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ABSTRACT

Silicon-on-insulator (SOI) technology has been receiving a lot of attention owing to its
advantages in reduced second-order effects for VLSI applications. It has been the
forerunner of the CMOS technology in the last decade offering superior CMOS devices
with higher speed, higher density and excellent radiation hardness. Many novel device
structures have been reported in literature to address the challenge of short-channel

effects (SCE) and higher performance for deep submicron VLSI integration.

Double Gate (DG) MOSFETs using lightly doped ultra thin layers seem to be another
very promising option for ultimate scéling of CMOS technology. Excellent short-channel
effect immunity, high transconductance and ideal subthreshold factor have been reported

by many theoretical and experimental studies on this device.

We have proposed a two dimensional analytical model for the modeling of DG-
MOSFET’s using Green’s functions. An analytical model using Poisson’s equation also
has been presented for the potential distribution and threshold voltage model for the DG-

MOSFET. The results are compared with existing model results.

In this thesis, an analytical solution for the potential distribution of the two dimensional
Poisson’s equation with the dirichlet boundary cpndition has been obtained for the
DGMOSFET device by Green’s function technique. Based on the calculated potential
distribution, the minimum surface potential of the DGMOSFET is determined. From the
calculated minimum surface potential, the threshold voltage of the DGMOSFET is
determined. It has been verified that the dependence of the calculated threshold voltage,
surface potential and potential distribution on device channel length, gate oxide
thickness, channel doping concentration, drain and gate biases with previous model
results. This general solution of electrostatic potential distribution is uniquely determined
by the given dirichlet boundary condition along the rectangular region. It can deal with

any arbitrary doping profile.
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CHAPTER 1
INTRODUCTION

e —

1.1 Background

In this background, we will be first presenting an overview of the Double Gate MOSFET
structure which gives a basic understanding of the unconventional device. Later, we will

present an overview of the general analytical modeling procedure.

1.1.1 Overview of Double Gate-MOSFET

In conventional single Gate bulk-Si microcircuits, the active elements are located in a
thin surface layer (less than 0.5 um of thickness) and are isolated from the silicon body
with a depletion layer of a P-N junction. The leakage current of this P-N junction
exponentially increases with temperature and is responsible for several serious reliability
problems. Excessive leakage currents and high power dissipation limits operation of the
microcircuits at high temperatures. Double —Gate MOSFETs technology employs Two
Gate and a thin layer of silicon (tens of nanometers) isolated from a silicon substrate by a
relatively thick (nanometers) layer of silicon oxide. DG MOSFET was proposed in the
early 1980s. Double-Gate MOSFETs have been regarded as the most promising
candidate for ultimate MOSFET scaling due to their excellent Short Channel MOSFET
(SCE) immunity [1]. It can be scaled to the shortest channel length possible for a given

gate oxide thickness.
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Figurel.l: Double gate MOSFET
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Figure.1.2: Evolution of gate length predicted by the 2005 ITRS For high-performance (HP), low
operating power (LOP), and low standby power (LSTP) digital circuits [2].

Depcnding on the doping of the silicon layer, DG-MOSFETs will operate doped or
undoped (lightly doped). The advantage advocated for DGMOSFETs include: ideal
60mv/decade subthreshold  slope;  volume  inversion (for  symmetric
DGMOSFETs)[3];setting of threshold voltage by the gate work function thus avoiding
dopant and associated Number fluctuation effects etc. However, with the reduction of
channel length, control of Short-channel effects is one of the biggest challenges in
further down-scaling of the Technology. The predominating short-channel effects are a
lack of pinch-off and a shift in Threshold voltage with decreasing channel length as well
as drain induced barrier lowering (DIBL) and hot-carrier effect at incréasing drain
voltage. However, the thin-film thickness has to reduce to the order of 10 nm to
significantly improve the device performance, which becomes prohibitively difficult to
manufacture and causes large device external resistance due to shallow source/drain
extension (SDE) depths.

In a symmetric DGMOSFETs both gate material, oxide thickness, work function and
applied Gate voltages are same and in asymmetric DGMOSFETs all things are different.
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Figure.1.3: Symmetric Double Gate MOSFET
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Figure.1.4: Asymmetric Double Gate MOSFET

The aim of this work is, therefore, to study the potential benefits offered by the
DGMOSFETs in suppressing the short-channel effects in undoped DGMOSFETsS using
two-dimensional modeling and numerical simulation. The effects of varying device
parameters can easily be investigated using the simple models presented in this work.
There are three types of DGMOSFET structures which are commonly used: these are

briefly described in the following sections.

Planar type:

The structure of planer type DGMOSFET is shown in fig.1.5. In this structure fabrication
is more difficult in comparison with two other structures. This device is also known Self
Align Double Gate MOSFET. A DG configuration with the two gates electrically
separated is necessary for .some applications such as dynamic threshold voltage control.
For this, a relatively simple self aligned electrically separable double gate MOS

transistor technology is best.

Figure.1.5: Planar Double-Gate MOSFET [4].



Advantages of planar type are:

1. Better uniformity of silicon channel thickness.

2. . Can take advantages of existing fabrication processes.
Disadvantages of planar type are:

1. Fabrication of back gate and gate dielectric underneath the silicon channel is
difficult.

2. Accessing bottom gate for device wiring is not easy.

Fin type:

In Fin type double-gate MOSFET is one of the most attractive alternative to classical
MOSFET structure for gate length down to 20nm. The main advantage of the FinFET is
its ability to drastically reduce the short channel effect. Inspite of its double-gate
structure, the FinFET is closed to its root, the conventional MOSFET, in layout and
fabrication, the basic principles and to uncover several important aspects: evaluation of

the length, width and quantum effects.

Figure.1.6: Fin type Double gate MOSFET [4].

Advantages of the Fin type structure are:

1. A transistor is formed in a vertical ultra —thin Si fin and is controlled by double-
gate,which considerably reduces short channel effects.
2. The two gates are self aligned and are aligned to Source/Drain.

3. Source/Drain is raised to reduce the access resistance.



4. Up to date gate process: low temperature, high -k dielectrics can be used.

5. The structure is quasi-planar because Si Fin is relatively short.

Disadvantage of the Fin type structure are:
1. Low current due to parasitic effects.

Vertical type:

The third type is vertical type Double Gate MOSFET Like the FinFET, it has a silicon
ridge of a few tenth of nanometers in thickness, which is the active area of the transistor.
But in this case, the current flow is perpendicular to the surface. Here no SOI substrate is
necessary and only one sub-100nm lithography to define the ridge is required. The
channel length L, is adjusted by ion implantation and diffusion. While earlier réalization .
of this concept suffers from low current due to parasitic effects an optimized layout is
presented, with reduced series resistances and  improved doping prof;les due to ion

implantation.

Contact

Top
tact
Subtrate [C“I'

Silicon

Figure.1.7: Vertical type Double Gate MOSFET [4]

Advantages of vertical type are:

1. No, silicon on insulator is necessary.

2. Transconductance, DIBL, Subthresold current improved.



1.1.2 Analytical Modeling Overview

An analytical model is a concise mathematical description of the complex device physics
of the transistor. These models are convenient for use in fast circuit simulators, since
they maintain a fine balance between the amount of detailed physics embedded for
model accuracy and model compactness (computational efficiency). The simplifications
in the physics enable very fast analysis of device/circuit behavior when compared to the
much slower numerical based TCAD simulations. In an analyticai model, the first step is
to analyze the device behavior by looking at the embedded physics. It is also beneficial
to examine the measured data from state-of-the-art devices which may reveal new
physical phenomenon. The next step is to derive compact mathematical equations to
capture the physics of the device. These equations may be verified against TCAD
simulations for model accuracy and scalability. In a real device, quantities such as the
doping profiles, junction depths, etc. are very complex. In order to precisely model the
effect of quantities such as these, physics and technology related model parameters are
added to the model. This forms a very important step in model formulation as the
ultimate goal of a analytical model is to describe any given transistor technology
accurately. The model parameters allow is to obtain a good description of technology by
aiding in data fitting. Equally important is to develop a methodology to extract the value
of these model parameters. A model without enough flexibility and without the ease of
parameter extraction is virtually useless for real world circuit design. Once the model
equations are ready, the next step is to examine the numerical robustness of the model.
This may involve modifying some of the physics based equations to accelerate the model
computation. Tﬁe last step in model development cycle is verification against silicon
data. The inability to adequately describe the measured data may require modification of
the physics based equations and/or introduction of new model parameters. Successful
description of silicon data over different geometry, bias and temperature marks the
completion of model development. It is always preferable to verify the model against
more than one technology, since the analytical model is a universal model which is not

tied to any one specific technology.
Advantages of analytical models are:

1. The models are helpful in understanding the physics of the devices.



2. Computation efficiency and high accuracy.

3. Less percentage error in comparison to numerical modeling.

4, The model is particularly well suited for implementation in circuit simulators due
to simple expressions for the equations.

