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ABSTRACT 

 

In this paper, we consider a surface-potential based 1D analytical model for a long-channel 
negative capacitance (NC) silicon-based Metal Oxide Semiconductor (MOS) transistor. We 
firstly derive the expressions for the Landau coefficients i.e α and β for the ferroelectric 
material utilized and further proceed to calculate the threshold voltage (VT) and subthreshold 
swing (SS) exploiting the potential balance equation. We finally observe the characteristics of 
V th and SS with variation in channel doping concentration (Na) and ferroelectric layer 
thickness (tFE). We additionally report a study to highlight the non-scalability of ferroelectric 
parameters with tFE by consulting some experimental results. 
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CHAPTER 1 

 

INTRODUCTION 

 

Literature Survey 

Early days people used to work in the land under sun. That was the only source of intense 

light those days. They used to calculate using their brain because there was no such device 

which can do the calculation for them. It was the work of mighty Alessandro Volta who 

discovered an electric cell that can act as a source of electrical energy. That discovery created 

a milestone for a new domain. Various discoveries were done after that and it was the mighty 

work of Thomas Alva Edison who discovered the electric bulb which can be switched on or 

off as per our wish. But what about the calculator? There was only a mechanical device 

invented by Charles Babbage that can do the calculation. But how it can be done electrically? 

Sir Flemming came up with a device called the vacuum tube where the motion of charged 

particles inside the tube was also a matter of concern in addition to its charge. This created 

another milestone in the history of Physics. Thus Electronics was born where electron is a 

charged particle.  

 

Fig 1. Vacuum tubes. These were earlier used to implement electronic circuits 
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The invention of the tube created a facility for implementation of a variety of functions. It can 

be used as a switch and as an amplifier. Its switching property led to the discovery of 

calculators, memory and many things. But it consumed a lot of power and occupied a lot of 

space and were not reliable. An entire building was needed to house a calculator which 

contained lots of vacuum tubes and lots of trained people were employed to operate the tube. 

This wasted a lot of money and situation was tough. Circumstances demanded a small solid-

state device which can do the work of vacuum tube. That came up with the honorable work of 

John Bardeen, Walter Brattain under the supervision of Dr. William Bradford Shockley and 

that device was named as the transistor. It was a point contact device, more efficient than its 

vacuum tube in terms of space, power, reliability etc.  

 

Fig 2. First transistor proposed by Shockley which marked the beginning of solid state electronics  

After the discovery of the transistor, many applications became easier and economical 

compared to the vacuum tube. But still the work of calculation demanded a lot of such 

transistors which again gave rise to a problem associated with space. In 1952, a British radio 

engineer Geoffrey Dummer suggested that if a calculator demanded a lot of such devices, 

then the problem could be solved if we can pack a lot of such devices in a single package. 

After his idea, in 1958 planar transistors came into picture. These transistors could be 

manufactured in a single substrate or a slice of semiconductor. The invention of the planar 
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transistors triggered Jack Kilby of Texas Instruments and Robert Noyce of Fairchild 

Semiconductors with an idea of manufacturing more than one transistors on a single slice of 

silicon and connecting them by depositing metal on top of the slice and connecting the 

devices so that it looks similar to a printed conductors of a printed circuit board. This 

technology was named integrated circuit and it was developed by them in 1960.  

 

Fig 3. First Integrated Circuit proposed by Noyce of Fairchild Semiconductors 

After the development of the integrated circuit, it became easy to fabricate devices in a single 

slice of silicon. This idea triggered Gordon Moore of Intel Corporations to device a law that 

states the number of components in an integrated circuit would double after every 18 months. 

This idea led to the discovery of various sophisticated electronic devices that we see today in 

our daily life.  

Parallel to this development, another transistor structure was also proposed where the control 

terminal is insulated from the semiconductor. In that device, silicon dioxide was used as the 

insulator and silicon was used as the semiconductor. The control terminal was made of metal. 

This gave the device the name Metal Oxide Semiconductor Field Effect Transistor ( in short 

MOSFET). That device had a symmetric structure that made it easier for fabrication in an 

integrated circuit and it also occupied less space compared to the transistor proposed in 1948. 

This slowly made MOSFET a patent device for integrated circuits. 
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Fig 4.This is the structure of a MOSFET. It has two n-type regions inside the p-type structure. The left side n-
region is called the source and the right side n-region is called the drain. There is a layer of insulator above p-

type structure which is grey here. Above the insulator is a layer of metal which is shown by a black colour. It is 
called the gate of the MOSFET. From the source, drain and the gate, wires come out which is required for 

providing the desired electric potential. Normally current does not flow through this device even if potential 
difference is applied between source and drain because there is a barrier field of pn-junction which prevents the 

carriers from entering the p-region. When desired potential is applied at the gate, a layer of n-type region 
develops below the insulator in the p-region and then the device allows current to flow between source and drain 

if there is a potential difference between source and drain. So without proper potential at the gate, the device 
remains non-conducting and with it, the device starts to conduct. So the device can be used as a switch. This 

switching property makes it useful as logic devices of computer processors. Since the layer here developed here 
is n-type, it is n-channel MOSFET because this layer  of electrons act as a channel for charge low from source to 

drain. 

Keeping pace with Moore’s law, the number of components per slice increased. This increase 

occurred by scaling down the size of MOSFETs. As their size became smaller, their response 

became faster. They also consumed lesser power. Thus high speed, low power, high 

functionality integrated circuits started appearing in the market.  
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Fig 5. Moore’s Law showing increase in the number of transistors in processors till 2020 

 
Increase in the number of devices in a chip though permitted more functions to be 

implemented on the same chip but it posed various problems. The fabrication of components 

became more difficult in maintaining the correct precision in their dimensions and shape and 

they also started showing some undesirable effects which hampered their performance.  

As the transistors are made smaller, their source and drain come closer. As they come closer, 

the oppositely doped region between the source and drain becomes comparable to the base 

width of a bipolar transistor of the same dimensions as the MOSFET where the source acts as 

the emitter and the drain acts as the collector. So when potential difference is applied between 

the source and drain, significant current starts to flow due to transistor action even if the gate 

voltage is below the threshold voltage. So if the device is desired to be off even if there is a 

potential difference between the source and drain, the device can’t be made off due to this 

current flow and the device remains on. This creates a severe problem in digital switching 

operation.   
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Moreover, since the number of components increased in the chip power dissipation in the 

chip also increased which made the chip hot and reduced the age of the chip if heat sinks 

were not properly used. So low power dissipation capability of the chip reduced. 

