effects 

of changing the device and pocket profiles parameters as well as magnetic flux 

density’s magnitude and direction on the subthreshold drain current deflection have 

been studied using the proposed model. The simulated results show that the proposed 

model predicts the subthreshold current deflection for the channel lengths in the nano 

scale regime. Subthreshold drain current deflection sensitivity calculation shows 

similar trend found in the literature. Hence this model efficiently evaluates the 

subthreshold drain current deflection of scaled pocket implanted n-MOSFETs having 

channel lengths in the nano scale regime. 
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