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ABSTRACT

A new model based on linear depletion inside the channel region has been proposed

for long channel Junctionless Double Gate (JL DG) MOSFETs. The proposed model

shows improved performance over the previous models based on abrupt depletion.

This new model provides a different way to determine surface potential of JL DG

MOSFETs. The model based on gradual depletion provides different sets of equa-

tions for surface potential which are valid for different regions of operations. Thus

there is a trade-off between accuracy and complexity in using the proposed model.

Having the knowledge of surface potential, the proposed model obtains expressions

for current and threshold voltage. The current expressions have been evaluated

using numerical techniques. Surface potential characteristics and current voltage

characteristics are found to have smooth transition between fully depleted region

and partially depleted region. This smoothness may prove useful for SPICE like

programs. Capacitance-voltage characteristics, output conductance and transcon-

ductance characteristics have also been observed, analyzed and compared against the

results obtained from TCAD simulations. Upon comparison, it has been found that

the results obtained from proposed model matches quite perfectly with the results

provided by TCAD tool. Finally the effects of different device and process param-

eters on threshold voltage of the JL DG device and the sensitivities of threshold

voltage on these parameters have been explored and analyzed. It has been observed

that threshold voltage of JL DG MOSFET is very sensitive to parameter variations

which would require proper control of geometry and impurity concentration.
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1. INTRODUCTION

In the integrated circuit (IC) technology, the excessive down-scaling of transistor

dimensions has been successfully carried on over the last 30 years. This continued

scaling down has made dense packaging easier and improvement in performance of

the integrated devices [3, 4]. For the last three decades, progress in device scaling

has followed an exponential curve: device density on a microprocessor doubles every

three years. This has come to be known as Moore’s law [5]. The term device used

here specifically refers to Metal Oxide Semiconductor Field Effect Transistor (MOS-

FET). According to the International Technological Roadmap for Semiconductors

(ITRS) [1], the physical gate length (Lg) of the MOS transistor will shrink to 17 nm

by the year 2015 as shown in Table 1.1.

Table 1.1: ITRS 2013 predicted feature size and physical gate length for
long term period. [source: ITRS 2013 [1]].

Year of 2013 2015 2017 2019 2021 2023 2025 2028
Production

DRAM 28 24 20 17 14 12 10 7.7
half pitcha(nm)

FLASH 18 15 13 11 9 8 8 8
half pitch (nm)

MPUb physical 20 17 14 12 10 8 7 5
gate length (nm)

ahalf the distance between cells in a dynamic RAM memory chip.
bMemory Protection Unit (MPU): the management unit in the processor responsible for shield-

ing of system resources and tasks from unwanted access
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There are a number of benefits of scaling MOSFETs down. First of all, the cost per

device manufacturing is reduced as a each MOSFET occupies less area. Secondly,

more transistors can be integrated on the chip, therefore, the integrated chip can

perform more complex functions with less amount of time. The third advantage of

scaling down is that capacitances of MOSFETs are reduced, which in turn reduces

the time and power required to switch a transistor. Despite its potential advantages,

scaling down is accompanied by a series of challenges to device design.

As the device is scaled down, a number of problems obstruct normal behavior of

MOSFETs. Firstly, the MOSFET characteristics degrade with the reduction in

size. Two key characteristics are threshold voltage (Vth) and subthreshold swing,

known as short-channel effects (SCEs). Threshold voltage increases because of two-

dimensional (2D) electrostatic charge confinement in the active region (channel)

of the MOSFET [6]. Increase in threshold voltage increases the supply voltage

requirement (Vdd). Hence power consumption increases by substantial amount.

Secondly, as the gate length (Lg) is reduced, power consumption of the device in-

creases at high frequency operation. For the same applied bias (Vdd), the current is

higher for short channel devices. Therefore, the heat generation by a high frequency

silicon chip is tremendously high, and the cooling of the chip becomes difficult and,

sometimes, practically impossible for some low-power applications without imple-

menting expensive ionic cooling system [7]. Supply voltage (Vdd) reduction is an

effective method to reduce the power consumption per device. However, lowering

power supply voltage reduces the operational speed of MOSFETs. Hence, controlling

power consumption has been a primary concern in MOSFET scaling.

Thirdly, decrease in gate length (Lg) introduces other short channel effects (SCEs)

which significantly modify device operational behavior e.g. switching and amplify-

ing characteristics. Some significant effects are (1) drain induced barrier lowering

(DIBL), (2) reverse SCE, (3) field dependent mobility, (4) velocity saturation and
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velocity overshoot, (5) gate induced drain leakage (GIDL), (6) channel length mod-

ulation (CLM), (7) Poly silicon gate depletion effect, (8) self-heating effect etc. [8]

All these degrade the device performance.

Fourth major aspect of device scaling is excessive reduction in device layers’ widths

such as gate-oxide thickness (tox), diffusion width (tdiff ), channel width (tch), gate

material width (tg) etc. Decreasing the oxide layer thickness (tox) causes high leak-

age through the gate oxide [9]. This also reduces the threshold voltage and hence

increases subthreshold swing (S). This is detrimental to device performance since

standby power consumption increases significantly.

Fifth vital challenge of scaling down is processing of devices. Decreasing chan-

nel demands highly sophisticated and controlled development of masks, features,

projection equipment to fabrication laboratories (FLABs). Short channel requires

ultra-shallow junction [10] formation which is a great challenge for fabrication labs.

Development of extremely thin and uniform gate oxide (tox) without affecting oxide-

channel boundary is also a matter of concern. Sometimes surface roughness becomes

so dominant compared to oxide thickness that the device performance follows a de-

clivity.

Finally, the secondary effects emerging out of scaling down of device dimensions

require complex analysis and simulation techniques other than existing long channel

compact models. The analysis of such nanoscale miniaturized devices require pure

quantum mechanical treatment of electronic characteristics [11]. Incorporating the

secondary effects demand involvement of complex physics in the simulation processes

[12]. Device engineers are continuously exploring new phenomena through researches

and new techniques are being discovered day by day.

In this work, the characteristics of modified MOS structures have been explored:

long channel junctionless double-gate structure. The rationale behind choosing junc-

tionless DG structure rather than conventional bulk MOSFET are explained in the

subsequent sections.
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1.1 MOS Performance Improvement

As stated earlier, scaling down MOS transistors introduces many challenges in de-

vice design, manufacturing and analysis; alternate processes of devices’ performance

improvement are being indispensable day by day. Though there is no hard line

boundary for device scaling limit, complexities associated with device scaling are

increasing noticeably. This warns that the device design methodology is about to

reach the scaling limit and about to cross the fundamental limits of semiconductor

physics. Therefore exploring for new techniques without scaling down has become

a top topic of research through the last few years.

Exploring for techniques of device performance improvement has divided the research

mainstream into two major groups:

• Material Engineering

• Structural Modification

The first way to improve device performance without scaling is to change the mate-

rials of active region, gate dielectric, contact etc. of the device. Many research works

are being continuously carried on to explore for new materials as a replacement of

the conventional silicon and silicon-dioxide [13–16]. Changeable bandgap, higher

mobility, direct semiconductor nature, wide range of variability in composition etc.

make III-V compounds an excellent choice for next generation MOSFETs. By using

compound semiconductors and carbon nanotubes, MOS operational characteristics

can be improved considerably without crossing scaling limit. One of the popular

MOS structures composed of III-V semiconductors as proposed in [16] is shown

in Fig. 1.1. Recent MOS devices also come with gate oxide with high dielectric

constant (κ) and oxide stacks. These also improve MOS performances significantly

[17, 18]. The major problems associated with changing materials are manufacturing

difficulties and cost. Fabrication industries still favor the conventional silicon and
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Figure 1.1: Schematic structure of (a)Bulk Silicon MOSFET and (b)III-V
MOSFET

SiO2 due to extremely matured growth technique and lost cost manufacturing. The

second important way of refraining excessive scaling is to design alternate device

structures other than bulk MOSFETs. Many research groups are working on design

of efficient device structures. The structural change mainly includes incorporation

of multiple gates and change in body structure. An attractive modification in body

structure is Silicon on Insulator (SOI) structure [19]. This structure has brought

about a revolutionary change in the MOS device arena. Continuous researches are

proceeding on SOI devices due to its versatile applications. Another modification

is migrating from single gate to multiple gate operation. Many multiple gate MOS

(MuGFETs) structures have been proposed such as DG MOSFETs [20], Tri-gate

SOI FETs like FinFETs [21], Gate all around (GAA) MOSFETs [22] etc. Sample

multiple gate devices are illustrated in Fig. 1.2.

Although these above mentioned structures show performance improvement but ex-

isting fabrication technologies are not that much suitable for these novel structures.

From this perspective a new modification in the simple bulk structure has gained

much attraction - the junctionless structure. Junctionless structure uses same type

and same amount of doping concentration at every point inside the channel and
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Figure 1.2: Schematic structure of Multiple Gate MOS Devices: (a)SOI
Single Gate MOSFET, (b)DG MOSFET, (c) FinFET or ∆ Structure and

(d) GAA MOSFET

S/D regions and thus offers simple fabrication process for fabrication of these type

of devices. Exploring the attractive performance characteristics of junctionless DG

structure is one of the motives behind this thesis work.
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1.2 Motivation and Work Highlights

Recently, a junctionless (JL) double-gate (DG) field effect transistor (DGFET) (JL

DGFET) has been reported [23–25] as a promising candidate for future technol-

ogy nodes. The fabricated device with a high content of impurity concentration

within the channel and source/drain (S/D) regions requires no junctions and ex-

hibits many advantages [26–29], such as the simplified flexible fabrication process,

nearly ideal subthreshold slope (SS ≈ 60 mV/dec), high ON-OFF current ratio

(ION/IOFF > 107), low S/D series resistance, and small drain-induced barrier low-

ering. Moreover, the JL transistor shows many interesting characteristics, like con-

ductance oscillations at low temperature [30] and high temperature behavior [31].

1.3 Literature Review

Due to the excellent electrostatic performance of the JL DGMOSFET, it is necessary

to develop an accurate model to investigate its theoretical foundations, to better

understand the behavior of this device, and to elucidate its strengths and weaknesses.