The power dissipation in the chip mainly occurs due to current flow through various 

components in the chip. But this power dissipation also varies between various configurations 

of the components. For example, when logic circuits are implemented using MOSFETs in 

resistor-transistor logic mode, power dissipation occurs more than the case where logic 

circuits are implemented with MOSFETs where they are used in complementary mode.  

 

Fig 2(a)                                     Fig 2(b) 

Fig 6. It gives the implementation of NOT logic using a) Resistor-Transistor mode using MOSFET and b) 
Complementary mode where both n-channel and p-channel MOSFETs are used 

 
In resistor-transistor NOT gate, when 0V is applied to the gate of the transistor as input, the 

transistor does not conduct current. We get the entire supply voltage at the output. When 

input voltage to the gate is high, the transistor conducts current and current flows from supply 

voltage to the ground through the resistor and the transistor. As a result low voltage appears 

at the output and the circuit behaves like an inverter of logic level. Now, in the case where we 

see that the input voltage is high, current is continuously flowing through the circuit. So there 

is power dissipation. In the complementary mode, when the input voltage is low, the p-

channel MOSFET is in conducting mode, whereas the n-channel MOSFET is in non-

conducting mode. So the entire supply voltage appears at the output terminal. When the input 

voltage is high, the p-channel transistor is off and the n-channel transistor is on, so the ground 

potential appears at the output terminal. Here, in this case we observe that in both the cases, 

when one transistor is on, the other transistor is off. So, there is no path for current flow from 

the supply to the ground. So there is no current and hence power dissipation is zero here. So 

we see that resistor-transistor logic consumes power during operation whereas the 



 

15 | P a g e  
 

complementary case does not consume any power. This made complementary MOSFET 

technology an accepted choice for integrated circuits.  

 

Fig 7. CMOS inverter with a load capacitor 

Though complementary MOSFET technology had the advantage of zero power dissipation, 

but it consumed power when logic level at the input changed. This happened because any 

logic family has a load capacitor CL at the output node. Considering that the load capacitor 

was initially uncharged, when the input voltage goes high, the p-channel transistor turns on 

and the n-channel transistor turns off. The p-channel transistor provides a path for current to 

flow to the load capacitor to charge it and the load capacitor gets charged to high voltage to 

give logic high at the output. During the charging process due to flow of current, power 

dissipation occurs in the circuit. It occurs till the capacitor is fully charged to power supply 

voltage. When the input voltage goes low, the p-channel transistor turns off and the n-channel 

transistor turns on. 

The n-channel transistor provides a path to the ground for the capacitor to discharge. So the 

capacitor discharges through the n-channel transistor and the voltage across it decreases so 

that output logic becomes low and current flows. This current flows till the capacitor is fully 

discharged. So during this time, there is power dissipation. So as a result power dissipation 

occurs in complementary MOSFET technology inverter when there is a transition in logic 

level. Since this power dissipation occurs during transition, this power dissipation will occur 

the number of times transitions occur. So, this power dissipation is proportional to the 

frequency of transitions. Since the load capacitor charges and discharges during transition, it 

has to store that much amount of energy proportional to the square of the voltage across it 

and its capacitance and discharge the same amount of it. So it stores energy proportional to 

the square of the supply voltage and its capacitance and discharges the same amount of it. So 

if the supply voltage is high, the capacitor has to store a lot of energy and as a result of it lot 
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of power will be dissipated for its charging and same goes for discharging. So if there are 

millions of transistors in a chip, then during transitions, lots of power will be dissipated and 

lot of heat will be generated. So, to reduce the power dissipation, in addition to keeping the 

number of transitions as low as possible for the job, we have to reduce the supply voltage.  

Reducing the supply voltage reduces the amount of stored charge in the load capacitor by a 

large amount since stored charge in the capacitor is proportional to square of the voltage 

across it. So reducing supply voltage is a good practice to reduce power dissipation. But it is 

found that the trend to reduce the supply voltage cannot be continued fully. This is because if 

we want to reduce the supply voltage, we need to reduce the threshold voltage of the 

MOSFET. If we reduce the threshold voltage of the MOSFET beyond a certain limit, 

significant amount of leakage current is found to flow from the drain to source of NMOSFET 

(source to drain for PMOSFET) for a small applied potential difference between the source 

and drain even if the gate voltage is less than the threshold voltage. This leakage current can 

significantly impact the performance of the circuit if there are millions of transistors. 

Moreover if the source and drain comes closer along with this impact, the structure becomes 

like an npn or a pnp bipolar transistor and current starts to flow between source and drain due 

to transistor action because source and drain acts like emitter and collector of bipolar 

transistor and since current now flows due to transistor action, the leakage current is 

significantly large which may adversely affect the performance of the circuit. To avoid this 

problem attention is needed to be focused on a parameter called subthreshold swing which 

determines the change in gate voltage for a decade change in current. Since this parameter 

detects the change in gate voltage for a decade change in current, we can detect the change of 

gate voltage for orders of magnitude change in current. This makes our detection of off-

current to on-current ratio more easily because on-current and off-currents vary by orders of 

magnitude.  

Suppose current I is flowing between the source and drain of the MOSFET. The potential 

difference between the source and drain is VD. Let the potential at the gate of the MOSFET 

be VG with respect to source assuming both the source and the body are grounded.  

So subthreshold swing is given as change in gate voltage Vg with respect to decade change in 

current as shown below. 

SS = 
ௗ(௏ಸ)

ௗ(୪୭୥(ூ))
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where logarithm is to the base 10 

= 
ௗఅೄ

ௗ(୪୭୥(ூ))
.
ௗ(௏ಸ)

ௗఅೄ
 

where ѰS is the surface potential 

The term 
ௗఅೄ

ௗ(୪୭୥(ூ))
 is the change of surface potential per decade change of current. 

