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ABSTRACT 
 

 

Nowadays, the development of VLSI technology is mainly directed towards the 

miniaturization of semiconductor devices which in turn is heavily dependent on the 

advancement in the CMOS technology. The minimum dimension of a single device for 

present day technology is below sub-100 nm in channel length. As CMOS technology 

dimensions are being aggressively scaled down to the fundamental limits (such as 

reduction in carrier mobility due to impurity, increasing gate tunneling effect as the gate 

oxide thickness decreases, increasing p-n junction leakage current as the junction become 

more and more shallow, etc.) imposed by the material characteristics, secondary effects 

begin to influence the device performance significantly and more accurate device models 

as also innovative MOS device structures are required to be necessarily developed. These 

requirements have led to development of alternative technology. Silicon-On-Insulator 

(SOI) technology is one such alternative which can offer the performance as may be 

expected from next generation Si technology. 

In this  work, symmetric Dual-Material Double-Gate Fully-Depleted SOI MOSFET has 

been analyzed. The analytical model for the MOSFET’s electrical parameters (such as 

potential distribution, electric field distribution, electron velocity distribution, 

subthreshold swing, threshold voltage, device capacitance, drain-current, 

transconductance, drain-resistance, cut-off frequency and transit time) has been 

developed and compared with the results for the device parameters obtained by numerical 

analysis using ATLAS. It has been observed that this structure provides for significantly 

improved electron transport efficiency and high frequency behavior of the device.  

Since for obtaining optimal device performance, ion implantation is invariably used for 

doping the body region, the impurity distribution in the body region is assumed to be 

non-uniform. Also because, the accurate device models are required for designing VLSI 

circuits, the impurity distribution in the body region has been assumed to be Pearson IV 

distribution (rather than ideal Gaussian distribution function) which matches the 

implanted distribution very closely. The noise analysis (in analysis of thermal and flicker 

noise) of this proposed device has also been carried out and it has been observed that the 

proposed structure offers improved noise behavior.  



 vi

A  robust and fast neural network has also been developed which takes five major 

material/structural parameters of the MOSFET (namely silicon layer thickness ( sit ), oxide 

layer thickness ( oxt ), channel length ( 21 LLLg += ), drain-source voltage ( dsV ) and gate-

source voltage ( gsV )) as inputs and gives five major device parameters (surface potential 

( sφ ), electric field distribution ( xE ), drain-current ( dsI ), transconductance ( mg ) and cut-

off frequency ( cf )) as outputs for a feasible DM DG SOI MOSFET. It can predict the 

output without going into complex analytical equations. In case the input parameters do 

not relate to a feasible device the neural network will not converge.  
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DG FD SOI MOSFET for transconductance (trained by set of 100 inputs-outputs 

data). 

4.9 Comparison between device simulator and trained neural network model of DM 

DG FD SOI MOSFET for transconductance (trained by set of 20 inputs-outputs 

data). 

4.10 Comparison between device simulator and trained neural network model of DM  

DG FD SOI MOSFET for cut-off frequency (trained by set of 100 inputs-outputs 

data). 

4.11 Comparison between device simulator and trained neural network model of DM 
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DG FD SOI MOSFET for cut-off frequency (trained by set of 20 inputs-outputs 

data). 

4.12 Comparison between device simulator and trained neural network model of DM 

DG FD SOI MOSFET for drain-source current (trained by set of 20 inputs-outputs 

data). 

4.13 n-channel MOSFET structure. 
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Chapter-I 

 
 

INTRODUCTION 

 

 

As the device count in an IC is running into billons per chip, the issue of power 

dissipation in the chip is becoming one of the two most important issues (other being the 

speed). The ever decreasing device dimensions have reached a state where the 

performance of the bulk Si MOSFETs is limited by the fundamental physical limits such 

as reduction in carrier mobility due to impurities, increasing gate tunneling effect as the 

gate oxide thickness decreases and increasing p-n junction leakage current as the 

junctions become more and more shallow. A low operating voltage is a necessity as 

reduced power consumption is aimed at. These requirements have led to development of 

alternative technologies. SOI technology is one such alternative which can offer a 

performance as expected from next generation Si technology. 

Figure 1.1 shows the structures of n-enhancement bulk Si MOSFET and the 

corresponding SOI MOSFET. The main difference between the two is that the in SOI 

structure the Si layer containing the MOSFET is separated from the substrate by a layer of 

SiO2, called buried oxide (BOX). The thin Si film on BOX is a crystalline layer. The 

typical dimensions of the layers are shown in the figure 1.1. 

 

 

Fig 1.1 Structures of bulk Si MOSFET and SOI MOSFET. 
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1.1 Historical Perspective of SOI Development 

In 1966, Watanabe and Tooi [1] observed that if oxygen ions are implanted into silicon 

using a RF gas discharge then the resulting SiO2 has the characteristics identical to those 

of thermally grown SiO2.  

In 1978, it was discovered that if energy and dose of oxygen being implanted is kept 150 

keV and 12 x 10
18

 cm
-2

 and the sample is annealed at a temperature of 1150 Co , then the 

resulting buried oxide layer exhibits excellent electrical characteristics and the top Si 

layer is single crystal in nature. This process is known as SIMOX process, illustrated in 

figure 1.2. 

 

Fig 1.2 SIMOX process. 

 

During 1980s, the recrystallization of Si layer with laser or e-beam was studied 

extensively and also formed a part of Japanese R & D project aimed at developing 3D 

ICs. This project also included fabrication and evaluation of SOI substrates, design and 

simulation of SOI devices, and circuit design technology for 3D ICs [2]. In the same 

tenure, there was an important improvement in SIMOX technology. It was discovered that 

if the annealing temperature is raised to above 1300 Co , then the dislocation density is 

reduced from 10
9
 cm

-2
 to 10

6
 cm

-2
 [3]. 
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During 90s, SIMOX process was further improved with the discovery of “dose window” 

[4] which resulted in drastic reduction in dislocation density and buried oxide thickness 

was increased by high temperature oxidation (ITOX technology) [5]. The resulting 

SIMOX technology led to increase in throughput by a factor of 5 and dislocation density 

as low as 10
2
 cm

-2  
to 10

3
 cm

-2
. 

 

Fig 1.3 PACE process. 

 

Since, the scaling of device dimension requires thinner and thinner top Si layer, 

considerable research efforts were made to develop SOI wafers with top Si layer having 

small but highly uniform thickness (thickness variation < 10%). As a result, plasma 

assisted chemical etching (PACE) process [6] and ELTRAN process [7] were developed 

in 1992 and 1994 respectively. The PACE process and ELTRAN is shown in figure 1.3 

and 1.4 respectively. 
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Fig 1.4 ELTRAN process. 

 

In 1995, UNIBOND process with Smart-Cut technology was reported [8]. This process 

involved implanting hydrogen into a Si donor wafer, which is bonded to handle wafer. 

The donor wafer is split off at a temperature of 500 Co to 600 Co and a surface is 

planarized. The hydrogen dose required to strip the Si surface is from 3 x 10
16

 to 1 x 10
17

 

cm
-2

, which is less than the oxygen dose used for low-dose SIMOX. The donor wafer is 

recycled. The whole process is shown in figure 1.5. 

A number of applications of SOI were developed at a commercial level. In the later half 

of 90s and onwards, the main applications developed are given below 

1997 onwards �  

• Gate Array ( Mitsubushi ) 

• Power PC ( IBM ) 

• MPC ( Motorola )    

• Watch Controller (Oki ) 

• Opteron ( AMD ) – 64-bit MDU 

• CELL ( Sony, IBM, Toshiba ) 
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Fig 1.5 UNIBOND process. 

 

1.2 SOI MOSFETs  

1.2.1 Characteristics features  

The main features of SOI MOSFET are listed below [2] 

(i) Low drain junction capacitance:   A schematic of cross sectional view of SOI  

MOSFET at the drain junction is shown in figure 1.6. The drain junction capacitance 

comprises of vertical junction capacitance between the drain and substrate (CVJ), the 

lateral junction capacitance (CLJ) between the side wall of the drain and the body. The 

component (CVJ) is a series combination of the capacitance of the buried oxide (CVJB) and 

the capacitance (CVJD) of the depletion region in the substrate below the BOX. All these 

capacitances are shown in figure 1.6. Thickness of the body region is typically less than 

0.1 µm, so the capacitance (CLJ) is small. The vertical capacitances being in series 

resulting still smaller capacitance. Due to the above factor, overall drain junction 

capacitance in SOI MOSFET is much smaller than the same in bulk MOSFET. Typically, 

the drain junction capacitance for an SOI MOSFET is lower by one order of magnitude as 
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compared to the same in bulk silicon MOSFET, having same impurity concentration in 

the body. As a result of lower drain junction capacitance, the power dissipation during the 

switching of the transistor is less in SOI MOSFETs. 

 

 Fig 1.6 Drain Junction Capacitance of SOI MOSFET. 

 

(ii) Improved speed of stacked gate:        The body of SOI MOSFET is floating unless  

the layout is designed deliberately with a view to ground the body. In case of bulk Si 

MOSFET, where the body of both the pull-down transistor is connected to the ground (in 

case of NAND gate shown in figure 1.7), one of the pull down transistor has a negative 

body bias, due to the current flowing to the ground. This results in increase threshold 

voltage and higher fall time, in contrast if this NAND gate is implemented with SOI 

MOSFETs, the body bias becomes positive leading to lower threshold voltage, larger 

drain current and lower fall time (i.e. improved speed). 

(iii) Ideal device isolation:            SOI devices are laterally isolated from each other by  

oxide (shallow-trench-isolation) and vertically by BOX. Since SOI is an excellent 

insulator, SOI MOSFET structure provides for near ideal device isolation. 

(iv)      Radiation hardness:     Alpha particles generated by trace amount of radio active 
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elements typically have energy of 5 MeV. These particles can penetrate the Si up to a 

depth of 25 µm generating excess electron-hole pairs on the way. The excess electron-

hole pairs are sufficient to change the memory states of a SRAM. In SOI MOSFETs most 

part of the trajectory of the alpha particle is below the BOX and the electron-hole pairs 

generated in the substrate are electrically isolated from the active region of the device. 

Thus SOI MOSFETs are relatively immune to the radiations effect.  

 

Fig 1.7 Higher speed of the stacked gates with the SOI MOSFETs. 

 

(v) Small p-n junction leakage current:        The p-n junction leakage current in SOI 

structure is very small because the effective area of the p-n junction besides the side wall 

area which is small due to the small thickness of the top silicon layer. This leads to low 

standby power requirement. 

(vi) Reduced short-channel effects:            Because the thickness of the body layer and  

therefore the depth of source-drain junction in SOI MSOFET is very small, so the short 

channel effects are greatly reduced even for small channel length. 

(vii) No latch-up:              Latch-up in CMOS structures implemented in bulk Si device  

occurs due to parasitic thyristor as shown in figure 1.8 (a). This phenomenon limits the 

maximum operating voltages and necessitates special circuit layout to prevent latch-up. 
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In case of SOI CMOS there is no parasitic thyristor (see figure 1.8(b)) and therefore it is 

free from latch-up phenomenon. 

 

 

(a) 

 

(b) 

Fig 1.8 Latch-up in CMOS. 

 

1.2.2 Operating Modes of SOI MOSFETs 

(a)     Partially-depleted (PD) vs Fully-depleted (FD):  Figure 1.9 shows the schematic 

cross section view of PD and FD SOI MOSFETs.  
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Fig 1.9 Structures of (a) Partially-Depleted and (b) Fully-Depleted SOI MOSFET. 

 

In PD MOSFET, a part of the body region remains undepleted or neutral while in FD 

MOSFET, whole of the body, the depletion region extends right up-to the body and BOX 

interface. Thus in FD SOI MOSFET, the complete body region is depleted off majority 

carriers. 

(b) Comparison of PD and FD SOI MOSFETs:       The characteristics of PD and FD  

MOSFETs differ in the following respects [2]. 

(i) Kink in the drain current characteristics:        In PD SOI MOSFETs, a kink  

(sharp rise in drain current at a particular drain voltage) is observed in the ID vs VDS 

characteristics as the drain voltage is increased for a fixed gate voltage. As in n-channel 

MOSFETs as the electrons flow towards the drain they gain kinetic energy and generate 

electron-hole pairs by impact-ionization. The holes so generated moves towards the 

source. In PD SOI device there is higher potential barrier to the holes so the hole tend to 

accumulate in the body region thereby increasing the body voltage. This causes threshold 

voltage to drop, drain current to increase leading to even higher impact-ionization. At the 

same time barrier height for holes also decreases permitting more number of holes to 

reach the source thereby increasing the drain current. This results in sharp increase in the 

drain current (a kink) at some drain voltage. To avoid this kink the body of PD SOI 

MOSFETs needs to be connected to ground. In FD SOI devices, the potential barrier to 

the hole at the source end is small because whole of the body region is depleted of the 

carriers. So, there is no accumulation of holes in the body region and consequent kink in 

the drain characteristics. 
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(ii) Subthreshold slope:         An important feature of FD SOI MOSFET is that  

they have steep subthreshold behavior characterizes by subthreshold swing close to 60 

mV/decade which is limiting value for MOSFETs. The subthreshold behavior of PD SOI 

is similar to bulk Si MOSFETs. Thus subthreshold characteristics of FD SOI MOSFETs 

are superior.  

(iii) Dynamic floating body effects:         As mentioned above, the SOI devices  

are fully isolated and their body potential is not constant. The effects of different body 

potential are collectively known as floating body effect. Dynamic body floating effects 

refer to the device behavior when it is operating in a circuit. The body potential changes 

because of impact-ionization in majority redistribution in the body region when gate and 

drain switch between high and low levels. FD SOI devices are stable and relatively 

unaffected by the dynamic body effects. In contrast the PD SOI devices are significantly 

sensitive to dynamic body effect and require the body to be connected to a constant 

potential. These floating body effects have been known to cause the transient 

phenomenon in the access transistor of DRAMs and SRAMs that can lead to loss of charge 

in memory cell [9]. 