Duarte et al. [32] first proposed a simple bulk current model relying on depletion

approximation for the JL DGFET but neglected the accumulation condition. Then,

Sallese et al. [33] carried out a space-charge-based model for the JL DG MOSFET

to calculate the charge density and drain current, but it may cause convergence

problems. Subsequently, Duarte et al. [34] proposed a non-piecewise model for the

JL DG MOSFET based on parabolic potential approximation by a uniform charge–

potential relationship. However, few studies have been carried out to develop a

surface-potential-based compact model for the JL DG MOSFET valid in all regions,

which includes a more physical and accurate description of the transistor behavior

and is commonly accepted in compact modeling applications. Chen et al. [35] has

proposed a surface potential based drain current model for JL DG MOSFET. This

model is based on abrupt depletion between depleted and neutral regions and shows

discontinuities in surface potential and drain current characteristics.
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1.4 Outline of Dissertation

There are in total five chapters in this thesis. The first chapter is an introduc-

tion (Chapter 1) to the continuous need for scaling down of MOSFETs and recent

advancements in the semiconductor industries. A short discussion about different

types of MOSFETs is presented which depicts various ingenious attempts to improve

MOSFET performances within the bounds imposed by technology. This introduc-

tory chapter also includes the motivation to this work and important highlights

followed by a brief overview of current literature about the field of this work.

The second chapter (Chapter 2) considers the structure and discusses the operational

principle of Junctionless (JL) Double Gate (DG) MOSFET devices. Then it provides

a detailed basic mathematical theory of operation for long channel JL DG MOSFET

available in literature. The theory focuses on the determination of surface potential

and provides quantitative expressions for calculating other variables from this surface

potential.

A new model has been proposed for long channel JL DG MOSFETs in the next

chapter (Chapter 3). This new model is also based on finding the surface poten-

tial. While the basic theory is based on the assumption of abrupt depletion, the

new model proposes gradual or linear depletion inside the channel. This new model

provides significant improvement of accuracy in modeling JL DG MOSFET charac-

teristics over the basic model based on abrupt depletion. This accuracy comes with

some complexities in the formulation of modeling equations. With the help of this

model, mathematical expressions for different JL DG MOSFET variables of interest

have been determined.

The fourth chapter (Chapter 4) presents a list of equations obtained from the an-

alytical models. It also discusses about the numerical simulation techniques used

to justify the validity of the proposed model. Numerical simulation incorporates

a two dimensional numerical simulation using SILVACO ATLAS - a widely used
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Technology Computer-Aided Design (TCAD) tool along with a simple one dimen-

sional Poisson-Boltzmann solver programmed in MATLAB. After that it presents

the simulation results obtained from both the analytical and numerical methods.

Surface potential profile, current-voltage (I-V) characteristic, charge-voltage (C-V)

characteristics have been shown. It investigates the threshold voltage of JL DG

MOSFET and its sensitivities on doping concentration and device parameters. It

also compares the accuracy of the proposed model with the abrupt-depletion based

model and numerical solutions.

With a summary of the work done, the last chapter (Chapter 5) marks the end of

this dissertation. It also mentions the scopes for further improvement of the work

and provides a suggestion of possible areas which can be explored in future.



2. Basic Operational Theory of JL DG MOSFET

This chapter is devoted to the development of the fundamental operational model

for Junctionless Double Gate MOSFET. At first the device structure under consid-

eration is presented which is followed by an explanation of the operational principle

of the device. Then a systematic formulation of the working equation of the device

will be discussed. A regional approach to the solution of the working equation is

obtained next. Finally the ways to calculate the variables of interest e.g., surface

potential, surface charge, threshold voltage and drain to source current from the

solution of the working equation is discussed.

2.1 Device Description

A one dimensional analysis of an n-channel JL DG MOSFET structure is presented

in this chapter. The device structure has been shown in Figure 2.1. The device

is assumed to have a channel length L, device width W , channel thickness of tSi,

gate oxide thickness tox and a uniform donor doping concentration ND within the

channel, source and drain regions.

2.2 Junctionless Double Gate MOSFET - Device Operation Principle

An n-channel JL DG MOSFET operates quite differently from the conventional

inversion-mode DG counterpart. In the subthreshold region of operation, the gate

field pushes all the majority carriers (electrons for an n-channel device) away from
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L

Figure 2.1: JL DG MOSFET structure.

the surfaces leaving the channel/silicon body fully depleted of free carriers, as is

shown in figure 2.2. By increasing the gate voltage, the electric field in the channel

reduces and the concentration of free carriers starts to rise. At some threshold volt-

age, the concentration of free carriers is just sufficient enough to form a conducting

channel in the center from source to drain. This situation has been shown in figure

2.3 In the above-threshold region, the depletion width in the body decreases, and

the conducting channel in the center squeezed by depleted regions near the silicon

surface thickens, as is shown in figure 2.4. With continuing increase in gate voltage,

a completely neutral channel is gradually created which has been shown in figure

2.5. The bulk current tends to reach its maximum value when the gate voltage

increases to flatband voltage. By further increasing the gate voltage, the device

eventually forms electron accumulation layers at the surfaces and produces large

surface current, as is shown in figure 2.6.

2.3 Formulating the Working Equation

In this section a working equation for an n-channel JL DG MOSFET is developed

from the basic MOS capacitor equation and the basic principles of electrostatics. To
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Figure 2.2: Electron density of JL DGMOSFET in the fully depleted mode
(when gate voltage is much less than the threshold voltage of the device).

be specific, Boltzmann (or classical) carrier statistics and one dimensional Poisson’s

equation will play the key role in this formulation.

2.3.1 Basic charge - voltage equations

From the basic MOS capacitor equation it can be written that the applied volt-

age at gate terminal equals the sum of the voltage drops across the oxide and the

semiconductor, i.e.,

VG = VFB + ϕox + ϕs (2.1)

Here,

VG = Applied gate voltage

ϕs = Surface potential

VFB = Flatband voltage

ϕox = Voltage drop across oxide
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Figure 2.3: Electron density of JL DG MOSFET at threshold voltage (a
conducting channel is just formed).

ATLAS: Structure Plot 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.008

-0.004

0

0.004

0.008

0.012

0.016

y - position (um)

x
 -

 p
o

si
ti

o
n

 (
u

m
)

Electron
 
Conc

 
(cm-3)

0

1.88e+18

3.44e+18

5.31e+18

7.19e+18

8.75e+18

Figure 2.4: Electron density of JL DG MOSFET in the above-threshold
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15

If no parasitic oxide charge is assumed and if interface trap charge density is consid-

ered to be negligible then flatband voltage, VFB equals the workfunction difference,

ϕMS of the gate material and substrate, i.e.,

VFB = ϕsubstrate − ϕgate = ϕMS (2.2)

where, ϕsubstrate and ϕgate are workfunctions of the substrate and gate material.

With the same assumption, an expression for voltage drop across the oxide can be

obtained as

ϕox = −
QSC (ϕs)

2Cox

(2.3)

where,

QSC = Space charge density per unit area

Cox = Oxide capacitance per unit area

The reason for negative sign in the r.h.s. is that to get a positive voltage drop, a

negative space charge density is required and vice versa.

For JL DG MOSFETs, Cox is given by

Cox =
ϵox

tox
(2.4)

where, Cox is the dielectric constant of the gate oxide of the JL DG MOSFET.

Therefore (2.1) can finally be rewritten as

VG = VFB −
QSC (ϕs)

Cox

+ ϕs (2.5)

2.3.2 Poisson’s equation and Boltzmann’s carrier statistics

One dimensional (1D) Poisson’s equation is given by



16

d

dx

ϵSi dϕ
dx

 = −ρ (x) (2.6)

where x is the one dimensional position variable, ϕ is the electrostatic potential, ρ is

net charge density and ϵSi is the dielectric constant of the medium (Silicon for the

present analysis). If the medium is isotropic, dielectric constant is same everywhere

so Poisson’s equation can be rewritten as

ϵSi
d2ϕ

dx2
= −ρ (2.7)

For an extrinsic semiconductor ρ is given by

ρ = q (p− n+ND −NA) . (2.8)

Here,

p = Hole concentration

n = Electron concentration

ND = Donor atom concentration

NA = Acceptor atom concentration

In an n-type doped channel NA = 0. For the sake of simplicity it is also assumed that

the hole concentration is negligibly small (i.e., p = 0). Therefore, (2.8) is simplified

to

ρ = q (ND − n) . (2.9)

According to classical model and Boltzmann carrier statistics n is given by,

n = n0 exp

ϕ− V

VT

 (2.10)

where, n0 is the electron concentration at flatband condition, V is known as quasi

Fermi potential and VT is the thermal voltage given by
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vT =
kBT

q
(2.11)

which has the value of 0.0259 V at room temperature (T = 300K).

For a heavily doped semiconductor n0 ≃ ND. Substituting all these (2.9) can be

rewritten as

ρ = qND

1− exp

ϕ− V

VT

 . (2.12)

Then using (2.12) in (2.7) and rearranging gives

d2ϕ

dx2
=
qND

ϵsi

[
exp

(
ϕ− V

vT

)
− 1

]
(2.13)

This is a second order ordinary differential equation. No meaningful information

can be obtained from a differential equation unless appropriate boundary conditions

are specified. Appropriate boundary conditions required for this device has been

discussed in the the next subsection.

2.3.3 Boundary conditions

For the present problem, the boundary conditions are given by

dϕ

dx

∣∣∣∣∣∣
x=0

= 0 (2.14)

ϕ

±
tsi

2

 = ϕs (2.15)

The first boundary condition (2.14) is due to the fact that the device under con-

sideration is symmetric, so it is wise to use Neumann boundary condition at this

symmetry point. This also reduces the complexity of computation.
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The origin of the second boundary condition (2.15) is easy to understand. The value

of potential at the surface is directly related to the potential applied at the gate.

2.3.4 Determination of surface charge

The surface charge can be found by applying Gauss’s law, i.e.,

QSC = 2ϵSiE
∣∣∣
x=tSi/2

(2.16)

The reason for the factor 2 is the DG structure of the MOSFET. Now for 1D case,

the magnitude of electric field intensity E is related to potential as

E = −
dϕ

dx
(2.17)

Finally QSC can be determined as

QSC = −2ϵSi
dϕ

dx

∣∣∣∣∣∣
x=

tSi
2

(2.18)

2.4 Solution of the Working Equation via Approximation

Although simple, unfortunately (2.13) does not have any closed-form analytical solu-

tion. An approximate solution can be obtained using a regional approach and taking

different simplifying assumptions under depletion and accumulation conditions.

2.4.1 Electric field equation from the working equation

An expression for electric field, E (x) can be obtained by integrating (2.13) once.

The integration is performed by multiplying both sides of (2.13) by 2
dϕ

dx
, i.e.,
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2
dϕ

dx

d2ϕ

dx2
= 2

qND

ϵsi

exp
ϕ− V

vT

dϕ

dx
−
dϕ

dx


Now integrating both sides with respect to x as

∫ E(x)

0

2
dϕ

dx

d2ϕ

dx2
dx = 2

qND

ϵSi

∫ ϕ(x)

0

exp
ϕ− V

vT

dϕ

dx
−
dϕ

dx

dx
an expression for E (x) can be obtained i.e.,

E (x) =
dϕ

dx
=

√√√√√2
qNDvT

ϵSi

exp

ϕ (x)− V

vT

− exp

ϕ (0)− V

vT

−

ϕ (x)− ϕ (0)

vT


(2.19)

Surface electric field, Es can be found by setting x =
tSi

2
,

Es = E

tSi

2

 =

√√√√√2
qNDvT

ϵSi

exp

ϕs − V

vT

− exp

ϕ (0)− V

vT

−

ϕs − ϕ (0)

vT


(2.20)

Unfortunately, further integration of (2.19) is not possible i.e., there is no closed-

form expression. Therefore in the following, efforts will be put to obtain approximate

analytical solutions.