The term 
ௗ(௏ಸ)

ௗఅೄ
 is the change of gate voltage per volt change of surface potential. 

If this subthreshold swing is small, then a very small amount of voltage changes for order of 

magnitude change in current. So if threshold voltage is small, a device with small 

subthreshold swing has a very less subthreshold leakage current. So that device will be much 

more efficient in performance.  

To reduce this subthreshold swing, various works have been done to reduce the term            

ௗఅೄ

ௗ(୪୭୥(ூ))
. Various transistor structures have been proposed in the literature which have low 

value of subthreshold swing. These are tunnel FETs, I-MOS and feedback FETs. These 

structures made the subthreshold swing small but they either did not produce any current 

enhancement or limited the supply voltage scaling since they relied on high electric field 

within the structure. So this created a problem.  

Then focus was shifted to the reduction of the term 
ௗ(௏ಸ)

ௗఅೄ
. On focusing on it, it was found that 

it was impossible to reduce the subthreshold swing beyond a certain limit. This can be shown 

as follows: 

ௗ(௏ಸ)

ௗఅೄ
  is given by the capacitance voltage divider relation as  

ௗ(௏ಸ)

ௗఅೄ
 = 1 + 

஼ೞ

஼೔೙ೞ
 

where Cs is the semiconductor capacitance per unit area and  

Cins is the insulator capacitance per unit area.  

To make the term smaller the insulator capacitance is needed to be made large by using high  

dielectric constant materials and keeping the insulator thickness thin. Lowering the thickness 

of the insulator though increased the capacitance but at the same time, it increased the 
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tunnelling current from semiconductor to the gate. Moreover the term 
ௗ(௏ಸ)

ௗఅೄ
  was not possible 

to be made lesser than 1 practically. So the subthreshold swing was found impossible to be 

made lower than 60 millivolt per decade change of current. 

It was the honorable work of Sayeef Salahuddin who proposed an idea of replacing the 

insulator by a ferroelectric material which lowered the 
ௗ(௏ಸ)

ௗఅೄ
 value than 1 by a mechanism 

called negative capacitance. This opened up a new idea where we can further lower the 

supply voltage and have circuits operating with lower power. 
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Ferroelectric Materials 

 

Solids can be classified into broadly four categories based on their ability to conduct electric 

current when potential difference is applied across their ends. They are conductors, 

insulators, semiconductors and superconductors. Conductors are materials which allow 

electric current to flow through them easily when potential difference is applied across its 

ends. Insulators are materials that do not allow current to flow through them when potential 

difference is applied across their ends. Semiconductors are materials which allow electric 

current to flow through them not so good like conductors and they also do not block current 

to flow through them like insulators. But they have a peculiar characteristic that their ability 

can be tuned in such a way that under certain conditions they will allow no current to flow 

through them and in other conditions they will allow easy flow of current through them. 

Superconductors are materials that allow easy flow of current through them with no loss 

when potential difference is applied across their ends. 

When potential difference is applied across the ends of an insulator, there is no current 

conduction but there is other thing that happens. The thing that happens depends on the 

nature of the atoms or molecules present in them. This nature of atoms and molecules 

classifies them into two categories: polar and non-polar. Polar atoms and molecules are those 

whose centres of positive and negative charges are not the same. Non-polar atoms and 

molecules are those whose centres of positive and negative charges are the same. When 

potential difference is applied between an insulator containing non-polar molecules, the 

negative charge centre of the molecule shifts towards the direction of high potential and 

positive charge centre moves towards the direction of low potential. As a result, there is a 

displacement of the centers of positive and negative charges. This constitutes a dipole and it 

has an associated dipole moment. So the atom or molecule has become polar and there is a 

polarization vector associated with the substance which is dipole moment per unit volume of 

the material which depends on the strength of the electric field. These materials are also 

called dielectrics because there is a development of dipole moment of an atom or a molecule 

which we can use for various purposes. When electric field is removed, all the polarization is 

lost in the material and the material again returns to its initial state. 

For a dielectric, the polarization p of an atom is given as  
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p = αε0E 

where ε0 is the permittivity of vacuum 

E is the applied electric field 

and α is the atomic polarizability 

The polarization P of the substance is the dipole moment per unit volume of the material. 

It is given as P = N αε0E  

where N is the number of atoms or molecules per unit volume. 

Here polarization and electric field are vectors, so they are mentioned in bold. 

In the case of insulators containing polar molecules, the atoms or molecules have permanent 

dipole moments. The dipole moments have some random orientation. The nature of their 

random orientation further classifies the polar insulators into various types. In one type all the 

dipoles are randomly oriented. In other type one group of dipoles have a fixed orientation, 

another group has a fixed orientation and so on. Here since a group of dipoles have a fixed 

orientation, in this material we will find a region where all the dipoles are oriented in the 

same direction. This region has a directed dipole moment and is called a domain. So we will 

find domains in this material and all of the domains have a random direction of dipole 

moment. These materials which have domains of dipoles directed randomly are called 

ferroelectric materials because they have electric dipole domains analogous to the magnetic 

domains of a ferromagnetic material.  These materials may or may not have a resultant  non-

zero polarization in the absence of an external electric field. 

When potential difference is applied between the ends of an insulator containing polar 

molecules, the negative charge center moves towards the direction of high potential and the 

positive charge center moves towards the direction of low potential. Since they are polar 

molecules and they have a dipole moment, they experience a torque due to this opposite 

movement of two charge centers. This torque tents to align the dipoles in the direction of the 

electric field. As a result the polarization of the material increases from the value of zero 

electric field if present.  

When potential difference is applied across the ends of a ferroelectric material, the domains 

tend to align themselves in the direction of the electric field. Moreover, like normal polar 
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insulators, the dipoles in other domains also experience a torque which tends to align 

themselves in the direction of the electric field. As a result if these dipoles are near a domain 

which is aligned already in the direction of the electric field, these dipoles together with the 

domain get added together to give resultant dipole moment which makes the domain oriented 

in the direction of the electric field grow in size.  So here the domains align themselves in the 

direction of the electric field and they also grow in size to give a resultant dipole moment and 

polarization. So the polarization of the material has increased from the value that was initially 

present when no electric field was applied. 

