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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.



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

material/structural parameters of the MOSFET (namely silicon layer thickness (¢, ), oxide
layer thickness (7,,), channel length (L, =L, + L,), drain-source voltage (V, ) and gate-
source voltage (V,,)) as inputs and gives five major device parameters (surface potential

(@, ), electric field distribution ( E ), drain-current ( /), transconductance ( g, ) and cut-
off frequency ( f,)) as outputs for a feasible DM DG SOI MOSFET. 1t 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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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
Si0;, 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.

Source

BOY |50 —400 nm

51 substrate .
21 substrate

(p-type) { (p-type) 1
— 20 - 200nm
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 SiO; has the characteristics identical to those
of thermally grown SiO;.

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

keV and 12 x 10"® em™ and the sample is annealed at a temperature of /150°C , 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.
Cygen tmplantation
Energy: 120-200 keV

Dose: 2x 10" -4 % 10" am™ _ _
s  High-temperature annealing

reduces defect density
o  Discovery of dose window
» High current oxygen ump lanter
s Only one wafer is consumed
L : &v ".,\-_*a; LR

31 sub
B30I thickness: 50 - 200 nm
S BCX thickness: 100 - 400 nm
80y
B1 sub Armealing for 3-6 hrs at over 1300 °C

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 /300°C, then the dislocation density is

reduced from 10° cm™ to 10° cm™ [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 (/70X technology) [5]. The resulting
SIMOX technology led to increase in throughput by a factor of 5 and dislocation density

as low as 10° ecm™ to 10° em™.

Localized plasma (3Fg)

B S0I Wafer
:7 Tai=374 3+ 45nm(x1.2%)
Electrode
| ~
Plasma G‘D
oy
E— RE ey
=1
B *

Grinding (Ts1 ~ several pm)

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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s Planarization by Hy annealing
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-~

Water jet

BEOX
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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°Cto 600°C and a surface is
planarized. The hydrogen dose required to strip the Si surface is from 3 x 10"° to 1 x 107
cm’, 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 =

e Gate Array ( Mitsubushi )

e Power PC (IBM)

e MPC ( Motorola )

e  Watch Controller (OKki )

e Opteron ( AMD ) — 64-bit MDU

e 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]

(1) Low drain junction capacitance: A schematic of cross sectional view of SO/

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 (Cy;), the
lateral junction capacitance (Cr;) between the side wall of the drain and the body. The
component (Cyy) is a series combination of the capacitance of the buried oxide (Cy;p) and
the capacitance (Cy,p) 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 um, so the capacitance (Cr;) is small. The vertical capacitances being in series
resulting still smaller capacitance. Due to the above factor, overall drain junction
capacitance in SOl MOSFET is much smaller than the same in bulk MOSFET. Typically,
the drain junction capacitance for an SOl 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.

Gate
COX /
-~ CLr
_| |__ Drain
CVvIE “= Buried oxide
Cvip —— Depletion layer
Substrate

Fig 1.6 Drain Junction Capacitance of SOI MOSFET.

(i1) 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 SO/
MOSFETs, the body bias becomes positive leading to lower threshold voltage, larger
drain current and lower fall time (i.e. improved speed).

(ii1))  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 um 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.

¥
F )

_O‘

\Cj

This connection is missing

Input A /lj Output Z when 50I MOSFETs are used

| as the bodies of the MOSFETs

are floating

Stacked input

Input B
I «

.

—

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

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

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.

(vit)  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.

Bulk 51 CRIOE

GNDK -
|

p-sub

SOl CMOS

=1 sub

(b)
Fig 1.8 Latch-up in CMOS.

1.2.2 Operating Modes of SOl MOSFETSs

(a)  Partially-depleted (PD) vs Fully-depleted (FD): Figure 1.9 shows the schematic
cross section view of PD and FD SOl MOSFETs.
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Fig 1.9 Structures of (a) Partially-Depleted and (b) Fully-Depleted SOl 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].

(1) 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 Ip vs Vpg
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
MOSFET:s needs to be connected to ground. In D 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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(11) Subthreshold slope: An important feature of FD SOl 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.

(i11)  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 SRAMss 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-
lonization, 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.

Single Gate Dmial Watetial Double gate {THIS WORK)

Gate all around

gate oxide
Crouble Gate SOurce
=
—T
/ -
gate

FinFET type

Triple Gate

dlicon substrate

glicon substrate

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 MOSFETSs — 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]:

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

accumulated.

e 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 SOl MOSFET, but only the back silicon surface is depleted. Sano
et. al. [35] developed a rigorous numerical model for threshold voltage (Vi) 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 Vj, 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 Vy on the depletion level was also discussed. The statistical
variation of Vy, 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 Vy,. Over the past thirty years, the primary challenge for the /C 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 um [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 mV [ decade predicted for an ideal MOS transistor at room temperature. Davis et. al.