2.4.2 Approximate solution under accumulation condition

In accumulation region i.e., when ϕs > V an approximate solution is obtained by

expanding the exp

ϕ (0)− V

vT

 term in (2.20) with Taylor’s series expansion
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Es =

√√√√√2
qNDVT

ϵSi

exp

ϕs − V

vT

− 1−

ϕ (0)− V

vT

− higher order terms− ϕs + ϕ (0)


Then neglecting the higher order terms and manipulating a little the approximate

expression can be found as

Es ≈

√√√√√2
qNDVT

ϵSi

exp
ϕs − V

vT

−

ϕs − V

vT

− 1

 (2.21)

In the above approximation a common assumption has been used that in accu-

mulation mode, the electric field drops very quickly and eventually becomes zero.

Therefore the electric potential ϕ (x) ≈ V over an extended region of the device if

volume inversion is not considered [35, 36].

Now a further simplification can be achieved by carefully noting that the ratio be-

tween the terms

exp
ϕs − V

vT

− 1

 and

ϕs − V

vT

 is greater than unity for

aforementioned flatband conditions and becomes unity at flatband. So the termϕs − V

vT

 is generally neglected in literature and the final approximated electric

field expression is obtained as

Es ≈

√√√√√2
qNDVT

ϵSi

exp
ϕs − V

vT

− 1

 (2.22)

(2.1) can be modified to obtain

QSC = −2Cox (VG − VFB − ϕs) (2.23)

Combining (2.18) and (2.23) implies
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− 2ϵSiEs = −2Cox (VG − VFB − ϕs) (2.24)

Finally, substituting Es from (2.22) to (2.24), then squaring both sides of the result-

ing equation and manipulating a little an expression for ϕs can be found as

βvT

exp
ϕs − V

vT

− 1

 = (VG − VFB − ϕs)
2 (2.25)

where

β =
2qϵSiND

C2
ox

(2.26)

2.4.3 Approximate solution under partial depletion condition

In the partly depleted mode, a depletion approximation is taken to derive the ϕs−VG
relationship for simplicity. Under the coordinates shown in Fig. 2.1, Poisson’s

equation with depletion approximation translates into

d2ϕ (x)

dx2
=


0, for

−
tSi

2
+ xd

 < x <

tSi

2
− xd


−
qND

ϵSi
, for x <

−
tSi

2
+ xd

 or, x >

tSi

2
− xd

 . (2.27)

where the depletion width |xd| ≤
tsi

2
as shown in Fig. 2.7.

The upper half of (2.27) can be integrated once from x = 0 to x = x

∫ dϕ
dx

dϕ
dx

=0

d2ϕ (x)

dx2
dx =

∫ x

x=0

0 dx
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Figure 2.7: Nature of charge, electric field and potential profiles in JL DG
MOSFET.

The result of integration is

dϕ (x)

dx
= 0, for

−
tSi

2
+ xd

 < x <

tSi

2
− xd

 (2.28)

Similarly, integrating the lower part of (2.27) once from x =
tSi

2
− xd to x = x as

∫ dϕ
dx

dϕ
dx

=0

d2ϕ (x)

dx2
dx =

∫ x

x=tSi/2−xd

−
qND

ϵSi

 dx

results

dϕ (x)

dx
= −

qND

ϵSi

x− tSi

2
+ xd

 , for |x| <

tSi

2
− xd

 . (2.29)
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Then integrating (2.28) once from x = 0 to x = x as

∫ ϕ(x)

ϕ(0)

dϕ (x)

dx
dx =

∫ x

x=0

0 dx

gives ϕ (x) in the neutral region, i.e.,

ϕ (x) = ϕ (0) (2.30)

On the other hand, integrating (2.29) once from x =
tSi

2
− xd to x = x

∫ ϕ(x)

ϕ(0)

dϕ (x)

dx
dx = −

qND

ϵSi

∫ x

x=tSi/2−xd

x− tSi

2
+ xd

 dx
provides the solution of Poisson’s equation for ϕ (x) in the depleted region

ϕ (x) = ϕ (0)−
qND

2ϵSi

x−
tSi

2
− xd

2

(2.31)

valid in the region |x| <

tSi

2
− xd

. In evaluating this integral the continuity of

potential at x =
tSi

2
− xd has been used.

The surface potential is then obtained from (2.31) by replacing ϕ (0) with V and

setting x =
tSi

2
,

ϕs = V −
qND

2ϵSi
x2d (2.32)

The space charge density in this condition can be determined as

QSC = 2qNDxd = −2Cox (VG − VFB − ϕs) (2.33)
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Substituting the value of xd from (2.33) into (2.32) then leads to the following

relationship between ϕs and VG in the partly depleted mode i.e.,

ϕs = V −
1

β
(VG − VFB − ϕs)

2 (2.34)

where β is the same as defined in (2.26).

2.4.4 Deep depletion approximation under subthreshold condition

Although (2.34) is based on the depletion approximation and represents surface

potential in the partly depleted mode, it is not quite suitable for subthreshold con-

ditions. The usual solution to derive the drain current is to carry out charge carrier

statistics; however, here in this work a deep depletion approximation based on sur-

face potential is used.

Squaring both sides of (2.24) and (2.20) and combining the resulting equations, it

can be obtained that

(VG − VFB − ϕs)
2 =

2qNDϵSivT

Cox

exp

ϕs − V

vT

− exp

ϕ (0)− V

vT

−

ϕs − ϕ (0)

vT


(2.35)

Let

α =
ϕ (0)− ϕs

vT
(2.36)

be the normalized difference of potentials. Substituting (2.36) into (2.35), manipu-

lating the resulting equation and finally taking the square root leads to

VG − VFB − ϕs = −

√√√√2qNDϵSivTα

Cox

√√√√√1−
1− exp (−α)

α
exp

ϕ (0)− V

vT

 (2.37)

(2.37) is a transcendental equation. ϕs for deep depletion operation can be calcu-

lated by solving this equation. But for the below-threshold regime, an even simpler



25

expression can be obtained if the deep depletion nature of surface potential is ex-

ploited.

It can be noted that subthreshold operation leads to

1− exp (−α)
α

≪ 1

Therefore the term on the right hand side of (2.37) can be simplified through ex-

panding the square root using binomial expansion theorem√√√√√1−
1− exp (−α)

α
exp

ϕ (0)− V

vT

 ≈ 1−
1

2

1− exp (−α)
α

exp

ϕ (0)− V

vT


≈ 1−

1

2

1− (1− α)

α
exp

ϕ (0)− V

vT


= 1−

1

2

exp
ϕ (0)− V

vT


(2.38)

In the deep depletion limit, the difference between the potential at the center of the

silicon body and the surface potential can be computed by setting x = xd =
tSi

2
in

(2.31)

ϕ (0)− ϕs =
qNdt

2
Si

8ϵSi
(2.39)

Using (2.39) and (2.36) with (2.37) and (2.38) and making some rearrangements it

can be written as

VG − VFB − ϕs = −
qNDtSi

2Cox

1−
1

2
exp


ϕs +

qNdt
2
Si

8ϵSi
− V

vT


 (2.40)
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In quest for an explicit expression for surface potential (2.40) is further modified

invoking (2.48) to (2.50)

VG − VTH −
qNDtSi

8CSi

− ϕs =
qNDtSi

4Cox

exp


ϕs +

qNdt
2
Si

8ϵSi
− V

vT



Multiplying both sides by −
1

vT
and then rearranging the exponential term the above

expression can be written as

ϕs − VG + VTH +
qNDtSi

8CSi

vT

= −
qNDtSi

4CoxvT
exp


ϕs − VG + VTH +

qNdt
2
Si

8ϵSi
vT

 exp

VG − VTH − V

vT



Now dividing both sides by the exponential term and multiplying by −1 finally one

can write

−
ϕs − VG + VTH +

qNDtSi

8CSi

vT
exp

−
ϕs − VG + VTH +

qNdt
2
Si

8ϵSi
vT


=
qNDtSi

4CoxvT
exp

VG − VTH − V

vT


(2.41)

(2.41) is of the form

Y = X exp (X) (2.42)
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where

X = −
ϕs − VG + VTH +

qNDtSi

8CSi

vT
(2.43)

Solution of (2.42) is found by using Lambert-W function [37],W which is the inverse

of the function in (2.42). Using (2.43), the solution can be written as

X = −
ϕs − VG + VTH +

qNDtSi

8CSi

vT
= W

qNDtSi

4CoxvT
exp

VG − VTH − V

vT

 (2.44)

The Lambert-W function has already proved its usefulness in numerous physics

applications and has also been recently utilized for finding the solutions to bipolar

transistor circuit analysis problems [38].

Finally rearranging (2.44) the explicit expression of surface potential can be written

as

ϕs = VG − VTH −
qNDtSi

8CSi

− vT W

qNDtSi

4CoxvT
exp

VG − VTH − V

vT

 (2.45)

2.5 Expression for Threshold Voltage

Voltage drop across the oxide layer can be found from (2.3)

ϕox = −
QSC

2Cox

= −
qND

ϵox
xdtox (2.46)

In (2.1) gate voltage is shown as the sum of the flatband voltage, the voltage drop

across the semiconductor and the oxide layer. Therefore expressions for oxide drop

and surface potential can be put into (2.1) from (2.46) and (2.34) respectively as

VG = VFB −
qND

2ϵox
xdtox + V −

qND

2ϵSi
x2d (2.47)
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Maximum depletion charge is obtained when top gate depletion layer touches the

bottom gate depletion layer i.e., the depletion width reaches its maximum value or,

xd = tSi

2
. In literature this condition is taken as the definition of threshold voltage,

VTH . Therefore the expression for threshold voltage can be found by setting this

maximum value of xd with V = 0 in (2.47); which yields the following:

VTH = VFB −
qNDtSi

2Ceff

(2.48)

where

1

Ceff

=
1

4CSi

+
1

Cox

(2.49)

and

CSi =
ϵSi

tSi
(2.50)

2.6 Current - Voltage Relationship

In this section, current-voltage characteristics of JL DG MOSFET is discussed i.e.,

mathematical model for current along the channel is investigated. Based on the

surface potential model developed in section 2.4 an analytical expression for drain

current will be derived.