When the potential difference across the ferroelectric is removed, the polarization of the 

ferroelectric does not become zero. Some amount of polarization remains even after the 

removal of the external electric field. This polarization is called the remnant polarization. 

Ferroelectrics do not show polarization verses electric field curve like other insulators 

containing polar atoms and molecules. Rather it shows a hysteretic behavior like magnetic 

induction verses magnetic field curve of a ferromagnet. This can be explained as follows: 

Initially we assume that the domains in the ferroelectric are oriented in such a way that, the 

resultant polarization in the ferro-electric is zero. When potential difference is applied across 

the ends of the ferroelectric, the domains experience a torque and they grow in size so that 

there is a resultant polarization in the material. As the potential difference is increased, the 

polarization increases and finally it saturates to a value at some value of the potential 

difference. This value of polarization is called the saturation polarization. After attaining 

saturation, the value of polarization increases very less with applied potential difference. Now 

when we start decreasing the value of applied potential difference, the value of polarization 

decreases. But when the value of potential difference is made less than the value at which the 

polarization saturated, the polarization decreases with decrease in potential difference but 

does not follow the path with which it increased initially. It decreases less compared to its 

increase earlier. As a result when the potential difference is made equal to zero, the 

polarization has decreased but not became zero as expected normally. So at zero applied 

potential difference, we see a polarization in the material. This polarization is called the 

remnant polarization denoted by Pr. When the potential difference is made lesser than zero( 

increased in the opposite direction), the polarization further decreases and becomes zero at 

some value of the potential difference. This potential difference or the electric field is called 

the coercive field denoted by EC. When the electric field is further increased in the opposite 
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direction, polarization increases in the opposite direction and again saturates to saturation 

polarization in the opposite direction and increases less with increase in potential difference. 

Again, when the potential difference of opposite direction is decreased the polarization 

decreases flowing the same path till the potential difference where the polarization almost 

saturated and again follows different path of decrease. So when the applied potential 

difference is again zero, there is some polarization left in the material in the opposite 

direction called remnant polarization. When the potential difference is again increased above 

zero, the opposite polarization decreases and again goes to zero at some value of potential 

difference called coercive field for negative remnant charge. When the potential difference is 

increased further, the polarization increases above zero and again saturates to the same value 

forming a loop same as the magnetic induction verses magnetic field curve of a ferromagnetic 

material. That’s why its is called a ferroelectric material. This curve can be traced from 

experiments where we want to test the material as an isolated entity, free from other passive 

elements connected to it in series. 

 

 

Fig 8. Hysteretic Polarization verses Electric Field Curve of a ferroelectric material 
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Negative Capacitance in Ferroelectric Materials 

 

Another important property of ferroelectric materials is that when they are connected in series 

with a capacitor made of normal dielectric material, they show a peculiar property that the 

charge stored in the material or the polarization in the material increase with decrease in the 

value of external potential difference across it. This is called negative capacitance effect since 

the charge stored in the material or the polarization in the material increase with decrease in 

the value of external potential difference across it. Since the potential difference across it 

decreases, since it is in series with a normal capacitor the charge stored in each of them is the 

same the potential difference across the normal capacitor is more and allows more charge to 

be stored in it.  

 

Fig 9. S-curve of a ferroelectric material 

The negative capacitance principle can be explained by Landau-Devonshire theory which 

states that the total energy in a ferroelectric is given as U = αP2 + βP4[7]where α and β are 

anisotropic constants and P is the polarization inside the ferroelectric. This can also be shown 

from the S-curve of ferroelectrics. 
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CHAPTER 2 

 

STRUCTURE OF OUR DEVICE 

 

In the literature, two device structures have been proposed. One is the Metal Ferroelectric 
Insulator Semiconductor Field Effect Transistor or MFIS FET and the other one is the Metal 
Ferroelectric Metal Insulator Semiconductor Field Effect Transistor or MFMIS FET. Both the 
structures have relative advantages and disadvantages. The MFIS structure is more stable 
compared to the MFMIS structure because in MFMIS structure, there is more chance of 
leakage compared to the MFIS structure[8]. Moreover, the MFIS structure is relatively easy 
to fabricate compared to the MFMIS structure because in MFMIS structure, we have to 
deposit  an extra layer of metal above the insulator and then deposit the ferroelectric above it 
and then the gate which increases the complexity of fabrication. Moreover after fabrication 
many interface trapped charges exist between various interfaces due to discontinuity of the 
material which reduces the performance of the device. 

 

 
 

 
 
 
 
 
 
 
 
 
 

Fig 10. MFIS structure 
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Fig 11. MFMIS Structure 
In our work we have considered some constant parameters to develop and simulate our 
model. These are listed below. 
 

 
Table 1. List of constant parameters 

Sl No. Parameter Value 
1. Permittivity of free Space 8.854 X 10-14 C2kg-1cm-3s2 

2. Dielectric Constant of silicon 11.7 
3. Dielectric Constant of silicon 

Dioxide 
3.9 

4. Charge of Electron 1.6 X 10-19 coulomb 
5. Work Function of metal 5.2 eV 
6. Work function of oxide 4.7 eV 
7. Thermal Voltage 26 mV 
8. Oxide thickness 2 nm 
9. Channel Length 200 nm 
10. Channel Width 1000 nm 

 
The other parameters used in our work include the ferroelectric anisotropy constants α,β, 
ferroelectric thickness, doping concentration which are variable and they are mentioned in the 
results along with their corresponding tables. 
 