(iv) Parasitic bipolar effects:                In FD SOI MOSFET, a parasitic bipolar  

transistor is formed where source, body and drain act as emitter, base and collector 

respectively of parasitic transistor. In this transistor, base current is consist of majority 

carriers, generated by impact-ionization. Since the body region is more depleted in FD 

than PD SOI device. The parasitic transistor is more effective in FD SOI devices. This 

transistor leads to a reduction to breakdown voltage between the source and drain, 

smaller threshold voltage and abnormally steep subthreshold behavior. This parasitic 

effect may also lead to single transistor latch phenomenon [10]. The parasitic bipolar 

effect can be suppressed by suppressing the generation of majority carrier by impact-

ionization, reducing the injection efficiency of the parasitic bipolar transistor and by 

lowering the transport efficiency in the base of the transistor. 

(v)  Self heating effect:     Self heating effects are common to both PD and FD  

SOI devices. The BOX layer which leads to better characteristic of the device is also 

responsible for its poor thermal behavior. The oxide has a thermal conductivity which is 

two orders of magnitude smaller than that of silicon. So, the heat generated by the drain 

current is not able to escape through the BOX layer and has to be dissipated by the 
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interconnections via the contact of source, drain and gate. This may results in increase in 

channel temperature and consequent degradation device behavior.  

1.3 State of Art – FD SOI MOSFETs 

1.3.1 Fully-Depleted SOI MOSFET Structures  

Due to the superior characteristics of FD SOI devices, considerable effort has been 

invested in recent years leading to innovative device structures in the quest of better 

performance. These devices have been classified as non-classical by ITRS (International 

Technology Roadmap for Semiconductors). Figure 1.10 illustrates the evolution of FD 

SOI devices from single-gate to multi-gate structures.  

 

Fig 1.10   Evolution of FD-SOI devices from single-gate to multi-gate structures [11] – [25]. [68] 

 

In single-gate structures, the gate length must be more than four times the thickness of the 

SOI layer to suppress the short channel effects. Double-gate and triple-gate MOSFETs 
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have relatively smaller short channel effects, so the gate length can be as small as twice 

the thickness of SOI layer. Double-gate structures with one gate consisting of dual-

material [26] have also been analyzed. Both gates consisting of dual material (this work) 

have been proposed, also illustrated in figure 1.10. Triple-gate devices give somewhat 

better characteristics because three-gates allow better control of channel potential. Gate 

all around devices have more complicated structure and are difficult to fabricate. FinFET, 

double and triple-gate are more promising alternatives for nano-scale devices. 

1.3.2 Double-Gate FD SOI MOSFETs – a brief review 

Double-gate SOI MOSFET has two gates simultaneously controlling the charge in the 

thin silicon body layer, allowing for two channels for current flow. Because SOI film is 

thin, a direct charge coupling exists between the front and back gate invariably [27], 

influencing the terminal characteristics of the device. The device can be operated in 

several ways [28]: 

• Front channel alone conducting, the back channel being either depleted or 

accumulated. 

• Both channels conducting, both or either of the channels being in weak or strong 

inversion. 

The current-voltage characteristics of the device with the front channel in strong 

inversion and the back channel either in accumulation or in depletion has been modeled 

analytically [29]-[31]. Since SOI films are thin, the electrical properties of MOSFETs 

fabricated are inherently influenced by the charge coupling between the front and back 

gates. Due to extremely small device dimensions, low voltage operation will be 

mandatory where the low threshold voltage is required [32]. Sasaki and Togei [33] 

studied the variations in the threshold voltage of SOS (silicon on sapphire) MOSFET as a 

function of epitaxial film thickness. Worly [34] derived an analytical model for the 

threshold voltage of an SOS transistor in which charge coupling between the front and the 

back gates occurs as in SOI MOSFET, but only the back silicon surface is depleted. Sano 

et. al. [35] developed a rigorous numerical model for threshold voltage (Vth) that includes 

a dependence on the back gate bias. A general steady state analysis of charge coupling 
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between the front and back gate that yielded closed form expressions for Vth under all 

possible steady state charge conditions was presented by Lim and Fossum [27]. They also 

discussed the dependence of the linear region channel conductance on the back gate bias 

and other device parameters. 

Both n-type and p-type SOI MOSFET structures were considered by Ballestra et. al. [36]. 

They analyzed the effect of the interface parameters on the back and the front threshold 

voltages. Groeseneken [37] studied the temperature dependence of the threshold voltage 

of the ultra thin SOI n-channel MOSFET. The threshold voltage variation with 

temperature is significantly smaller in fully depleted devices than in bulk devices. In this 

paper, the dependence of Vth on the depletion level was also discussed. The statistical 

variation of Vth resulting from the randomness in impurity distribution in both bulk and 

SOI MOSFET was discussed by Chen and Li [38]. Their study revealed that the threshold 

voltage of DG FD SOI MOSFET is less sensitive to inherent fluctuations in impurity 

distribution and discussed the design considerations for minimizing the statistical 

variation in Vth. Over the past thirty years, the primary challenge for the IC designers has 

been the integration of an ever increasing number of devices with high yield and 

reliability. However, as the device dimensions approach deep submicron regime, the 

characteristics of a conventional MOSFET approach that of a resistor [39]. Increasing the 

threshold voltage through increased channel doping solves this difficulty. However, this 

would require higher supply voltage and also result in higher capacitance. This 

combination would result in higher power dissipation and low speed which are 

undesirable. So a tradeoff is required. Based on Brews empirical scaling rule [40], Yan et. 

al. [41] has proposed the guidelines for the design of SOI MOSFETs. They discussed 

several structural variations of conventional SOI structure in terms of natural length scale 

to guide the design. 

The requirement of low voltage operation made the investigations of subthreshold 

characterization important. The subthreshold behavior of a MOSFET is characterized by 

the subthreshold swing, which has to be small enough to ensure low leakage current and 

sufficient overdrive necessary for high speed. The dependence of the subthreshold swing 

(S-factor)
*
 on current capability of the MOSFET has been discussed for the gate length 

down to 0.1 µm [42]. In the subthreshold region, the floating body (of FD SOI device) 
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leads to a shift in the subthreshold slope which is smaller than the theoretical value of 

60 decademV / predicted for an ideal MOS transistor at room temperature. Davis et. al. 

[43] observed subthreshold slope as small as 50 decademV / for n-channel MOSFETs 

fabricated on SOI substrate. Advances in SOI wafer technology have improved the 

material quality substantially leading to n-channel MOSFET subthreshold slope of less 

than 20 decademV /  [44]. Good understanding of this subthreshold behavior of floating 

body SOI MOSFET is necessary for proper transistor design and circuit modeling. 

Previously reported S-factor models [45]-[48] are based on one-dimensional analysis of 

the SOI MOSFET and cannot be applied to short channel devices where the potential 

distribution is essentially two dimensional. Two-dimensional analysis of subthreshold 

behavior using numerical analysis approach has been reported in [49]-[50] for DG FD 

SOI devices. 

Matloubian et. al. [51] showed that n-channel SOI MOSFETs with floating bodies show a 

threshold voltage shift and improvement in subthreshold slope at higher drain biases. 

This improvement was supported by the positive feedback between the body potential 

and the transistor channel current. Subthreshold slopes in submicron n-channel FD SOI 

MOSFETs have been measured as a function of substrate bias and temperature as well as 

drain bias by Tokunaga et. al. [52]. It was found that for low drain voltage, a simple 

capacitor model could explain the experimental results. For large drain voltages 

anomalously sharp subthreshold characteristics was observed for large negative substrate 

biases. They also proposed a qualitative model based on the charge state of the lower SOI 

interface to explain the dependence of the anomalous effect on substrate bias. The model 

for current-voltage characteristics in subthreshold region for submicrometer fully-

depleted SOI-MOSFET was proposed by Fossum [53] and Hasio [54]. 

 

* Subthreshold slope or S-factor is defined as             S 
( ) )/log(

1

GD VI ∂∂
=  

The above slope is computed for ID  vs VG curve in subthreshold region with VDS kept as 

constant. 
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The model for current-voltage characteristics in subthreshold region for submicrometer 

fully-depleted SOI-MOSFET was proposed by Fossum [53] and Hasio [54]. Fossum, et. 

al. [53] observed the abnormally large drain current in subthreshold region and related it 

to the floating body effects due to the impact-ionization at the drain. Hasio et. al. [54] 

proposed the analytical model for subthreshold current voltage characteristics taking into 

account the dependence of effective depletion charge on the drain bias and the voltage 

drop in the substrate region underneath the buried oxide. Short channel effects like 

threshold voltage roll off and drain induced barrier lowering were also analyzed for a gate 

length up to 0.25 mµ . 

Based on the analysis of Ratnakumar and Meindl [55], Woo et. al. [56] separated the 2D 

Poisson’s equation into a one-dimensional Poisson’s equation and 2D Lapalace equation. 

To solve the 2D Poisson’s equation Green’s function technique can also be applied as 

demonstrated by Lin and Wu [57] for a bulk MOSFET and by Chin and Wu [58] for a 

short channel length MESFET. The exact solution of the 2D Poisson’s equation for the 

fully depleted SOI MOSFET has been derived using three zone Greens function technique 

by Gou and Wu [59]. 

A symmetric dual-material dual-gate MOSFET structure has been analyzed by Manoj 

Saxena [60] and in their work a 2D analytical model was developed for potential and 

electric field distribution in the body region and the threshold voltage assuming uniform 

distribution in the body region. Asymmetric DM FD SOI MOSFET has also been 

analyzed by Anurag Chaudhry and M. Jagadesh Kumar [61, 26] assuming uniform 

distribution in the body region.  

Keunwoo Kim, and Jerry G. Fossum [62] presented asymmetrical double-gate (DG) 

CMOS, utilizing n+ and p+ polysilicon gates, can be superior to symmetrical-gate 

counterparts. The most noteworthy result was that asymmetrical DG MOSFETs, 

optimally designed with only one predominant channel, yield comparable, and even 

higher drive currents at low supply voltages.  

Adelmo Ortiz-Conde et al. [63] offered an explicit analytic solution of the surface 

potential of undoped-body symmetric dual-gate devices. The error produced by the 

proposed solution compared to exact results is reasonably small for typical device 

dimensions and bias conditions. 
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1.3.3 Performance Characteristics of DG, SG MOSFETs and others 

Wei Ma and Savas Kaya [64] measured the impact of device physics on double-gate, 

silicon-on-insulator and bulk metal oxide field effect transistor as shown in figure 

1.11, in terms of drain current, transconductance and output conductance. It was observed 

that: 

• Drain current, so as the transconductance is high in case of DG as compared to 

SOI and bulk MOSFET, as shown in figure 1.11 (a) - (b).  

• Also gd reduces more rapidly in SOI and DG MOSFETs, which have a thinner 

active Si layer, hence a lower output conductance. For Vds > 0.5 V, gd remains 

relatively flat in SOI MOSFET, while DG and bulk MOSFETs have comparable 

response, except lower value of gd in the former case, as shown in figure 1.11 (c). 

 

 

 
Fig 1.11 (a) Id–Vg characteristics (b) Corresponding transconductance curves for the same devices (gm) (c) 
Drain-bias dependence of gd is typically low in saturation but non-zero. Source: Wei Ma and Savas Kaya 

[64] 
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Julie Widiez et. al.[65] proposed DG MOSFETs, with gate lengths down to 40 nm, and 

experimentally compared to SG and GP (ground plane) MOSFETs. It was observed that 

the DG transistor shows the best SCE control and performance. Some of the performance 

outcomes are given below: 

• DG transistors exhibit the best electrical results in terms of SCEs and saturation 

currents for both nMOS and pMOS transistors, as shown in figure 1.12.  

• DG devices exhibit a low symmetrical threshold voltage Vth adjusted to 0.45 V. 

Conversely, the GP architecture shows a very high threshold voltage due to the 

influence of the grounded back gate, as shown in figure 1.13. 

 
Fig. 1.12 Drain current versus gate voltage for SG, DG, and GP (Ground Plane) transistors with a gate 

length of 50 nm for both (a) nMOSFETs and (b) pMOSFETs. Source: Julie Widiez et. al.[65] 

 

 
Fig. 1.13 Threshold voltage as a function of the gate length at Vds = 50 mV for 

nMOS devices. Dashed lines are simulations. Source: Julie Widiez et. al.[65] 
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• The drive and off-state currents (respectively Ion and Ioff) extracted at Vds=-1.2V. 

As expected, DG MOSFETs exhibit the highest saturation current, whereas GP 

transistors show a lower current due to their higher threshold voltage, as shown in 

figure 1.14. 

• GP transistors are almost as good as DG transistors, whereas SG device exhibits 

higher values of DIBL, because of the 1.2 µm thick BOX, as shown in figure 1.15. 

 
Fig. 1.14 Off-state current (Ioff) versus saturation current (Ion ) for pMOS 

transistors with different gate lengths. Source:Julie Widiez et. al. [65] 

 
Fig. 1.15 DIBL versus gate length (Lg) for nMOS devices. Dashed lines  

are for simulations. Source: Julie Widiez et. al.[65] 
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• Values of Vth, ∆Vth, S, Ion, Ioff and µo are compared for DG, GP and SG in table 

1.0. 

 
                      

      Table: 1.0 Comparison of DG, GP and SG MOSFETs. Source: Julie Widiez et. al.[65] 

 

 

 
 

 

M. Jagadesh Kumar and G. Venkateshwar Reddy [66] observed the diminished short 

channel effects in nanoscale double-gate silicon-on-insulator metal oxide field effect 

transistor due to Induced Back-Gate Step Potential in which the front gate consists of 

two materials with different work functions, as shown in figure 1.16. It has been observed 

that: 

• DM DG structure exhibits a step in the surface potential profile, as shown in 

figure 1.16 (a), at the front gate as well as at the back gate. The step, which is 

quite substantial in the front gate surface potential, occurs because of the 

difference between the work functions of n+ poly and p+ poly).  