5. This model allows for fast éystem level simulation of the nanoscale circuit.

6. The models are obtained by a simplification of the full physical model.

1.2 Review of Current Research

Due to the continuous scaling of MOS device channel length, short channel length
effects are coming into picture. Due to high sensitivity of the electrical characteristics of
short channel MOS devices to process fluctuations, it is becofning more difficult to
achieve a high circuit performance with the designed device. But the problem can be
solved by using an accurate device analysis. Since the last decade, two-dimensional
numerical analysis has been used to investigate many device properties. Many models

for different parameters of the device have been developed by various authors.

A two-dimensional (2-D) scaling-parameter dependent subthreshold swing model was
developed for potential distribution in a SOI based DG-MOSFET by T.K.Chiang in [5].
Also an analytical potential model which provided an accurate description for partially
and fully depleted MOSFET devices in different regions of operation was developed by
Shih-Ching Loa et.al in [6]. A 2-D analytical solution of electrostatic potential was
derived for undoped DG-MOSFETs in the subthreshold region by solving Poissons
equation in a 2-D boundary value problem in [1] by Xiaoping Liang and Yuan Taur. A
threshold voltage model for a Fully Depleted SOI based DG-MOSFET was presented by
Hans van Meer and Kristin De Meyer in [7]. A short-channel threshold voltage model for
an undoped symmetric DG-MOSFET was suggested by Qiang Chen et.al in [8] which
included the use of mobile charge term in solving Poisons equations. A continuous
analytic drain current model for double-gate (DG) MOSFETs was derived without the
charge-sheet a'pproximationvby Yuan Taur et.al in [9]. All these models suffer from a

drawback that they are valid only for a particular doping profile.

In this thesis, we have overcome this drawback by developing an analytical model for
surface potential, potential distribution in Si film and threshold voltage of DG-

MOSFET’s by using Green’s function. The results of this model are verified against

7



previous models. It should be noted that this model is developed and valid for uniform

doping profile in Si film,

1.3. Problem Statement

In this dissertation, novel features offered by the introduction of a Green’s function in
DGMOSFETs are studied by means of two- dimensional analytical modeling. This is

accomplished in terms of the following intermediate stages:

i) Develop a new 2-D analytical model for the potential distribution of symmetric
DGMOSFETs using Green’s function and verify it against previous model results.
ii) Threshold voltage model for symmetric DGMOSFETs is developed based on the

surface potential model.

1.4 Thesis Organization
The dissertation is divided into five chapters and its outline is described as given below:

Chapter 1 discusses the fundamental concepts related to MOSFET’s/DGMOSFETs
devices. Analytical modeling - advantages & disadvantages, objectives of the project and

outline of the thesis are presented here.

In Chapter 2, we present a basic review on how analytical modeling of a DG-MOSFET
structure is performed. Two-Dimensional model for the surface potential variation along
the channel, potential distribution along Si thickness (front gate to back Gate) and
threshold voltage model of the undoped symmetric DGMOSFET are illustrated.

In Chapter 3, we propose a 2-D analyti'cal model using Green’s function method for the
DGMOSFET structure. The surface potential along the channel, potential distribution
along Si thickness (front gate to back Gate) and threshold voltage model are developed.

Chapter 4 presents the results of the proposed model and discuss about various effects on
potential distribution, surface potential and threshold voltage model along with their
accuracy. The performance of these models is compared with the existing analytical

models.

Chapter 5 concludes this thesis.



CHAPTER 2

REVIEW OF ANALYTICAL MODELING OF DOUBLE
GATE MOSFET’s

2.1. Introduction

This chapter presents a review on the evolution of DG MOSFET modeling, where
strengths and weaknesses of different models are discussed. At ultra deep sub-micron
technology, where the gate length is around 60nm, there is an increase in the effective
electric field at the drain end in a MOS device resulting in various short-channel effects
like DIBL. Unconventional asymmetrical structures have been employed to reduce the
drain side electric field and its consequent impact upon the channel. Double Gate
MOSFET is a kind of these structures which can be employed to reduce short channel
effects [1-11].

In a DG-MOSFET, there is an enhancement in the source side electric field which results
in increased carrier transport efficiency in the channel region, thus leading to a
suppression of short-channel effects. Thé unique structure of DG-MOSFET offers
flexibility in choosing different values for thin-film thickness, channel doping and oxide
thickness. The DG-MOSFET structure may of symmetric or asymmetric type depending
on the work function (Metal-Semiconductor), gate oxide thickness, type of gate material

and applied gate voltage [12].

Till now, two general approaches have been used to model the surface potential profile,
the electric field pattern and their impact on the threshold voltage. One of these
approaches is the two-dimensional (2-D) numerical simulation and the other approach
presents an analytical solution by solving the Poisson’s equation along the Silicon film
(Si) [6]. One-dimensional analysis, based on Gradual Channel Approximation (GCA)
fails to adequately characterize the devices with short channels and is suitable only for a
long channel transistor where the “edge” effects along the sides of the channel can be
neglected. In such an analysis, it is assumed that the gate side electric field lines are
perpendicular to channel’s length or have a component along the y-direction only. If the
channel is short (i.e., L is not much larger than the sum of the source and drain depletion

widths), a significant part of the electric field will have components along both the y and




x directions, the latter being the direction along the channel’s length. Thus a two-

dimensional analysis is needed.

A 2-D analytical model for fully depleted SOI using Green’s function was presented by
Hans at el. in [7, 10-11], which enables a fast-physics based analysis of the undoped
symmetric DG-MOSFETs. The. expressions for the surface potential and electric field

under Poly-silicon gate have been derived in [5] and are briefly reviewed in this chapter.

2.2. DG-MOSFET Structure and its Parameters

Chiang[5] presented the structure of a symmetric DG-MOSFET as shown in Fig. 2.1
with poly-silicon gate whose length is given by ‘L’.

Vs

BT, cranRn e |

Figure 2.1: Cross-sectional view of an N-channel DG MOSFET [5]

The front and back gates are made of ‘P™ polysilicon. The figure shows the origin of the
coordinate system with x-axis along the length of the channel and y-axis along the depth.
The source/drain (S/D) regions are rectangular and uniformly doped at 4x10%° cm™. The

channel doping concentration N, is uniform at 1x10'° em™ typical values of the gate

oxide thickness and the body-film thicknesses are Snm and 20nm respectively.
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2.3. Potential Models for the Analysis of DGMOSFET
In this section, we discuss two-dimensional potential analysis proposed by Chiang [5],
threshold voltage model given by Yuan Taur and Chiang [1, 5] and drain current

modeling by Yuan Taur [1].

- 2.3.1 Two-Dimensional Potential Analysis

In the model proposed by Chiang [5], the potential distribution along the Si thickness is -

assumed to be of parabolic type. Poisson’s equation for potential @(x,y) in a fully

depleted DG-MOSFET structure is ~ given by:
22®(x,y)  9*®(x,y) _qNa
T 0<x<L ,0<y<ty (2.1)

where N, is body concentration, &; is permittivity of Silicon dielectric constant, L is the

device channel length and tg; is Silicon film thickness.