[43] observed subthreshold slope as small as 50 mV /decade 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 mV / decade [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 SO/
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].

1
(@log(1,)/ V)

* Subthreshold slope or S-factor is defined as S =

The above slope is computed for Ip vs Vi curve in subthreshold region with Vpg 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 um .
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.

40



1.3.3 Performance Characteristics of DG, SG MOSFETSs 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).
e Also gq reduces more rapidly in SOI and DG MOSFETs, which have a thinner
active Si layer, hence a lower output conductance. For Vg > 0.5 V, g4 remains
relatively flat in SOI MOSFET, while DG and bulk MOSFETs have comparable

response, except lower value of g4 in the former case, as shown in figure 1.11 (c).
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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 Vi, 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.
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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) nMOSFETsSs and (b) pMOSFETs. Source: Julie Widiez et. al.[65]
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The drive and off-state currents (respectively /,, and I,q) extracted at Vy=-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 um thick BOX, as shown in figure 1.15.
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Fig. 1.14 Oft-state current (I,¢) versus saturation current (I, ) for pMOS
transistors with different gate lengths. Source:Julie Widiez et. al. [65]
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Fig. 1.15 DIBL versus gate length (L,) for nMOS devices. Dashed lines
are for simulations. Source: Julie Widiez et. al.[65]
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e Values of Vi, 4V, S, Lon, Loy and u, 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]

parameter transistor  Double Gate b{'_:lif:' ("]:;f::l '::d
Ve nMOS 0.45V 0.3V 0.8V
pMOS -0.45V .65V -0.77V
AV, nMOS 0 25mV S0mV
pMOS 163mV 226mV 252mv
q nMOS odmV/dec 80mV/dec 104mVidec
pMOS obmV/dec 122mVidec 130mVidec
1o (cm?/Vs) nMOS 212 146 50
pMOS 51 55 28
loa (HA/UM) pMOS 506 346 145
(Vp=Vg=-1.2V) ) B
wﬂ_‘f;’éﬂ‘{{‘,‘i_ ovy| PMOS 4310° 83107 4110°

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).
e 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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e 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).

e DIBL, which is the difference between the linear threshold voltage (Vijin) and
the saturation threshold voltage (Vinsa) 1s 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.
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Fig 1.16 {a) Surface potential profiles at the front gats
and the back gate for the DG and the DM DG-2801
MOSFETs with a channel length L=0.1wm (L; = L;
=0.03 pm).
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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. 1t 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
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with a film thickness of 20 nm.

Channel length (pm)
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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.

) GATE
E Material | %
Source Dirain
Channel —
M1 Regiun M 21 Region

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

e 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).
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Fig. 1.19 {a) Simulated chamnel electric field distribution Fig. 1.19 (b) Simulated average electron velocity profile
of DMGFET. The distribution of conventional SMGFET along the channel of DMG-FET is compared with that of
iz also shown as a contrast (Vgs = -04; Vds = 1.4 V) the conventional SMG-FET. Bias is same as in previous
Source: Wei Long et. al [67] figure. Source - Wei Long =t. al [67]

e 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.

e 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.

|Snurce1 T EE | [ Drain | 1504 — 7 C e - _i
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Fiz 1.19 (c) Simlated channel potential profiles of
DMG-FET for wanous drain biases. Screening
effact is clearly seen. Source: Wei Long et. al [67]

Fiz. 1.19 (d) Threshold behaviors of dual material
gate HFET (DMG-HFET) and conventional SMG-
HFET. Very close wvalues {-0.67 V for DMG and -
063V for SMG) of threshold woltages have been
extrapolated. Source: Wel Long et. al [67]

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 (7 ), oxide layer
thickness (7,,), channel length (L, =L, + L, ), drain-source voltage (V, )and gate-source
voltage (V,,)) as inputs and gives five major device parameters (surface potential (¢, ),

electric field distribution ( E ), drain-source current ([, ), transconductance ( g, ) and
cut-off frequency ( 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 (V,), device -capacitance (C,), drain current characteristics (7, ),
transconductance ( g, ), drain-resistance (7, ), cut-off Frequency ( f,) and transit time

(7). The analysis of noise behavior of the proposed device has also been presented in this
chapter. In Chapter-1V, 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.

49



REFERENCES

(1]

(2]

(3]

(4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

M. Watanabe and A. Tooi, “Formation of SiO, Films by Oxygen-lon
Bombardment”, Japan J. Appl. Phys., Vol. 5, pp. 737-738, 1966.

Takayasu Sakurai, Akira Matsuzawa and Takakuni Douseki, “Fullt-Depleted SO/
CMOS Circuits and Technology for Ultralow-Power Applications”, Springer,
2006.

