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Abstract: The Metal Oxide Semiconductor Field Effect Transistor (MOSFET) is an electronic device widely used as the building block in all commercial 

processors, memories, and digital integrated circuits (ICs).  MOSFET is fabricated from semiconductor materials such as silicon. This paper presents the 

simulation study of the output characteristics of silicon MOSFET with a p-type substrate and n-type doped regions for source and drain interfaces as a 

switching device. The significance of the results obtained in the analysis is that at the applied input gate voltage greater than the threshold voltage of 

1.2V, the MOSFET switch operates in the ON state while at input voltage lower than the threshold voltage indicated that the device is in the OFF state.  

In addition, at a gate voltage greater than the threshold voltage, the output drain current is directly proportional to the applied gate voltage.  Perhaps, 

more significantly, as the value of the applied gate voltage increases the output drain current increases proportionally. These simulated characteristics of 

the MOSFET are therefore suitable for electronic switching applications. 

 

Index Terms : Doping, semiconductor, substrate, transistor, MOSFET, electronic, switch 
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1. INTRODUCTION 

Field Effect Transistor (FET) is the general term used to 
describe a semiconductor device that creates a conducting 
channel for electrons or charge carriers to flow between its 
source and drain terminals.  The amount of electron flow is 
controlled by its gate terminal voltage.  The gate-junction 
forms a gate channel-substrate structure and controls the flow 
of electrons in the conducting channel by a process known as 
capacitive coupling. Metal-oxide-semiconductor field effect 
transistor (MOSFET) is the most widely used FET.  The 
MOSFET is an electronic device widely used as the building 
block in all commercial processors, memories, and digital 
integrated circuits (ICs).  It can be fashioned into an 
electronically controlled switch which allows or disallow the 
flow of current between its source and drain terminals. Today, 
complementary metal oxide semiconductor (CMOS) 
technology has been able to combine both n-channel and p-
channel MOSFETs to realize a highly reduced power 
consumption and increased switching speed properties of 
many electronic devices. 
 
A. P-Type and N-Type Doping 
Like many conventional transistors, MOSFET is fabricated 
from semiconductor materials such as silicon.  In its pure 
form, silicon has a very low conductivity.  However, when a 
controlled amount of impurity is introduced into the 
semiconductor material, its conductivity increases 
significantly.  The procedure of injecting impurity into pure 
semiconductor material is referred to as doping.  To 
understand the physics of doping, the impurity material which 
is the dopant, as well as the internal structure of the pure 
semiconductor material need to be understood.  Pure silicon 
does not have any free electron which accounts for why its 
electronic conductivity is very low.  However, when impurity 
with extra electron is injected into the structure of pure silicon,  

 
the conductivity of the doped silicon increases dramatically.  
This process is known as n-type doping.  On the other hand, 
when impurity with fewer electrons is injected into the 
structure of the pure material, this also increases the 
conductivity due to availability of holes.  This is process is 
known as p-type doping. Figure 1.1 shows the typical 
structure of a MOSFET. 
 

 
 

Figure 1.1:  Schematic diagram of MOSFET. 
 
B. The Metal Oxide Semiconductor (MOS) Capacitor 
The analysis of the working principle of MOS Capacitor is 
crucial to the understanding of the operational concept of 
MOSFET.  The MOS capacitor forms the MOSFET’s gate-
channel-substrate structure. It comprises a metal contact 
separated from the substrate by an insulator. The MOS 
structure employs doped silicon as the substrate and silicon 
dioxide as insulator as shown in Figure 1.1.  With the 
application of input gate voltage, charges are induced in the 
gate metal contact and in the interface layer of the substrate, 
just like the operational principle of a parallel plate capacitor. 
However, the MOS capacitor has the added capability of 
being able to control the type and amount of charge carriers in 
the semiconductor.  This is the operational principle of the 
MOSFET. There exist very few electrons in the p-type region 
which are referred to as minority carriers.  Whenever a p-n 
junction is formed, the excess electrons in the n-type region 
are likely to occupy the holes in the p-type region.  This 
means that electrons and holes will recombine and the p-n 
junction will be rid of electrons and holes.  Thus, a depletion 
region is formed at the boundary of the p-n junction. When a 
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dc voltage is applied across the source and drain terminals of 
a MOSFET, the depletion region at the p-n junction thickens 
and the MOSFET does not allow the flow of electron from the 
source to the drain terminal.  This results into the OFF-mode 
of the MOSFET.  To understand the working of the MOSFET 
in the ON-mode of MOSFET, the working principle of a 
capacitor needs to be understood.  In a typical capacitor, there 
are two parallel metal plates, separated by an insulator or 
dielectric material.  When dc voltage is applied across the 
terminals of the metal plates, electrons are attracted and 
accumulated on the metal plate.  The accumulation of charges 
creates an electric field between the plates.  In the same vein, 
a metal plate that serves as ohmic contact for gate terminal of 
MOSFET is connected in parallel to the p-type substrate and 
separated by an insulating material.  The entire surface of the 
p-type substrate is coated with a layer of silicon dioxide (SiO2).  
This serves as the separating insulating material between the 
gate metal plate contact and the p-type substrate.  When a dc 
voltage is applied at the gate terminal, an electric field is 
generated in the p-type substrate which in turn allows 
electrons to be accumulated at its boundary with silicon 
dioxide layer.  Consequently, a channel for free flow electrons 
from the source to the drain terminals is created. Thus, 
MOSFET is in the ON-mode. 
 