The parabolic potential profile in the vertical direction has been assumed to parabolic

and is given by [5]: '
®(x, ) = C1(x) + C2(x)y + C3(x)y? 22

The boundary conditions for the geometry in Fig.2.1 can be stated as follows:

(a) The central potential @.(x) is a function of x only which is given as:
Olx,y) = (1 (x) = P (x) (23)
(b) The electric field at y =E§5 is determined by the gate and the oxide thickness is

shown to be:

0D (x,y) = _Eic'(d)s(x) - 1{qs + Vfb) (2.4

|
dy y=3% Est Lox

Where V¢ and Vj,, are the gate bias and flat band voltage, respectively.

(c) The electric field at y =—% is the same as that at y =% but opposite in sign

which is given by:
oP(x,y) l b= fﬁ(q)s(x) — Vs + V}‘D)
dy =3 &y Lox
Where t,, is the thickness of oxide. The surface potential used in (2.4) and (2.5) is of

(2.5)

the form as shown below:

) 2
O =0y =PI G+ G 26)

= o5
y=t3

11



Now, solving for values of constant functions, C>(x) and Cs(x) using (2.4), (2.5) and

(2.6), we get, o C(x)=0
€ —q)s + I{gs - Vfb
C3(x) = —
3 Esi Lsi

Substituting the above values into (2.6), we get the surface potential as:

2 € V b (D
b (x) =D (x) +— si Eox Lf—— 2.7
s(x) = D (x) i toton (2.7)
Rearranging (2.7), we obtain:
tsi® ; €ox Vos = Vrb.
_ L‘(x) + [t LESl tox ]
D (x) = (2.8)

t €
1+ si ox
4 toxlsiEs

Since, C; (x) , C,(x) and C3(x) are known, the 2D potential @(x,y) in (2.2) is given as:

-G+ Vo — Vep
s ¥gs f ]yz

¢mw—¢w+r” (2.9)

Lsitox
In (2.9), we need to substitite for y = d,rf(effective conducting path) which can be
defined as the most leaky path for subthreshold conduction that exists between the

surface where, y = +-= ;‘ and the centre where y=0.h The potential in this effective

conducting path is given as:
€ P V -V b
gy, (%) = Do) + [ = ! ] degs? (2.10)
St St
Combining (2.8) and (2.10), we get,
@y, (X)—A
| O5(x) = —2—— (2.11)
Where
_ 2 Usi_Eox
A =dgpy” — i (212)
and
Pq,,.(x)— A
d.(x) = —flf_—A—. 1+ B) —~B(Vys — Vsp) (2.13)
Where
Usi Eox :
B =——— 214
4 toxEsi ( )

12



Using (2.13) and (2.11), we transform @(x, y) to the following expression in which the

function @4,,.(x) needs to be solved, for which a procedure has been laid out in [5].

14+ B —Cy?
O (x,y) = Pg,,, () (—1_7)
ACy? A(1+B)
+ (Us—V) ( i B~ ﬁ> (2.15)
Where
Eox
C= : 2.16
LsitoxEsi ( )

Now the function, @4, r(@) needs to be solved. According to Chiang theory, the device

needs to be designed for a large scaling factor (@) to suppress the short-channel effects
which is given by:

_ L 4
a1—271 (4

Where A, is the natural length which characterizes the short-channel effects and is given

_ |tsitoxEsi
A = 2¢
ox

The maximum potential at the centre of DG-MOSFET is more sensitive to gate length

by:

than that at its surface. Taking this factor into consideration, it was found that the scaling
factor is of the same form as in (A) except that the Natural length A,is now modified as

A, which is given as:’

g€
tsi toxsst (1 + 4:;)‘%;)

28,

A.z=

Considering effective conduction mode, a simple equation for (Dde-”(x) is obtained by

substituting (2.15) in (2.1) and setting y=d,s instead of y=0 (bulk conduction mode) or

y = i% (surface conduction mode). It is now given as:

d?®g, . (x) N Vis = Vip — Pa,, (x)  qN, 1-4 217)
dx 14 B —Cdgpf” &i 14+ B —Cdesf® '

2C

Eq.(2.17) is the key scaling equation in Chiang theory and the new modified natural
length is given to be:

13



tsigox _ on 2)
Ay = bsitoxsi (1 + 4toxEsi  LsitoxEsi deff
3=

280y

Equation (2.17) is a second order one dimensional differential equation with respect to
the potential of the effective conducting path, and it can be uniquely solved by specifying
two boundary conditions that in the present case are the potential at the source (x=0) and
the drain (x=L,) which are given as:

q)deff(x = O) = Vbi . (2.18)
Dg, ff(x = Lg) = Vp; + Vas (2.19)

Where v, is drain bias voltage and v,,; is the built-in voltage between the source/drain

side and the silicon substrate.

Solving (2.17) using (2.18) and (2.19), we get the potential of the effective conducting

path as:

_ 1 ; 8 Lg—x . x . A
(Ddeff(x) = ;@((vbi + D) sinh ( ‘;3 ) + (vp; + Vgs + D) sinh (-1—3-)) -D (2.20)
Where, D is given by:

Ny1—A
D= 1% - 'Ugs + Vfb (2.21)

Esi 2C
The subthreshold conduction causing the punch-through leakage current can be described
by the minimum channel potential in the effective conducting path. The minimum

potential of the channel can be calculated from (2.20) by solving

ddy, . (x)

dx Ix:xmin

=0 (2.22)
Substituting in (2.22) for @g4, . (x) from (2.20) we have:

r-aonly

1
Xmin = =A31n (2.23)
2 Qex, (— Eg—) —P
14 A3
Where
P = Vpi + Vds + D (2.24‘)
Q = Vpi + Vas (2.25)

14
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According to (2.23) and (2.20), minimum potential @, 77 min with the effective

conducting path, is too complex to use in deriving the subthreshold factor. For

simplification of expression for @, s min the condition of A—" 1 is used. The minimum

3

potential and minimum position are now given as,

L
~ 9 _
deemm‘.n ~ 2./PQ exp( 213) D (2.26)
L, 1 :
Xmin = 7" + —;—’ln (%) (2.27)

An expression for the electric field can be obtained by differentiating the surface

potential expressions in (2.20) which is given as:

E. = aq)deff(x)
x = ax ly:O

1 i Ly — i D

= I (— @i + D) cosh( g x) + (i ¥ Vas + )cosh (ﬁ)) -D (2.28)
sinh (ig,) Aa A3 A3 A3

’ 3

We note that if v4; <<1.0V (this can be true for devices at subthreshold operation with a
o . . L
small drain bias), then P = @, which results in x,,,;;, = 79 and causes the leakage current

to flow near to the middle of channel. Because the punch-through current at the
subthreshold depends mainly on the potential difference between the minimum potential
of the effective conducting path and that of the source, from the exponential term of

(2.26), the effective conducting path- dependent scaling factor is chosen as

= Lo 2.29
a3—2A3 (' )

Fig.2.2 — Fig.2.4 show the potential distribution along Si thickness by varying différent

parameters viz., gate bias voltage, gate oxide thickness and channel doping concentration

respectively. All these variations are of parabolic nature.
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Figure.2.3: Variation of potential distribution along Si thickness
with different Gate oxide thickness in DGMOSFETs [6]
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Figure 2.4: Variation of potential distribution along Si thickness with
different Channel doping concentration in DGMOSFETs [6]

2.3.2. Threshoid Voltage Model

The threshold voltage model was proposed by Yuan Taur in [1] and Chiang in [5]. We
present here the details given by both the authors. The threshold voltage V,; can be
defined as that value of the gate voltage V5 at which a conducting channel is induced at
the surface of fhe DG-MOSFET. Therefore, the threshold voltage is taken to be the value
of gate source voltage for which the minimum surface potential is given @ i = 20,

where @is the fermi potential at the Si-SiO; interface which is given by:

KT . (N,
& =" In (_) 2.30
r = " (2.30)

Hence we can determine the value of threshold voltage from (2.26) by substituting

Dy, frmin = 2Pf and Voo = Vi whjch is given as:
Dy, frmin = 2/ PQexp (—- %’;) —-D (2.31)
Therefore
20f = 2,/ (vp; + vgs + D)Q exp (—— Z_ng;) - 981:—: % +Ven—vep  (2.32)

Now, substituting the values of D in (2.32) from (2.21), we get,

17



qNs 1-A4 Ly qNys1—-A
Zd)f ~ 2 (vb,-+vds +— Py —C —Vin +vﬂ,)Qexp (——273') —-E—ﬂ‘ _2?—+Vth_vfb

(2.33)

We now get the expression for threshold voltage as:

qN, 1—A N,1-A L
2¢f+vfb+— —2\[(171,,""17‘15 qs 2C +vﬂ,)Qexp( 21)
3
Ven = (2.34)

The general short channel V; model shown in (2.34) reduces to a long channel one,
when L; = oo (large value of channel length), for which the expression is as shown

below:

qNA 1-4

Vinitong = T (2.35)
g
1+ Qexp (—-Z—E)

The threshold voltage model presented in [5] did not take into account the presence of

mobile carriers in the channel. Hence,the model cannot clearly demarcate the transition

between the weak and strong inversion regions.