C. Jaussaud, J. Margail, J. Stoemenos and M. Bruel, “High Temperature
Annealing of SIMOX Layers, Physical Mechanism of Oxygen Segregation”,
Proceedings of Mat. Res. Soc. Symp., Vol. 107, pp. 17, 1988.

S. Nakashima and K. Izumi, “Practical Reduction of Dislocation Density in
SIMOX wafers”, Electron Lett., Vol. 26, No 20, pp. 1647-1649, 1990.

S. Nakashima, T. Katayama, Y. Miyamura, A. Matsuzawa, M. Imai, K. Izumi and
N. Ohwada, “Thickness Increment of Buried Oxide in a SIMOX wafer by High-
Temperature Oxidation”, Proceedings 1994 IEEE International SOI Conference,
pp- 71-72, 1994.

P.B. Mumola, G.J. Gardopee, P.J. Clapis, C.B. Zarowin, L. D. Bollinger and A.M.
Ledger, “Plasma Thinned SOI Bonded Wafers”, Proceedings 1992 IEEE
International SOI Conference, pp. 152-153, 1992.

T. Yonehara, K. Sakaguchi and N. Sato, “Epitaxial Layer Transfer by Bond and
Etch Back of Porous Si”, Appl. Phys. Lett., Vol. 64, pp. 2108-2110, 1994.
M.Bruel, “A New Silicon On Insulator Material Technology”, Electron Lett., Vol.
31, pp. 1201, 1995.

A. Wei and D. A. Antoniadis, “Measurement of Transient Effects in SOI
DRAM/SRAM Access Transistors”, IEEE Electron Dev. Lett., Vol. 17, No. 5, pp.
193-195, May1996.

C.E. Daniel Chen, M. Matloubian, R. Sundaresen, B.Y. Mao, C.C. Wei and G.P.
Pollack, “Single-Transistor Latch in SOI MOSFETs”, IEEE Electron Dev. Lett.,
Vol. 9, No. 12, pp. 636-638, Dec 1988.

International Technology Roadmap for Semiconductors, 2009.

50



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

E. Suzuki, K. Ishii, S. Kanemaru, T. Maeda, T. Tsutsumi, T. Sekigawa, K. Nagai,
and H. Hiroshima, “Highly suppressed short-channel effects in ultrathin SOI n-
MOSFETs,” IEEE Trans. Electron Devices, Vol. 47, No. 2, pp. 354-359, Feb.
2000.

Y.-K. Choi, K. Asano, N. Lindert, V. Subramanian, T.-J. King, J. Bokor, and C.
Hu, “Ultrathin-body SOI MOSFET for deep-sub-tenth micron era,” I[EEE Electron
Device Lett., Vol. 21, No. 5, pp. 254-255, May 2000.

J. Pretet, S. Monfray, S. Cristoloveanu, and T. Skotnicki, “Silicon-on-nothing
MOSFETs: performance, short-channel effects, and back gate coupling,” IEEE
Trans. Electron Devices, Vol. 51, No. 2, pp. 240-245, Feb. 2004.

T. Ichimori and N. Hirashita, “Fully-depleted SOI CMOSFETs with the fully-
silicided source/drain structure,” IEEE Trans. Electron Devices, Vol. 49, No. 12,
pp- 2296-2300, Dec. 2002.

W. J. Cho, C.-G. Ahn, K. Im, J.-H. Yang, J. Oh, [.-B. Baek, and S. Lee,
“Fabrication of 50-nm gate SOI n-MOSFETs using novel plasma-doping
technique,” IEEE Electron Device Lett., Vol. 25, No. 6, pp. 366368, June 2004.
B. Yu, “FinFET scaling to 10 nm gate length,” in Proc. IEDM Strategic
Technology, Advanced Micro Devices, pp. 251, Dec. 2002.

J. Kedzierski, “Metal-gate FinFET and fully-depleted SOI devices using total gate
silicidation,” in Proc. IEDM, IBM, pp. 247, Dec. 2002.

Y. K. Choi, “FinFET process refinements for improved mobility and gate work
function engineering,” in Proc. IEDM, UC California (Berkeley), pp. 259, Dec.
2002

K. W. Guarini, “Triple-self-aligned, planar double-gate MOSFETs: Devices and
Circuits,” in Proc. IEDM 2001, IBM, pp. 425, Dec. 2001.

J. M. Hergenrother, “50 nm Vertical Replacement-gate (VRG) nMOSFETs with
ALD HfO, and AL,O5 Gate Dielectrics,” in Proc. IEDM 2001, AT&T Bell Labs,
pp- 51-54, Dec. 2001.