The aim of this work is to study the output current 
characteristics of silicon MOSFET for switching 
application. The objectives include: 

 Design and Modeling of MOSFET switching device; 

 Simulation study of output source current characteristics; 

 Analysis of the current output characteristics in relation to 
applied input gate voltage. 

 

2. LITERATURE REVIEW 
From power to control as well as communication switching 
systems, the MOSFET electronic switch has very wide 
applications.  Sack et al [2] utilized MOSFET as a switch for 
rapid pulse generators for storage of energy.  In this work, 
several MOSFET switching devices were connected in series. 
Thus, the gate control circuit for each MOSFET was 
developed to have equal propagation delay. Jagannath et al 
[3] presented the use of a 1700 V silicon carbide (SiC) 
MOSFET in a single switch configuration for a high input 
voltage control power supply to drive the control and 
monitoring systems employed in renewable power generation.  
and uninterrupted power supply. Flyback configuration was 
employed to realize efficient DC voltage step-down for a wide 
input voltage range with minimized voltage ripple. The 
performance of the flyback converter based MOSFET was 
simulated and analyzed.  A novel model for power MOSFET 
was proposed by Fu et al. [4] with a current source control at 
the gate terminal.  An analysis of the current diversion 
problem was carried out. The current source inductor was 
designed to minimize the total power loss for the buck 
converter and the experimental result indicated satisfactory 
performance in terms of loss minimization. Deshpande and 
Luo [5] presented a MOSFET-based hybrid switch for high-
current high-power converters. An analysis to understand of 
boundary line of the parasitic interconnection inductance 
unbalance was conducted. The boundary line prescribes the 
selection of an appropriate gate sequence control. The 
application of this hybrid device was successfully 
demonstrated in a dc-dc boost converter. Das et al [6] 

employed a MOSFET switch in the design of a Flyback buck-
boost converter.  Dynamic model of the MOSFET-based 
converter was compared with that of an ideal switch in terms 
of parameters such as single switching, coupled inductor, 
output filter (capacitive), isolation and operating frequency.  In 
the work carried by Dennard et al [7], the design, development 
and characterization of micro-sized MOSFET switching 
system was carried out.  The presented device structure 
employed ion implantation, to produce shallow source and 
drain regions and a nonuniform substrate doping profile. The 
substrate doping profile and the corresponding threshold 
voltage versus source voltage characteristic were modeled. 
Polysilicon-gate MOSFET was developed, and the device 
characteristics were compared with predicted values. Potocny 
et al [8] designed an AC/DC power conversion system for low 
watt power applications. This was realized by optimizing the 
operation with output loads up to 500 mW for improved 
efficiency and near zero no-load consumption. The proposed 
design is implemented in a high-voltage MOSFET simulation 
indicated improved properties of the proposed solution over 
the existing ones.  Helong et al [9] studied the silicon 
MOSFETs switching characteristics in relation to gate driver 
maximum current, gate resistance, common source 
inductance and parasitic switching loop inductance. The 
analysis of the switching performance of SiC MOSFETs in 
terms of ON state and OFF state voltage and current was 
carried out.  The analysis result of switching losses provided a 
basis for gate resistance selection, switching losses 
estimation and circuit design.  Saxena and Kumar [10] 
presented a novel trench power MOSFET with strained Si 
channel that realized lower on resistance than the 
conventional trench MOSFET. From the results obtained, the 
graded strained accumulation region of the proposed system 
supports the confinement of carriers near the trench sidewalls 
improving the field distribution which is beneficial for a better 
system resilience to damage during inductive switching. Cao 
and Banerjee [11] proposed a negative-capacitance field-
effect transistor solution for the design of MOSFET with low 
trap density, low doping in the channel, and excellent 
electrostatic integrity. The role of negative-capacitance in 
field-effect transistor was to save the subthreshold and 
overdrive voltage losses. To address the challenge of ultra-
fast switching of power MOSFET, largely due to the parasitic 
inductance, Tang and Burkhart [12] proposed a hybrid 
technique that substantially reduced the parasitic inductance 
between the driver and MOSFET gate as well as between the 
MOSFET source and its external connection by eliminating 
bond wires and minimizing lead length in the system 
construction. Parasitic gate and source inductance limit the 
voltage rise time on the MOSFET internal gate structure, as 
well as cause the gate voltage to oscillate. Xu and Friedman 
[13] carried out a study of clock feedthrough in CMOS analog 
transmission gate switches. The clock feedthrough and 
transmission gate switch are modeled in the current-voltage 
domain. A region map, further divided into zones was 
developed for the device in during its OFF state. The relative 
magnitude of the clock feedthrough noise was estimated for 
diverse signal levels. The minimization of the clock 
feedthrough noise was realized by applying input voltage at 
half the power supply voltage.   
 