The threshold voltage roll-off given in [1,] is the difference between long and short

channel V;;, which is given by: AVe, = Vi tong— Vensnort »

Ny1—-A L
zj(vbi+vds+q —2C +vﬂ,)Qexp( j.qg)

AVgh = L
1+ Qexp (— 77{’;)

(2.36)

Fig.2.5 and Fig.2.6 show -the variation of threshold voltage roll-off with different

parameters like drain bias voltage and thickness of the silicon film.
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Figure 2.7 variation of threshold voltage with Si film thickness in DGMOSFET [8]
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2.3.3. Subthreshold Drain Current Model

The subthreshold drain current model was given by Yuan Taur in [1]. The MOSFET
current density J predominantly flows in the x direction (from source to drain). The
current density (both drift and diffusion) can be given as:

ddo,(x
) = —qumCz, ) on) (234)
Where the electron quasi—Fermi potential ®,, is essentially constant in the y direction.
las = —pw d‘b;x(x) Qi(x) (2.35)
Where
tst/z tstlz
a@= [ iy = [, meddoe-olTay (236)
-‘u/z- ..tst/z

Where Q; is the inversion charge per gate area and ® (x, y) is given by (2.15). Current
continuity condition requires I, to be independent of x. The subthreshold current can be
calculated analytically as a function of V5 and V5 as shown below:
kT\[, v,
ww [/ =090,y _ W () [1 - emp (- Tg)]
=T - dx =T dx (2.37)
0o
iy e TEI/NT gy ;_::{72 n e ®E/AT gy

las

fo tst/-z
.Lt,( /2
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Fig.2.8 shows the variation of subthreshold current with ¥, in DGMOSFET for different

channel length values.
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Figure 2.8: I45-V,s curves for symmetric DGMOSFETs [1]

From (2.37) we can observe that the subthreshold current depends exponentially on the
values of Vg and this was observed in the graph shown in Fig.2.8 by [1]. Also from the
graph, it can be observed that the maximum barrier or the minimum potential point is

located approximately midway between the source and the drain.

This completes the review on analytical modeling of DG-MOSFET. In this chapter, we
have seen the modeling of potential distribution along Si film thickness, threshold
voltage modeling and subthreshold drain current modeling. In the next chapter, we

propose a new scheme of two dimensional analytical modeling of DG-MOSFET using

Green’s functions.
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CHAPTER 3

TWO DIMENSIONAL ANALYTICAL MODELING OF
DOUBLE GATE MOSFET USING GREEN’S FUNCTIONS

3.1 Introduction

The two dimensional modeling of potential distribution, surface potential and threshold
voltage of DG-MOSFETSs with uniform doping profile has been done with the help of
Green’s function. The advantage of using Green’s function is that it simplifies the
modeling of DG-MOSFET parameteré for any generic doping profile. The proposed
model is valid for uniform doping profile of symmetric DG-MOSFET but it can ‘be
extended easily for any doping profile. The accuracy of the model has been verified by

comparison with existing models from literature.

3.2 DG-MOSFET Device structure:

The cross-sectional view of symmetrical DG-MOSFET’s is shown in Fig. 3.1. in which
both the gates consist of p+ poly of length L. The doping of p type body and n+
source/drain regions is kept constant at 1 x 10'® c¢m™3. Typical values of the gate oxide

thickness and the thin-film thickness are Snm and 20nm respectively.

V

g
' ‘ Gate (Poly-Si)
(0,0) S X Ttox L.0
| O, Y) L
N o gvy Si film §' n" —Vy
tsi
(0, ts) ' 1 tox L.ty
' l Gate
Vo

==

Figure. 3.1: Cross-sectional view of DG-MOSFET
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3.3 Model Formulation
3.3.1 Surface Potential Derivation:

The potential distribution in the silicon thin-film, before the onset of strong inversion can

be expressed as:

Fo(x.y)  0*0y) _p(y)
0x? ay? Esi

0<x<L ,0Sy<ty (3.1)

Where p(x,y) = —qN,f (), is the charge density of Silicon region.

Where g is the electronic charge, f () is the doping profile in the channel region, N, is
body concentration, & is permittivity of Silicon dielectric constant, L is the device
channel length and tgis Silicon thickness. Here we assume parabolic potential
distribution in the vertical direction of gate length. In a DG-MOSFET the gate consists of
only one material i.e., p+ poly, with work function®,,, respectively. Therefore interface (

Si-Si0, ) flat-band voltage of the p+ poly at the gate
Vep = Oys = Oy — Oy (3.2)

Where @y, is gate work function and ®y; is silicon work function which is given by

E,
Oy = xsi + 2q + O | 3.3)

Where Ej is the silicon band gap at 300K,
Xsi is the electron affinity of silicon,
®r =V, In (%ﬁ) is the Fermi potential, Viis the thermal voltage and

n; (1.5 X 10%5) is the intrinsic carrier concentration of silicon.

The Poisson’s equation is solved under the gate materials (p+ poly) using the following

boundary conditions:

1. Electric flux at the front gate-oxide interface is continuous for the DG-
MOSFET’s. Therefore,

P (xy) |- €ox Ps — V5.
il Sl ra y=0=_"_"‘5_£ (3.4)
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Where &,, is the dielectric constant of the oxide,
t,. is the gate oxide thickness and
V_'qls =Vis— Vpp (3.5)

Where Vs is the gate-to-source bias voltage, Vp, is the flat-band voltages of p+

polysilicon, respectively, and are given by (3.3).
2. Electric flux at the back gate-oxide interface is also continuous for the

DGMOSFET’s. Therefore,

0P (xy) — _ Eox q’S_Vés
oy |y=t3i T Es tox (3:6)

3. Electric field at the centre of Si, is zero.

A (xy) |

ay y=tsi/2 =0 (3.7)

4. The potential at the source end is
® (0,y) = Vi . (3.8)

Where Vp; = Vi In (M) the built-in potential is across the Si body-source

Tl,',z
junction and N, and N, are the Si body and source/drain doping respectively.
5. The potential at the drain end is
@ (L,y) = Vpi + Vs (3.9

Where V4 is the applied drain-source bias voltage.

The Green’s function for the potential in rectangular region is

c ol oy — 2y sin(kpx’ )sin(kpx ) sinh (kpy )sinh kn(tsi— ¥") ,
Gx(XJYp X ;J’) - L2n=1 KnSinh(kntsi) FOI‘ y < y

sin(kpx’ )sin(kyx ) sinh (kyy")sinh kp(tsi— )
Kypsinh(kntg;)

’

Ge(x,y; ',y =2 Ty For y >y

2 sin(Kymy )sin(kmy’ ) sinh (kpyx )sinh kpy (L—x")
G,(xy; x',y)=—Xm= r !
y( Y 'Y ) tes Zm_l Kmsinh(kmL) Forx <x

C ol Y — 2 o sin(kpy )sin(kmy’ ) sinh (kpmx')sinh kmq (L—x) ’
G, y; x',y") = o Ym=1 P Y For x > x

Derivation of Green’s function in rectangular region given in Appendix.
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Therefore Potential distribution in Si region in DG-MOSFETs by Green’s theorem [18],
which is given as '

P&y =

2E2) Gy 2, y)dx' dy' + [ GGy; 2, Y) 22 ds — [ @ (x',y) 22 ds’ (3:10)
Where G(x,y; x',y") is the Green’s function satisfyingV?G(xy; x',y') =
—8(x —x")6(y —y'). ® (x',y") is the potential distribution on the boundary, -:—z- & Ea%
is the outward normal on the boundary surface, &; is dielectric constant in Si region and
p(x',y") = —qNyf(y") Charge density in Si region. This is two dimensional surface
integration (along the channel length and Si film).