P. Verheyen, “A 50 nm vertical Si/sub 0.70/Ge/sub 0.30//Si/sub 0.85/Ge/sub 0.15/
pMOSFET with an oxide/nitride gate dielectric, Conf.: 2001 International Symp.
on VLSI Technology, Systems, and Applications. Proceedings of Technical Papers
(Cat. No.01TH8517), IMEC, Leuven, Belgium, pp. 15-18, 2001

51



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

M. Masahara, “I5-nm-thick Si channel wall vertical double-gate MOSFET,” in
Proc. IEDM 2002, AIST, pp. 949, Dec. 2002.

B. Goebel, “Fully Depleted Surrounding Gate Transistor (SGT) for 70 nm DRAM
and Beyond,” in Proc. IEDM 2002, Infineon, pp. 275, Dec. 2002.

S. H. Oh, D. Monroe, and J.M. Hergenrother, “Analytic description of short-
channel effects in fully-depleted double-gate and cylindrical, surrounding-gate
MOSFETs,” IEEE Electron Device Lett., Vol. 21, no. 9, pp. 445447, Sept. 2000.
G. Venkateshwar Reddy and M. Jagadesh Kumar, “A new Dual-Material Double-
Gate Nanoscale SOI MOSFET —-Two dimensional analytical modeling and
simulation ”, IEEE Transaction on Nanotechnology, Vol. 4, No. 2, pp. 260-268,
2005.

H.K. Lim and J. G. Fossum, “Threshold voltage of thin-film Silicon-on-Insulator
(SOI) MOSFETs”, IEEE Transaction on Electron Devices, Vol. 30, pp. 1244-
1251, 1983.

C. Mallikarjuna and K.N. Bhat, “Numerical and charge sheet models for thin film
SOI MOSFETs”, IEEE Transaction on Electron Devices, Vol. 37, pp. 2039-2051,
1990.

H.K. Lim and J.G. Fossum, “Current voltage characteristics of thin film SOI
MOSFETs i strong inversion”, IEEE Transaction on Electron Devices, Vol. 31,
pp. 401-407, 1984.

H.K. Lim and J.G. Fossum, “A charge based large signal model for thin film SOI
MOSFETS”, IEEE Transaction on Electron Devices, Vol. 32, pp. 446-457, 1985.
P.W. Barth, P.R. Apte and J.B. Angell, “The MISIM-FET in thin semiconductor
layers: Depletion approximation model for I-V characteristics”, IEEE Transaction
on Electron Devices, Vol. 30, pp. 1717-1726, 1983.

H.O. Joachim, Y. Yamaguchi, K. Ishikawa, I. Inoune and T. Nishimura,
“Simulation and two-dimensional analytical modeling of subthreshold slope in
ultrathin film SOI MOSFET s down to 0.1 um gate length”, IEEE Transaction on
Electron Devices, Vol.40, pp.1812-1817, 1993.

N.Sasaki and R. Toegi, “Effect of silicon film thickness on threshold voltage of
SOS-MOSFET’s”, Solid State Electron., Vol. 22, pp. 412-421, 1979.

52



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

E.R. Worley, “Theory of the fully depleted SOS/MOS transistor”’, Solid State
Electron., Vol. 23, pp. 1107-1111, 1980.

E. Sano, R. Kasai, K. Ohwada and H. Ariyoshi, “A two-dimensional analysis for
MOSFETs fabricated on buried SiO; layer”, IEEE Transaction on Electron
Devices, Vol. 27, pp. 2043-2050, 1980.

F. Balestra, J. Brini and P. Gentil, “Deep depleted SOI MOSFETs with back
potential control: A numerical simulation”, Solid State Electron., Vol. 28,
pp-1031-1037, 1985.

G. Groeseneken, J. P. Colinge, H.E. Maes, J. C. Alderman and S. Holt,
“Temperature dependence of threshold voltage in thin film SO MOSFETs”, IEEE
Transaction on Electron Devices, Vol. 11, pp. 329-331, 1990.

H. S. Chen and S.S. Li, “Comparison of statistical variation of threshold voltage
in bulk and SOI MOSFETs”, Solid State Electron., Vol. 35, pp.1233-1239, 1992.
J. R. Brews, K.K. Ng and R. K. Watts, “The submicrometer silicon MOSFET”, in
Submicron Integrated Circuits, New York : Wiley, Ch. 1, 1989.

J. R. Brews, W. Fitchner, E. H. Nicollian and S.M.Sze, “Generalized guide for
MOSFET miniaturization”, IEEE Electron Devices Lett., Vol. 1, pp. 2, 1980.

R. H. Yan, A. Ourmazd and K.F. Lee, “Scaling the Si MOSFET: from bulk to SOI
to Bulk”, IEEE Transaction on Electron Devices, Vol. 39, pp. 1704-1710, 1992.
S. M. Sze, “Physics of Semiconductor devices”, New York: Wiley-Interscience,
1981.