2.6.1 Expression for Drain Current

At first the mobile charge density, Qm is expressed as

Qm = QSC −Qd (2.51)

where

Qd = qNDtSi (2.52)
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is the fixed charge density.

According to the current continuity condition, the drain to source current, IDS is

given by

IDS = −µWQm

dV

dy
(2.53)

where, µ is the carrier mobility (assumed to be a constant along the channel). Mak-

ing use of gradual-channel approximation,

(2.53) can be rearranged in the form

IDS dy = −µWQm dV

and then integrating both sides of this equation from x = 0 at the source to x = L

at the drain and, correspondingly from V (0) = 0 to V (L) = VDS,∫ L

0

IDS dy = −µW
∫ VDS

0

Qm dV

Pao-Sah integral can now be expressed as

IDS = −µ
W

L

∫ VDS

0

Qm dV (2.54)

With the help of (2.33), the above expression can be written as

IDS = −µ
W

L

∫ VDS

0

[2Cox (VG − VFB − ϕs) +Qd] dV (2.55)

with the assumption of VS = 0 and VD = VDS. Substituting expressions for surface

potential for different regions of operation, the drain current can be found valid in

all these regions.

A slightly modified form of (2.55) will be helpful for the following derivations
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IDS = −µ
W

L

∫ VDS

0

2Cox (VG − VFB − ϕs)
dV

dϕs

dϕs +Qd dV

 (2.56)

2.6.2 Current in accumulation region

When a large positive gate bias is applied i.e., if VG > VFB+VDS, the whole channel

of the JL DG MOSFET operates in accumulation mode. In this case differentiating

both sides of (2.25) with respect to ϕs leads to

−2 (VG − VFB − ϕs) = βvT exp

ϕs − V

vT

 1

vT
−

1

vT

dV

dϕs


which can be rearranged in the form

dV

dϕs

= 1 +
2 (VG − VFB − ϕs)

β exp

ϕs − V

vT


(2.57)

From (2.25) one can write

β exp

ϕs − V

vT

 =
(VG − VFB − ϕs)

2

vT
+ β

Using this expression into (2.57) one finally gets

dV

dϕs

= 1 + 2vT
VG − VFB − ϕs

(VG − VFB − ϕs)
2 + β vT

(2.58)

Substituting (2.58) into (2.56) the expression for drain current becomes
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IDS = 2µCox

W

L

∫ VDS

0

(VG − VFB − ϕs)

1 + 2vT
VG − VFB − ϕs

(VG − VFB − ϕs)
2 + β vT

 dϕs

+ µ
W

L

∫ VDS

0

Qd dV

(2.59)

and evaluating the resulting integral, the following expression for the drain current

can be obtained

IDS = µ
W

L

[
QdV − 4CoxvT (VG − VFB − ϕs)− Cox (VG − VFB − ϕs)

2]ϕs(L)

ϕs(0)

+

4CoxvT
√
β vT tan−1

VG − VFB − ϕs
√
β vT

ϕs(L)

ϕs(0)

(2.60)

where ϕs (0) and ϕs (L) denote the surface potential values at source and drain ends

respectively. Hence the current in accumulation can be calculated from the surface

potential evaluated from (2.25) at the source and the drain.

2.6.3 Expression for current in partly depleted region

If VTH < VG < VFB, i.e., when gate bias is small, the whole channel of the JL

MOSFET is in the partly depleted mode. Differentiating both sides of (2.34) and

rearranging, it can be obtained that

dV

dϕs

= 1−
2

β
(VG − VFB − ϕs) (2.61)

(2.61) is then substituted into (2.56) to obtain

IDS = −µ
W

L

∫ VDS

0

2Cox (VG − VFB − ϕs)

1−
2

β
(VG − VFB − ϕs)

 dϕs +Qd dV


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Solving this integral one can obtain the drain current in partial depletion region of

operation

IDS = µ
W

L

QdV − Cox (VG − VFB − ϕs)
2 +

4

3β
Cox (VG − VFB − ϕs)

3

ϕs(L)

ϕs(0)

(2.62)

2.6.4 Current in hybrid channel

If applied gate bias is within the range VFB < VG < VFB + VDS with VDS > 0, then

the channel is biased in the accumulation mode from the source to some flatband

position and biased in partly depleted mode from the flatband coordinate to the

drain. Under the circumstances, the integral in (2.56) must be divided into two

parts, and the total current has to be written as the sum of two components, each

being calculated by (2.25) and (2.34). Then the drain current for this hybrid channel

can be obtained as

IDS = µ
W

L

[
Qd VDS + 2Cox

∫ VG−VFB

0

(VG − VFB − ϕs) dV

∣∣∣∣
acc

+ 2Cox

∫ VDS

VG−VFB

(VG − VFB − ϕs) dV

∣∣∣∣
dep

] (2.63)

2.6.5 Current expression in fully depleted region

If VG < VTH , the whole channel of the JL DG MOSFET is in the fully depletion

mode, entering into the subthreshold region. Substituting ϕs from (2.38) the integral

of (2.55) can be written as

2Cox (VG − VFB − ϕs) +Qd

= 2Cox

VTH − VFB +
qNDtSi

8CSi

+ vT W

qNDtSi

4CoxvT
exp

VG − VTH − V

vT

+Qd
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which can be simplified using (2.48)

2Cox (VG − VFB − ϕs) +Qd

= 2Cox

−
qNDtSi

2Ceff

+
qNDtSi

8CSi

+ vT W

qNDtSi

4CoxvT
exp

VG − VTH − V

vT

+Qd

(2.64)

Substituting Ceff from (2.49) into (2.64) one obtains

2Cox (VG − VFB − ϕs) +Qd

= 2Cox

−
qNDtSi

2Cox

+ vT W

qNDtSi

4CoxvT
exp

VG − VTH − V

vT

+Qd

(2.65)

Finally setting Qd from (2.52) into (2.65) the integral simplifies to

2Cox (VG − VFB − ϕs) +Qd = 2CoxvT W

 Qd

4CoxvT
exp

VG − VTH − V

vT

 (2.66)

Therefore one can obtain the current in fully depleted region from (2.54) and (2.66)

as follows:

IDS = 2µ
W

L
vT Cox

∫ VDS

0

W

 Qd

4CoxvT
exp

VG − VTH − V

vT

 dV (2.67)

Thus using abrupt depletion assumption, it is possible to have different explicit

expressions of surface potential and drain current valid for all regions of device

operation. MATLAB programs have been used to solve these equations. Graphical

results obtained from those programs have been shown in chapter 4, .



3. First Order Depletion Model of JL DG MOSFET

In the previous chapter a simple analytical model has been developed for JL DG

MOSFET. The model is based on the simple assumption of abrupt depletion inside

the channel of the device. This chapter is devoted to the development of an improved

analytical model. This new proposed model uses the concept of gradual depletion

inside the channel. Abrupt depletion model assumes that an abrupt boundary exists

between the depleted and neutral regions inside the channel. But this assumption

cannot catch the the real scenario. In reality the boundary between depleted and

neutral regions is not abrupt. Gradual depletion assumption is an attempt to incor-

porate this fact in device modeling. Abrupt depletion model helps to obtain simple

modeling equations and quick understanding of the device behavior but accuracy of

this model may not be satisfactory in real applications. In the next chapter, it has

been shown that this new model provides a better approximation of Junctionless

Double Gate MOSFET behavior.

3.1 Normalization

For the sake of clarity, all formula of the previous chapter have been presented with-

out the use of simplifications or normalization. It is easier to deal with normalized

equations rather than the actual ones because normalization helps to get rid of con-

stant multiplying factors. Using normalized equations in modeling simulations is

a common practice in literature. Performing the actual calculation using normal-

ized units makes the algorithms more efficient, and in many cases helps to avoid

numerical overflow and underflow. So, before proceeding further in developing the
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new model, the working equation (2.13) developed in chapter 2 based on Poisson’s

equation will be normalized.

3.1.1 Normalization of Poisson’s equation

The normalization procedure starts with the rearranging of (2.13) as

vT
d2

dx2

 ϕ

vT

 =
qND

ϵsi

exp
 ϕ

vT
−
V

vT

− 1


and substituting u = ϕ/vT and v = V/vT into the above expression which gives

d2u

dx2
=
qND

ϵsivT
[exp (u− v)− 1] (3.1)

In effect in (3.1) electrostatic potential, ϕ and quasi Fermi potential, V have been

normalized with respect to thermal voltage, vT . So, u and v are referred to as

normalized electrostatic potential and normalized quasi Fermi potential respectively.

Now, letting

1

λD
=

√√√√ qND

ϵsivT
(3.2)

and

p =
x

λD
(3.3)

one can get

dp

dx
=

1

λD

and

d2

dx2
≡
dp

dx

d

dp

dp

dx

d

dp

 ≡
1

λ2D

d2

dp2
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where λD is known as Debye length. Here x has been normalized with respect to

λD. So p is referred to as normalized position variable.

Then (3.1) can be rewritten as

d2u

dp2
= exp (u− v)− 1 (3.4)

It can be observed that there is no constant multiplying factor on any side of (3.4)

and hence is the desired normalized working equation for the present analysis.

3.1.2 Normalized boundary conditions

In chapter 2 it has been shown that the boundary conditions can be expressed as

dϕ

dx

∣∣∣∣∣∣
x=0

= 0 and ϕ

±
tsi

2

 = ϕs

These above equations can easily be normalized to obtain normalized boundary equa-

tions

du

dp

∣∣∣∣∣∣
p=0

= 0 (3.5)

u (±P ) = us (3.6)

where

P =
tsi

2λD
. (3.7)

3.1.3 Electric field equation from the working equation

An expression for normalized electric field, En (p) can be obtained by integrating

(3.4) once. The integration is performed by multiplying both sides of (3.4) by 2
du

dp
,
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i.e.,

2
du

dp

d2u

dp2
= 2 exp (u− v)

du

dp
− 2

du

dp

Now integrating both sides with respect to p as

∫ En(p)

0

2
du

dp

d2u

dp2
dp = 2

∫ u(p)

0

exp (u− v)
du

dp
−
du

dp

dp
an expression for En (p) can be obtained i.e.,

En (p) =
du

dp
=

√
2 {exp [u (p)− v]− exp [u (0)− v]− u (p) + u (0)} (3.8)

Normalized surface electric field, Ens can be found by setting p = P into (3.8),

Ens = En (P ) =
du

dp

∣∣∣∣∣∣
p=P

=
√
2 {exp [us − v]− exp [u (0)− v]− us + u (0)}

(3.9)

Once again, another integration of (3.8) does not yield any closed-form expression.

Therefore in the following, efforts will be put to obtain approximate analytical so-

lutions.