ff P(’:ty)G(x’ v; x"y’)dx’ dy' =L+L+ L+ I, (311)
Where I, I, I5 & I, is

— 4 oo sin(knx) sinh (kny) o sin(kmy) sinh (kmx) yl p(x’ ,y’) . .
b= Ltsi Zn=1 knsinh(knts;) Mm=1"" g, sinh(kpL) fo P inhk, (ts

y')sink,y’ dy’ fox' sink,x’ sinhk,, (L — x")dx’ (3.12)

4 sin(kpx ) sinh (kpy ) oo sin(kmy) sinh Ky (L—x) £y p(x' ) .
I = w_ ’ ‘ = J—
2 Ltsi Zn=1 knsinh(knts;) Lim=1 Emsinh(kmL) fo € sinhk, (ts;

y')sink,,y'dy’ fo' sink,x' sinhk,,(L — x")dx’ (3.13)

l3=

4 o Sin(kyx ) sinh ky(ts—y)
Zn:l X

Ltg; knsinh(kptsy)

: . . I I ! -
I Sm(::z;:‘gz;%’"x) f;,“p (xs'y ) sinhk,y'sink,,y’'dy’ f; sink,x' sinhk,,(L —

- x")dx' : (3.14)

14_=

4 oo sin(kpx ) sinh kg (tsi—y)
Zn=1 X
Lty

kysinh(kpts;)

zzzlsi“"";ys’;:(‘;"';)“"" L) sinhkeyy'sinkmy'dy' [1; sinkyx' sinhle,x'dx’ (3.15)
m m

nrwr . . . o .
Where k, = - is Eigen value in x direction.
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mmw . . . . .
km = - s Eigen value in y direction.
si

All these value put in (3.11), and get the
ﬂM Gx,y; x',yHdx'dy’ =

(knx ) sinh(kny ) ! ry! . . , ,
{Lt ;E" 1smkns)i‘nhs(lll:ntsi)y fé’ p(xsy) sinhk, (tg — y')sink,y'dy’ +

sin(kpx ) sinhkn(ts;~y) ctsio(x'.y") . ' ) ,}
Ltsi Din=1 kpsinh(kpts;) fy’ . sinhk,y'sink,,y'dy’t X

o Sin(kmy)sinh(kmx) px' . P ot '
{ M=l e Sinh kD) Jy sinkpx' sinhkey (L — x"dx" +

w Sin{kmy)sinhky,(L-x) L . ;o '3t ‘
Tt persimhGon) e ST’ Sinhlpx! dx } (3.16)

Now solve this term
Jexy ',y 35 ¢ ;ds’

where %:i, is normal to surface. DG-MOSFETSs width is nanometer, therefore assume

surface integral is convert to line integral, therefore ds’ convert to dx'or dy .

Catx'= O(source side) , an' = —g% .

S = 2E D Ny - x)G, + ulx’ — x)G, |0y (3.17)
Similarly at drain side, at x’ = L (drain side), % = Z_Z

fofsi?.*i’(%';)yﬂ [u(x — x)G,” + u(x’ — x)G, ]9y’ (3-18)

and along the front channel, at y' =0, an aif—,

IOL M [uly = ¥)62 +u@y’ — )G, *]ox’ (3.19)
and back channel, at y' = t; , :—f; = - -:%

Jy —2E 2D u(y - y)6,? +u(y' - )G Jox (3.20)

Eq.(3.17),(3.18),(3.19) and (3.20) put in expression [ G(x,y; x’ y) ds and get the

fGxy; ',y 35ds' =0 (3.21)
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Now solve this term
’ £, aG ’
f )] (x )y ) %; ds

Where G is Green’s function,

At the source side, a—G, = — a—G.
0x
[ 0y) 32y =2y, DTt (M@ (0,y") sinkny'dy’ (322)
At the drain Side, —G = a—G,
dx
tsi 9G ' -2 iIn(Kmy)sinhK;mx ctg
[ (Ly) g3y’ = S iy SR T (M) (L,y )sink,y'dy' (3.23)
At the front channel, G, :s
@@, 0 a‘;x dx' = ‘ng;lSi“(""’;):i:‘k’;"t:i“ﬂ‘” [l ® (x',0)sink,x' dx’  (3.24)
At the back channel, a—G, = — a—G.
an ay
foLCD (x', tsi) aG"d r =2 =X E’.ﬁ’}?:_‘:’i’ﬁ f & (x', tg;) sink,x’ dx’ (3.25)

Eq.(3.22),(3.23),(3.24) and (3.25) substitute in [ @ (x', ) :—j ds’, and get the

J‘q) (x Y )an' s = -2 Zm—- sin(Kpy)sinhKm (L—X) J‘tsi d (O:y’) Sinkmyldyl _

sinhKy L

sm(Kmy)smthx tsi ~ s ’dv’ oo Sin(Kpx)sinhky(ts—y)
—Z @ (L, _2 Z > X
m=1 sinhKmL f (L,y")sink,,y’dy n=1 sinhkytg;

f @ (x',0)sink,x' dx’ — Zn lw_f D (x',t5;) smknx dx’ (3.26)

sinhkptg;
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Eq.(3.26),(3.21) and (3.16) substitute (3.10), 2D potential distribution in Si region is

4 in(knx ) sinh(kny ) ¢y’ y') . ,
P (xy) = (i T, TR ) [ "(’;f’ ) Sinhkn(ts — y)sinkmy'dy’ +

4 o Sin(kpx)sinhkn(tsi—y) rtsi p(x’ »y’) . [ [ I}
— S
T Dme1 P L - sinhk,y'sink,y'dy’{ x

{Z;?;:l Sin(,fm:i;:i(';h(:)’“x) fox sink,x' sinhk,,(L — x')dx' +
m m

o sin(kpmy)sinhk,(L—x) oL . . ' ,}
Yim=1 Csih o) [ sinknx' sinhk,x'dx' § +

-2 sin(Kmy)sinhKm (L— tsi . ’
;;Z:%:l m:i:thLm a Jo* @ (0,y")sinkn,y’dy" —

2 v SIn(Kpmy)sinhKmx cts; N ! 3yl
i 2met— gmetJo @ (L y)sinkny'dy

%Z?f:l sin(Kpx)sinhky (tsi—y) foL‘D (x', 0)sink,,x' dx’ —

Sinhkntsi
2 in(Kpx)sinhkny (L . . . :
ZZ?{’=1&S£—%§$—“"}' Jy @ (x', ts)sink,x' dx (3.27)
Where p(x',y") = —gN.f(y") (3.28)

is charge density in Si region, q is electronic charge, N, doping concentration in channel

and f(y") is doping profile in Si region. This general electrostatic potential distribution

in Si region in eq. (3.27) can deal with any arbitrary doping profile (like uniform, step

index etc.). But we have assumed now uniform doping profile (f(y") = 1) in Si region

and calculate potential distribution.