J.R. Davis, A.E. Glaccum, K. Reeson and P.L.F. Hemment, “Improved
subthreshold characteristics of n-channel SOI transistors”, IEEE Electron Devices
Lett., Vol. 7, pp. 570, 1986.

K.K. Young, “Analysis of conduction in fully depleted SOI MOSFETs”, IEEE
Transaction on Electron Devices, Vol. 36, pp. 504-506, 1989.

J.B. Mckitterick and A.L. Cavigila, “An analytic model for thin SO/ transistor”,
IEEE Transaction on Electron Devices, Vol. 36, pp. 1133-1138, 1989.

D.J. Wouters, J.P. Colinge and H.E. Maes, “Subthreshold slope in thin film SOI
MOSFETs”, IEEE Transaction on Electron Devices, Vol. 37, pp. 2022-2033,
1990.

53



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

F. Balestra, M. Benachir, J. Brini and H. Ghibaudo, “Analytical models
subthreshold swing and threshold voltage for thin and ultra thin SOI MOSFETs”,
IEEE Transaction on Electron Devices, Vol. 37, pp. 2303-2311, 1990.

K.K. Young, “Short channel effect in fully-depleted SOI MOSFETs”, IEEE
Transaction on Electron Devices, Vol. 36, pp. 399-402, 1989.

R. Sundaresan, “Process and device modeling of SOI MOSFETs”, Texas
Instruments, Tech. J., Vol. 4, pp. 62, 1987.

S.P. Edwards, K.J. Yallup and K. De Meyer,“Two-dimensional numerical
analysis of the floating region in SOl MOSFETs”, IEEE Transaction on Electron
Devices, Vol. 35, pp. 1012-1020, 1988.

M. Matloubian, C.E. D. Chen, B.N. Mao, R. Sundaresan and G. P. Pollack,
“Modeling of the subthreshold characteristics of SOI MOSFETs with floating
body”, IEEE Transaction on Electron Devices, Vol. 37, pp. 1985-1994, 1990.

K. Tokunaga and J.C. Strum, “Substrate bias dependence of subthreshold slopes
in fully depleted silicon-on-insulator MOSFETs”, IEEE Transaction on Electron
Devices, Vol. 38, pp. 1803-1807, 1991.

J.G. Fossum, R. Sundaresan and M. Matloubian, ‘“Anomalous subthreshold
current-voltage characteristics of n-channel SOI MOSFETs”, IEEE Electron
Devices Lett., Vol. 8, pp. 544-546, 1987

T.C. Hasio and J.C.S. Woo, “Subthreshold characteristics of fully depleted
submicrometer SOI MOSFETs”, IEEE Transaction on Electron Devices, Vol. 42,
pp-1120-1125, 1995.

K.N. Ratnakumar and J.D. Meindl, “Short channel MOS threshold voltage
model”, J. Solid State Circuits, Vol. 17, pp. 937-948, 1982.

J.C.S. Woo, KW. Terill and P.K. Vasudev, “Two-dimensional analytical
modeling of very thin SOI MOSFETs”, IEEE Transaction on Electron Devices,
Vol. 37, pp. 1999-2006, 1990.

P.S. Lin and C. Y. Wu, “A new approach to analytically solving the two-
dimensional Poisson’s equation and its application in short channel MOSFET

modeling”, IEEE Transaction on Electron Devices, Vol. 34, pp. 1947-1956, 1987

54



[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Chin and C. Y. Wu, “A new two-dimensional model for the potential distribution
of short gate length and its applications”, IEEE Transaction on Electron Devices,
Vol. 39, pp. 1928-1938, 1992.

J.Y. Guo and C.Y. Wu, “A new 2D analytical threshold voltage model for fully
depleted short channel SOI MOSFETs”, IEEE Transaction on Electron Devices,
Vol. 40, pp. 1653-1662, 1993.

Manoj Saxena, Subhasis Haldar, Mridula Gupta and R. S. Gupta, “Design
considerations for novel device architecture: hetero-material double-gate (HEM-
DG) MOSFET with sub-100 nm gate length”, Solid State Electronics, Vol. 48, pp.
1169-1174, 2004.

Anurag Chaudhry and M. Jagadesh Kumar, “Investigation of the Novel Attributes
of a Fully Depleted Dual-Material Gate SOI MOSFET”, IEEE Transaction on
Electron Devices, Vol. 51, No. 9, pp. 1463-1467, 2004.

Keunwoo Kim, and Jerry G. Fossum, “Double-Gate CMOS: Symmetrical-
Versus Asymmetrical-Gate Devices”, IEEE transaction on Electron Devices, Vol.
48, No. 2, pp. 294-299, Feb 2001.