 
 
 

n
+
 n

+
 

 SiO2  

p Substrate 

Source Drain 

HZO 

Gate 

Gate 
Terminal 

Drain 
Terminal 

Source 
Terminal 



 

26 | P a g e  
 

CHAPTER 3 
 
 

MODEL FORMULATION 

 

 

 

 

 

 

 

 

 

 

Fig 12. MFIS structure 

 

 

 

 

Co-ordinate System 

Here we have chosen Cartesian co-ordinate system with x-axis pointing vertically downwards 
and y-axis pointing horizontally rightwards. Here the semiconductor surface is at the 
interface between oxide and semiconductor. At the semiconductor surface, the x co-ordinate 
is 0. The y co-ordinate varies from 0 to channel length L from source end to drain end. We 
have assumed here source to be grounded and all voltages are measured with respect to 
source. 
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Development of semiconductor charge model 

 

When the gate and the body are shorted, there is electron flow in the wire till a condition of 

equilibrium is reached where the Fermi Level of the metal and the semiconductor line up. In 

this condition, there is an electric field developed at the surface of the semiconductor and 

potential difference exists between the body and the surface of semiconductor. This potential 

difference causes variation of concentration of charge carriers from surface to body. The 

concentration of charge carriers at the surface is given as follows: 

In equilibrium, the diffusion and drift components of currents of electrons and holes balance 

individually[1],[9]. 

So for electrons, 

Jdrift + Jdiffusion = 0                                                                                                                    

where Jdrift is the drift current density and Jdiffusion is the diffusion current density  

Jdrift for electrons is given as qµnnE, where q is the electronic charge in coulombs, µn is the 

mobility of electrons, n is the density of electrons per centimetre cube and E is the electric 

field.    

Jdiffusion for electrons is given as qDn
ௗ௡

ௗ௫
, where q is the electronic charge in coulombs, Dn is the 

diffusion coefficient for electrons and 
ௗ௡

ௗ௫
 is the concentration gradient of electrons. 

So,  qµnnE + qDn
ௗ௡

ௗ௫
 = 0                                                                                                       

or,  µnnE + Dn
ௗ௡

ௗ௫
 = 0 

or,  -µnn
ௗ௏

ௗ௫
 + Dn

ௗ௡

ௗ௫
 = 0 

where electric field is the negative gradient of potential, E = -
ௗ௏

ௗ௫
 

So, -µnn
ௗ௏

ௗ௫
 + Dn

ௗ௡

ௗ௫
 = 0 

or,  -µnn(dV) + Dn(dn) = 0 

or, dV = 
஽೙

µ೙

ௗ௡

௡
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 or,  dV = Vt
ௗ௡

௡
 

 where Vt is the thermal voltage we get using Einstein’s relation 

Integrating both sides using proper limits, we get 

∫ 𝑑𝑉
అೄ

଴
=∫

ௗ௡

௡

௡ೄ

௡బ
 

where ΨS is the surface potential, nS is the surface electron concentration and n0 is the 

electron concentration in the bulk 

So, ΨS = Vtln(
௡ೄ

௡బ
) 

To get the equation with respect to bulk doping concentration, we replace n0 by ni
2/Na where 

nI is the intrinsic carrier concentration and Na is the doping concentration. 

So,  ΨS = Vtln(
௡ೄ

೙೔
మ

ಿೌ

) 

or, ΨS = Vtln( 
೙ೄ
ಿೌ

೙೔
మ

ಿೌ
మ

) 

or, ΨS = Vtln(
௡ೄ

ேೌ
) – Vtln(

௡೔

ேೌ
)2 

or, ΨS = Vtln(
௡ೄ

ேೌ
) + 2Vtln(

ேೌ

௡೔
) 

or, ΨS = Vtln(
௡ೄ

ேೌ
) + 2ϕF  

where ϕF = Vtln(
ேೌ

௡೔
) 

or, ΨS – 2ϕF = Vtln(
௡ೄ

ேೌ
) 

or, nS = Na𝑒
(೽ೄషమഝಷ)

ೇ೟                                                                                                              …(1) 

Similarly for holes we proceed in the same manner. 

So for holes, 

Jdrift + Jdiffusion = 0 

where Jdrift is the drift current density and Jdiffusion is the diffusion current density  

Jdrift for holes is given as qµppE, where q is the electronic charge in coulombs, µp is the 

mobility of holes, p is the density of holes per centimetre cube and E is the electric field.    
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Jdiffusion for holes is given as -qDp(
ௗ௣

ௗ௫
), where q is the electronic charge in coulombs, Dp is the 

diffusion coefficient for holes and 
ௗ௣

ௗ௫
 is the concentration gradient of holes. 

So, qµppE – qDp
ௗ௣

ௗ௫
 = 0 

or, µppE – Dp
ௗ௣

ௗ௫
 = 0 

or, -µpp
ௗ௏

ௗ௫
 – Dp

ௗ௣

ௗ௫
 = 0 

where electric field is the negative gradient of potential, E = -
ௗ௏

ௗ௫
 

So, -µpp
ௗ௏

ௗ௫
 – Dp

ௗ௣

ௗ௫
 = 0 

or,  -µpp(dV) – Dp(dp) = 0 

or, -dV = 
஽೛

µ೛

ௗ௣

௣
 

 or,  -dV = Vt
ௗ௣

௣
 

where Vt is the thermal voltage we get using Einstein’s relation 

Integrating both sides using proper limits, we get 

-∫ 𝑑𝑉
అೄ

଴
= Vt ∫

ௗ௣

௣

௣ೄ

௣బ
 

where ΨS is the surface potential, pS is the surface hole concentration and p0 is the hole 

concentration in the bulk. 

So, -ΨS = Vtln(
௣ೄ

௣బ
) 

or,  -ΨS = Vtln(
௣ೄ

ேೌ
) 

because bulk hole concentration is equal to the bulk doping concentration. 

Or, pS = Na𝑒
ష೽ೄ

ೇ೟                                                                                                                    …(2)                                                                                                        

Now to get the electric field, we now apply the one-dimensional Poisson’s equation inside the 

charged region. 