• The back gate surface potential profile plays a dominant role in deciding the 

threshold voltage of an asymmetrical DG SOI MOSFET and due to the presence 

of the induced step profile at the back gate, the short channel behavior of this 

structure is expected to improve, as shown in figure 1.16 (b).  
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• The threshold voltage decreases with smaller channel lengths for the DG structure 

while a threshold voltage roll-up can be observed for the DM DG structure, as 

shown in figure 1.16 (c).  

•  DIBL, which is the difference between the linear threshold voltage (Vth,lin) and 

the saturation threshold voltage (Vth,sat) is far less for DM DG structure when 

compared with that of the DG structure, as shown in figure 1.16 (b). The reduced 

DIBL in the DM DG SOI MOSFET is because of the screening of the drain 

potential by the induced step surface potential profile at the back gate.  

 

 

 

   Fig 1.16 Short channel effects in DM DG-SOI MOSFET due to induced Back-gate step potential.  

   Source:  M. Jagadesh Kumar and G. Venkateshwar Reddy [66] 
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G. Venkateshwar Reddy et. al. [69] explored the novel features of an asymmetric double 

gate single halo (DG-SH) doped SOI MOSFET theoretically and compared with a 

conventional asymmetric DG SOI MOSFET. It has been observed that the application of 

single halo to the double gate structure resulted in threshold voltage roll-up, reduced 

DIBL, high drain output resistance, kink free output characteristics and increase in the 

breakdown voltage when compared with a conventional DG structure, as shown in figure 

1.17 

 

Fig. 1.17 Performance characteristics of DG-SH and DG SOI MOSFET.                                                       

Source: G. Venkateshwar Reddy et. al. [69] 

 

Wei Long, Haijiang Ou, Jen-Min Kuo, and Ken K. Chin [67] proposed dual-material 

single-gate field effect transistor. Where, the gate of the DMGFET consisted of two 

laterally contacting materials, as shown in figure 1.18, with different work functions. Wei 

Long et. al. observed: 
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• Due to this work function difference, the threshold voltage near the source is more 

positive than that near the drain (for n-channel FET, the opposite for p-channel 

FET), resulting in a more rapid acceleration of charge carriers in the channel and 

a screening effect to suppress short-channel effects.  

 

 

Fig. 1.18 Structure of DMG-FET. Source: Wei Long, Haijiang Ou, Jen-Min Kuo, and Ken K. Chin [67] 
 

 

 

• The simulated longitudinal electric field distribution of the DMG-HFET has two 

peaks, as shown in Fig.1.19 (a). That of the conventional single-material gate 

field effect transistor is a single peak.  

•  By enhancing the electric field, and therefore the electron velocity, near the 

source, plays a predominant role in the overall carrier transport efficiency of the 

FET as shown in Fig. 1.19 (b). 

 

 

• The DMG structure can suppress short-channel effects due to the screening effect, 

which is induced by a step change of the potential along the channel. Fig. 1.19 (c) 

shows the channel potential profiles for various drain biases. Beyond 0.5 V drain 
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voltage, i.e., after current saturation, the additional drain voltage increase is not 

absorbed under the M1 but under the M2.  

• The threshold voltage of the DMG-FET is about the same as a conventional SMG-

FET with the same gate material as M1 of the DMG-FET as shown in figure 1.19 

(d). Therefore, the channel region under M2 has more freedom of optimization. 

 

 

 

1.4 This Work 
 

In this work, symmetric DM DG FD SOI MOSFET has been analyzed. The analytical 

model for the MOSFET’s electrical parameters have been developed and compared with 

the results for the device parameters obtained by numerical analysis (ATLAS). It has been 

shown that this structure provides for significantly improved electron transport efficiency 

and high frequency behavior of the device. Since for obtaining optimal device 

performance, ion implantation is invariably used for doping the body region, the impurity 

distribution in the body region is assumed to be non-uniform. Also because, the accurate 

device models are required for designing VLSI circuits, the impurity distribution in the 

body region has been assumed to be Pearson IV distribution (rather than ideal Gaussian 

distribution function) which matches the implanted distribution very closely. The noise 

analysis (in analysis of thermal and flicker noise) of the proposed device has also been 

carried out and it has been shown that the proposed structure offers improved noise 
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behavior. A neural network has also been developed which takes five major material 

/structural parameters of the MOSFET (namely silicon layer thickness ( sit ), oxide layer 

thickness ( oxt ), channel length ( 21 LLLg += ), drain-source voltage (
ds

V )and gate-source 

voltage ( gsV )) as inputs and gives five major device parameters (surface potential (
s

φ ), 

electric field distribution (
x

E ), drain-source current (
ds

I ), transconductance (
m

g ) and 

cut-off frequency (
c

f )) as outputs for a feasible DM DG SOI MOSFET. In case the input 

parameters do not relate to a feasible device the neural network does not converges.  

This thesis is organized in five chapters. In Chapter-II, 2D analytical model for potential 

distribution, electric field distribution, electron velocity distribution and subthreshold 

swing in n-channel DM DG FD SOI MOSFET is presented. In the analysis, the drain 

induced barrier lowering (DIBL) has been taken into account. A Pearson IV and ideal 

Gaussian distribution have been assumed in the body region and its consequences on the 

potential and electric field distribution have been compared. The same analysis is 

repeated using numerical analysis and the results obtained from both the proposed 

analytical model and the numerical analysis (using device simulator ATLAS) have been 

compared. In Chapter-III, the same has been done for the device parameter: threshold 

voltage (
th

V ), device capacitance (
T

C ), drain current characteristics (
ds

I ), 

transconductance (
m

g ), drain-resistance (
ds

r ), cut-off Frequency (
c

f ) and transit time 

(τ ). The analysis of noise behavior of the proposed device has also been presented in this 

chapter. In Chapter-IV, a neural network which takes the device material/structural 

parameters as inputs and generates electrical parameters of the device as outputs has been 

described. The work is concluded in Chapter -V. 
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       Chapter-II 

 
 

2-D ANALYTICAL MODEL FOR POTENTIAL AND 

ELECTRIC-FIELD DISTRIBUTION IN DM DG FD SOI 

MOSFET 
 

 

2.1 Introduction  

 According to the Brew’s scaling theory [70], the doping concentration in the body 

should be increased in the bulk Si MOSFET to alleviate the short-channel effects. 

Typically, the required doping concentration for a gate length less than 0.1 mµ  is more 

than 1018 3−cm  [71]. Such high-doping concentration degrades device performance due to 

decreased mobility and increased junction capacitance. A DG FD SOI-MOSFET (see 

figure 2.1), was proposed to overcome the scaling limitations of bulk Si MOSFETs. In 

this structure two gates simultaneously control the carrier charge and current flow 

through the body region [72]. 

 

Fig 2.1 Cross-sectional view of a Double-Gate Fully-Depleted SOI MOSFET. 

 

Excellent high speed and performance have been achieved in DG FD SOI MOSFET 

through improved design, use of high quality material and processing innovations [73]-

[75].  It may be mentioned that in bulk Si MOSFET, the threshold voltage decreases as 
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the channel length shrinks, due to charge sharing between the source and drain. This 

problem is effectively solved in DG FD SOI MOSFETs due to a small channel depth 

[76].  

The potential distribution in DG FD SOI MOSFET differs greatly from that in bulk Si 

MOSFET because in the former the device structure is symmetric and body doping 

concentration is low [77]. In double-gate SOI MOSFETs, the potential in the middle of 

the channel is more sensitive to the gate length than that at the surface [71]-[72]. The 

whole silicon film is into strong inversion in case of DG FD SOI MOSFETs. As the entire 

silicon layer is able to carry the current, the current capability of these devices is greater 

than that of bulk Si MOSFETs.   

It has been demonstrated that the DG FD SOI MOSFET structure offers greatly reduced 

short channel effects but does not improve the electron transport efficiency [78]-[82]. 

Electron transport efficiency (assuming n-channel MOSFET) is related to the average 

electron transport velocity traveling through the channel which depends on the electric 

field distribution along the channel. In a MOSFET, in general, electrons enter into the 

channel initially with a low velocity and gradually get accelerated towards the drain. The 

electrons move fast in the region near drain but comparatively slow in the region near the 

source. Therefore, the performance of the device is affected by the relatively low electron 

drift velocity in the channel near the source. 

In this work, a structure named as symmetric DM DG FD SOI MOSFET which offers 

improved electron transport efficiency, is proposed. The proposed structure, as shown in 

the figure 2.2, has two metals in the gate (both side) M1 and M2 with different work 

functions (Appendix: A). The work function of metal gate M1 is greater than the work 

function of metal gate M2 for n-channel MOSFET and vice-versa for a p-channel 

MOSFET. Due to this work function difference, the gate transport efficiency is improved 

by modifying the electric field distribution and surface potential profile. The step 

potential profile ensures reduction in SCEs. Also the peak electric field at the drain side is 

reduced, which ensures that the average electric field under the gate is increased  leading 

to greater control of gate over the conductance of the channel which in turn leads to the 

increased electron transport efficiency. The overall device performance (particularly RF 

performance) greatly depends upon the doping distribution in the body region. 
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Fig 2.2 Cross-sectional view of a symmetric Dual-Material Double-Gate Fully-Depleted SOI MOSFET. 

 

For the purpose of IC design the near exact device model is essential. Therefore, it is 

necessary to carry out the analysis for exact relationship between the device material and 

structure parameters with the electrical characteristics of the device. For this, the device 

behavior needs to be analyzed assuming a doping distribution as close to practically 

obtained doping distribution as possible [83]. For improved device performance, the body 

region is doped by ion implantation process. The next section discusses the ion implanted 

impurity distribution. 

   

2.2 Ion Implantation in Thin Silicon Film 

The introduction of ions into a substrate for changing its properties is called ion-

implantation. During ion implantation, dopant atoms are vaporized, accelerated and 

directed at a silicon substrate.  

The beam of ionized dopants enters the crystal lattice, collide with silicon atoms, and 

gradually lose energy, finally coming to rest at some depth within the lattice as shown in 

the figure 2.3. The average depth is controlled by adjusting the energy and dose of the 

dopant. For the dopant, ion energies varying from 1 keV to 1 MeV, the average 

penetration depth varies from 100 Å to 10 µm. The range of ion dose varies from 1012 

ions/cm2 
for threshold adjustment to 1018 ions/cm2

 for buried insulators. Ion implantation 

is used to replace the chemical or doped oxide source wherever possible and is 

extensively used in device fabrication [84, 85]. 
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Fig 2.3 Monte Carlo calculation of 128 ion tracks for 50 keV Boron implanted into Silicon. 

 

2.2.1 Doping Distributions 

As discussed, the performance of the device depends greatly on impurity profile, in the 

body region. The implanted ion distribution in general is given by 

( ) ( )yfNyN da ⋅=                               (2.01) 

where, dN  is the total implant dose per unit area and ( )yf  is the probability density 

function (PDF). The parameters associated with this PDF, ( )yf , are given by 

a) The projected range, ( )dyyfyR p ∫
∞+

∞−

⋅=                    (2.02)    

b) The standard deviation, ( ) ( )
2

1

2








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


⋅−= ∫
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dyyfRy pσ                 (2.03) 

c) The skewness,
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3

σ
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d) The kurtosis,
( ) ( )

dy
yfRy p

∫
∞+

∞−

⋅−
=

4

4

σ
β                   (2.05)  

These parameters are determined so as to fit an assumed function to an experimentally 

determine doping profiles [86]-[88], with the condition, 1)( =∫
∞+

∞−

dyyf . The numerical 

values for these parameters are given in papers [89, 90] and fitted to a polynomial in 

paper [91] through 

∑
=

⋅=
n

i

i
ip EaR

1

 and ∑
=

⋅=
n

i

i
i Eb

1

σ   for  n =  1,2,3,4………         Here, E  

is the implantation energy and ba &  are the coefficients for silicon as target, given in 

tables 2.1 and 2.2 respectively. 

 

                        Table 2.1 Coefficients for Rp in Silicon 

Coefficients Boron Phosphorous Antimony Arsenic 

1a  

2a  

3a  

4a  

5a  

310338.3 −×  

610308.3 −×−  

 

310259.1 −×  

710743.2 −×−  

910290.1 −×  

410887.8 −×  

1510013.1 −×−  

810372.8 −×  

1010056.3 −×−  

1310028.4 −×  

410818.9 −×  

510022.1 −×−  

810067.9 −×  

1010442.3 −×−  

1310608.4 −×  

 

 

                       Table 2.2 Coefficients for σp in Silicon 

Coefficients Boron Phosphorous Antimony Arsenic 

1b  

2b  

3b  

4b  

5b  

310781.1 −×  

510086.2 −×−  

710403.1 −×  

1010545.4 −×−  

1310525.5 −×  

410425.6 −×  

610161.3 −×−  

810371.1 −×  

1110252.2 −×−  

410674.2 −×  

610885.2 −×−  

810311.2 −×  

1110310.8 −×−  

1310084.1 −×  

410652.3 −×  

61082.3 −×−  

810235.3 −×  

1010202.1 −×−  

1310601.1 −×  
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• Uniform Distribution 

The Uniform distribution is a special case of equation (2.01) with 1)( =yf . 

• Gaussian Distribution 

This is the simplest approximation to an Ion-implanted Profile. This profile is 

characterized by the projected range )( pR , the average depth of the implanted ions 

and standard deviation )(σ , the distribution of ions about that depth. The probability 

density function )(yf for a Gaussian distribution is given as   

  ( )
( )













 −
−=

2

2

.2
exp.

.2.