_ Q3 w QB cosKny [sinthx+sinth(L—x)
@ (x, Y) T 2gg x(L =) + Zm:l & (Km)? sinhKmL

| +B5(1-%)+B2%+

Z;‘,';=1M [B3,sinhK,, (L — x) + B2 sinhK,,x] +

sinhKmL

S — K E [ eoshien(ts — ¥) — Dicoshkyy] (3.29)

Esikpsinhkntg;

Where & (0,y") =Vy,;
P (L y") = Vpi+ Vas

sf and Dgp, is charge density in front and back gate oxide
2 oL .
gf = Zfo Dgp(x)sin (knx) dx

% = = Jy Doy (x)sin (k) dx
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Where

ao (xy)
Dsf(x: 0) = &g a;{y

P (xy)
Dgp(x, tgi) = —&g; ay

D;; is the charge density of Si-SiO; interface of front and back gate side.
. Bulk charge density

: 2ty :
QB = ¢~ [, —aNaf(y)cosKmy dy

2 !
Q} = - J," ~aNLufGy) dy
Source boundary potential

B, = 2 i Vycoskny dy

tsi

1 rtsi
B§ = c_s;fo Vi dy and
¢ Drain boundary potential

2 cts
By = ;Iﬂ 'V + Vas)cosKny dy

2 oty
B = EIO ‘(Vpi + Vas) dy

Therefore, the 2D potential distribution at Si region

sinKpx
ggiknsinhkptg;

@ (x,y) = 5o 2x(WL = 1) + Vo + Vas§ + T [D5coshin (ts: = ¥)

D coshk,y] (3.30)

Surface potential distribution in the Si film region is y=0(front gate) and y= tg;(back

gate), put in eq. (3.30),

. _qNA _ . _)_{- o0 Sinl(nx m -
® (x,0) = 2 X(L =30 + Vp; + Vs T+ Zn:l—esiknsinhkntsi [DI}coshknts;
DT (3.31)

The potential ® (x,y) must satisfy the continuous of the transverse electric field and
normal electric displacement at the SiO,-Si interface, therefore Dgf and Dgp is

£ox[B.Degjknsinhicy tgi—C.s inKnx| (3.32)
[B.€giSinhkytsi+B.EoxCOSHintsi—A.Eox] SINKnX '

DT =

and Dg, = —D} (3.33)
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Where coefficient is
PR LT =] ' (3.34)

Kn Eox  Egitanhknty; - esiSinhkytgi
B = sinl{nx{ : 1 _ 1 _ tanhkntox} ‘ (3'35)
Kn EgiSinhknty  Egitanhkptg; Eox
2sinKmt 5 s
=———29% (1 sinhK,,(L — x) + (Vp; + Vas)SinhK, x} (3.36)

" toxKmsSinhkopL

_ 4(Vgs—Vyp)sinhKnx | aNg4 A x
b= nwcoshkntox + 26 X(L — %) — Vpi — Vas I (3.37)
E = sinK,x{essinhk,ts; + &,cOshk,ts; — %é‘ox} (3.38)

The position of the minimum potential along the surface of the Si film can be calculated,
ad (x,0)

ox Ix =Xmin

=0 (3.39)

Where x,,;, is the position of the minimum surface potential.
Therefore eq. (3.39)

xmin(L - zxmin) T T Ty e -

E0xCOShKytsi {qNA Xmin(L—Xmin)Kn _ QN4

E Esi tanKnXmin 2€&gi L L tanKpXmin
2VpiK; 4(Vgs-V N 4
biln | 4 (Vs Vo) } — A (L — 2%p) + £ =0 (3.40)
tanKnxmin  L.coshkptoxtanKnxmin 2&g; L

However, the position of the minimum surface potential x,,;;, can only be solved
iteratively and no explicit form of x,,;, can be obtained .put this value in eq. (3.31) so

we can get minimum surface potential

DPrin Xmins 0) =

—qN4 Xmi SinKnXmi m _
Tesi—xmin(L - xmin) + Vbi + Vds 1:11: + Z?:l m[ stOShkntsi - ;r';] -
(Ds,min ’ (3-4’1)

The above two equations are quite useful in determining how the potential distribution in
Si film region and surface potential to is modified by the proposed DG-MOSFET’s

structure.

3d (x,0)  ggxcoshknts; (qN4 x(L—2)K, N ' 14 2Vas xK,
E(x) = — Eox nsz{q A n_ 4 Ax(L_zx) ds ds n

ax E &gt tanKpx 2&4; L L tanKpyx
2Vpikn 4(Vgs—Vsb) } aNg4 Vas
——=x(L —2x) +—= 3.42
tanKpx + L.coshkytoxtanKnx 2&gi ( ) + L ( )
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This equation is useful in determine the electric field along the Si film at the interface of
Si-Sio,.
3.3.2 Threshold Voltage Modei

The threshold voltage V,, is that value of the gate voltage (V,5) at which a conducting
channel is induced at the surface of the DG-MOSFET. The channel doping is uniform -
with an acceptor concentration of 1016 cm ™3 as in [20]. The threshold voltage, V;, for the
DG-MOSFET model is derived from the analytical approach followed in [22].

The threshold voltage definition in terms of surface potential is taken to be that value of
gate source voltage for which @i, = 2@ , where @ = ln( i) and Vg =V

put in eq. (3.41),therefore

sinKpXmin
Esiknsinhkpts;

DM 4 ' (3.43)

—qN : Xmin )
Zq)f = 283: xmin(L - xmin) + Vi + Vas L + Zn:i [ ;?CoShk"tSE -

Therefore threshold voltage

N min { Kﬂ ‘mtn}
Vi = Vfb + {Zq)f + 2 Axmm(L xmtn) Vbl VdsjlC L } sin zzf - E (3.44)

Where

Gr=[1-(= Dn]—[mszhkT Zm—im[( ™= (m— 15)1r”

Esi tanhkntoy

R=- &ox Sinhkntg;
_ 4 LZ(m-.5)?
t= nw [1 + tox2n? ]
_ 1 _ {ssitanhkntox 1 }2
0~ (sinhknts)? Eox tanhknts;
= L {1 - (~Dr % (=1 + Vas (D] }
T =¥®_ 2Rt((m — .5)m)~2 — :—i

Therefore (3.44) is explicit expression of short channel V;;, model. The general short
channel Vi, model is reduced to long channel {(L=o0) in a long channel threshold

voltage model} one

P
Vintong = Vo — 26, . 3. 45)

The threshold voltage rolloff AV, , which is the difference between short and long—
channel V,,is obtained from (3.44) and (3.45) as
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—qN min inKn n -1
AVth = {Z(Df + zissiﬁxmin (L - Xmin) - Vbi - Vds z L }[Sm 21:;;11 : (3'4‘6)

In summary, this chapter presents 2-D potential distribution and threshold voltage
‘analytical models of symmetric undoped DG-MOSFETs using Green’s functions. Here
channel doping profile is uniform. We will verify these models and discuss the results in
Chapter IV with various effects like variation of film thickness, gate oxide thickness and

substrate concentration etc.
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CHAPTER 4
RESULTS AND DISCUSSION

In this chapter, results of developed analytical models have been presented. Simulations
have been done in MATLAB and graphs for potential distribution along the silicon film
~ depth, surface potential distribution along the channel, threshold voltage roll-off are
drawn by varying different model parameters like silicon thickness, Gate oxide
thickness, Gate bias voltage, Drain bias voltage and channe] doping concentration. In the

following section, we show potential distribution characteristics along depth of silicon
film.

4.1. Potential Distribution along Silicon Film Thickness (Depth)
Fig.4.1 shows the potential variation along the Si thickness (front gate to back gate) for
different gate bias voltages (Vs = 0.1V,0.2V and 0.4V). Constant values of gate oxide

thickness, t,, = 2nm, silicon thickness, t; = 20nm and doping concentration,

N, = 10Y7c¢m™3 are taken.

- —¥—ves=0.4 Proposed Model
~M—-vgs=0.2 ~ "~~~ Lo Model [6]

1.05

W)

Potential
o
(o]
w

0.9 1

Distance (nm) (along the Si.film in y-direction,

Figure.4.1: Comparison of the Lo [6] and propbsed analytical potential model for the DG-
MOSFET, wherety; = 20nm,N4 = 10%*m~3, and t,, = 2nm.
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The graph was observed to be of parabolic nature. We can see that fhis profile is
symmetric about center of Si thickness. This can be attributed to the fact that the
structure of DG-MOSFET is itself symmetric. This potential profile shifted upwards for
increasing gate bias voltages. This is because of increase in Normal electric field for

increasing gate bias voltages.

Fig.4.2 shows the variation of this potential distribution for different values of gate oxide
thickness (t,, = 2nm, 3nm and 4nm). Fig.4.2(a) and (b) parts are for different gate

bias voltages Vg = 0.1V and Vs = 1.0V respectively. Values of other parameters

are: tg; = 20nm and doping concentrationN, = 107 cm™3.
1.02 - _ ‘ '
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Distance (nm) (along the Si film in y-direction).___|

(b)

Figure.4.2: Comparison of the Lo [6] and proposed analytical pdtential model for the DG~
MOSFET .Where tg; = 20nm and N, = 10Y77em™ (a) Vs = 0.1V and (b) V5 = 1.0V
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The graph was observed to be of parabolic nature. We can see that this profile is
symmetric about center of Si thickness. This can be attributed to the fact that the
structure of DG-MOSFET is itself symmetric. This potential profile shifted upwards for
increasing gate bias voltages. This is because of increase in Normal electric field for

increasing gate bias voltages.