So, 
ௗమఅ

ௗ௫మ
 =- q  

௣ି௡ିேೌ

ఌೞ
 [2],[4] 

where εs is the permittivity of silicon.  
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Or,  
ௗమఅ

ௗ௫మ
 = -q 

(ேೌ௘
ష

೽
ೇ೟ିேೌ௘

೽షమഝಷ
ೇ೟ ିேೌ)

ఌೞ
                                                                 [From (1) and (2)] 

or, 
ௗమఅ

ௗ௫మ
 = -qNa 

(௘
ష

೽
ೇ೟ି௘

೽షమഝಷ
ೇ೟ ିଵ)

ఌೞ
 

or,  
ௗ

ௗ௫
(

ௗఅ

ௗ௫
) = -qNa 

(௘
ష

೽
ೇ೟ି௘

೽షమഝಷ
ೇ೟ ିଵ)

ఌೞ
 

or,  (
ௗఅ

ௗ௫
)d(

ௗఅ

ௗ௫
) = -qNa 

(௘
ష

೽
ೇ೟ି௘

೽షమഝಷ
ೇ೟ ିଵ)

ఌೞ
 dΨ 

Now 
ௗఅ

ௗ௫
 = -E, 

So,  EdE = -qNa 
(௘

ష
೽
ೇ೟ି௘

೽షమഝಷ
ೇ೟ ିଵ)

ఌೞ
 dΨ 

Integrating both sides within proper limits, we get 

∫ 𝐸𝑑𝐸
ா௦

଴
 = (- 

௤ேೌ

ఌೞ
) ∫ 𝑋𝑑𝛹

అ௦

଴
  

where X = 
(௘

ష
೽
ೇ೟ି௘

೽షమഝಷ
ೇ೟ ିଵ)

ఌೞ
, ES is the perpendicular electric field at the surface and ΨS is the 

surface potential 

or, 
ாೄ

మ

ଶ
= 

௤ேೌ௑ᇲ

ఌೞ
                                                                                                                         …(3) 

where X’ = Vt((𝑒
ష೽ೄ

ೇ೟ − 1)+(𝑒
೽ೄషమഝಷ

ೇ೟ − 𝑒
షమഝಷ

ೇ೟ )+ΨS)                                                           …(4) 

So, 𝐸ௌ
ଶ= 

ଶ௤ேೌ௑ᇲ

ఌೞ
 

The electric field in a medium depends on the permittivity of the medium. When it is 

multiplied by the permittivity of the medium we get electric displacement density which is 

independent of the medium.  

So, 𝜀௦
ଶ 𝐸ௌ

ଶ= D2 = 2qNaεsX’                                                                                                   …(5) 

Now from Gauss’ law, electric displacement density is equal to the amount of charge 

enclosed within the closed surface per unit area of the closed surface. Now here if we 

consider the space charge region as the closed body, then  

D = QS 

where QS is the semiconductor charge per unit area.  
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So, QS = (2𝑞𝑁௔𝜀௦𝑋ᇱ)
భ

మ                                                                                                         …(6) 

When ΨS = 0 and 2ϕF,  

QS = 0 and (2𝑞𝑁௔𝜀௦(2𝜙ி))
భ

మ 

which we can easily get from the equation QS = (2𝑞𝑁௔𝜀௦𝛹ௌ)
భ

మ which is obtained from 

depletion approximation equation. So the generalised equation converges to depletion 

approximation at flat-band and threshold point. It is also seen from simulations that the 

generalised equation and the approximated equations do not vary significantly. So we can 

take the depletion approximation as the equation for semiconductor charge in this range of 

values of surface potential.  

So, QS = QS = (2𝑞𝑁௔𝜀௦𝛹ௌ)
భ

మ                                                                                                …(7)      
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Development of threshold voltage model 

 

Now, when we consider the voltage drop across the various layers, we use the potential 

balance equation as  

VG = VFB + VF + Ψox + Ψs                                                                                                     ...(8) 

where,VG is the gate voltage, VFB is the flat-band voltage, VF is the voltage dropped across 

the ferroelectric, Ψox is the voltage dropped across the oxide and Ψs is the voltage dropped 

across the semiconductor. 

VFB is given by the work-function difference between the metal and the semiconductor 

divided by the electronic charge. VF is given by the Landau-Devonshire theory as  

VF = 2αtfeQ + 4βtfeQ3                                                                                                                          ...(9) 

where tfe is the thickness of the ferroelectric, Q is the charge stored inside the ferroelectric per 

unit area  and α and β are anisotropy constants dependent on the ferroelectric material.  

Ψox is the voltage drop across the oxide given by Q/Cox where Cox is the oxide capacitance 

given as  
ఌ೚ೣ

௧೚ೣ
 where εox is the permittivity of the oxide and tox is the oxide thickness. 

ΨS is the usual surface potential. 

Now the surface potential with respect to the gate voltage can be calculated as follows: 

VG = VFB + VF + Ψox + Ψs 

or,  VG = VFB + 2αtfeQ + 4βtfeQ3 + 
ொ

஼೚ೣ
 + ΨS                                                                         [From (9)] 

Here, the capacitance combination is a series one, so the charge stored in each of them is the same. 

So, VG = VFB + 2αtfeQ + 4βtfeQ3 + 
ொ

஼೚ೣ
 + ΨS 

or, VG = VFB + 2αtfe(2𝑞𝑁௔𝜀௦𝛹ௌ)
భ

మ+ 4βtfe(2𝑞𝑁௔𝜀௦𝛹ௌ)
య

మ + 
(ଶ௤ேೌఌೞఅೄ)

భ
మ

஼೚ೣ
 + ΨS                   [Using (7)] 

or, VG = VFB + 2αtfeγ𝛹ௌ

భ

మ+ 4βtfeγ3𝛹ௌ

య

మ + (γ
అೄ

భ
మ

஼೚ೣ
) + ΨS 

where γ = (2𝑞𝑁௔𝜀௦)
భ

మ is a constant. 
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If we let 𝛹ௌ

భ

మ = z, then the equation becomes 

VGB = VFB + 2αtfeγz+ 4βtfeγ3z3 + 
ఊ௭

஼೚ೣ
 + z2 

Now, this is a cubic equation in z. This can be solved by using Cardan’s method but it made 

the problem very complex. Moreover, by calculation, the term 4βtfeγ3 is found out to be very 

small. So, this cubic term is neglected. 

The equation now becomes 

VGB = VFB + 2αtfeγz + 
ఊ௭

஼೚ೣ
 + z2 

or,  VGB = VFB + Az + z2  

where A = 2αtfeγ + 
ఊ

஼೚ೣ
 

or, z2 + Az + B= 0 

where B = VFB – VG  

Solving this equation using Sreedharacharya’s rule and including only the positive term, we 
get 

z =  
ି஺ା√஺మିସ஻

ଶ஺
                                                                                                                     ..(10) 

Squaring z, we get the expression for surface potential ΨS. 