1

σπσ

pRy
yf                   (2.06) 

Gaussian distributions have a skewness of “zero” and a kurtosis of “three”. The 

approximation of implanted doping profile with a Gaussian distribution is only 

accurate up to first order. The Gaussian distribution with different )( pR  and different 

standard deviation )(σ  is shown in figure 2.4 (a) and (b) respectively.  

 

Fig 2.4 Gaussian distribution with different (a) means and (b) standard deviations. 

 

• Pearson IV distribution  

The implanted dopant profile is somewhat asymmetric due to bounce back of some 

ions, in contrast to Gaussian distribution which is symmetric. To characterize the 

actual implanted profile, it is required to consider the higher moments also i.e. 

skewness and kurtosis. Skewness measures the asymmetry of the distribution - 
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positive skewness places the peak of the distribution closer to the surface than 

)( pR and the kurtosis measures how flat the top of a distribution is. These two higher 

moments are included in the Pearson IV distribution. 

The Pearson distribution is given by the following differential equation: 

( ) ( ) ( )
2

21 ybybb

ygay

dy

ydg

o ⋅+⋅+

−
= ;                  (2.07)  

where, )(yg is the frequency function, constants 1,, bba o and 2b  are obtained with the  

help of four moments [92-93].    

 
( )
A

a
3+⋅⋅

−=
βσγ

;     
( )

A
bo

22 34 γβσ ⋅−⋅
−= ;    ab =1 ; 

 
( )

A
b

632 2

2

−⋅−⋅
−=

γβ
; 181210 2 −⋅−⋅= γβA ; 

     Figure 2.5 shows the comparison of the Gaussian, Pearson and measured profiles [91]. 

 

Fig 2.5 Comparison of implantation models (Gaussian and Pearson) and measured values. 
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The solutions of the above differential equation (2.07) are: 

 

Case -1 04 2

2

1 <⋅⋅− bbb o :                    (2.08)                      
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Case- 2 04 2

2

1 >⋅⋅− bbb o :                    (2.09)      
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Case -3 04 2

2

1 =⋅⋅− bbb o :                    (2.10) 

 

( )
12

212

21

2
2

2
ln

2

1
ln

byb

abb
ybybb
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= ;   

 

 

For the purpose of analysis in this work, the values of pR ,σ , γ  and β  have chosen and 

the values of the constants 1,, bba o and 2b  were calculated. After calculating these values, 

above three cases were checked and found that 04 2

2

1 >⋅⋅− bbb o . Therefore using 

equation (2.01) and (2.09), we get 

( ) ( ) ( )
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



or 

( ) ( )111exp aNyN da ⋅= ; where, ∫
∞+

∞−

⋅= dyyhQN d )( ; Q is  implant dose and )( yh is 

the normalized distribution function and satisfies 1)( =∫
∞+

∞−

dyyh . Finally, the impurity ion 

distribution is given as 
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                                   (2.11) 

The calculated doping distribution for a set of pR ,σ , γ  and β  have calculated and 

plotted in figure 2.6 for Pearson IV distribution and figure 2.7 for a Gaussian distribution 

as can be seen Pearson IV distribution is much more asymmetric. 

 

   Fig 2.6 Doping concentration vs depth of the silicon using Pearson IV distribution. 

 

2.3 Dual-Material Double-Gate FD SOI-MOSFET Operations 

In dual-material double-gate SOI MOSFET, the front gate and the back gate consists of 

dual materials of different work functions as shown in figure 2.2. In general, the front 

gate bias voltages are chosen to be different to achieve optimal performance of the 

device. 
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Fig 2.7 Doping concentration and depth of the silicon using Gaussian distribution 

 

The relationship between the two gates voltages is: 21 . gsgs VKV = , where the coefficient 

K  accounts for the difference in the two gate in respect of the threshold voltages. In our 

calculation 1=K  is considered so that both the gates are at the same potential. The 

thickness of the Si layer has been assumed to be less than maxdx , where  

max

max
)(.

..4

yNq
x

a

Fsi
d

φε
= . Here maxdx  is the maximum depletion width and max)( yN a  is the 

maximum dopant concentration in Si. This ensures that the Si body is fully depleted. 

 

2.4 Potential and Electric Field Distribution in Si 

The potential distribution in the silicon layer before the onset of strong inversion is 

obtained by solving the Poisson’s equation [72-73]. 

 

( ) ( ) ( )

si

a yNq

y

yx

x

yx

ε

φφ ⋅
=

∂

∂
+

∂

∂
2

2

2

2 ,,
;            for   gLx ≤≤0   and   sity ≤≤0         (2.12) 

where, )( yN a  is the Pearson IV doping distribution, dependent on the thickness of the 
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silicon layer, given by equation (2.11), q  is the electron charge, siε  is the permittivity of 

the silicon, gL ( 1L + 2L ) is the gate length and sit is the silicon layer thickness. 

The method for finding the analytical solution for ),( yxφ  involves simplify the two-

dimensional Poisson’s equation into a one-dimensional equation with the help of 

appropriate boundary conditions. At low drain-source voltage the x -dependence of 

potential ),( yxφ  for fully depleted SOI MOSFET can be approximated by a simple 

parabolic function [73]. 

              ( ) ( ) ( ) 2

21)(, yxAyxAxAyx o ⋅+⋅+=φ      (2.13) 

 where, )(),( 1 xAxAo and )(2 xA  are functions of x  only. Equation (2.13) requires 

three conditions to have a non-trivial solution.  

In Dual-Material Double-Gate structure, we have two different materials in both the gates 

(front as well as back) with work functions 1Mφ  and 2Mφ , respectively. The potential 

distribution under gate M1, ( )yx,1φ  and under gate M2, ( )yx,2φ respectively can be 

written as  

( ) ( ) ( ) 2

121111 )(, yxAyxAxAyx o ⋅+⋅+=φ ;       for   10 Lx ≤≤   and   sity ≤≤0    

             (2.14) 

( ) ( ) ( ) 2

222122 )(, yxAyxAxAyx o ⋅+⋅+=φ ;     for   211 LLxL +≤≤   and   sity ≤≤0  

             (2.15) 

where )(),( 111 xAxA o , )(12 xA , )(),( 212 xAxA o and )(22 xA  are arbitrary coefficients. The 

Poisson’s equation (2.12) is solved using the following boundary conditions: 

i) ( ) ( )xx s11 0, φφ = , the surface potential under M1    (2.16a) 

( ) ( )xx s22 0, φφ = , the surface potential under M2               (2.16b) 

ii) Electric flux at the front gate-oxide interface is 

   
( ) ( )
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( ) ( )
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yx 2
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22
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, −
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=∂

∂ φ

ε

εφ
       (2.17b) 

where oxε  is the dielectric constant of the oxide-layer, oxft  is oxide-layer 
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thickness at the front gate, 1

'

1 fbfgsgs VVV −=   and 2

'

2 fbfgsgs VVV −=        (2.18) 

where gsV  is the gate-to-source bias voltage and 1fbfV  & 2fbfV  are the front-

channel flat-band voltages of M1 & M2 respectively, given as. 
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where siχ  is the electron affinity of silicon, gE  is the silicon band gap at 300 K, 

given by  


















+

×
−=

−

T

T
Eg

1108

1002.7
16.1

24

,        (2.20) 

in  is the intrinsic carrier concentration, given by   


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
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×=

kT

E
Tn g

i
2

exp101.3 2

3

16 ,        (2.21) 

TV  is the thermal voltage, given by 
q

kT
VT =  and )( yN a  is the Pearson IV 

doping distribution given by equation (2.11) 

 

iii) Electric flux at the center plane of silicon layer:  
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where oxbt  is the back oxide-layer thickness and is same as that of oxft , )(1 xBφ and 

)(2 xBφ  are the potential function along the back gate oxide-silicon interface under 

M1 and M2 respectively. 
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iv) Surface potential at the interface of two dissimilar gate material of the front gate 

is continuous 

  ( ) ( )0,0, 1211 LL φφ =          (2.23) 

v) Electric flux at the interface of two material of the front gate is continuous 

( ) ( )
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1 ,,
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=∂
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∂ φφ
      (2.24) 

vi) The potential at the source end is 

                ( ) ( ) bis V== 00,0 11 φφ          (2.25) 

where  
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bi n

yN
V

E
V ln.

2
 is the built-in potential across the body-

source junction,  

vii) The potential at the drain end is 

          ( ) ( ) dsbis VVLLLL +=+=+ 212212 0, φφ      (2.26) 

where dsV  is the applied drain-source bias. 

 

The constants )(),( 111 xAxA o , )(12 xA , )(),( 212 xAxA o and )(22 xA  in equations (2.14) & 

(2.15)  can be found from the boundary conditions (i)-(iii). Using equation (2.16) in 

equations (2.14) & (2.15), we get 

 ( ) ( )xxAx so 111 )(0, φφ ==    for 10 Lx ≤≤   &    

( ) ( )xxAx so 222 )(0, φφ ==  for 211 LLxL +≤≤         (2.27) 

Substituting equation (2.27) into equations (2.14) & (2.15), we get 

 

( ) ( ) ( ) 2

121111 )(, yxAyxAxyx s ⋅+⋅+= φφ     (2.28a) 

( ) ( ) ( ) 2

222122 )(, yxAyxAxyx s ⋅+⋅+= φφ     (2.28b) 

Differentiating equation (2.28) with respect to y , we get 
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Using equations (2.17) in equations (2.29), we get 
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Substituting equations (2.30) & (2.31) into equations (2.28), we get 
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Differentiating equations (2.32) with respect to y  and using equations (2.22), we get  
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or    
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Substituting equations (2.33) & (2.34) into equations (2.32), we get 
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Yan et al. [71] assumed that the punch-through current flows along the surface, which is 

not valid for a double-gate SOI MOSFET for the following reasons. The maximum 

potential at the SOI MOSFET center, cφ , is more sensitive to gate length than potential at 

the surface, sφ . Means that the punch-through current dominantly flows at the SOI center 

region. Since cφ  should be relevant to the punch-through current, we obtained the 

relation between sφ  and cφ   from equation (2.35) (i.e. ( ) ( )xyx c11 , φφ =  and 
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   Substituting equations (2.36) & (2.38) into equation (2.35), we get 
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             (2.41) 

The 2D Poisson’s equation has been simplified into two one-dimensional equation in 

terms of )(1 xcφ  & )(2 xcφ . The derivation involved is given in Appendix: B. The one- 

dimensional Poisson’s equations are given as below. 
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and     
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where 








2

si
a

t
N  is obtained from equation (2.11) thereby calculating potential at the 
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center of silicon layer. 1λ  (please see in Appendix: B) is the natural length designed to 

fulfill the condition: 
1.2 λ

α
gL

= ;     (2.44) 

here, α  is the scaling factor and gL  is the gate length. The relationship between oxide 

layer thickness, oxt  and silicon layer thickness, sit  can be obtained by substituting 

equation (2.44) into equation (b1.20) (please see in Appendix: B). 
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For 8.2=α , the relationship between oxt  and sit  for different gate lengths are plotted  in 

figure 2.8 . For a particular gate length gL , any point below the curve, representing a pair 

of values of oxt  and sit , can be chosen. 

 

 

Fig 2.8   Relationship between oxide layer thickness, oxt  and silicon layer thickness, sit  

 for different values of gate length. 
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2.4.1 Potential Distribution 

Potential distribution is an important parameter in device modeling, [71] as many other 

parameters are determined from it i.e. threshold voltage, channel field etc. 

Assuming,      
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Differentiating equation (2.66) & (2.67) twice with respect to x, we get 
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Substituting equations (2.46), (2.47), (2.49) and (2.51) into equations (2.42) & (2.43), we 

get 
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Similarly,        
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Equations (2.52) & (2.53) have a non-trivial solution, which is assumed to be 
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here 011022011 ,, BAA  and 022B  are arbitrary constants. 

2.4.1.1 Potential at the Center of the Silicon Layer 

 The potential at the centre of the film is obtained by substituting the value of )(1 xfφ  & 

)(2 xfφ  from equations (2.54) & (2.55) into equations (2.46) & (2.47) 
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    for   10 Lx ≤≤   and   sity ≤≤0        (2.56) 
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              for   211 LLxL +≤≤   and   sity ≤≤0                (2.57) 



 76

2.4.1.2 Surface Potential 

Similarly, the surface potential is obtained by substituting the value of )(1 xcφ  & 

)(2 xcφ from equations (2.56) & (2.57) into equations (2.36) & (2.38). 
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                                               for   211 LLxL +≤≤   and   sity ≤≤0                (2.59) 

 

here 011022011 ,, BAA  and 022B  are determined using the boundary conditions from 

equations (2.23)-(2.26), [Equations for 011022011 ,, BAA  and 022B  have been derived in  

Appendix: C] and the same are given below: 
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             (2.63) 

 

where   ( )21 γγ −−=R ;         (2.64) 

 

( ) 111 γ−+= AVS bi ;          (2.65) 
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( )( ) 211. γ−++= AVVT dsbio        (2.66) 

From equations (2.56), (2.57), (2.58) & (2.59), sφ  and cφ  can be determined. In figure 

2.9, sφ  and cφ  for both DM DG and SM DG SOI MOSFET is plotted. For SM DG SOI 

MOSFET, the metal work function is assumed to be VM 5=φ . 

 

 Fig 2.9   Potential profile at the surface and center of DM DG and SM DG FD SOI MOSFET 

(Model) for a channel length Lg = 100nm.  

 

It is evident that the absolute value of cφ  is smaller than the sφ  [72]. It is also observed 

that the potential at the surface and center exhibits a step function in the surface. Due to 

this step function, the area under M1 of front gate of the DM DG structure is screened 

from the drain potential variations or we can say the step function suppresses the effect of 

the electric field induced by the drain-source potential in the region under M1. This 

means that the drain potential has very little effect on the drain current after saturation 

increasing the drain resistance. Figure 2.10 shows the comparison between the values 

calculated using analytical model and the corresponding values obtained using numerical 

solution (using ATLAS) for DM DG structure. As is evident from the figure 2.10, the 

calculated results using the analytical model are in excellent agreement with the 

simulation results (obtained using ATLAS).  
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Fig 2.10 Comparison of analytical model and simulated values of potential at the surface  

and center of  DM DG FD SOI MOSFET for a channel length Lg = 100nm. 