Kozak et al [14] conducted a reliability analysis of MOSFETs.  
The experimentation revealed device degradation was caused 
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by continuous switching cycling events and in addition, 
thermal cycling experiments revealed a degradation in the 
mechanical packaging of the device. Srivastava et al [15] 
analyzed the performance of a double-gate and single-gate 
MOSFET switching devices for wireless telecommunication 
application. The electronic switch is capable of selecting data 
streams from antennas for both transmitting and receiving 
processes. Analysis parameters included drain current, 
threshold voltage, resonant frequency, resistances at switch 
ON condition, capacitances, and switching speed. 

3. THEORETICAL FORMULATION 

At the MOS capacitor, the induced charge is a function of the 
electron energy bands of the semiconductor near the 
capacitive boundary.  When the voltage applied is zero, the 
energy bands is equal to the difference in the work functions 
of the metal and the semiconductor. The so-called flat-band 
voltage given by: 
                             (1) 
Where: 
m = the work functions of the metal and 
s = the work functions of the semiconductor 
     the electron affinity for the semiconductor 
  = the energy of the conduction band edge 
  = the Fermi level at zero applied voltage. 
 
The surface concentrations of holes and electrons are 
expressed in terms of the surface potential as follows using 
equilibrium statistics: 
                      (2) 

   
  
 

  
                   (3) 

Where: 
     the thermal voltage 
  = the shallow acceptor density in the p-type semiconductor 
    the intrinsic carrier density of silicon.  

    
  
 

  
  the equilibrium concentration of the minority 

carriers (electrons) in the bulk. 
       

   
 

    

  
     (4) 

Where    is the semiconductor permittivity, and the space 
charge density      is given by: 
                  (5) 
 
The position-dependent hole and electron concentrations may 
be expressed as: 
                    (6) 
                    (7) 

The electric field    at the insulator-semiconductor interface, in 
terms of the surface potential is given by: 

   √ 
   

   
             (8) 

Where:     √
     

   
  is called the Debye length. 

Using Gauss’ law, we can relate the total charge Qs per unit 
area (carrier charge and depletion charge) in the 
semiconductor to the surface electric field by: 
             (9) 
At the flat-band condition (V = VFB), the surface charge is 
equal to zero. In accumulation (V < VFB), the surface charge is 
positive, and in depletion and inversion (V > VFB), the surface 
charge is negative. 

 
Using the condition of continuity of the electric flux density at 
the semiconductor-insulator interface, it is obtained as follows: 
              (10) 
where    is the permittivity of the oxide layer and    is the 
constant electric field in the insulator. Thus, with an insulator 
thickness   , the voltage drop across the insulator becomes 
    .  Accounting for the flat-band voltage, the applied voltage 
can be written as 
                    (11) 
where          is the insulator capacitance per unit area. 
 
A. Threshold Voltage 
The threshold voltage, VT is an important parameter for 
characterizing metal-insulator-semiconductor devices.  This 
quantity is a function of the surface potential.The charge in the 
depletion layer, which is given by: 

             √           (12) 

Where                
    is the width of the depletion layer 

at the threshold value. Thus, the electric field at the 
semiconductor-insulator interface becomes: 

            √            (13) 

Thus, substituting the threshold values of    and    in (11), the 
following expression is obtained for the threshold voltage: 

           √              (14) 

 
 

4. METHODOLOGY 
The methodologies employed in this work is depicted by the 
workflow shown in Figure 4.1. 

 
Figure 4.1:  Workflow for MOSFET Simulation Study 

 
COMSOL Multiphysics was used for a stationary study of the 
MOSFET switching device modeled in two-dimensional (2D) 
space. 
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A. Definition of Model Parameters 
Model parameters defined for the microelectronic switching 
device include the geometric object dimension, as well as, the 
initial values of the drain and gate voltages as shown: 
 