Now, the expression for threshold voltage can be written as follows: 

VT = VFB + 2αtfe(2𝑞𝑁௔𝜀௦(2𝜙ி))
భ

మ+ 4βtfe(2𝑞𝑁௔𝜀௦(2𝜙ி))
య

మ + 
(ଶ௤ேೌఌೞ(ଶథಷ))

భ
మ

஼೚ೣ
 + 2ϕF                ..(11) 

After extensive simulations, it is found that if we neglect the cubic term, this does not hamper 
the value of threshold voltage for a considerable range of doping. 

So VT = VFB + 2αtfe(2𝑞𝑁௔𝜀௦(2𝜙ி))
భ

మ + 
(ଶ௤ேೌఌೞ(ଶథಷ))

భ
మ

஼೚ೣ
 + 2ϕF                                                ..(12) 
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Development of Subthreshold Swing model 

 

Now we calculate the subthreshold swing of this structure.  

VG = VFB + 2αtfe(2𝑞𝑁௔𝜀௦𝛹ௌ)
భ

మ+ 4βtfe(2𝑞𝑁௔𝜀௦𝛹ௌ)
య

మ + 
(ଶ௤ேೌఌೞఅೄ)

భ
మ

஼೚ೣ
 + ΨS 

Differentiating VGB with respect to ΨS, we get 

ௗ௏ಸ

ௗఅೄ
 = 1 + (

(ଶ௤ேೌఌೞ)
భ
మ

అೄ

భ
మ

)(αtfe + 
ଵ

ଶ஼೚ೣ
) + 6βtfe(2𝑞𝑁௔𝜀௦)

య

మ𝛹ௌ

భ

మ 

Subthreshold swing = 2.3Vth(dVGB/dΨS) 

Which is lesser than 60 millivolt per decade. 

But this expression does not give a good result. 

So a new expression for subthreshold swing has been adopted in the literature[14]. It is given 

as: 

Subthreshold swing = 2.3Vth(Subthreshold Swing of Normal MOSFET)(1-|
஼೚ೣ

஼ಷಶ
|)-1             (13) 

Where Subthreshold swing of normal MOSFET is given as 
ଵ

ଶ஼೚ೣ
 (

ଶ௤ேೌఌೞ

అೄ
భ )

భ

మ + 1 and  

CFE is given as 
ଵ

ଶఈ௧೑೐ା ଵଶఉ௧೑೐ொమ  where Q is given by …(7). 
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Development of expressions of Landau Coefficients 

 

The negative capacitance principle can be explained by Landau-Devonshire theory which 

states that the total energy in a ferroelectric is given as U = αP2 + βP4 where α and β are 

anisotropic constants and P is the polarization inside the ferroelectric. This can also be shown 

from the S-curve of ferroelectrics. 

When there is some potential difference across the ferroelectric, there is some energy stored 

inside the ferroelectric due to the voltage.  

The free energy inside the ferroelectric is given as: 

F = αP2 + βP4 – PE  

where P is the polarization and E is the electric field across the ferroelectric. 

Now, it is known that the free energy change with respect to charge is given as  

ௗி

ௗ௉
 = -ρ

ௗ௉

ௗ௧
                                                                                                                               (14) 

where ρ is the frictional inertia of the system, P is the polarization, F is the free energy and t 

is the time. 

Differentiating the expression for F with respect to P, we get 

ௗி

ௗ௉
 = 2αP + 4βP3 – E 

or, -ρ
ௗ௉

ௗ௧
 = 2αP + 4βP3 – E 

or, E = 2αP + 4βP3 + ρ
ௗ௉

ௗ௧
 

Under steady state ρ
ௗ௉

ௗ௧
 is 0.  

So, E = 2αP + 4βP3 

When E = 0,  

PR = ට
ି஑

ଶஒ
 or - ට

ି஑

ଶஒ
 or 0. 
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Here ට
ି஑

ଶஒ
 is the remnant polarization. 

Differentiating the equation of E with respect to P, we get 

ௗா

ௗ௉
 = 2α + 12βP2 

Now, from the hysteretic curve and the S-curve it is found that when 
ௗா

ௗ௉
 is equal to 0, the 

value of E is approximately equal to the coercive electric field EC. Conceptually when the 

electric field is equal to the coercive electric field, the polarization inside the material is 0. 

But here in this S-curve, the value of polarization is not equal to zero when 
ௗா

ௗ௉
 is 0. So since 

the value of electric field at that point is approximately equal to the coercive electric field, we 

can call this polarization coercive polarization denoted as PC.  

So 2α + 12β𝑃஼
ଶ = 0 

or, PC = ට
ି஑

଺ஒ
 or –α6β 

Now, in the equation for steady state electric field verses polarization,  

E = 2αP + 4βP3 

or, -EC = 2α𝑃஼ + 4β𝑃஼
ଷ 

Here EC is greater than 0. We need negative EC to make the positive remnant charge 0 and 

vice-versa. So, when EC is positive PC is negative and vice versa,  

So, -EC = 2α𝑃஼ + 4β𝑃஼
ଷ 

or, -EC = 2αට
ି஑

଺ஒ
 – 4β(ට

ି஑

଺ஒ
 )3 

or, -EC = 2αට
ି஑

଺ஒ
 – 

ଶ

ଷ
αට

ି஑

଺ஒ
 

or, -EC = 
ସ

ଷ
αට

ି஑

଺ஒ
  

or, -EC = 
ସ

ଷ√ଷ
αට

ି஑

ଶஒ
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or, -EC = 
ସ

ଷ√ଷ
α𝑃ோ  

or, α = - 
ଷ√ଷ

ସ
 
ா಴

௉ೃ
 

Now, PR = ට
ି஑

ଶஒ
 

or, PR = ඨ
య√య

ర
 
ಶ಴
ುೃ

ଶஒ
 

or, 𝑃ோ
ଶ =  

ଷ√ଷ

଼ఉ
 
ா಴

௉ೃ
 

or, β = 
ଷ√ଷ

଼
 
ா಴

௉ೃ
య 

So the expressions for anisotropy constants α and β are derived. 