 

Figure 2.11 shows the surface potential variation along the channel for nmt si 6=  keeping 

other parameters as such. It is observed that the difference between the surface and center 

potential decreases as we decrease the film thickness, because for small silicon layer 

thickness, the center potential approaches towards surface potential. This means there is 

no significant difference between the two potentials when the film thickness is very 

small. Step function of potential becomes more flat as we decrease the silicon layer 

thickness as shown in figure 2.12. This is due to one-dimensional nature of electric field 

over major part of the device.  

Figure 2.13 shows the variation of surface potential in DM DG FD SOI MOSFET for 

long channel length nmLg 1000= . It is observed that the constant potential contour in a 

long channel device is mostly parallel to the 2/ SiOSi  interface thereby making electric 

field one dimensional over most part of the device.  



 80

The surface potential as calculated using the analytical model and as obtained using 

device simulator ATLAS is also compared inn figure 2.13. As can be seen, the two results 

in excellent agreement. 

  

 Fig 2.11 Potential profile at the surface and center of DM DG and SM DG  

  FD SOI MOSFET (Model) for a channel length Lg = 100nm and tsi = 6nm. 

 

          Fig 2.12 Potential profile at the surface of DM DG FD SOI MOSFET (Model)  

          for a channel length Lg = 100nm for different values of film thickness. 
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 Fig 2.13 Potential profile at the surface of DM DG FD SOI MOSFET  

 (Model) for a channel length Lg = 1000nm. 
 

On comparing figure 2.13 and figure 2.12, where nmLg 100= , it is seen that the constant 

potential contour becomes more curvilinear as the gate length decreases. This curvilinear 

nature of potential is due to the two-dimensional nature of the electric field in the 

channel. 

Figure 2.14 shows the variation of the surface potential along the channel length for 

different values of oxide thickness for DM DG structure. On increasing the value of oxide 

thickness oxt  at the front end as well as at the back end, M1 and M2 lose their control 

over the channel thereby increasing the DIBL. However, continuous decrease in the oxide 

thickness definitely reduces the DIBL, but at the same time we have to account the 

tunneling across the thin oxide and hot-carrier effects.  

Figure 2.15 shows the variation of surface potential along the channel, where L1 is not 

equal to L2, for different values of dsV . For DM DG SOI MOSFET, the position of the 

minimum surface potential lies only under the M1 region of the gate due to the step 

function profile of surface potential. Also there is not much change in the minimum 
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surface potential for higher values of dsV . Hence, the area under M1 is screened from the 

changes in the dsV . However, there is enhancement in the values of surface potential near 

drain for increasing values of dsV as shown in the figure 2.15. 

 

 

          Fig 2.14 Potential profile at the surface of DM DG FD SOI MOSFET (Model)  

          for a channel length Lg = 100nm for different values of oxide thickness. 

  

Figure 2.16 shows the variation of the surface potential along the channel length for 

different values of Vgs. It is seen that the surface potential increases with increasing 

values of Vgs as expected.  

 

Figure 2.17 shows the variation of the surface potential along the channel length for 

different combination of L1 and L2 keeping L1+L2 equal to 100 nm. It is observed that the 

position of minimum surface potential under M1 is shifting towards source as the length 

of M1 is reduced. Due to this the peak electric field in the channel shifts more towards 

the source end which makes the electric field distribution more uniform in the channel.  
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Figure 2.18 shows the variation of surface potential along the channel for uniform, 

Gaussian and Pearson IV doping distributions. It is observed that the potential in the 

channel is increased for the Pearson IV doping distribution as compared to the other two.  

 

As the doping concentration increases depletion width decreases and the characteristics 

length, λ decreases which improves the Lg/ λ ratio leading to better short channel 

immunity. Closer look of the potential is also shown in the inset to proper differentiate 

the three doping distributions.  

 

 
Fig 2.15 Potential profile at the surface of DM DG FD SOI MOSFET (Model) for a channel 

length Lg = 150nm where L1 ≠ L2, for different values of Vds. 
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   Fig 2.16   Potential profile at the surface of DM DG FD SOI MOSFET (Model) for a  

   channel length Lg = 100nm  for different values of Vgs. 

 

 

 
Fig 2.17 Potential profile at the surface of DM DG and SM DG FD SOI MOSFET (Model)  

for different combination of L1 and L2 keeping Lg = 100nm. 
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Fig 2.18 Variation of surface potential along the channel length in DM DG structure for three types of     

doping distributions.  

 
 

2.4.1.3  Minimum Surface Potential and DIBL 

The influence of DIBL on the subthreshold characteristic of the device is indicated by the 

position of minimum surface potential as the subthreshold leakage current often occurs at 

the position of minimum surface potential. The punch through occurs at minimum 

potential in the channel with minxx = and is located under M1. Therefore at the point of 

minimum potential the electric field is assumed to be zero i.e. 
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The minimum surface potential as well as potential at the center is obtained from 

equations (2.56) and (2.58). It is shown in figure 2.19 for different values of Vds. 
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Figure 2.19 shows the variation of surface potential of DM DG FD and SM DG FD SOI 

MOSFET for minimum value, along the channel length gL , under M1 for different values 

of Vds. It is observed that there is a continuous shift in the position of minimum surface 

potential while we increase the Vds from 0.5 V to 1.5 V in case of SM DG SOI MOSFET. 

However in case of DM DG SOI MOSFET, the position of minimum surface potential 

remains constant with variation of Vds. This indicates that the effect of DIBL is 

considerably reduced in DM DG SOI device as compared to SM DG SOI device because 

M2 region screens M1 region from any drain potential variation. 
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Fig 2.19 Minimum surface potential under M1 for different values of Vds, in SM DG and DM DG structures 

 

2.4.1 Electric Field Distribution 

 

The electric field distribution along the channel length (in the x-direction), can be 

calculated by differentiating the surface potential (equations 2.58 & 2.59), is given as  
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     for 211 LLxL +≤≤  under M2      (2.73) 

 

Figure 2.20 shows the electric field variation along the channel length i.e. for gLx ≤≤0  

under M1 and M2. There is a peak electric field at the interface of M1 and M2. This peak 

electric field is responsible for higher carrier drift velocity and higher speed in DM DG 

SOI device. As the surface potential and center potential (equation (2.36)) are related, the 

electric field calculated from the center potential of the DM DG structure is also plotted. 

The results shown in figure 2.20 were obtained using the analytical model proposed in 

this work.  

 

Fig 2.20 Electric field along the channel for (a) surface potential, Es(V/cm) and (b) potential at the center, 

Ec(V/cm) in DM DG and SM DG SOI structures. For SM DG Mφ = 4.44V. 

 

The electric field based on surface potential for DM DG SOI as computed using the 

analytical model and also by device simulator is plotted in figure 2.21. It is shown that 
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the results obtained using the proposed analytical model is in excellent agreement with 

the same obtained using device simulator ATLAS.  

 

 

Fig 2.21 Electric field along the channel based on surface potential, Es(V/cm) in DM DG SOI structure and 

its comparison with simulated values.    
 

Figure 2.22 shows the variation of electric field based on surface potential along the 

channel length for different tox. It is observed that as the oxide thickness decreases the 

peak electric field at the interface of M1 & M2 increases due to the increase in transverse 

electric field, thereby increasing the average electric field in the channel.  

When tox increases, the electric field discontinuity at the interface of the two gate metals 

causes the overall channel field to be flattened, increased at the source side, resulting in 

larger average velocity when the electrons enter into the channel from the source end. 

Figure 2.23 shows the variation of the electric field based on surface potential of DM DG 

SOI device for different work function differences. It is observed that as the work 

function difference increases the electric field decreases at the drain end thereby causing 

a reduction in the hot-carrier effects. 

Figure 2.24 shows the variation of electric field along the channel length for three types 

of doping distributions. It is observed that electric field is lowest at the drain end in case 
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of Pearson-IV type doping distribution indicating better screening of source if the doping 

distribution is Pearson IV type.  

 

Fig 2.22 Electric field along the channel based on surface potential in DM DG SOI device for different tox.. 

 
 

Fig 2.23 Electric field along the channel based on surface potential in DM DG SOI device for different 

work function differences. 
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          Fig 2.24 Electric field along the channel in DM DG SOI device for three types of doping distribution. 

 

 

2.5 Electron Velocity Distribution 

In order to explain the electron transport efficiency (also called gate transport efficiency) 

of DM DG structure, the electron / hole velocity distribution for n-channel (p-channel) 

MOSFET is very important. It is given as [94] 
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Figure 2.25 and 2.26 show the variation of electron velocity along the channel between 

model and simulator results for DM DG structure. It is observed that the electron velocity 

under M2 is increasing more as compared to the electron velocity under M1 when the 

metal workfunction difference is less i.e. VMM 27.017.444.421 =−=−φφ and as the 
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metal workfunction difference increases as shown in figure 2.26, the electron velocity, at 

the drain end, decreases leading to reduction in hot-electron effect. 

 

Fig 2.25 Electron velocity along the channel in DM DG SOI structure (model and simulator). 

 

 

 
 

Fig 2.26 Electron velocity along the channel in DM DG SOI structure (model and simulator) on 

VM 00.51 =φ  and VM 17.42 =φ . 
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2.6 Subthreshold Swing 

The subthreshold swing which indicates the extent of coupling between the gate and the 

channel in Dual-Material DG FD SOI MOSFET is given as 
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Figure 2.27 shows the variation of subthreshold swing along the channel for DM DG as 

well as SM DG structure. It is observed that there is no significant change in subthreshold 

swing for DM DG and SM DG structures. This is because of less change in surface 

potential over change in gate to source voltage.  

 

Figure 2.28 shows the subthreshold swing based on surface potential for DM DG SOI as 

computed using the analytical model and also by device simulator. It is shown that the 

results obtained (figure 2.28) using the proposed analytical model is in excellent 

agreement with the same obtained using device simulator ATLAS.  
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Fig 2.27 Comparison in DM DG and SM DG structures for subthreshold swing. 

 

 
Fig 2.28 Comparison in analytical DM DG model and simulated model for subthreshold swing. 
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2.7 Summary 

A 2D analytical model for Dual-Material Double-Gate Fully-Depleted SOI-MOSFET 

with Pearson IV type doping distribution has been proposed for computing potential and 

electric field distribution. The potential and electric field distribution have been obtained 

using the analytical model and also using the device simulator ATLAS (using numerical 

analysis). The results obtained using two approaches have been found to be in excellent 

agreement. 

It has been shown that 

1. In case of DM DG SOI MOSFET, the source is effectively screen from the 

variation in the drain voltage due to step function profile of the potential at the 

interface of metals M1 and M2. 

2. It has been observed that there is a continuous shift in the position of 

minimum surface potential while we increase the Vds from 0.5 V to 1.5 V in 

case of SM DG SOI MOSFET. However in case of DM DG SOI MOSFET, the 

position of minimum surface potential remains constant with variation of Vds. 

3. It has been shown that the effect of DIBL is considerably reduced in case of 

DM DG SOI MOSFET but at the same time subthreshold swing shows less 

significant improvements. 

4. In case of DM DG SOI MOSFET, the electric field is reduced near the drain 

leading to reduction in hot carrier effect. The reduction in electric field near 

the drain is also found to be dependent upon the difference between the work 

function of the two metals. As the difference between the work functions of 

the two metal decreases the electric field near the drain increases. 

5. In DM DG SOI MOSFET, as the metal workfunction difference increases the 

electron velocity, at the drain end, decreases leading to reduction in hot-

electron effect. 

6. The nature of impurity distribution is also significantly affects the potential 

and electric field distribution and therefore the device characteristics. 
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      Chapter-III 

 
 

SWITCHING CHARACTERISTICS OF n-CHANNEL DM DG 

FD SOI MOSFET 

 

 

3.1 Introduction   

In this chapter, the analytical expressions for the following device parameters (relevant to 

the switching behavior of the MOSFET) have been derived for the basic physical 

consideration using approximate boundary conditions. 

1 Threshold voltage    5     Drain resistance 

2 Device capacitance    6     Cut-off frequency  

3 Drain current     7      Transit time 

4 Transconductance    8      Noise- Thermal and Flicker Noise 

3.2 Threshold Voltage 

The threshold voltage can be defined as gate voltage for which the minimum surface 

potential is twice the Fermi potential. Since the same metals are used on both the gates, 

the threshold voltages on both the gates are equal. Substituting 
F
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thgs VV =  into equation (2.71), the threshold voltage obtained is given as 
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The derivation of the above equation and the expressions of 6,7 GG and 8G  are given in 

Appendix: D. In DM DG SOI structure, the position of xmin lies under the metal gate M1 

(both side) because VFB1 > VFB2 and therefore, the effective gate voltage under the M1 

region is less than that for M2. Figure 3.1 shows the variation of threshold voltage of DM 

DG and SM DG structure along the channel length under L2 for fixed value of L1 = 50 

nm. It is observed that the threshold voltage rolls up in case of DM DG SOI structure in 

comparison to the rolls down for SM DG SOI structure with decreasing channel length. It 

is because of increasing L1/L2 ratio and increasing portion of the larger work function 
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gate as the channel length reduces. This is a unique feature which gives DM DG structure 

an added advantage when the device dimensions are continuously shrinking. It can also 

be seen in figure 3.2 that the threshold voltage as calculated using analytical equation 

(3.1) is in close agreement with the same computed using device simulator ATLAS. 

Except this roll up, the threshold voltage of the DM DG structure is about the same as a 

SM DG structure having the same gate material as M1 of the DM DG structure. 

Therefore, the channel region under M2 has more freedom of optimization. For instance, 

the substrate doping of this region can be reduced, thereby it has added advantage that 

source and drain capacitance can be decreased, while potentially improving the speed 

over the conventional device. 