Fig.4.2 shows the variation of this potential distribution for different values of gate oxide
thickness (t,, = 2nm, 3nm and 4nm). Fig.4.2(a) and (b) parts are for different gate

bias voltages Vs = 0.1V and Vs = 1.0V respectively. Values of other parameters

are: tg; = 20nm and doping concentrationN, = 107 ¢cm™3,
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2 0.96 - '
8
2 094 4
S " P
nc: 0.92 + 3 Ny oo

N
0.9 A A { - ,,‘,ﬁ'l
0.88 - & - Ky
E XV A A
0.86 T T T ]
-10 5 .. 0, 5 - 10
Distance (nm) (along the Si film in y-direction),
(@) '
112 4 < ——tox=2nm ———— Proposed Model
\ —f—tox=3nm ~ "~ Lo Model [6]

1.07 {1 ——f—tox=4nm
S
S 1.02 -
-
c
2
& 097 |

0.92 4

0.87 T T T -

-10 -5 ... 0o 5 10
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Figure.4.2: Coﬁlparison of the Lo [6] and proposed analytical potential model for the DG-
MOSFET .Where tg; = 20nm and N; = 10Y7cm™2 (a) Vs = 0.1V and (b) Vg = 1.0V
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It can be seen that parabolic nature of the curve is maintained. The curves in this case
shifted downwards with increasing gate oxide thickness because of decrease in

magnitude of Normal electric field.

Fig.4.3 shows potential variation along the Si thickness with varying Si film thickness
values. The values of other parameters are gate oxide thicknesst,, = 2nm, gate bias
voltage V,; = 0.1V [Fig.4.3(a)]and V,; = 1.0V [Fig.4.3(b)] and doping concentration

N, =107cm™3.

Proposed model
______ Lo Model [6]
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Figure4.3: Comparison of the Lo [6] and proposed analytical potential model for the DG-
MOSFET . Where t,, = 2nm andN, = 107c¢m™3 (a) Vs = 0.1V and (b) Vs = 1.0V
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As we increase the silicon film thickness, it can be observed that the potential
distribution curves are becoming wider which is true for obvious reasons. The curves are

shifting upwards for increasing values of gate bias voltages.

Fig.4.4 shows the potential variation along the Si thickness for different channel doping
concentration values, N, = (10*¢cm™3, 107cm™3,10'8cm™3). The values of other
parameters are: gate oxide thicknesst,, = 2nm, t; = 20nm and gate bias voltage

Vgs = 0.1V in part (a) and Vs = 1.0V in part (b).
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—4—Na=1le+18 — ProposedModel
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_ ) -5 0 R 5 . 10
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51N —mNastesn7 Lo Model (6]
11 4 Y —k—Na=le+l
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Q
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[
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Distance (nm) (along the Si film in y-direction)
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Figure 4.4: Comparison of the Lo [6] and proposed analytical potential model for the DG-
MOSFET. Wheret,, = 2nm, tg; = 20nm (a) Vg5 = 0.1V and (b) V5 = 1.0V
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Potential profile shows an increase with increase in doping concentration, which is intern
due to an increase in the number of free carriers in the channel region. Our proposed
potential model variation with different parameter in [ﬁg.(4.1),(4.2),(4.3)aﬁd 4.4)] is
deflected 4-6% with existing model.

4.2. Surface Potential Variation along the Channel

Fig.4.5 shows the Surface potential ®(x, () as a function of the normalized position
along the channel for different drain bias voltages; V5 = (0.5,1.0 and 1.5V). The values
of other parameters are: gate oxide thickness, t,, = 2nm, Si film thickness, t;; = 20nm

and gate bias voltage V;; = 0.2V

1.8 -

1.6 1 ——V/ds=1.5v

—i—Vds=1.0v
wtie==\/ds=0.5v

1.4 -
1.2

1
0.8
0.6
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— Proposed Model
..... Chiang Model [15]

0.4
0.2 4

0 T T T T - ¥ ]

0 0.2 " 0.4 0.6 0.8 1 1.2
Normalized Channel Position (x/L)

Figure 4.5: Comparison of the Chiang [15] and proposed model for the DG-MOSFET. Where
tox = 2nm, tg; = 20nm and Vgs = 0.2V '
In the figure, position of minima has been iteratively found and it can be observed that
the shift in the point of the minimum potential is almost fixed regardless of the applied

drain bias.

The minimum Surface potential variation along the gate bias voltage for different
channel length L = (10, 25,100nm) is shown in Fig.4.6. The values of other parameters
are: gate oxide thicknesst,, = 5nm, Si film thickness, t;; = 20nm, drain bias voltage

V4s = 0.05V and channel doping concentration N, = 1016¢m=3
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Figure 4.6: Comparison of the Chiang [15] and proposed model for the DG-MOSFET.

WhereV,; = 0.05V, ty; = 20nm, t,, = 5nm andN, = 10*°cm 3,
If we increase the gate bias voltage, then the minimum surface potential increases due to
an increase in the electric field both in longitudinal and lateral directions of the device.
As the lateral Electric.ﬁeld varies the gate length (inversely proportional), hence for
increasing device lengths, we observe a decrease in minimum surface potential curves. It
can be seen that the smallest channel length of L=10nm has the least slope in the above
graph. |

a d"‘1.min

Vgs

The subthreshold slope swing is inversely proportional to . It can be concluded

1,min

.. )
that as the channel length of the device is reduced, —Z;—, decreases and the
gs

subthreshold swing will increase. Our proposed minimum surface potential model
variation with different parameter in [fig.(4.5)and (4.6)] is error 4-6% with existing

model.
4.3. Threshold voltage roll-off Variation along the Channel

Threshold voltage roll-off AVy,, is the difference between the threshold voltages of short
and long channel devices. The variation of threshold voltage roll-off along the channel
length for different silicon film thickness tg;= (1.5,5,10,and 25nm) is shown in Fig.4.7.
The values of other parameters are: Gate oxide thickness t,, = 1nm[in part(a)] and

tox = 1.5nm [in part(b)]. Vu = 0.05V.
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Figure 4.7: Comparison of the Chen [8] and proposed model for the DG-MOSFET. (a) t,x =
1nm and (b) t,, = 1.5nm
As car be observed from the above graphs, threshold voltage roll-off 4V,,, is sensitive to
devices parameters like channel length, gate oxide thickness, Si film thickness, channel
doping concentration and drain bias voltage. It can be seen that as the channel length of

the device is decreased, the threshold voltage roll-off increases. Also, as the thickness of
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Si film increases, threshold voltage roll-off also increases as it is directly promotional to

it.

In Fig.4.8, we have shown the variation of threshold voltage roll-off along the channel
length for different drain bias voltages V;,=(0.005,1.0V). The values of other parameters

are: gate oxide thickness t,, = 1.5nm and silicon film thickness t5; = 10nm.
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Figure 4.8: Comparison of the Liang [1] and proposed model for the DG-MOSFET. ¢t =
10nm and £,, = 1.5nm

Above figure shows the threshold voltage roll-off AV, for both low drain and high drain
bias voltages. It can be observed that for higher drain bias, the roll-off is also higher.
This is due to the fact that for a fixed high drain bias voltage, the shift in threshold
voltage is higher for a long channel device as compared to the short channel device. Our
proposed threshold voltage model variation with different parameter in [fig.(4.7)and

(4.8)] is error 5-7% with existing model.

In the summary of this chapter, we can state that, our model developed by using Green’s
function for a DGMOSFET has shown satisfactory results. In the next chapter, we
present various conclusions that can be drawn when we compare our model with the

existing models.
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CHAPTER 5
CONCLUSIONS

In this thesis, analytical model has been developed for the analysis of DG-MOSFET

based upon Green’s function techniques.