3.1.4 Determination of surface charge

Electric field expression in (2.17) can be modified to express in terms of normalized

variables i.e., in terms of p and u as

E = −
dϕ

dp

dp

dx
= −

1

λD

d

dp

vT ϕ

vT

 = −
vT

λD

du

dp
(3.10)

and therefore surface charge QSC in (2.18) is transformed into
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QSC = −2

ϵSivT

λD

 du

dp

∣∣∣∣∣∣
p=P

= −2

ϵSivT

λD

Ens (3.11)

3.1.5 Approximate solution in accumulation region of operation

The first-order model deals only with the solution in depletion region of operation.

Therefore it incorporates the solution obtained in chapter 2 for accumulation region

of operation without further modification. Here the expressions for electric field

and surface potential under accumulation is just restated in terms of normalized

variables

Es ≈
VT

λD

√
2 [exp (us − v)− 1] (3.12)

and

βvT [exp (us − v)− 1] = (VG − VFB − us vT )
2 (3.13)

where β is the same as defined in (2.26)

3.1.6 Approximate solution under depletion condition

When us < v i.e., the device is biased in depletion or subthreshold conditions, usually

an zero-order depletion approximation is used in device modeling. In zero-order

approximation it is assumed that an abrupt transition occurs between neutral and

depleted regions as shown in Fig. 3.1. That is in zero-order depletion approximation

ρ (x) =

 ND, x < xd

0, x > xd
(3.14)

where xd is the length of the depletion region.

Here in this work a different modeling approach will be used under depletion condi-

tion. The exponential term present on the right hand side of (3.4) is linearized by
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Figure 3.1: Illustration of zero-order depletion approximation.

setting

u = uc + δu (3.15)

where uc is regarded as the electrostatic potential at the symmetry axis of the

device. δu can be viewed as the deviation of electrostatic potential from that of the

symmetry axis. Assumption of this type is regarded as a first-order approximation

to the exact carrier concentration and has already been applied for JL nanowire

FETs [39]. With this approximation (3.4) is modified as

d2δu

dp2
− exp (uc − v) δu = exp (uc − v)− 1 (3.16)

which is valid for 0 ≤ p ≤ p0. The point p0 is defined as the point where

δu (p0) = −1 (3.17)

Let α be defined as

α , exp (uc − v) (3.18)

Then using the definition in (3.18), (3.16) can be modified as

d2δu

dp2
− αδu = α− 1 (3.19)
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The first initial condition required to solve (3.19) can be obtained by noting that u

must equal to uc at the center of the channel i.e.,

u (0) = uc (3.20)

The second initial condition can be obtained by exploiting the symmetry of the DG

device as stated in (3.5). These two conditions can be rewritten in terms of δu using

(3.15) as

δu (0) = 0 (3.21)

dδu

dp
(0) = 0 (3.22)

The trial solution for (3.19) is

δu (p) = C1 e
√
αp + C2 e

−
√
αp + C3 (3.23)

where C1, C2 and C3 are constants to be determined from the boundary conditions.

Applying the first boundary condition (3.21) into (3.23) leads to

C1 + C2 + C3 = 0 (3.24)

Similarly the use of the second boundary condition implies

C1 = C2 (3.25)

Using (3.25) into (3.24) gives

2C1 + C3 = 0 (3.26)

Use of (3.25) into (3.23) leads to

δu (p) = C1

(
e
√
αp + e−

√
αp
)
+ C3 (3.27)
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The above two equations are not sufficient to determine all three constants. Three

equations are required to solve for three unknown constants. The last equation

required to completely determine the constants can be obtained by substituting

δu (p) from (3.27) back into (3.19) which leads to the following result

− αC3 = α− 1 (3.28)

Finally from (3.26), (3.27) and (3.28), the constants C1, C2 and C3 can be obtained

as

C1 = C2 =
α− 1

2α

C3 = −
α− 1

α

Substituting these values into (3.23), the final solution can be found as

δu =
α− 1

2α

[
e
√
αp + e−

√
αp
]
−
α− 1

α
(3.29)

or after some manipulation the above equation can be rewritten as

δu (p) =
α− 1

α

[
cosh

(√
α p

)
− 1

]
; 0 ≤ p ≤ p0 (3.30)

From (3.17) and (3.30), the value of p0 can be determined, i.e.,

p0 =
1√
α
cosh−1

(
1

1− α

)
(3.31)

For the region p0 < p < P , the depletion approximation is used i.e., instead of

(3.19), the following expression is used to determine the electrostatic potential

d2δu

dp2
= −1 (3.32)
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The trial solution for (3.32) is

δu = C4 p
2 + C5 (p− p0) + C6 (3.33)

where C4, C5 and C6 are constants and subjected to two continuity conditions.

The first condition has already been stated in (3.17) which simply implies that the

solution valid for region 0 < p < p0 and that valid for p > p0 must provide the same

value at p0 i.e., the transition must be continuous.

The second continuity condition is given as follows

dδu

dp
(p0)

∣∣∣∣∣∣
0<p<p0

=
dδu

dp
(p0)

∣∣∣∣∣∣
p>p0

(3.34)

This condition implies that the derivatives of both solutions must also be continuous

at p0.

Using (3.17) with (3.33) leads to the following

C4 p
2
0 + C6 = −1 (3.35)

The second continuity equation (3.34) implies

α− 1
√
α

sinh
(√

αp0
)
= 2C4 p0 + C5 (3.36)

Putting δu (p) from (3.33) into (3.32) gives

2C4 = −1 (3.37)

Solving the set of equations comprised of (3.35), (3.36) and (3.37) finally determines

the constants
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C4 = −
1

2

C5 = p0 +
α− 1
√
α

sinh (
√
α p0)

C6 =
1

2
p20 − 1

Then the final solution of (3.32) can be obtained by substituting these values into

(3.33) i.e.,

δu (p) = −p
2 − p20
2

− 1 +

[
p0 +

α− 1√
α

sinh
(√

α p0
)]

(p− p0) (3.38)

which is valid for the region p0 < p < P .

3.1.7 Approximate analytical expression for surface potential

Since surface potential, us = u (P ), expressions for us under depletion mode of

operation can be obtained by replacing p with P into (3.30) and (3.38).

us = u (P ) = uc + δu (P ) (3.39)

The surface potential is then given by,

us = uc +
α− 1

α

[
cosh

(√
αP

)
− 1

]
(3.40)

for p0 > P , and

us = uc −
P 2 − p20

2
− 1 +

[
p0 +

α− 1√
α

sinh
(√

αp0
)]

(P − p0) (3.41)

for p0 < P .
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3.2 Analytical Expression for Surface Charge Under Depletion Condition

Making use of (3.30) and (3.38) with (3.15),
du

dp
can be found as

du

dp
=
α− 1
√
α

sinh
(√

αp
)
; 0 < p < p0 (3.42)

or,

du

dp
= −p+ p0 −

1− α√
α

sinh
(√

αp0
)
; p0 < p < P (3.43)

Then QSC can be determined as

QSC = −ϵsivT
λD

α− 1
√
α

sinh
(√

αP
) (3.44)

for p0 > P , or

QSC =
ϵsivT
λD

[
P − p0 +

1− α√
α

sinh
(√

αp0
)]

(3.45)

for p0 < P .

3.2.1 Determining surface potential and charge

In accumulation us is determined with (3.13). Then having the knowledge of us,

QSC can be computed from (2.23).

In depletion the computation of us and uc is carried out with (2.23) using, as an

intermediate step, the computation of α with the help of (3.40) or (3.41). The

knowledge of α provides uc − v and, thus, uc for any given v, as well as us. QSC can

be found with the help of (3.44) and (3.45) depending on the value of p0.

It is to be remembered that us is not the true surface potential rather it is the nor-

malized surface potential. The true surface potential can be obtained by multiplying
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us by vT that is,

ϕs = us vT (3.46)

3.3 Threshold Voltage

Threshold voltage calculation in first-order model is quite straight forward. When

complete depletion occurs the normalized Poisson’s equation simply reads

d2u

dp2
= −1 (3.47)

Integrating both sides with respect to p under the boundary conditions of section

3.1.2 as ∫ p

p=0

d2u

dp2
dp = −

∫ p

p=0

dp

one gets

du

dp
= −p (3.48)

Then integrating the above expression again as

∫ p

p=0

du

dp
dp = −

∫ p

p=0

p dp

one gets

u (p)− uc = −
p2

2
(3.49)

Setting p = P in the expression just obtained, the following expression for us can

be reached

us − uc = −
P 2

2
= −

t2Si

8λ2D
= −

qNDt
2
Si

8ϵSivT
(3.50)
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Using the above expression with (2.1), (2.3) and (2.46), the following expression for

threshold voltage, VTH is obtained

VTH = VFB −
qNDtSi

2Ceff

(3.51)

where Ceff is defined in (2.49).

It is to be noted that the threshold voltage expression obtained using the first-order

model i.e., (3.51) and that obtained form abrupt depletion model namely (2.48) are

identical. This is because under the assumption of complete depletion both models

actually use the same picture of JL DG MOSFET. It is also important to remember

that the limiting condition in (3.50) is in fact an asymptotic expression which occurs

only for VGS ≪ VTH .

3.4 Expression for current in First-order Model

In section 2.6.1, the concept of mobile charge density was introduced and (2.51) and

(2.52) were used to calculate mobile charge density from the knowledge of space

charge density. The same concept is also used with first-order model.

In accumulation region, the current expression is the same as used in chapter 2

namely (2.60) which has been restated here

IDS = µ
W

L

[
QdV − 4CoxvT (VG − VFB − usvT )− Cox (VG − VFB − usvT )

2]us(L)

us(0)

+

4CoxvT
√
β vT tan−1

VG − VFB − usvT
√
β vT

us(L)

us(0)

(3.52)

where us (0) and us (L) denote the surface potential values at source and drain ends

respectively.
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In depletion mode of operation, mobile charge density is calculated by using (3.44)

for QSC and then substituting it into (2.51) i.e.,

Qm = −ϵsivT
λD

α− 1
√
α

sinh
(√

αP
)− qNDtSi (3.53)

for p0 > P .

On the other hand when p0 < P , (3.45) is used as an expression for QSC

Qm =
ϵsivT
λD

[
P − p0 +

1− α√
α

sinh
(√

αp0
)]

− qNDtSi. (3.54)

Using these above expressions with Pao-Sah integral in (2.54), the following expres-

sions can be achieved

IDS = −µ
W

L

∫ VD

VS

−ϵsivT
λD

α− 1
√
α

sinh
(√

αP
)− qNDtSi

 dV (3.55)

if p0 > P , or

IDS = −µ
W

L

∫ VD

VS

{
ϵsivT
λD

[
P − p0 +

1− α√
α

sinh
(√

αp0
)]

− qNDtSi

}
dV (3.56)

for p0 > P .