 
Fig 3.1 Threshold voltage along the channel for fixed L1 = 50 nm in SM DG and DM DG structures.  

 

When the difference between the work function of M1 and M2 changes, the threshold 

voltage also changes, as shown in figure 3.3. From figure 3.2 and figure 3.3, it is evident 

that if the work function difference increases the threshold voltage also increases, as 

predicted by equation (3.1). When the device is on then the screen gate shields the region 

under the control gate from any drain voltage variations and in this way, screen gate 

absorbs any additional drain to source voltage beyond saturation. This in turns leads to 

reduction in DIBL. 
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Fig 3.2  Comparison of analytical model with simulated values of threshold voltage for fixed L1 = 

50 nm in SM DG and DM DG structures.  
 

 
            Fig 3.3 Threshold voltage along the channel for fixed L1 = 50 nm in SM DG and DM DG   

            structures for different work functions.  
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Figure 3.4 shows the variation of threshold voltage along the channel under M2 for 

different doping distribution profiles keeping the dose constant. It is observed that the 

threshold voltage is significantly reduced when doping distribution is Pearson IV type. 

 

Fig 3.4 Threshold voltage along the channel in DM DG structure for different doping distribution. 

 

3.3 Device Capacitance  

The equivalent circuit of DM DG FD SOI MOSFET, ignoring the resistance, is shown in 

figure 3.5 (a). Here CGS = CSG = CGD = CDG as the device is symmetric. 

 

Fig 3.5 (a) Equivalent circuit of DM DG FD SOI MOSFET and (b) Simplified circuit for CGS. 
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In figure 3.5, CGS is gate-source trans capacitance, similarly, CGD, CSG and CDG are gate-

drain, source-gate and drain-gate capacitance. CSS and CDD are source and drain self 

capacitances. In a DG SOI MOSFET, the depletion regions charge under M1 and M2 [96, 

94] are given by     
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(a) The depletion layer capacitance is the rate of change of depletion layer charge 

with gate voltage and is given by  
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Using equation (2.36), which relates ( )xsφ  and ( )xcφ , it is possible to express the 

depletion layer capacitance in terms of ( )xcφ , where 
( )

gs
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dV

xd 1φ
 and 

( )
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c
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xd 2φ
 are given as 
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(b) The interface capacitance, 1ssC  is given by  

  ssss NqC .1 = ,   where ssN  (cm
-1

 eV
-1

) is the interface state density. 

(c) Gate to source capacitance, CGS is given by 
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12
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(3.10)  

here    CGS = CSG = CGD = CDG                           (3.11) 

The depletion layer capacitance of DM DG FD SOI MOSFET as a function of gate to 

source voltage for surface potential is shown in figure 3.6. Correspondingly, in figure 3.7, 

the device depletion capacitance is plotted as a function of gate to source voltage in SM 

DG FD SOI MOSFET also, using the analytical model. It is seen that the depletion 

capacitance is much larger in case SM DG structure particularly for a small value of gate 

to source voltage. This is expected because in SM DG structure the metal chosen had 

larger work function. In figure 3.8, the calculated value of the gate-source capacitance vs 

gate to source voltages as obtained using analytical model for SM DG and DM DG 

structures.  
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Fig 3.6 Depletion layer capacitance vs gate-source voltage based on surface potential. 

 

 

Fig 3.7 Depletion layer capacitance vs gate-to-source voltage in DM DG and SM DG structures. 
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Fig 3.8 Gate-to-source capacitance vs gate-source voltage for DM DG and SM DG structures. 

 

Figure 3.8 shows the CGS is low in case of DM DG as compare to SM DG due to 

introduction of two metals in gate. Figure 3.9 shows the variation of the depletion 

capacitance with gate-to-source voltage for different doping distribution functions. It is 

seen that the depletion layer capacitance is low for devices having Pearson IV doping 

distribution.  

 

The smaller value of depletion layer capacitance makes the device more useful for high 

speed as well as for the low power VLSI circuits. Because of the excess majority carriers 

accumulating under M1 and M2 of both sides of DM DG FD SOI structure, the depletion 

layer capacitances, Cd1 and Cd2, due to Vgs -Vfbf1 and Vgs -Vfbf2, becomes large. As the gate 

voltage further increases, the device capacitance decreases very fast. 

 

The gate-to-source capacitance variation with respect to gate-to-source voltage for DM 

DG FD SOI structure is shown in figure 3.10. The results are shown to compare very well 

with simulations performed using the Silvaco Atlas device simulator. 
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 Fig 3.9 Depletion layer capacitance in DM DG structure for different doping distribution.   

 

 

           Fig 3.10 Gate-to-source capacitance in DM DG structure and its comparison  

          with simulator’s value. 
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3.4 Drain-Current Characteristics 

The current-voltage characteristics may be derived keeping in view the position 

dependent inversion layer charge and field dependent electron mobility. For a strongly 

inverted n-channel enhancement mode dual-material double-gate fully-depleted SOI 

MOSFET, the drain currents are given by  

   ( ) ( )
( )

dx

xd
xQxWI c

nnds

φ
µ ...−=   and    (3.12) 

         21 II +=   ---  say  (Please see Appendix: E)    (3.13)  

where dsI  is the drain current, ( ) ( )
( )

dx

xd
xQxWI c

nn
1

111 ...
φ

µ−= , 

( ) ( )
( )

dx

xd
xQxWI c

nn
2

222 ...
φ

µ−=  and W is the gate-width. As our device is 

symmetric, ( )xQn , the inversion layer charge,  is double of carrier charge under each gate 

   ( ) ( )[ ]dsn QxQxQ −= .2         (3.14) 

Here, ( )xQs  and dQ  are the surface charge and depletion layer charge densities. The 

surface charge is obtained using 

   ( ) ( )[ ]xVVVCxQ cfbfsubgsoxs φ−−+−= .      (3.15) 

 where oxC  is the oxide capacitance, fbfV  is the flat band voltage, gsV  is the 

applied gate-to-source voltage, ( )xcφ  is the potential at the center of the channel and subV  

is the substrate potential. The depletion layer charge is given by 

   [ ]Fthfbfoxd VVCQ φ+−= .       (3.16) 

 where thV  is the threshold voltage given by equation (3.1) and Fφ  is the Fermi 

potential. The field dependent mobility of electrons in equations (3.12) is given by  

   ( )
( )

2

1 
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µ                                 (3.17)  

where noµ is the low field mobility, cE  is the critical field and )(xE is the lateral field, 

given as 
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On substituting the values of )(xQn  and ( )xnµ  in equation (3.12), we get 
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Integrating equation (3.19) using boundary conditions (2.25) & (2.26) 
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Equation (3.20) can also be written as 
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On solving for 1I  and 2I  separately, we get 
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x

V  is calculated using dxLIdxLI
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x
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V
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ds ∫∫
+

= )0,()0,( 1211 , which is the condition of 

continuity of current in the channel at the boundary of M1 and M2. The above expression 

for drain-current is valid for linear region only. For saturation region, same equation 3.22 

is used by replacing the normal channel length, Lg with reduced channel length (Lg – ld) 

and Vds with Vdsat (derived in equation 3.25). Here, ld is the distance by which channel 

length is shortened when Vds increases beyond Vdsat, given by 

( )
( )dsatds

a

sio
d VV

yNq
l −=

.

..2 εε
    (3.22a) 

The term ( )11 A+  relates ( )xsφ  and ( )xcφ  (from equation (2.36)) as given below  

    
( ) ( )

dx

xd
A

dx

xd sc φφ
).1( 1+=       (3.23) 

As the carriers at the drain end are velocity saturated, the saturated drain-source current is 

given by 
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( ))(...2)(...2 xVVVCvWxQvWI FthsubgsoxsatsatsatDsat φφ −+−+=−=     (3.24) 

where ( )xQsat  is the value of  ( )xQn  at ( ) dsatVx =φ , satv  is the saturation velocity. Taking 
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equation (3.24) and equation (3.19), we can calculate dsatV . The resulting quadratic 

equation gives dsatV , which is written as 
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             (3.25) 

Figure 3.11 shows the variation of drain-current (as calculated using equation 3.22) with 

drain-source voltage for different gate-source voltages for DM DG structure and SM DG 

structure. It is seen that the drain current in general increases when the gate metal work 

function is higher. It is also observed that for smaller gate to source voltage, drain current 

is more or less same for both the structures.  

In figure 3.12, the drain current has been plotted for gate to source voltage for a fixed 

value of dsV . It is another method to calculate threshold voltage. 

In figure 3.13, dsI  vs dsV  characteristics as computed using the analytical model and 

using device simulator ATLAS are shown. A close agreement between the two 

characteristic is observed.  

In figure 3.14, the saturation drain voltage has been plotted against gate to source voltage 

for different values of channel length gL . It is observed that saturation drain voltage is 

larger for large channel length for given gate to source voltages, as expected.  

Figure 3.15 shows the drain current vs drain voltage characteristics for different doping 

distribution. It is seen that drain current is more in case of Pearson-IV distribution in 

comparison to other cases indicating that DM DG structure with Pearson-IV distribution 

allows for higher current capability. 
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Fig 3.11 Drain-source current vs drain-source voltage for different gate-source voltages  

in DM DG and SM DG SOI structures. 

 

 

Fig 3.12 Drain-source current vs gate-source voltage for Vds= 50 mV in DM DG and  
SM DG SOI structures. 
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Fig 3.13 Drain-source current vs drain-source voltage for different gate-source voltage  

in DM DG and SM DG SOI structures. 

 

 

Fig 3.14 Saturation voltage vs gate-source voltage for different gate length in DM DG  
SOI structure. 
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Fig 3.15 Drain-source current vs drain-source voltage characteristics in DM DG structure  

with different distribution functions.  
 

3.5 Transconductance 

The transconductance of the n-channel DM DG FD SOI MOSFET is obtained by 

differentiating the drain-current with respect to gate-source voltage for a constant drain to 

source voltage and is expressed as   
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Using equation (3.22) the expression for mg  is derived as given below
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where   ,,,, '

4432 dddd 11
'

2
'

1
'

221121 ,,,,,, ccccccc  and 22
'c  are as defined for equation 3.22. 

Figure 3.16 and 3.17 show the transconductance vs gate-source voltage characteristics for 

DM DG and SM DG SOI structures. It is seen that transconductance is significantly larger 

in case of DM DG SOI structure indicating that the gate has better control over the 

conductance in case DM DG SOI structure. 

 

  

 Fig 3.16 Transconductance vs gate-source voltage in DM DG and SM DG SOI structures  

for –ve gate to source voltage. 
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Fig 3.17 Transconductance vs gate-source voltage in DM DG and SM DG SOI structures  

for +ve gate to source voltage. 

 

Figure 3.18 shows the transconductance vs gate-source voltage characteristics for 

different combinations of work functions of M1 and M2. It is observed that larger the 

work functions difference larger is transconductance.  

Figure 3.19 shows the comparison between transconductance vs gate-source voltage 

characteristics as computed using analytical model and device simulator ATLAS. The two 

are observed to be in close agreement.  

Figure 3.20 shows the transconductance vs gate-source voltage characteristics for 

different values of channel lengths i.e. 100 nm, 200 nm, 500 nm. As expected, 

transconductance decreases with increasing channel length.  

Figure 3.21 shows the transconductance vs gate-source voltage characteristics for 

different doping distribution. It is observed that in case of Pearson IV distribution the 

transconductance is significantly larger as compared to the same in other cases.  
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Fig 3.18 Transconductance vs gate-source voltage on different combinations  

of work function in DM DG SOI structure. 

 

 

Fig 3.19 Comparison  between analytical model and device simulator values  
for transconductance in DM DG SOI structure. 
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Fig 3.20 Transconductance vs gate-source voltage for different combinations  

of L1 and L2 in DM DG SOI structure. 

 

 

Fig 3.21Transconductance vs gate-source voltage for different doping distribution 

 in DM DG structure. 
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3.6 Drain Resistance 

Drain resistance ( dsr ) is important for design of high frequency, low-voltage devices. It 

can be expressed as      
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Using equation 3.22, the expression for dsr is derived to be, 
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All others constants ,,,, '
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221121 ,,,,,, ccccccc  and 22
'c  are as defined for 

equation (3.22).  

In figure 3.22 the drain-resistance has been plotted against drain-source voltage for DM 

DG and SM DG SOI structures as computed using equation (2.29). It is observed that the 

drain-resistance in case of DM DG SOI structure is lower than that of SM DG SOI 

structure. This is consistent with higher current drive capability of the DM DG SOI 

structure.  

Figure 3.23 shows the drain resistance vs drain-voltage characteristics for different 

combinations of work functions of M1 and M2. It is observed that as the work functions 

difference decreases the drain-resistance increases.  

In figure 3.24, the drain-resistance vs drain voltage characteristics has been plotted, as 

computed from equation (3.29) and using device simulator ATLAS. The two 

characteristics are in very close agreement indicating the high accuracy of the analytical 

model.  



 120 

Figure 3.25 shows the drain resistance vs drain-voltage characteristics for different gate 

lengths i.e. 100 nm, 200 nm, 500 nm. As expected the drain resistance increases with 

increasing channel length.  

 

 Fig 3.22 Drain-resistance vs drain-source voltage in DM DG and SM DG SOI structures. 

 

Fig 3.23 Drain-resistance vs drain-source voltage for different work functions for DM  

DG SOI structure. 
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      Fig 3.24 Comparison between analytical model and device simulator values for drain     

                    resistance in DM DG SOI structure. 

 

 

 

Fig 3.25 Drain-resistance vs drain-source voltage for different combinations of L1 and L2 in  

DM DG SOI structure. 
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Figure 3.26 shows the plot of drain-resistance vs drain-voltage for different doping 

distribution. It is seen that the drain resistance is lowest in case of Pearson IV doping 

distribution. 