Adelmo Ortiz-Conde, Francisco J. Garcia-Sanchez, and Slavica Malobabic,
“Analytic Solution of the Channel Potential in Undoped Symmetric Dual-Gate
MOSFETs” IEEE transaction on Electron Devices, Vol. 52, No. 7, pp. 1669-
1672, July 2005.

Wei Ma and Savas Kaya, “Impact of device physics on DG and SOI MOSFET
linearity”, Solid-State Electronics, 48, pp. 1741-1746, 2004.

Julie Widiez, Jérome Lolivier, Maud Vinet, Thierry Poiroux, Bernard Previtali,
Frédéric Daugé, Mireille Mouis and Simon Deleonibus, “Experimental Evaluation
of Gate Architecture Influence on DG SOI MOSFETs Performance”, IEEE
Transaction on Electron Devices, Vol. 52, No. 8, pp. 1772-1779, 2005.

M. Jagadesh Kumar and G. Venkateshwar Reddy, “Diminished Short Channel
Effects in Nanoscale Double-Gate Silicon-on-Insulator Metal-Oxide—
Semiconductor Field-Effect-Transistors due to Induced Back-Gate Step
Potential”, Japanese Journal of Applied Physics, Vol. 44, No. 9A, pp. 6508—-6509,
2005.

55



[67]

[68]

[69]

Wei Long, Haijiang Ou, Jen-Min Kuo, and Ken K. Chin, “Dual-Material Gate
(DMG) Field Effect Transistor”, IEEE Transaction on Electron Devices, Vol. 46,
No. 5, May 1999.

Thomas Skotnicki, James A. Hutchby, Tsu-Jae King, H.-S. Philip Wong, and
Frederic Boeuf, “Toward the Introduction of New Materials and Structural
Changes to Improve MOSFET Performance”, IEEE Circuits & Devices
Magazine, pp. 16 — 26, Jan/Feb 2005.

G. Venkateshwar Reddy and M. Jagadesh Kumar, “Investigation of the novel
attributes of a single-halo double gate SOI MOSFET: 2D simulation study,
Microelectronics Journal, 35, pp. 761-765, 2004.

56



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./ gm is more

than 70'® ¢m™ [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].

=]
—
=t
2
a‘_

| T

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 SOl 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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Wis

Fig 2.2 Cross-sectional view of a symmetric Dual-Material Double-Gate Fully-Depleted SOl 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 [ keV to I MeV, the average
penetration depth varies from 700 A to 10 um. The range of ion dose varies from 10"
ions/cm’ for threshold adjustment to 10’® ions/cm’ 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
N,(y) =N, f(y) (2.01)
where, N, is the total implant dose per unit area and f (y) is the probability density

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

a) The projected range, R, = j y- f(y)dy (2.02)

+o0

P
b) The standard deviation, c = { j (y- R, ) f(y)dy:l (2.03)

— o0

toof 3
c) The skewness, ¥ = J'(y Rp) ()

— oo

dy (2.04)
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v-r, ) £(y)
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dy (2.05)

d) The kurtosis, f = .[

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

+o0

determine doping profiles [86]-[88], with the condition, .[ f(y)dy =1. The numerical
values for these parameters are given in papers [89, 90] and fitted to a polynomial in
paper [91] through

R, = Zai ‘E' and 0 = Zbl. E' for n= 1,2,3,4......... Here, E
i=1 i=1

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

tables 2.1 and 2.2 respectively.

Table 2.1 Coefficients for R, in Silicon

Coefficients Boron Phosphorous Antimony Arsenic
a, 3.338x107° 1.259x10°? 8.887 x 10™* 9.818x107*
a, -3308x107° -2743x1077 -1.013x10"" -1.022x107°
a, 1.290 x 107° 8.372x107* 9.067 x 107®
a, -3.056x107"° -3.442x107"
ds 4,028 x 107" 4,608 x 107"

Table 2.2 Coefficients for o, in Silicon

Coefficients Boron Phosphorous Antimony Arsenic
b, 1.781x107° 6.542x 107" 2.674x107* 3.652x107*
b, -2.086x107° —-3.161x10"° —-2.885x10° -3.82x107°
b, 1.403x 107’ 1.371x107® 2311x107°® 3.235x107®
b, —4.545x107"°  -2.252x107"  -8310x107" —-1.202x107"
bs 5.525%x 107" 1.084x10™"°  1.601x 107"
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¢ Uniform Distribution

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

¢ Gaussian Distribution

This is the simplest approximation to an lon-implanted Profile. This profile is
characterized by the projected range (R, ), the average depth of the implanted ions
and standard deviation (o), the distribution of ions about that depth. The probability

density function f(y) for a Gaussian distribution is given as

exp{— w} (2.06)

2.0

1
f(y)=am.