Unfortunately the integrals in (3.55) and (3.56) do not have closed form solutions,

i.e., they have to be computed numerically. The current values are to be evaluated

according to the bias condition as discussed in the following. Before that let a new

parameter to be defined as

V eff
G = VG − VFB (3.57)

If VS < VD < V eff
G , the surface is biased in accumulation from the source to the

drain. In this case, the current expression is given by as per (3.52).
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When V eff
G < VS < VD, the surface is biased in depletion from the source to the

drain. In this case the current, IDS is calculated from (3.55) or (3.56) according to

the value of p0.

Finally, if VS < V eff
G < VD, the surface is biased in accumulation at the source side

and in depletion at the drain side of the channel. In this case the Pao-Sah integral

in (2.54) is split into two, the first of which is extended from VS to V eff
G with the

current expression is given by (3.52) where the upper limit of the integration is

changed to V eff
G . The second one is extended from V eff

G to VD with the integrand

function given again by (3.55) or (3.56) depending on the value of p0. The lower

limit of the integral in both cases are to be replaced by V eff
G .

Although using gradual/linear depletion assumption provides different closed-form

equations of surface potential valid for different regions of operation but it fails to

produce closed-form expressions for drain current. But drain current values can

be obtained easily by writing some MATLAB codes applying numerical techniques

and following the above discussion. Graphical results generated using the first-order

depletion model has been presented in the next chapter.



4. Results and Discussions

In the previous two chapters, two different approaches to model Junctionless DG

MOSFET have been discussed. Based on the modeling equations developed in

chapter 2 and 3, simulation results obtained from these models are presented in

this chapter. As mentioned earlier that this work limits itself only to n-channel

Junctionless DG MOSFET. The electrostatic potential, space and inversion charge

carrier density and drain current characteristics of JL DG MOSFET are presented.

The impact of various factors on the threshold voltage have also been analyzed in

detail. The simulations for modeling have been performed by writing programs in

MATLAB software to evaluate the modeling equations. The validity of the results

is confirmed by comparing the obtained results with numerical solution of Poisson’s

equation using MATLAB, SILVACO ATLAS TCAD tool and already published data

in literature.

4.1 Device Parameters

In figure 2.1, a two dimensional cross-section of a junctionless DG MOSFET with

appropriate labeling of the device parameters has been shown. Silicon (Si) has been

used as the channel material along with silicon-di-oxide (SiO2) as the material for

both top and bottom gate oxides. Table 4.1 lists all the values used for different

device parameters in this simulation work.
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Table 4.1: Device and process parameter values used in the simulation.

Name Symbol Value Unit

Gate length L 1 µm
Device width W 1 µm
Doping concentration ND 1019 cm−3

Oxide thickness tox 8 nm
Channel thickness tSi 10 nm
Workfunction difference ϕMS 1.12 eV

4.2 Modeling Setup and Numerical Simulation

To understand the nature of different variables and their impacts on the characteris-

tics of JL DG MOSFET and to get a comparison between the two models discussed

in previous chapters, different variables are simulated using the aforementioned mod-

els. In order to check for the validity of simulated results numerical simulations were

performed to directly compare the results and to find out the differences. Finally the

simulated results were verified against TCAD tools to further guarantee the efficacy

of the analytical models.

4.2.1 Abrupt Modeling

Abrupt modeling of JL DG MOSFET consists of the equations obtained for surface

potential, surface charge, threshold voltage and drain to source current in chapter

2. For convenience those equations are restated here.

Surface potential in accumulation (VG > VFB + VD):

βvT

exp
ϕs − V

vT

− 1

 = (VG − VFB − ϕs)
2 (4.1)
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Surface potential under partial depletion (VTH < VG < VFB + VD):

ϕs = V −
1

β
(VG − VFB − ϕs)

2 (4.2)

Surface potential under full depletion (VG < VTH):

ϕs = VG − VTH −
qNDtSi

8CSi

− vT W

qNDtSi

4CoxvT
exp

VG − VTH − V

vT

 (4.3)

Threshold voltage:

VTH = VFB −
qNDtSi

2Ceff

(4.4)

Current in accumulation (VG > VFB + VD):

IDS = µ
W

L

[
QdV − 4CoxvT (VG − VFB − ϕs)− Cox (VG − VFB − ϕs)

2]ϕs(L)

ϕs(0)

+

4CoxvT
√
β vT tan−1

VG − VFB − ϕs
√
β vT

ϕs(L)

ϕs(0)

(4.5)

Current in partial depletion (VTH < VG < VFB):

IDS = µ
W

L

QdV − Cox (VG − VFB − ϕs)
2 +

4

3β
Cox (VG − VFB − ϕs)

3

ϕs(L)

ϕs(0)

(4.6)

Current in the hybrid channel (VTH < VG < VFB + VD):

IDS = µ
W

L

[
Qd VDS + 2Cox

∫ VG−VFB

0

(VG − VFB − ϕs) dV

∣∣∣∣
acc

+ 2Cox

∫ VDS

VG−VFB

(VG − VFB − ϕs) dV

∣∣∣∣
dep

] (4.7)
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Current under full depletion (VG < VTH):

IDS = 2µ
W

L
vT Cox

∫ VDS

0

W

 Qd

4CoxvT
exp

VG − VTH − V

vT

 dV (4.8)

Several MATLAB scripts were written to simulate the above equations and plot the

results. The prime advantage of abrupt model is that there are explicit expressions

for currents so that results are obtained faster than any other models.

4.2.2 First-order Modeling

In the first order modeling, expressions for surface potential, surface charge, thresh-

old voltage and drain current as derived in chapter 3 provide all information regard-

ing the state of the device in all operating region. Those expressions are restated

here for convenience.

Surface potential in accumulation (VG > VFB + VD):

βvT [exp (us − v)− 1] = (VG − VFB − us vT )
2 (4.9)

Surface potential under depletion (VG < VFB + VD):

us = uc +
α− 1

α

[
cosh

(√
αP

)
− 1

]
(4.10)

for p0 > P , and

us = uc −
P 2 − p20

2
− 1 +

[
p0 +

α− 1√
α

sinh
(√

αp0
)]

(P − p0) (4.11)

for p0 < P .

p0 =
1√
α
cosh−1

(
1

1− α

)
(4.12)
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Surface charge under depletion (VG < VFB + VD):

QSC = −ϵsivT
λD

α− 1
√
α

sinh
(√

αP
) (4.13)

for p0 > P , or

QSC =
ϵsivT
λD

[
P − p0 +

1− α√
α

sinh
(√

αp0
)]

(4.14)

for p0 < P .

Normalized surface potential:

ϕs = us vT (4.15)

Threshold voltage:

VTH = VFB −
qNDtSi

2Ceff

(4.16)

4.2.3 One-dimensional numerical simulation

In order to verify the accuracy of the analytical models and to prove the validity of

abrupt and gradual depletion approximations, a one-dimensional numerical simula-

tion of JL DG MOSFET has also been performed. The simulation zone is taken in

the middle of the channel along the gate-to-gate line which is marked as the x-axis

in figure 2.1. Equation (2.13) has been solved numerically along this line.

The differential equation was solved using finite difference technique. In this method

the whole simulation zone is discretized into a finite number of grid points. The

difference between the grid points and the total number of grid points is chosen in

such a way to obtain sufficiently accurate results. At any grid point (except for the

grids at the boundary), i the second order derivative is discretized according to the

following equation
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d2ψ

dx2
= 2

ψi+1 − ψi

∆xi+1,i

−
ψi − ψi−1

∆xi,i−1


∆xi+1,i +∆xi,i−1

(4.17)

where ∆xi+1,i is the spacing between node i and j. If a homogeneous grid spacing

i.e., ∆x1,2 = ∆x2,3 = · · · = ∆ is used then the above equation reduces to

d2ψ

dx2
= 2

ψi+1 − 2ψi + ψi−1

(∆x)2
(4.18)

For this work a grid spacing of 0.01 nm has been used. At the first grid point

Dirichlet boundary (fixed voltage) condition has been applied. On the other hand at

the last grid point Neumann boundary condition has been applied. These boundary

conditions are in conformity with the boundary conditions stated in (2.14) and (2.15)

of chapter 2 or with those stated in (3.5) and (3.6) of chapter 3.

The matrix equation obtained after discretization has been solved using Newton-

Raphson method. Newton-Raphson method is a very powerful method for solving

matrix equations. Faster convergence can be achieved with this method if a reason-

able initial guess is used.

4.2.4 TCAD simulation

Technology Computer-Aided Design (TCAD) tools are used to automate electronic

device design and allows modeling of semiconductor fabrication and semiconductor

device operation. They are widely used in semiconductor device simulation for

prediction, analysis and test purpose. Modeling device fabrication includes modeling

different process steps such as ion implantation and diffusion. TCADs are also very

useful to simulate the behavior of electronic devices and to model them based on

their underlying fundamental physics. TCADs also allows to create compact models

such as for transistors. Many TCAD tools are available nowadays. They provide
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facilities to simulate a wide number of semiconductor devices. Here in this simulation

ATLAS device simulation software [2] from SILVACO, Inc. has been used to prove

validity of the analytical models described in this work.

In this work, a two dimensional device has been simulated in ATLAS which conforms

with the device shown in figure 2.1. ATLAS uses finite element method to solve

differential equations. The spacing between grids has been chosen to vary so that

fine spacing can be used in critical regions such as at junctions and interfaces. On

the other hand coarse spacing has been used where variations are expected to be

smooth and slow in nature such as inside the oxide layers.

Figure 4.1 shows the structure used for JL DG MOSFET in ATLAS. As can be

verified that the channel length is 1 µm. Such a long channel has been used to

neglect the effects of short-channel effects. On the other hand, 1 µm device width

has been used so that narrow-channel effects can be avoided . To avoid parasitic

resistance effect, source and drain lengths are set to be 10 nm [35]. Although poly-

silicon gates are usually used but in order to be in conformity with the theoretical

analysis metal gates has been used. The workfunction of for this gate metal has

been set to 5.33 eV to match with the workfunction difference enlisted in table 4.1.

The doping profile used in ATLAS has been shown in Figure 4.2 which is in confor-

mity with the abrupt nature of analytical models, except for the fact that a default

doping concentration of 1012 cm−3 has been used in oxide layers. The effect of using

such low concentration is very negligible as can be seen later.

Since the objective of TCAD simulation is just to validate the analytical models,

no rigorous models available in ATLAS has been used. This is why only Boltzmann

carrier model has been used. Mobility is a very important parameter necessary to

calculate currents. Since mobility depends on doping concentration, concentration

dependent mobility model available in ATLAS has been included in the simulation.

The mobility values used in the simulation of analytical models are the same as used
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ATLAS: Structure Plot
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Figure 4.1: Two dimensional structure used for simulation of JL DG MOS-
FET in SILVACO ATLAS.

in ATLAS and has been enlisted in table 4.2. The full list of mobility values versus

doping concentration can be found in ATLAS software manual.