This negative capacitance mechanism of a ferroelectric is utilized in our work as an insulator 

in MOSFETs for the amplification of the surface potential of MOSFETs which helps to 

reduce the subthreshold swing below the Boltzmann limit. 
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CHAPTER 4 

 
RESULTS 

 
 

Threshold Voltage Vs Ferroelectric Thickness at different 
doping levels 

 
Here we vary the ferroelectric thickness keeping other parameters constant and plot the 
threshold voltage with respect to ferroelectric thickness. 

 
Table 2. List of constant and variable parameters 

Sl No. Parameter Value 
1. Ferroelectric Thickness(nm) 3 to 50 
2. Doping concentration(cm3) 1015,1016,1017 
3. Coercive Field(MV/cm) 1.45 
4. Remnant 

Polarization(µC/cm2) 
7.15 

 
 

 
Graph 1. Plot of Threshold Voltage with varying ferroelectric thickness at different doping concentrations 
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Here we have plotted three graphs with different doping concentrations and assumed flat-

band approximation. 

 
1. The blue graph indicates doping concentration 1015 cm-3. 
2. The orange graph indicates doping concentration 1016 cm-3. 
3. The yellow graph indicates doping concentration 1017 cm-3. 
 
Here we observe that for all the curves the threshold voltage decreases with increase in 

ferroelectric thickness for a fixed doping concentration. For classical MOSFETs without 

ferroelectric, the threshold voltage increases according to the relation that at threshold 

voltage, the voltage drop along the semiconductor vertically is the difference between the 

intrinsic Fermi potential and Fermi potential multiplied by 2. The difference between the 

Fermi potential and intrinsic Fermi potential increases with doping concentration. So 

more voltage drop occurs for higher doping. Here we observe that for low ferroelectric 

thicknesses, the threshold voltage increases with doping, following classical MOSFETs. 

But as the thickness of ferroelectric increases, the threshold voltage decreases because the 

ferroelectric’s effect increases with increase in thickness. We see that as the doping is 

increased, the decrease of threshold voltage with respect to ferroelectric thickness is more 

severe. We see that the threshold voltage for a MOSFET with ferroelectric of thickness 

50 nm is much less for doping concentration of 1017 per centimetre cube than 1015 or 1016 

per centimetre cube which is even less than the surface potential at threshold of 1017 per 

centimetre cube. This shows that a thick ferroelectric internally amplifies the voltage so 

that the surface potential of that high value is reached with very low threshold voltage. 

We have also done it at flat-band approximation because if we considered it, then the 

threshold voltage might would become negative for high ferroelectric thicknesses and it 

should become impossible for use in logic circuits. This flat-band approximation has an 

advantage that it gives the threshold voltage of the MOSFET ideally so that now we can 

select the gate metal so that the device gets properly adjusted in our circuit. 
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Graph 2 showing the variation of threshold voltage with respect to doping of a normal MOSFET 
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Threshold Voltage Vs Doping with and without β 

 

With β, the expression for threshold voltage is  

VT = VFB + 2αtfe(2𝑞𝑁௔𝜀௦(2𝜙ி))
భ

మ+ 4βtfe(2𝑞𝑁௔𝜀௦(2𝜙ி))
య

మ + 
(ଶ௤ேೌఌೞ(ଶథಷ))

భ
మ

஼೚ೣ
 + 2ϕF 

and without β, its expression is 

VT = VFB + 2αtfe(2𝑞𝑁௔𝜀௦(2𝜙ி))
భ

మ + 
(ଶ௤ேೌఌೞ(ଶథಷ))

భ
మ

஼೚ೣ
 + 2ϕF 

Both these equations are plotted using the below given parameters and others mentioned in 

Chapter 2. 

Table 3. List of constant and variable parameters 
Sl No. Parameter Value 

1. Ferroelectric Thickness(nm) 20 
2. Doping concentration(cm3) 1015, 5X1015 ,1016 ,2X1016 

5X1016, 8X1016, 1017 
3. Coercive Field(MV/cm) 0.93 
4. Remnant 

Polarization(µC/cm2) 
15.6 

 

 
Graph 3 Showing the variation of threshold voltage with and without beta term of a ferroelectric 
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Here we have plotted the threshold voltage term with and without beta term by varying 

doping concentration and assuming flat-band approximation. 

1. The continuous line is without β term. 

2. The circles show the variation of threshold voltage of NCFET with beta term. 

From the graph we see that if we include or replace beta term from the expression of 

threshold voltage, it makes no difference.  
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Subthreshold Swing Vs Doping of both normal and  

MFIS FET 

 

Table 4. List of constant and variable parameters 

Sl No. Parameter Value 
1. Ferroelectric Thickness(nm) 20 
2. Doping concentration(cm3) 1015, 5X1015 ,1016 ,2X1016 

5X1016, 8X1016, 1017 
3. Coercive Field(MV/cm) 0.93 
4. Remnant 

Polarization(µC/cm2) 
15.6 

 

 
Graph 4 showing the variation of subthreshold swing with respect to doping of both normal and MFIS FET 

 
1. The blue curve shows the variation of subthreshold swing with respect to doping 

of a normal MOSFET. 
2. The orange curve shows the variation of subthreshold swing with respect to 

doping of MFIS FET. 
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From the graph it is seen that the subthreshold swing of the device increases with doping for 

both normal and MFIS FETs. MFIS FETs have a much lower subthreshold swing compared 

to normal MOSFETs which makes them useful for low power VLSI circuits. 
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Subthreshold Swing Vs Ferroelectric Thickness  

 

Table 5. List of constant and variable parameters 

Sl No. Parameter Value 
1. Ferroelectric Thickness(nm) 3 to 20 
2. Doping concentration(cm3) 1015 
3. Coercive Field(MV/cm) 0.93 
4. Remnant 

Polarization(µC/cm2) 
15.6 

 

 
Graph 5 shows the variation of subthreshold swing with respect to ferroelectric thickness with constant 

doping 
 

This graph shows that the subthreshold swing decreases with increase in ferroelectric 

thickness because ferroelectric effect increases with thickness. But ferroelectric parameters 

like coercive field, remnant polarization and thickness are non-scalable parameters. They 

depend on each other. 
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