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 (R,) and different

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

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

e 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
(R,) 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:

dg(y) _  (v-a)s(y) . (2.07)
dy b +b-y+b, -y

where, g(y)is the frequency function, constants a,b,,b, and b, are obtained with the

help of four moments [92-93].

.o - 4. -39
__rolpry., __olpsy) b o
A A
— . 2 —
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Figure 2.5 shows the comparison of the Gaussian, Pearson and measured profiles [91].
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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 b’ —4-b, b, < 0: (2.08)
2- 2- +
Ing(y)= ! -1nb0+b1-y+b2-y2‘ bi/by +2-a arctan b, y+h
2D, (4-5, -5, —52)" (4.5, -5, -5, )"
Case- 2 b’ —4-b,-b,> 0: (2.09)
A ( : f
+2- 2-b,-y+b, —-\b”—-4-b,-b
1ng(y)= ! -1nb0+b1-y+b2-y2‘_ bl/b2 : 2
2:by 2-4b,5,)" ‘2 by - y+b +(b
Case -3 b’ —4-b,-b,=0: (2.10)

2‘_b1/b2+2-a .

I
In g(y) = S——-Inlb, +b, - y+b,-y*| =210 g
2 1

2
For the purpose of analysis in this work, the values of R 2205 Y and S have chosen and
the values of the constants a,b_,b, and b, were calculated. After calculating these values,

above three cases were checked and found thath,’>—4-b -b, > 0. Therefore using

equation (2.01) and (2.09), we get

N 1
ln[ ;’Ey)J:Z-bz'ln 1-(y—Rp)+b2-(y—Rp)2

1/b i ‘2 by (y=R))+b, (b —4-b, -b,
—4.b, b)/ ‘217 y=R,)+b, + b —4-b, b, )"

Na(y) =N, -exp(am); where, N, = Q- J.h(y)dy; Q is implant dose and A(y) is

+oo

the normalized distribution function and satisfies J. h(y)dy = 1. Finally, the impurity ion

— oo

distribution is given as
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N,(y) =

N, -exp

1
2-b,

-In

b, +b, '(y_Rp)+b2 '(y_Rp)2

1

b, /b, +2-a ‘Z'bz'(y_Rp)+b1_(b12_4'bo'b2)2

1 In ]
(b12—4-b2-b0)4 ‘Z'bz'(y_Rp)+b1+(b12_4'b2'bo)/2
2.11)

The calculated doping distribution for a set of R 20, Y and [ 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.
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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: V,, =K.V, ,, where the coefficient

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

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

thickness of the Si layer has been assumed to be less thanx, ., where

/ 4. . . . . .
X = ﬁ’? . Here x, _ is the maximum depletion width and N, (y)_, 1is the
q' a y max

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].

2 2 )
’ ¢()§,y)+8 ¢(’§’y):q N,0), for 0<x<L, and 0<y<rt, 2.12)
ox dy £,

where, N, (y) is the Pearson IV doping distribution, dependent on the thickness of the
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silicon layer, given by equation (2.11), g 1is the electron charge, € is the permittivity of
the silicon, L, (L,+L,) is the gate length and 7 ; is the silicon layer thickness.

The method for finding the analytical solution for ¢(x,y) 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 @(x,y) for fully depleted SOI MOSFET can be approximated by a simple
parabolic function [73].
olx,y) = A,(0)+A(x) y+4,(x)- y? (2.13)
where, A, (x),A (x)and A,(x) 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 ¢,,, and¢,,,, respectively. The potential
distribution under gate M1, ¢1(x, y) and under gate M2, o, (x, y) respectively can be
written as
¢1(x,y) = Alo(x)+A11(x)- y+A12(x)- y’;  for 0<x<L and 0<y<t,
(2.14)
6, (x,y) = A, (x)+ A, (x) y+A,(x) y*; for L<x<L+L, and 0<y<r¢,
(2.15)
where A (x),A,,(x), A,(x), A, (x),A, (x)and A, (x) are arbitrary coefficients. The

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

1) #,(x,0) = @, (x) , the surface potential under M1 (2.16a)
9, (x,0)= o, (x) , the surface potential under M2 (2.16b)
i1) Electric flux at the front gate-oxide interface is
a¢l ('x’ y) :& ¢S1 (x)_V gsl (2.173)
ay |y=0 ¢, s
a¢2 ('x’ y) — & ¢S2 (x)_V 8s2 (2.17b)
ady |y=0 &g, s

where €, is the dielectric constant of the oxide-layer, ¢, is oxide-layer
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thickness at the front gate, V,, =V, =V, and V ,=V, -V, (2.18)

gs

where V,  is the gate-to-source bias voltage and V,. & V,., are the front-

channel flat-band voltages of M1 & M2 respectively, given as.