Table 4.2: Mobility of Electrons and Holes in Silicon at T = 300 K [2]

Concentration Electron mobility Hole mobility
(cm−3) cm2 V−1 s−1 cm2 V−1 s−1

6.0× 1018 113.6 74.5
8.0× 1018 99.5 66.6
1.0× 1019 90.5 61.0
2.0× 1019 86.9 55.0

4.3 JL DG MOSFET Characteristics

In the previous sections, structure of the simulated device along with different meth-

ods of simulation have been discussed. This section and the following sections focus
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ATLAS: Doping Density Plot
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Figure 4.2: Doping profile used for simulation of JL DG MOSFET in
SILVACO ATLAS.

on the characteristics of JL DG MOSFET. Surface potential, surface charge and

drain current characteristics of this device are analyzed and discussed in detail in

this section.

4.3.1 Potential vs. position characteristics

Figure 4.3 depicts the nature of electrostatic potential inside the channel of JL DG

MOSFET under deep depletion. The plots cover only the lower half of the channel

since a mirror reflection along y axis will produce the results for the upper half of

the channel. This nature of is attributed to the symmetric structure used for JL DG

MOSFET. It can be checked form the figure that the first-order depletion model

matches very well with the exact numerical solution of the Poisson’s equation in

(2.13).
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Figure 4.3: Electrostatic potential in depletion versus x coordinate of po-
sition variable for gate voltage values below threshold ranging from −1.5 V
to −1.1 V in steps of 0.1 V. Numerical solutions using MATLAB (Symbols).

First-order model results (Solid lines).

The potential under deep depletion for a particular gate voltage attains its max-

imum value at the center of the channel and falls non-linearly towards the oxide-

semiconductor interfaces. The value of center potential and surface potential in-

creases with gate voltage. The spacing between the curves decreases slowly as the

gate voltage rises.

4.3.2 Surface Potential vs. Gate Voltage characteristics

The key parameter underlying the development of two models discussed here is the

surface potential. For this reason it is very important to observe and analyze the

surface potential versus gate voltage characteristics from deep depletion to strong
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Figure 4.4: Surface potential of the JL DG MOSFET plotted against
the gate voltage. (Stars) SILVACO ATLAS simulation. (Squares) Abrupt
model. (Circles) MATLAB simulation. (Line) First-order model. (Inset)
Expanded view of transition from full depletion to partial depletion - solid
line corresponds to first-order model and dashed line represents abrupt de-

pletion model.

accumulation. Figure 4.4 shows surface potential characteristics for a JL DG MOS-

FET and compares the result obtained from the first order model with those obtained

from the abrupt depletion model and numerical simulations. It is very clear from the

figure that surface potential obtained from the first-order depletion model matches

very well with both numerical and TCAD solutions from the whole range of gate

voltage from deep depletion to strong accumulation. On the other hand, the surface

potential obtained from the abrupt model fails to match with numerical solutions in

partial depletion region where it simply overestimates surface potential than its true

value. Another weak point of the abrupt depletion based surface potential model is

that there is a discontinuity in transition from deep depletion to partial depletion
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around the threshold voltage. In reality surface potential always varies continu-

ously with gate voltage. Therefore abrupt depletion based model fails to provide

the correct picture and may cause convergence problems in SPICE like programs.
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Figure 4.5: Surface potential of the JL DG MOSFET plotted against the
gate voltage for ND ranging from 1019 cm−3 to 1.2 × 1019 cm−3 in steps of
1 × 1018 cm−3. (Solid symbols) MATLAB simulation. (Hollow symbols)

Abrupt model. (Lines) First-order model.

Figure 4.5 to 4.8 demonstrates the dependencies of the surface potential versus

gate voltage characteristics with respect to various parameters. These parameters

include doping concentration, oxide thickness, channel thickness and quasi-Fermi

potential. Change in each of these parameters affects surface potential characteristics

differently.

The effect of increasing doping concentration is that it shifts the characteristics

towards left that is as the doping concentration increases threshold voltage becomes

more negative. There is no visible change in the accumulation region.
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Figure 4.6: Surface potential of the JL DG MOSFET plotted against the
gate voltage for tox ranging from 2 nm to 8 nm in steps of 3 nm. (Solid
symbols) MATLAB simulation. (Hollow symbols) Abrupt model. (Lines)

First-order model.
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On the other hand, increasing gate oxide thickness shifts the subthreshold region

of the characteristics towards left which also means a decrease in threshold voltage.

There is another effect of increasing oxide thickness - the surface potential in accu-

mulation slowly reduces. As gate oxide thickness increases more gate voltage drops

across the gate oxide and less potential drops inside the channel.

Increasing channel thickness also shifts threshold voltage towards negative. This

time it is not an exact left shift because the surface potential value also shifts down

in the subthreshold region. Increasing quasi-Fermi level does not affect the sub-

threshold region but increases the surface potential value in accumulation region. In

all the figures, the discrepancies between the abrupt-depletion based surface poten-

tial model and first-order depletion model can easily be identified.

Finally in figure 4.9, the potential of the symmetry axis has been plotted against

the gate voltage for various values of quasi-Fermi potential. From the figure it can

be observed that potential of the symmetry axis remains constant to quasi-Fermi

potential up to the transition from partial depletion to full depletion. It then falls

linearly with the decrease in gate voltage in strong depletion.

4.3.3 Charge vs. Gate Voltage characteristics

In figure 4.10 and 4.11, space charge density and mobile charge density character-

istics from subthreshold to strong accumulation have been shown. Space charge

density is negative for gate voltage greater than flatband voltage whereas mobile

charge density is always negative. Therefore in these figures absolute values of space

charge and mobile charge densities per unit area within the channel region have

been plotted against gate voltage. To have better understanding about the number

of carriers involved, these plots have been normalized with respect to free electron

charge.

Results from the first order model has been compared against abrupt model and

numerical solution obtained from MATLAB. It is clear from the figure that both
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models are in excellent agreement with numerical simulation. In deep depletion

charge density is almost constant which is quite reasonable because the channel

region has already been fully depleted. The increased voltage drop in this region of

operation leads to drastic change in mobile charge density but is still quite small

compared to fixed charge density. The linear change in log scale translates into an

exponential increase in mobile charge density under deep deletion.

As the region of operation shifts from deep depletion to partial depletion, the channel

starts to be depleted partially. Therefore space charge value starts to decrease in

magnitude. Also the exponential increase in mobile charge density ceases and starts

to saturate as it enters into accumulation. The sharp notch in the plot implies zero

space charge density which occurs in flatband condition. This notch appears because

of logarithmic nature of plot. In reality there is no sharp change in magnitude of

space charge density.

In strong accumulation, a large increase in gate voltage causes a small increase in

mobile charge density and hence in accumulation both space charge and mobile

charge densities have slow increment and almost tend to saturate.

4.4 Current-Voltage Characteristics

This section reveals the most desirable characteristics of the JL DG MOSFET -

its current-voltage characteristics. These characteristics are important because the

properties of these characteristics can be used to judge the efficacy and suitability

of using JL DG MOSFET in real applications. Two types of current-voltage char-

acteristics will be considered here. The first one is the transfer characteristic which

is also known as turn-on characteristics in the literature. The second important

current-voltage characteristic is the output characteristic of the JL DG MOSFET.

Emphasis will be given on the superiority of first order depletion model over the

traditional abrupt depletion model in modeling these characteristics. There will be
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a discussion on output conductance and transconductance of the device at the end

of the section.

4.4.1 Transfer characteristics

Transfer characteristics help to determine many important MOSFET properties like

turn-on current, turn-off current, subthreshold swing/slope and so on. From these

properties one can choose the desired MOSFET from various types of MOSFETs

for integrated circuit designs. In figures 4.12 to 4.15, transfer characteristics for JL

DG MOSFET have been demonstrated. These figures also illustrates the depen-

dencies of transfer characteristics on various MOSFET parameters such as doping

concentration, gate oxide thickness, channel thickness and quasi-Fermi potential.

These dependencies have shown both in normal and logarithmic scale to make it

easy for the readers to get a comprehensive idea about these characteristics. The

results obtained from the first-order model have been compared against the abrupt

depletion model and ATLAS TCAD simulation to prove the validity and superiority

of first order modeling. It can be seen from the figures that first order model better

approximates the transfer characteristics than the abrupt model does.

The abrupt model fail to match with TCAD results in partial depletion region

and shows discontinuity at the transition from deep depletion to partial depletion.

Also in the partial depletion region abrupt model overestimates the current than

TCAD results. These discontinuities appear in the transfer characteristics due to

the presence of discontinuities in the surface potential characteristics. Both abrupt

depletion and first order model deviates slightly from TCAD results in accumulation

region. This may be due to the oversimplification of surface potential in this region.

4.4.2 Output characteristics

The output characteristics of JL DG MOSFET have been shown in figure 4.16. To

prove the validity of the results obtained from the first order model, comparison
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have been made with abrupt model and TCAD simulations. A very good agreement

with TCAD simulations have been obtained. Abrupt model slightly deviates from

the TCAD solutions. The reason for this may be the poor accuracy of this model

in modeling of surface potential since drain current calculation is dependent on the

values of surface potential.

In the output characteristics, drain to source current, IDS have been plotted against

drain to source voltage, VDS ranging from 0 V to 1 V. within this range saturation

in IDS is observed only for very low gate voltages. For higher gate voltages, the

channel remains in partial depletion region and saturation is not achieved.
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4.4.3 Transconductance and Output conductance

Figure 4.17 and 4.18 demonstrate the transconductance and output conductance

characteristics of JL DG MOSFET respectively. Transconductance and output

conductance characteristics as obtained from the analytical equations predicted by

abrupt depletion model has also been plotted alongside with those predicted by first

order depletion model. The transconductance of a JL DG MOSFET is defined as

gm =
dIDS

dVGS

(4.19)

On the other hand the output conductance of a JL DG MOSFET is given by

gd =
dIDS

dVDS

(4.20)

Tranconductance value of JL MOSFET increases rapidly with the decrease in gate

oxide thickness which is expected because it is easier for the gate terminal to control

charges inside the channel with thin gate oxide. The thinner the gate oxide the

lower the voltage drop across the gate oxide. Saturated tranconductance value is

also higher for thinner gate oxide JL DG MOSFETs. Another important point to

note about the transconsuctance is that the thinner the gate oxide the higher the

gate voltage required to achieve sufficient transconductance value.

Output conductance for a JL DG MOSFET decreases almost linearly with the in-

crease in drain to source voltage, VDS for a particular gate voltage. With the increase

in gate voltage this characteristic shifts up.