 

Fig 3.26 Drain-resistance vs drain-source voltage for different doping distribution in DM  

DG structure. 

 

3.7 Cut-off Frequency 

The cut-off frequency is one of the important figure of merit of low-voltage and high-

speed devices. The cut-off frequency increases as the size of the device decreases. It is 

expressed as 

     
Tg

m

c
CL

g
f

...2 π
=                          (3.30) 

  where mg  is the transconductance of the device, gL  is the channel-length 

(equal to 21 LL + ) and  TC  is the total device capacitance. Figure 3.27 shows the plot of 

cut-off frequency vs channel-length for a given gate-source voltage for DM DG FD SOI 

MOSFETs as computed from the analytical model (i.e. analytical equation developed in 

chapter 2 & 3). It is seen that the cut-off frequency decreases as the gate to source voltage 
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increases which is because of lower value of transconductance on higher gate to source 

voltage.  

Figure 3.28 shows a comparison between cut off frequency for DM DG and SM DG 

structures as computed using analytical model. It is seen that the DM DG structure offers 

higher cutoff frequency which is because of higher transconductance of DM DG 

structure. 

Figure 3.29 shows the plot of cut off frequency vs channel length for DM DG structure as 

computed using analytical model and using device simulator ATLAS. The two curves are 

in very good agreement bringing out the correctness of the proposed analytical model. 

Figure 3.30(a) shows the variation of the cut-off frequency with gate-source voltage for 

different channel lengths i.e. 100 nm, 250 nm, 500 nm, as computed using analytical 

model. As expected that the cut-off frequency decreases with increasing channel length. 

Figure 3.30(b) shows the variation of the cut-off frequency along the channel length for 

different values of Vds for DM DG structure. It is increasing with increasing value of Vds 

as transconductance is increasing. 

 

 

 

Fig 3.27 Variation of cut-off frequency along the channel-length for different  
gate-source voltages in DM DG SOI structure. 
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3.8 Transit time 

The carrier transit time through the channel is the measure of the speed of the device. 

There are two constraints which limit the speed of the device. First constraint is the time 

for charge transport along the channel. Second constraint is the charging time constant for 

the device capacitance. The transit time of a MOSFET is the inverse of the cut-off 

frequency, written as  

    
cf

1
=τ                                (3.31) 

 

 Fig 3.28 Variation of cut-off frequency along the channel-length in DM DG  

      and SM DG SOI structures. 

 

 

Figure 3.31 shows the variation of transit time with channel length for different gate-

source voltages (computed using analytical model).  It is observed that transit time 

increases with increase in channel length. Figure 3.32 shows the plot of transit time 

against channel length for different oxide thickness. As expected the larger oxide 

thickness leads to smaller capacitance, higher cut off frequency and therefore, smaller 

transit time. 
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           Fig 3.29 Comparison between analytical model and device simulator values for cut-off 

           frequency along the channel length in DM DG SOI structure. 

 

 
 

 

Fig 3.30 (a) Cut-off frequency vs gate-source voltage for different combinations of L1  
and L2 in DM DG SOI structure.  
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Fig 3.30 (b) Variation of cut-off frequency along  the channel-length for  

different drain-source voltages in DM DG SOI structure. 

 

 

 

  Fig 3.31 Variation of transit time along the channel length for different  

gate-source voltage in DM DG SOI structure. 
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3.9 Noise 

It has so far been assumed that the drain-source current of a MOS transistor varies with 

time only if one or more of the terminal voltages vary with time. This is not exactly true. 

A careful examination of the current reveals minute fluctuations, referred to as noise. For 

optimized circuit design accurate noise characterization is essential [97]-[99]. The 

thermal noise and flicker noise which are most important for DM DG SOI MOSFET have 

been considered in the following subsections. 

 

 

  Fig 3.32 Variation of transit time along the channel length for different  

oxide layer thickness in DM DG SOI structure. 

 

 

3.9.1 Thermal Noise 

The expression thermal noise [100] is given by 

  RTkS vt ...4=            (3.32) 

 where k is Boltzmann’s constant, T is absolute temperature, vtS  is the 

Noise Power Spectral density and R is the drain resistance given by equation (3.28). 

Figure 3.33 shows the plot of thermal noise power spectral density vs drain-source 

voltage for different temperatures for DM DG and SM DG SOI structures. In the 
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expression 3.32, R has been taken to be drain resistance as given by equation (3.28). It is 

seen that the noise power spectral density increases as the temperature increases and also 

for DM DG SOI structure, the noise power spectral density is smaller as compared to the 

same for SM DG structure. 

 

  Fig 3.33 Variation of Noise Power Spectral Density along the drain-source voltage for  

  different  temperatures in SM DG and DM DG SOI structures. 

 

 

3.9.2 Flicker Noise 

 

Flicker noise in MOS transistors has been the subject of intense studies for several 

decades. There are several theories for the origin of this noise, which involved sometimes 

conflicting conclusions and several issues remaining unresolved [97], [101]-[111]. The 

first theory attributes the origin of flicker noise to the random fluctuation of the density of 

carriers in the channel due to fluctuations in the surface potentials. These fluctuations are 

in turn caused by trapping and releasing of carriers by traps located near the Si-SiO2 

interface [112]-[113]. It has been shown that a power spectral density nearly proportional 

to the inverse of the frequency results [97], [114].  
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A second theory attributes flicker noise to mobility fluctuations, due to carriers’ 

interactions with lattice fluctuations [115]-[118]. Some research suggests that flicker 

noise is due to both carrier number fluctuations and mobility fluctuations [119].  

Using detailed physical consideration, the power spectral density of the equivalent flicker 

noise voltage has shown to be [112],[120]. 

    ( )
c

gox

vf
fWLC

K
fS

2

1=        (3.33)  

 where, for n-channel devices, the exponent c  varies between 0.7 and 1.2 and 1K  

is a quantity independent of bias but depends on fabrication processes, usually 1K  varies 

between 31105 −× - 2230 /101 cmC−× . Figure 3.34 shows the plot of  noise power spectral 

density and cut-off frequency for DM DG and SM DG SOI structures for c = 0.8. Figure 

3.35 shows a plot similar to that in figure 3.34 with c = 1.2. Corresponding to this noise 

power spectral density of equivalent drain noise current can be shown as  

    ( ) ( )fSgfS vfmif

2=        (3.34) 

On the basis of second theory, flicker noise due to lattice vibration (due to carrier 

interaction with lattice fluctuations), the power spectral density for the equivalent noise 

voltage is     

    ( )
( )

fWLC

VK
fS

gox

gs

vf
=        (3.35) 

                      where ( )
gsVK  is a bias dependent quantity and is of the order of 26106 −×  to 

FV 223102 −× . 
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  Fig 3.34 Variation of Noise Power Spectral Density along the cut-off frequency  

for c = 0.8 in SM  DG and DM DG SOI structures. 

   

 

  Fig 3.35 Variation of Noise Power Spectral Density along the cut-off frequency 

for c =1.2 in SM DG and DM DG SOI structures. 
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3.10 Summary 

In this chapter the closed form equations have been developed for the following 

parameters of DM DG SOI MOSFET i.e threshold voltage, device capacitance, drain 

current characteristics, transconductance, drain resistance, cut-off frequency, transit time 

and noise (thermal and flicker noise). 

The dependence of all these parameters on the drain to source voltage, gate to source 

voltage, channel length, impurity distribution in the silicon layer and the work function 

difference of the two metals has been studied using the proposed analytical model and 

also using device simulator program ATLAS. It has been found that 

1. There is a very close agreement between the results obtained using the 

analytical model and the same obtained using device simulator. These points 

to the correctness of the proposed analytical model. 

2. That in general the DM DG MOSFET offers significantly improve device 

characteristics. Furthermore in DM DG structure the Pearson IV doping 

distribution in the silicon layer leads to improved device performance. 
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     Chapter-IV 

 
 

THE ARTIFICIAL NEURAL NETWORK FOR THE 

PREDICTION OF THE DEVICE PARAMETERS 

 

 

4.1 Introduction   

Dual-Gate (DG) silicon-on-insulator (SOI) MOSFETs perhaps the most promising 

structure for scaling CMOS devices down to nanometer sizes. The use of symmetric DG 

MOSFETs having dual-material with ultra-thin bodies and ultra-thin gate oxides allows 

suppressing the short channel effects, as seen in the previous chapters 

There are several approaches for the modeling of semiconductor device characteristics 

based on the physics of the device as well as numerical techniques. These methods are 

limited in their applications because of extensive computational requirements or due to 

lack of accuracy and continuity in the predicted characteristics. So accurate device 

modeling is important in order to predict the true characteristics of the device. Neural 

network modeling techniques fill these requirements. Artificial neural networks have the 

capability to learn from data, to generalize patterns from data and to model non-linear 

characteristics. These characteristics make neural network techniques an excellent tool in 

device modeling. Research has been done in device modeling using artificial neural 

network techniques [121]-[124]. 

In this work, a back-propagation neural network having five inputs (i.e. silicon layer 

thickness, oxide layer thickness, channel length, drain-source voltage and gate-source 

voltage), single hidden layer of eight neurons and five outputs (i.e. surface potential, 

electric field distribution, drain-current, transconductance and cut-off frequency) are 

used. A simple, fast and systematic neural network model of n-channel DM DG FD SOI 

MOSFET (Figure: 4.1) was developed using Levenberg-Marquardt algorithm. Here, 

results through device simulator (ATLAS) for DM DG FD SOI structure are taken as a 

data through which a neural network is trained and then compared the trained network 



 136 

with 2-D analytical model of DM DG FD SOI MOSFET. Results are very close which 

validate our model. 

 

Fig 4.1 Schematic view of n-channel Dual-Material Double-Gate Fully-Depleted SOI MOSFET. 
 

4.2 Model Formulation 

A device simulator ATLAS is used for the measurement of parameters i.e. surface 

potential ( sφ ), electric field distribution ( xE ), drain-current ( dsI ), transconductance ( mg ) 

and cut-off frequency ( cf ) for dual-material double-gate fully-depleted SOI MOSFET. 

Their comparisons with respective analytical expression have already been shown in the 

previous chapters. In this model five parameters have been considered although we can 

increase or decrease the number of parameters used to design ANN of the proposed 

device.  

4.2.1 Neural Network Model 

A neural network is a machine consisting of interconnected neurons that can be trained 

by exposure to a certain input pattern along with the desired output to predict the 

responses to new inputs. Between input and output layers there is a central part of the 

neural network called a hidden layer. The number of neurons (eight in our case as shown 

in the figure: 4.2) and hidden layers depends on the complexity of the input response and 

the desired output. 

Consider the weighting matrix between the hidden and input layers as W and the 

weighting matrix between the output and hidden layer asV , the following can be given: 
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   =W [ nqw ] QN .                                 (4.1) 

  where n є (number of input neuron = N = 5) and nqw  represents a 

weighting value between the n
th

 input neuron and the q
th

 hidden neurons and 

   =V [ qpv ] PQ .                                                       (4.2)  

    where q є (number of hidden neurons = Q = 8), p є (number of 

output neuron = P = 5) and qpv represent a weighting value between the q
th

 hidden neuron 

and the p
th

 output neuron. Biases are not shown in the figure just to avoid complexity. 

 

Fig 4.2 Neural network configuration. 

 

4.2.2  Training of the Neural Network 

Once the network weights and biases have been initialized, the network is ready for 

training. The training process requires a set of examples of proper network behavior -   

network inputs and target outputs. 
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During training the weights and biases of the neural network are iteratively adjusted to 

minimize the network performance function as shown in the Figure: 4.3. The 

performance function is mean square error, MSE – the average squared error between the 

network output and the target output and is defined by 

   ( )∑
=







−=

dS

k

kk zyE
1

2

2

1
        (4.3) 

where, Sd is the total number of data samples, 
k

z  and ky  are desired, or  

measured and calculated responses. Here the well known Levenberg-Marquardt 

algorithm in Backpropagation Neural Network along with gradient descent optimization 

technique, is applied in the neural network training process.  

 

Fig 4.3  Learning curve for Levenberg-Marquardt algorithm in Backpropagation 

         Neural Network for five inputs and five outputs. 

 

The Levenberg-Marquardt algorithm [125] was designed to approach second-order 

training speed without having to compute the Hessian matrix. When the performance 

function has the form of a sum of squares (as is typical in training feedforward networks), 

then the Hessian matrix can be approximated as 
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               JJH
T=          (4.4) 

and the gradient can be computed as   

    eJg
T=          (4.5) 

 where J is the Jacobian matrix that contains first derivatives of the network errors 

with respect to the weights and biases, and e is a vector of network errors. The Jacobian 

matrix can be computed through a standard backpropagation technique that is much less 

complex than computing the Hessian matrix.    

The Levenberg-Marquardt algorithm uses this approximation to the Hessian matrix :   

    eJIJJxx
TT

kk

1

1 ].[ −

+ +−= µ         (4.6) 

 where kx  is a vector of current weights and biases and 1+kx  is the one iteration 

of this algorithm. When the scalar µ  is large, this becomes gradient descent with a small 

step size. Thus µ  is decreased after each successful step (reduction in performance 

function) and is increased only when a tentative step would increase the performance 

function. In this way, the performance function will always be reduced at each iteration 

of the algorithm. 

The procedure used for neural network modeling of the device proposed is defined as: 

First initialize weights and threshold values. Feed the neural network with input data ( 

Lg,,Vds, Vg, tox and tsi) along with the respective desired output responses, ( sφ , xE , dsI , 

mg and cf  ) . Next calculate the MSE function by comparing the desired and the 

calculated output response. Then adjust the weights and threshold values using the 

updated equations (4.4 - 4.6) so that a certain amount of detected error is removed. Lastly 

repeat the previous three steps until the error criterion is satisfied.  

The accuracy of the neural network modeling increase as the number of training data 

increase, it has been found that around twenty measurement points for each input and 

output were sufficient to model the device accurately.  