Analytical model of the potential distribution along Si thickness, surface potential along
the channel and of threshold voltage in a DG-MOSFETs device has been developed by

solving the 2-D Poisson’s equation using a Green’s function method. The conclusions

are:

1

2)

3)

4)

5)

6)

The 2D surface potential and potential distribution along Si thickness model
assumed a uniform channel doping profile due to the presence of the two
symmetric gate materials with the finite work function and the controllable gate
length. Our proposed potential model is in error of 4-7% with existing chiang
model.

The minimum surface potential point can be found only by iterative method. Shift
in the surface channel potential minima position is negligible with the increasing
drain bias. .

The potential distribution along front gate to back gate (perpendicular to channel)
is parabolic type, meeting the shape recommended by most models.

The analytical threshold voltage model has been derived based on the surface
potential model. The threshold voltage roll-off with decreasing channel length in
DGMOSFETs down to 100nm.

The developed models righty describes the effects of various DGMOSFET
parameter variations like body doping concentration, app]ied drain and gate bias
voltage, the thickness of the Si film and gate oxide,

The main advantage of these models is that if we can develop a model for any
arbitrary doping profile, no need to develop a new model from scratch. Just by
only changing the doping profile in the explicit model, we will get model for that
particular profile. So this model saves the time in calculating some complex

expressions.
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SCOPE FOR FUTUER WORK

Several possible extensions could be attempted as ongoing research work. Some specific
recommendations based on the present work are as follows:

1. The proposed structures can be applied at the circuit level (e.g. inverter) and the
performance of the resulting circuit can be compared with a circuit that is composed of
the compatible conventional structures.

2. The cylindrical GAA MOSFET is inherently a 3D device, therefore above approach
can be use in analytical modeling of Gate All Around (GAA) DG-MOSFET.

3. The FinFET configuration is another next generation device type which could have the
potential to fit into the modeling framework presented here in this thesis. Same approach

can be use in a FinFET analytical modeling.
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APPENDIX

Green’s functions in Rectangular region

A
y

(O,tsi_) (L>tsi)

(0,0) L)

>
X
Fig.5.1 rectangular region
Determination of Eigen function and Eigen value in x direction (along the channel)
L0 | k@ =0 ® = =0,L
oz T a® =0, = 0atx = 0, (A)
® = Asink,x + Bcosk,x
=0, atx=0=>B=0
d=0atx=L = sink,L=0
Eigen value is ky =25

. . . .. nw
and Eigen function is sin 5 X

Similarly Eigén value in y direction (along the Si film thickness)

d?o ‘
d_y_2_+km¢=0 ®=0aty=0,tg

® = Csink,,y + Dcosk,y
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®=0, aty=0=C=0

$ =0, aty = t5; = sink,tg; = 0

. . mn
Eigen value is kypy =—

. . mn
and Eigen function sin Y
si

Along x-direction

Sturm-lioville eq. is

%[p%’] +(q+o)d =0

(B)

Where A is a separation constant. P and ¢ is usually positive & continuous function of x.

Compare (A)and (B)g=0,0 =1

f:acbntpmdx:l , m=n
=0, m+n
Eigen function sin(fLEx)
Lsin 2 x)sin (ZZx dx=£ if m=n
0 L L 2

L . z(mr ) L
S —x)dx = =
fo in? (= >

fol, \[%sin (%Ex)\/%sin (-72—”x) dx= 1

¢, = |-sin (—x)

Let G =a,y)d,(x)
One dimensional green’s function is

d%G _ '
a'i'?x@ =-8(x— x")

Method -1

6 = s an O () = Zin an) fEsin ()
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Eq.(5.5) and (5.6)
B 2 CEDIIER + 155 an0) [Esin) = <= &) (5)
510 [2a - (32} sincx = —80x - x)
| 2:;1%@)%{;\ - (55)2} Jy sin (?x) sin (77X} dx = — [ J%S(x — x') sin(G=x)dx
an )2 () Je = [2sin (')

2 sin(ﬂx’)
L L

a,(y) = — (5.8)
(D)
G(xx") =2 5y sm(_{z)(s,;(z}T ) (5.9)
L
Green’s function in two dimensional is
G(x,y; x',¥") = X1 an NP () (5.10)

5 e (1 )]0, = ~8(x— x) 8y = ¥") (5.11)

dy?

5> T2EE0 (M )] [E @) S dx = — B ¥') [} B () 8x =

dy?

x") dx
dzt(:;gy) (nﬂ) n(Y) - _ m(x’)&(y y ) { fm=n
IOL &, ()P, (x)dx =1

®,(y) = sinh ("Lﬂ)

— cinp (=)
@,(y) = sinh n
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Therefore

W =0, () — 009, ()

L L

W = sinh (n—TL’Z) {—fgcosh ———"n(ti"_ 4 )} — sinh nrtsi—y) {"—" cos

. _nmoJ . nwy | nuts mt;y)]
W = L [sm( z T L

W = —nT"sin (—m:t“)
- {x"e &
an()’) = n(:g";"({,}’a)l)z(}’ﬂ

Let p(H')=1

And y. =the greaterof x & x’
y> = the smaller of x & x’
Therefore in above equation

’ —

Zsin(ntx )sinh (ftﬁ)sinhmst—y)-
a (y) =—.r Antg;
n L Msinh(5h)

Put these value in equation (5.10)

o)

' — !
2 sin(—mzx )sin("—f‘-) sinh (%Z)sinh nltsi=y) 2 y)

Knsinh ("5

Gx(xy; x',¥') = Xn=1 s

L

! ]
sin(mrx )sin(?) sinh (—";f—y)sinh ——ﬂ—n"(tL y)

1o 2 v
Gx (X,y; X,y ) = ZZn:l

Knsinh(n—rfﬂ

coad Ty
Gx(X,y, X,y ) - Knsinh(ky tsi)

sin(kpx’ )sin(kpx) sinh (kyy")sinh ky (85— ) —

S "o E 0o
Gr(xy; x',y') = L Zn=1 Kysinh(knts)
Therefore write Green’s function
Gy =uly — y,)ze + u(y' - Y)le
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Gy*

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)
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Where u(y - ') & u(y' - y) is unit step function.

Similarly find in y direction green’s function

%zy_i +2,6 = —8(6— ¥) One dimensional

B = J%sin (Ey)

Similar to eq.(4.3)
‘And two dimensional green’s function in y-direction
G(x,y; x',¥") = Zm=10m(X)Pp(¥) (5.18)

5 L (MY ()] 0n0) = —8(x— x) 6~ ¥)

dx? tsi

> Zoalm® - @020, (x)] ;5 5u0) Pn() dy = —8(x— x) [ () 8 -

y")dy

N 2
Lon@ _ (20 g, () = ~94(") 6x~ ) { ifm=n

dx?
J3¥ @0 P dy =1
‘@,(x) = sinh (?E)

@, (x) = sinh m(L-x)

St

Therefore

W =@, (X)P, (x) — D,(x)P; (x) (5.19)

W = sinh (";"x ) {— zﬂcosh —"—"@} — sinh M {? cosh-"ﬂ}

si si si si si Lsi

mn ., mrtL
W = —-—sm( )
) tsi Lsi

—@Pn (¥ )P (XD P2 (x5)
p(x"w(x")

Ay (x) =
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let p(x')=1

And x. =thegreaterofy & y’
x = the smallerof y & y'

Therefore in above equation

onte) = - [ oS s

Csi
tsi

tsi

Put these value in equation (5.18)

r ol
sin(——";"y )sin(———mt"y ) sinh(—m"x ) sinh-———m"(l‘ %)

Gy(xy; x',y") = iy =5 I S (5.21)
smh(r—)
si
vt ory 2 v Sin(Rpy)sin(kmy’) sinh (kmX )sinh ky (L—x") _ . 1 '
Gy(xy; x',y') = 0 Zm=1 e sinhGknL) =G, forx < x

sin(kmy )sin(kmy' ) sinh (Kmx")sinh Ky, (L—x)
Kpmsinh(kmL)

Gy(xy; x',y") = %Z??m =G> for x>x'
st )
Therefore

Gy =u(x — x)G% + u@x’ — x)G,* (5.22)

Where u(x - x') & u(x’ - x) is unit step function.
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