First order depletion model predicts the characteristics better than the abrupt deple-

tion model as evident from the figures. Abrupt model in particular shows very poor

result in transconductance characteristics modeling. This deviation is prominent for

thinner gate oxide thickness.
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4.5 Capacitance-Voltage (CV) Characteristics

The nature of the capacitance-voltage (C-V) characteristics of JL DG MOSFET is

quite different compared to the conventional bulk MOSFETs because of the junction-

less nature of the MOSFET and the presence of two oxide-semiconductor interfaces.

Capacitance in JL DG MOSFETs originates from the capacitance of two gate oxides

and the capacitance of the channel. The dependence of total capacitance of a JL DG

MOSFET with gate oxide capacitance and channel capacitance can be established

from the definition of capacitance

C =
dQG

dVG
= −

dQSC

dVG
(4.21)

where C is the total capacitance of a JL DG MOSFET and QG is the gate charge

per unit area. The rightmost term is originated from the fact that charge balance

relation still applies i.e.,

QG +QSC = 0

With the help of (2.5), it is possible to modify (4.21) as

C = −
dQSC

d

VFB −
QSC

2Cox

+ ϕs


=

−
dQSC

dϕs

d

VFB −
QSC

2Cox

+ ϕs


dϕs

=

−
dQSC

dϕs

1 +
1

2Cox

−
dQSC

dϕs


(4.22)

If channel capacitance, Cch is defined as

Cch = −
dQSC

dϕs

(4.23)
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then (4.22) can be modified to

C =
Cch

1 +
Cch

2Cox

=
1

1

Cch

+
1

2Cox

(4.24)

Now, (2.33) defines the surface charge in depletion which in turn helps to estimate

Cch as

Cch = −
dQSC

dϕs

= −2qND

dxd

dϕs

(4.25)

To calculate
dxd

dϕs

, first (2.32) is set with V = 0

ϕs = −
qND

2ϵSi
x2d ⇒

dxd

dϕs

= −
ϵSi

qNDxd
(4.26)

The final expression for Cch can be found as

Cch =
2ϵSi

xd
(4.27)

In accumulation, there is no depletion layer i.e., xd = 0, therefore Cch approaches

to infinity. Actually in accumulation, there is an accumulation layer of electrons

whose width is negligible and can be considered as surface charge. Hence in strong

accumulation

C = 2Cox

As the JL DG MOSFET enters into depletion and the region of operation shifts to

deep depletion, xd increases from zero which in turn lowers channel capacitance and

hence the total capacitance. As there is no inversion in JL DG MOSFET hence

total capacitance continues to decrease with decreasing gate voltage. Reflection of

these words is found in figure 4.19 where normalized total capacitance C/Cox has

been plotted. Results from analytical models and TCAD solutions have also been
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plotted in the same figure. It is readily observable that first-order model has better

agreement with TCAD results.

In figures 4.20 to 4.22, dependencies of C-V characteristics on different parameters

such as gate oxide, channel thickness and doping concentration have been depicted.

4.6 Threshold Voltage Characteristics

Threshold voltage is a significantly important parameter of a JL DG MOSFET. This

section concentrates on the parameters those affect the threshold voltage of a JL DG

MOSFET. The factors whose effects will be discussed in this context are channel

thickness, gate oxide thickness and doping concentration.

Figure 4.23 demonstrates the effect of increasing gate oxide thickness on threshold

voltage of a JL DG MOSFET. The figure shows that with the increase in gate oxide

thickness, VTH continues to decrease. From classical viewpoint, the explanation is

simple. As the oxide thickness increases, so does the voltage drop across the oxide.

Therefore more negative voltage on gate terminal is required to deplete the channel

as the gate oxide increases.

The effect of increasing channel thickness on threshold voltage of a JL DG MOSFET

has been shown in figure 4.24. As can be seen from the figure that VTH decreases

as the channel thickness increases. The reason behind this is that as the channel

thickness increases, more free carriers become available inside the channel region.

Putting differently, increasing channel thickness requires more negative gate voltage

to deplete the free electrons inside the channel.

Both figure 4.23 and 4.24 also show the effect of doping concentration on threshold

voltage. VTH decreases with increasing doping concentration. Again the explanation

is the same. Increased doping concentration increases the number of carriers inside
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Figure 4.19: Capacitance vs. voltage curve obtained from the proposed
model of the JL DG MOSFET.
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Figure 4.20: Capacitance vs. voltage curve obtained from the proposed
model of the JL DG MOSFET for ND ranging from 6×1018 to 1019 cm−3 in
steps of 2×1018 cm−3. (Symbols) Abrupt model. (Lines) First-order model.
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Figure 4.21: Capacitance vs. voltage curve obtained from the proposed
model of the JL DG MOSFET for tox ranging from 2 nm to 8 nm in steps

of 3 nm. (Symbols) Abrupt model. (Lines) First-order model.

-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0
0.0

0.5

1.0

1.5

2.0

tSi

L = 1 m
tox = 8 nm

ND = 1019cm-3

VD = 0 V

R
el

at
iv

e 
C

ap
ac

ita
nc

e,
 C

/C
ox

 

Gate  voltage,  VG (V) 

Figure 4.22: Capacitance vs. voltage curve obtained from the proposed
model of the JL DG MOSFET for tSi ranging from 8 nm to 12 nm in steps

of 2 nm. (Symbols) Abrupt model. (Lines) First-order model.
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the channel which requires more negative gate voltage (decreased threshold voltage)

to deplete the channel.

For JL DG MOSFETs it is also important to discuss about their threshold voltage

shifts. This threshold voltage shift is significantly larger than that of the undoped

channel transistor, as mentioned in [40] and [35]. In order to have quantitative

knowledge about the threshold voltage shift (∆VTH) of JL DG MOSFETs, threshold

voltage sensitivity of VTH with respect to channel thickness, gate oxide thickness,

and doping concentration has been determined here.

These expressions can very easily be obtained by taking variations of (4.16) with

respect to tsi, tox and ND. Then the following expressions can be obtained

∆VTH,ND
= −

qNDtSi

2Ceff

∆ND

ND

 (4.28)

∆VTH,tSi
= −

qNDtSi

2

 1

4CSi

∆tSi

tSi

2

+
1

Cox

∆tSi

tSi

 (4.29)

∆VTH,tox = −
qNDtSi

2Cox

∆tox

tox

 (4.30)

where ∆VTH,ND
, ∆VTH,tSi

, and ∆VTH,tox are threshold voltage shifts caused by rel-

ative changes of doping concentration, channel thickness and gate oxide thickness

respectively. These sensitivities as determined in (4.28) to (4.30) have been plotted

in figures 4.25 to 4.27. From these figures it is very much evident that the threshold

voltage of JL DG MOSFET is much sensitive to parameter variations. For example,

from figure (4.28) it can be found that a 10% variation of ND would lead a 200 mV

shift in threshold voltage. The same behavior can be observed for channel thickness

and gate oxide thickness variations.
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Figure 4.26: Threshold voltage shift of the JL DG MOSFET plotted as a
function of the relative change of channel thickness.
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Figure 4.27: Threshold voltage shift of the JL DG MOSFET plotted as a
function of the relative change of gate oxide thickness.



5. CONCLUSION

5.1 Summary

In this thesis work, a new analytical model based on gradual depletion has been

proposed to calculate the surface potential and the drain current for a symmetric

long-channel JL DG MOSFET. Since the proper operation of JL DG MOSFETs

require the channel region to be heavily doped, no closed-form solution of Poisson’s

equation can be found for these device structure. That is why appropriate sim-

plifying assumptions have been made under deep depletion, partial depletion, and

accumulation conditions. The proposed model is valid in all regions of operation, i.e.,

the subthreshold, linear, and saturation regimes and provides improved accuracy in

modeling device characteristics which has been verified with the help of numerical

simulations from TCAD tools.

With this new model, surface potential and drain current characteristics have been

analyzed and effects of different device parameters like channel thickness, gate oxide

thickness have been observed and explained. These characteristics are also affected

by impurity concentration which has also been studied here. Some other important

characteristics of the device such as transconductance and output conductance have

been analyzed and interesting results have been obtained. It has been found that

transconductance of the device varies significantly with gate oxide thickness.

Capacitance-voltage characteristic of the JL DG device has been examined for vary-

ing channel thickness and gate oxide thickness and doping concentration inside the

channel of the device. High doping concentration and thick channel can supply
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more carriers and thus help the device reach accumulation condition quickly. On

the other hand, thick gate oxide reduces the effect of gate voltage by consuming a

greater portion of the applied voltage and thus helps to acquire early accumulation.

This works has also portrayed consistent results with the previously examined thresh-

old condition. This has indicated higher sensitivity of threshold voltage on process

and device parameters which is supported by earlier results.

The proposed model has been found to provide improved accuracy over the model

based on abrupt depletion in analyzing the characteristics of JL DG devices. The

proposed model not only provides improved estimations of current and potential

values but also provides continuous surface potential and drain current expressions

which are extremely important for SPICE modeling. On the contrary the earlier

model based on abrupt depletion provides discontinuous results which makes the

proposed model a suitable candidate for further investigation of JL DG device char-

acteristics.

5.2 Scope of Future Works

Since this model has been developed considering long channel devices, this model

may not be accurate for short channel devices whose normal operation is affected

by different short-channel effects (SCE) and narrow channel effects (NCE). The

proposed model does not consider these effects. For the sake of simplicity, constant

carrier mobility has been employed in derivation of current expressions for JL DG

MOSFET.

In 1D analysis, the following works can be included as immediate extensions of the

work presented in the thesis.

Field dependent mobility may be calculated for the devices’ transport characteristics.
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Modeling of asymmetric device can be done. This will provide more parameters to

allow more sophisticated control of device characteristics.

Performance of modified JL DG devices can be evaluated. These modifications may

include the use of stack gate and high-κ gate oxide.

Quantum effects are not included in the proposed model. In order to include these

effects a self consistent analysis can be performed by developing a Schrödinger-

Poisson solver.

Gate tunneling current and leakage performance analysis can be included in the sim-

ulation, which may carry very interesting information that cannot be obtained from

the conventional gate tunneling compact models for JL DG MOSFETs. Tunneling

current and leakage performance analysis by pure quantum mechanical treatment is

essential for devices’ evaluation as an efficient nanoscale transistor.

Interface trap states can be calculated using 1D self consistent analysis. The signif-

icance of interface traps calculation lies in its modification of the device’s threshold

voltage.

Besides these, thorough investigation of the device can be made by developing 2D

and 3D device solver which will easily capture short-channel and narrow channel

effects. Effect of strain of mobility can also be explored.

Finally, it is required to optimize the structural issues in order to lessen the threshold

voltage shift of the JL DGFET due to shift in process and device parameters. It is

expected that the model may provide some insight into the design and application

of the JL DG MOSFET, a promising candidate for future technology nodes.
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