 

4.3 Results and Discussion 

In this work ANN model for the n-channel DM DG FD SOI MOSFET has been proposed. 

The neural network model developed consists of three layers, input layer is of five 
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neurons, hidden layer is of eight neurons and output layer is of five neurons. If the 

training data is sufficient we take less number of neurons in the hidden layer to train the 

network and vice versa. In this way we optimized the number of neurons in the hidden 

layer which further optimized the values of weights and biases. The proposed ANN model 

can be used to determine the device surface potential, electric field distribution, drain 

current, transconductance and cut-off frequency. Also we can use the ANN model as an 

interface between the device modeling and the circuit simulation as it is more flexible, 

more accurate and much faster than the existing ones. Figures 4.4 – 4.12 show the 

comparison between the simulator and trained neural network values (trained by set of 

100 as well as 20 inputs-outputs data) for surface potential, electric field distribution, 

drain current, transconductance and cut-off frequency of the n-channel DM DG FD SOI 

MOSFET. As there is little difference between the two its mean our neural network 

model was trained well. This ANN model was trained by inputs and outputs having less 

range but we could also train the same by different sets of inputs and outputs of effective 

range. After doing so we can test the ANN model by selecting the input vector depending 

on the range of inputs and give it to the trained model, it will give the required outputs 

based on the optimized weights and biases of the trained neural network. In the broader 

term, the dynamics of the proposed device is fully captured by the artificial neural 

network which would help to predict the behavior of the device in terms of five output 

parameters. 
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Fig 4.4 Comparison between device simulator and trained neural network model of DM DG FD 

SOI MOSFET for surface potential (trained by set of 100 inputs-outputs data) 

 

Fig 4.5 Comparison between Simulator and trained neural network model of DM DG FD SOI 

MOSFET for surface potential (trained by set of 20 inputs-outputs data). 
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Fig 4.6 Comparison between device simulator and trained neural network model of DM DG FD 

SOI MOSFET for electric-field distribution (trained by set of 100 inputs-outputs data). 

 

Fig 4.7 Comparison between device simulator and trained neural network model of DM DG FD 

SOI MOSFET for electric-field distribution (trained by set of 20 inputs-outputs data). 
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Fig 4.8 Comparison between device simulator and trained neural network model of DM DG FD 

SOI MOSFET for transconductance (trained by set of 100 inputs-outputs data). 

 

Fig 4.9 Comparison between device simulator and trained neural network model of DM DG FD 

SOI MOSFET for transconductance (trained by set of 20 inputs-outputs data). 
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Fig 4.10 Comparison between device simulator and trained neural network model of DM DG FD 

SOI MOSFET for transconductance (trained by set of 100 inputs-outputs data). 

 

Fig 4.11 Comparison between device simulator and trained neural network model of DM DG FD 

SOI MOSFET for transconductance (trained by set of 20 inputs-outputs data). 
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Fig 4.12 Comparison between device simulator and trained neural network model of DM DG  

FD SOI MOSFET for drain-source current (trained by set of 20 inputs-outputs data). 

 

 

4.4 Summary 

 A neural network was trained and used to model n-channel DM DG FD SOI MOSFET 

characteristics (surface potential ( sφ ), electric field distribution ( xE ), drain-current ( dsI ), 

transconductance ( mg ) and cut-off frequency ( cf )) for different combinations of silicon 

layer thickness ( sit ), oxide layer thickness ( oxt ), channel length ( 21 LLLg += ), drain-

source voltage ( dsV )and gate-source voltage ( gsV ) within the operational range of the 

device. After training, the dynamics or behavior of the proposed device is captured by the 

ANN. Now output can be predicted for any combination of the input parameters within 

the feasible range. The output predicted depends upon the optimized weights and biases. 

Here optimization was done using Levenberg-Marquardt method. The main advantage of 

applying a Levenberg-Marquardt algorithm in Backpropagation Neural Network in 

device modeling was that only a small number of target data was sufficient to quickly and 
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accurately model the device. The model provides good insight into the device structure 

optimization and performance prediction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 147 

REFERENCES 

 

[121] Paul W.Hollis, John J.Paulos, “A neural Network Learning Algorithm Tailored 

 for VLSI implementation”, IEEE Transaction on Electron Devices, Vol. 5,  pp. 

 784-791, 1994. 

[122] Octavian stan and Edward Kamen, “A local liberalized least squares algorithm for 

training feed-forward neural networks”, IEEE Transaction on Electron Devices, 

Vol. 11, pp. 487-495, 2000. 

[123] S.Abid, F.Fnaiech and  M.Najim, “A fast feed-forward training algorithm using a 

modified form of the standard Back-propagation algorithm”, IEEE Transaction on 

Electron Devices, Vol. 12, pp. 424-430 , 2001. 

[124] Alok Kushwaha, Manoj K Pandey, Sujata Pandey and A. K. Gupta, “An Artificial 

 Neural Network Model for Thermal Noise in Fully depleted SOI-MOSFET”, 

 National conference on Mathematical Techniques,  MATEIT, Delhi University, 

 2006. 

[125] Matlab manual, “Mathworks.com” 

 

 

 



 148 

       Chapter-V 

 
 

CONCLUSION AND FUTURE SCOPE OF WORK 

 

 

5.1 CONCLUSION 
 

The bulk Si MOSFET has been the main device forming the backbone of the development 

of ultra high density ICs. However, due to continuous miniaturization, a situation has 

reached, where the performance parameters of the MOSFETs are degraded (due to the 

basic physical limits), to the extent that it is very difficult to fabricate ICs with nano-scale 

bulk MOSFETs. A new generation device, which can offer good performance parameters 

i.e. low power consumption and high speed, even for nano-sacle devices, is required. As 

discussed in Chapter-I, DG SOI MOSFET followed by dual-material (which offers 

improved electron transport efficiency), is one such alternative.  

For IC design, it is essential to have an accurate device model describing the electrical 

behavior of the device. This require the exact solution of the basic semiconductor 

equation i.e. Poisson’s equation, continuity equation, current transport equation and other 

related equations. The solution of these equations invariably involved numerical analysis. 

The situation becomes even more complex for nano-sacle devices where the equations 

are to be considered in 2-D or 3-D. In such situations, an analytical model which can give 

approximately same results as may be obtained by exact numerical analysis would be 

very useful, provided the results obtained from the analytical model are same as those 

obtained by numerical solution within acceptable tolerance. Also, for improved device 

performance the body region is doped by ion implantation process. For this, the device 

behavior needs to be analyzed assuming a doping distribution as close to practically 

obtained doping distribution (i.e. Pearson IV) as possible. 

In this work, attempt has been made to develop 2-D analytical models with Pearson IV 

type doping distribution for the following parameters of DM DG FD SOI MOSFET : 

potential distribution, electric field distribution, electron velocity distribution, 

subthreshold swing, threshold voltage, device capacitance, drain-current, 
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transconductance, drain resistance, cut-off frequency, transit time and noise – thermal & 

flicker noise. The dependence of all these parameters on the drain to source voltage, gate 

to source voltage, channel length, impurity distribution in the silicon layer and the work 

function difference of the two metals has been studied using the proposed analytical 

model and also using device simulator program ATLAS. 

It has been observed that 

1. In case of DM DG SOI MOSFET, the source is effectively screened from the 

variation in the drain voltage due to step function profile of the potential at the 

interface of metals M1 and M2. The electric field is reduced near the drain 

leading to reduction in hot carrier effect. The reduction in electric field near 

the drain is also found to be dependent upon the difference between the work 

function of the two metals. As the difference between the work functions of 

the two metal increases the electric field near the drain decreases. 

2. The effect of DIBL is considerably reduced in case of DM DG SOI MOSFET. 

3. The nature of impurity distribution also affects the potential and electric field 

distribution and therefore the device characteristics. 

4. The peak electron velocity is higher in case of DM DG SOI structure in 

comparison to the same for SM DG SOI structure. 

5. Better control on threshold voltage in case of DM DG SOI structure in 

comparison to the same for SM DG SOI structure for small channel lengths. 

6. The depletion capacitance is much smaller in case of DM DG structure (in 

comparison to same for SM DG) particularly for a small value of gate to 

source voltage. This is expected because in SM DG structure the metal chosen 

had larger work function. 

7. The drain current increases with increase in the gate metal work function 

difference. 

8. Transconductance is significantly larger in case of DM DG SOI structure 

indicating that the gate has better control over the conductance in case DM 

DG SOI structure. It is also observed that larger the work functions difference 

larger is transconductance. 
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9. The drain-resistance in case of DM DG SOI structure is lower than that in case 

of SM DG SOI structure. This is consistent with higher current drive 

capability of the DM DG SOI structure. 

10. The cut-off frequency decreases with increasing channel length. The DM DG 

structure offers higher cut-off frequency because of higher transconductance 

of DM DG structure.  

11. The proposed structure offers improved noise (thermal & flicker noise) 

behavior over SM DG structure. 

12. The calculated results using the analytical expressions are in excellent 

agreement with the simulation results (obtained using device simulator 

ATLAS). 

13. An artificial neural network model of the proposed device has been developed 

using Levenberg-Marquardt algorithm. It can predict the device characteristics 

for a given DM DG FD SOI MOSFET structure without going into complex 

computations. 

 

5.2 Future Scope of the Work 

Different gate structures along with SOI wafer technology are now viewed as the most 

important emerging engineering technology for use in leading edge CMOS IC production 

during the next 3-5 years. One plausible scenario during this period is the rapid adoption 

of SOI wafers in place of single crystal silicon wafers now employed as starting 

substrates for high-end logic device (e.g., microprocessors) and SOC (System On Chip) 

applications at the 0.13 and 0.10 micron technology nodes. SOI technology appear to 

offer an excellent platform for integrating RF and digital circuits on the same chip due to 

its superior RF/ high speed performance.  
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Appendix: A 

 

The workfunction of the common metals in the silicon bandgap 
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Appendix: B 

 

Simplification of 2D Poisson’s equation for ),(1 yxφ and ),(2 yxφ  in one 

dimensional equation in )(1 xcφ  and )(2 xcφ  
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Differentiating equations (b1.0) & (b1.1) with respect to x  , we get  
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Differentiating again equations (b1.2) & (b1.3) with respect to x  , we get  
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Now differentiating equations (b1.0) & (b1.1) with respect to y , we get  
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Differentiating again equations (b1.6) & (b1.7) with respect to y , we get 
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Substituting equations (b1.4), (b1.5), (b1.8) and (b1.9) into equation (2.12), we get 
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On further solving equations (b1.10) and (b1.11), we get 

( )
( )

( )












+







⋅−⋅+









−

+
+












+







⋅−⋅+

=












+







⋅−⋅+

+
−

1

21
1

'

1
1'

111

1

1

1

21
1

1

1

21
1

1

1

2

1

2

1

1
1

..2.
1

1
.2

1

1
1

.

1

1
1

1

1
.2

A
y

t

B
yB

V
t

B
VA

At

B

A
y

t

B
yB

yNq

x

A
y

t

B
yB

At

B

dx

xd

si

gs

si

gs

si

si

si

a

c

si

sic

ε

φ
φ

           (b1.12) 

and 

( )
( )

( )












+







⋅−⋅+









−

+
+












+







⋅−⋅+

=












+







⋅−⋅+

+
−

1

21
1

'

2
1'

221

1

1

1

21
1

1

1

21
1

1

1

2

2

2

1

1
1

..2.
1

1
.2

1

1
1

.

1

1
1

1

1
.2

A
y

t

B
yB

V
t

B
VA

At

B

A
y

t

B
yB

yNq

x

A
y

t

B
yB

At

B

dx

xd

si

gs

si

gs

si

si

si

a

c

si

sic

ε

φ
φ

           (b1.13) 



 155 

On further simplification of above equations, we get 
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We can write equations (b1.14) & (b1.11) as 
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Simplify further 
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Appendix: C 

Calculations of equations for 011022011 ,, BAA  and 022B . 

From equation (2.23), we get 
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             (c1.1) 

By equating above two equations (c1.0) and (c1.1), we get 

 

( )( ) ( )( )'

22112

'

11111 .. gscgsc VALVAL +=+ φφ         (c1.2)  
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or ( )21022022
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Using equation (2.24), we get  
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On differentiating equations (2.56) & (2.57) w.r.t x and equating them futher at 1Lx = , 

we get 

0exp.exp. 022022

1

1
011

1

1
011 =+−







 −
−







BA

L
B

L
A

λλ
      (c1.7) 

Using equation (2.25), we get 
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Using equation (2.26) in equation (2.59), we get 
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Solving equations (c1.4), (c1.7), (c1.8) & (c1.9) for 011022011 ,, BAA  and 022B , we get 
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where   ( )21 γγ −−=R ;       (c1.14) 

 

( ) 111 γ−+= AVS bi ;        (c1.15) 

 

( )( ) 211. γ−++= AVVT dsbio      (c1.16) 
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Appendix: D 

 

Details of threshold voltage 

Substituting F

si

s

t
x φφ .2

2
,min1 =








 and thgs VV =  into equation (2.71), the threshold voltage 

(equation (3.1)) obtained is given as 
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where 52858 GGFFG −−+= ; 41747 GGFFG −−−= ;          

 39636 GFFFG −−+= ; ( )2

1
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EREEREFFEFEEFEG ++−+= ; 

 ( )( )1
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 ( ) ( )( )
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 where 1fbfV  , 2fbfV  and 
2

1 sit
yfbfV

=
 are given in equations (2.19) and (2.37) 
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APPENDIX: E 

 
 

The drain current is given by 
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where ( ) ( )xQxv nn 11 .  and ( ) ( )xQxv nn 22 .  is the velocity and charge of 

carriers (electrons in this case) in region 1 and region 2 respectively, as shown in the 

figure below. 

 

 
Fig 4.13  n-channel MOSFET structure. 

 

 

 

 

 

 

 
 

 

 

 

 