Table 4.1: Initial values of drain and gate voltages 
Parameter Name Value (V) 

Drain voltage, Vd 0.01 
Gain voltage, Vg 2 

 
B. Definition of Model Geometries 

The geometry of MOSFET objects were defined in micrometer 
units. Rectangular object was used to model the substrate 
with dimension as depicted in Table 4.2: 
 
Table 4.2: Dimension of Rectangular object for MOSFET 

substrate 
Rectangular Object Value (µm) 

Width 3 
Height 0.7 

 
Polygons were used to define the drain, gate and source 
contacts with coordinates as shown in Table 4.3: 

 
Table 4.3:  Coordinate values for source, drain and gate 

polygon objects 
y(µm) 0.67 0.7 0.7 0.7 0.7 0.7 0.7 0.67 

x(µm) 0 0 0.5 0.7 2.3 2.5 3 3 

 
C. Definition of Material Properties 

The crucial material properties defined for the silicon MOSFET 
material model include, relative permittivity, electron affinity, 
temperature, band gap, electron mobility and hole mobility. 
The property values are shown in Table 4.4 
 

Table 4.4: Silicon MOSFET Model Properties 

Material Properties Values 

Temperature 293.95K 

Relative permittivity 11.7 

Electron affinity 4.05V 

Band gap 1.12V 

Electron mobility 1450 cm
2
/Vs 

Hole mobility 500 cm
2
/Vs 

 
D. Definition of Physics Boundary conditions 

Boundary conditions are defined for the p-type, n-type doping 
regions from the semiconductor interface as shown in Table 
4.5. 
 
Table 4.5: Boundary conditions for doping concentration 

Doping 
Region 

Concentration 
(1/ cm

3
) 

Dimension 
(µm) 

Base 
Position 
(µm) 

p-type 
doping 

1.0 x 10
17

  - - 

n-type 
doping 

1.0 x 10
20

 0.6 x 0.1 0.0 x 0.6 

n-type 
doping 

1.0 x 10
20

  0.6 x 0.1 2.4 x 0.6 

 

E. Definition of Mesh 
The mesh generator discretizes the domains into triangular 
mesh elements. Fine triangular mesh element was employed 
for the simulation study. 
 
5. RESULTS AND DISCUSSIONS 
 
In the study, the distribution of dopant concentrations of the n-
type and p-type regions of the MOSFET model was visualized 
as shown in Figure 5.1. 
 

 
Figure 5.1: Distribution model of dopant concentration 

 
Stationary study of the output drain current with parametric 
sweep through the varying applied voltages to the drain and 
source terminals of the MOSFET device was employed.  An 
initial voltage of 10mV was applied to the drain terminal while 
the gate voltage is gradually varied from 0 V to 5V.   To 
determine the ON state voltage level of the system, a graph of 
the current flowing between the source and the drain was 
generated from the study as depicted in Figure 5.2.  The 
significance of the results is that a threshold voltage of 
approximately 1.2V was obtained from the analysis.  At gate 
voltage greater than the threshold voltage, the output drain 
current is directly proportional to applied gate voltage. 

 
Figure 5.2:  Plot of drain current against gate voltage at 

an applied drain voltage of 10 mV. 
 
On the other hand, for applied gate voltages of 2V, 3V and 4V, 
the study of the output drain current was carried while 
sweeping through the drain voltage from 0 to 5 V to obtain the 
characteristics of drain current against (Id) drain voltage (Vd) 
for each of the gate voltages as shown in Figure 5.3. 
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Figure 5.3:  Plot of drain current against drain voltage for 

three different values of the gate voltage. 
 

From Figure 5.3, the upper, middle and lower curves show the 
plots of output current against varying applied voltage at 
specific gate voltages of 2V, 3V and 4V respectively.   The 
plots are significant be because they show that as the applied 
gate voltage increases the output current increases.  This 
means that the gate voltage is the controlling voltage for the 
device. 

 

6. CONCLUSION 
n conclusion, this simulation study investigates the output 
characteristics of silicon MOSFET with a p-type substrate and 
n-type doped regions for source and drain interfaces as a 
switching device. The significance of the results obtained in 
the analysis is that at the applied input gate voltage greater 
than the threshold voltage of 1.2V, the MOSFET switch 
operates in the ON state while at input voltage lower than the 
threshold voltage indicated that the device is in the OFF state.  
In addition, at a gate voltage greater than the threshold 
voltage, the output drain current is directly proportional to the 
applied gate voltage.  Perhaps, more significantly, as the 
value of the applied gate voltage increases the output drain 
current increases proportionally. These simulated 
characteristics of the MOSFET are therefore suitable for 
electronic switching applications. 
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