E, N
ﬂ:fl ¢M1 Xi————V; In (—(y)j and (2.19a)
2q n; y=0
E N
Vs = Ous = Xy -—=-V; m{( a(y)j } (2.19b)
2:q i Jy=o
where y; is the electron affinity of silicon, E, is the silicon band gap at 300 K,
given by
42
E =|116- 7.02x107°T , (2.20)
¢ 1108 +T

n, 1s the intrinsic carrier concentration, given by
3 —-E,
n, =3.1x10"°T?2 exp| —% (2.21)
2kT

T .
V, 1is the thermal voltage, given by V, = kT and N_(y) is the Pearson IV
q

doping distribution given by equation (2.11)

1ii) Electric flux at the center plane of silicon layer:

¢, (x,y) .= fe Vi =0u(x) _ (2.22a)
ay yzi 8Si toxb

99, (x, y) ;= V=0 () -0 (2.22b)
ay yzi 8Si toxb

where 7, is the back oxide-layer thickness and is same as that of 7, ., @, (x)and

¢,,(x) are the potential function along the back gate oxide-silicon interface under

M1 and M2 respectively.
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iv)

v)

vi)

vii)

Surface potential at the interface of two dissimilar gate material of the front gate

1s continuous

6(L,.0) = 4,(L,.0) (2.23)
Electric flux at the interface of two material of the front gate is continuous
a¢1 ('x’ y) — a¢2('x’ y) (224)
ox |x=L ox |x=L
The potential at the source end is
9 (0’0) = 9, (0) =V (2.25)
_E N,()) . " .
where V,. = 7+VT.1n —==~ | is the built-in potential across the body-
ni

source junction,
The potential at the drain end is

¢,(L +L,.0) = ¢,(L+L,) =V, +V, (2.26)

where V, is the applied drain-source bias.

The constants A, (x), A;,(x), A,(x),A,, (x),A, (x)and A, (x) 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

$,(x,0)=A, (x)=9,(x) for0<x<L &

$,(x,0)=A,, (x)=¢,,(x) for L<x<L +L, (2.27)

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

o (x.y) = ¢, () +A,(x) y+A4,(x) ¥y (2.28a)

3, (x,y) = 9,0+ A, (x) y+ Ay (x) y° (2.28b)

Differentiating equation (2.28) with respect to y , we get

a¢1 (X, y)

4 = All(x)+ 2.A12(x).y (2.29a)
dy

W)y wr 24 (e)y (2.290)
y
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Using equations (2.17) in equations (2.29), we get

¢, (x,y) :&.M:Anu)
dy |y=0 ¢, Loxy
or
A (%) = ‘Z_ Pu() -V (2.30)
Si oxf
¢, (x, y) _ & Pu(¥)=Vie = A, (%)
ay y :O 8Si tﬂxf
or
Ay = e 220V 231)
Si oxf

Substituting equations (2.30) & (2.31) into equations (2.28), we get

¢1(x,y) = ¢S1(x)+%.m.y+A2(x).yz (2.3221)
si oxf

6,(x.y) = @Axw%-mwwz(ﬂ-f (2.32b)
si oxf

Differentiating equations (2.32) with respect to y and using equations (2.22), we get

a¢1(x’y) ‘. :&,(bsl(x)_v gsl +2'A12(x)'t‘_”' =0
ay y zi 8Si toxf 2
or
A12 (x) = _gﬂ, ¢Sl (x)_tv gsl (2.33)
si oxf *Vsi
and 9 (x.) ‘. _En 900V 124,05 = 0
ay y zi 8Si toxf 2
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i. ¢S2 (X)_V'gSZ

or A,(x) = — (2.34)
si oxf 'tsi
Substituting equations (2.33) & (2.34) into equations (2.32), we get
g - V' s g - V ' s
¢, (x,y) = ¢S1(x)+ﬂ.m.y_ﬂ.m.y2 (2.35a)
gsi toxf si toxf 'tsi
g - V' s g - V ' s
¢2(x,y) = ¢S2(x)+ﬂ.m.y_ﬂ.m.y2 (2.35b)
gsi oxf gsi toxf 'tsi

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, ¢, , is more sensitive to gate length than potential at
the surface, ¢ . Means that the punch-through current dominantly flows at the SOI center
region. Since ¢  should be relevant to the punch-through current, we obtained the

relation between ¢ and ¢, from equation (2.35) (ie. ¢, (x,y):(/‘)d(x) and

9, (‘x’y):¢c2 (x) at y :%)

1 £ 1.V o
@, (x) = T[% (X)+%j (2.36)
1+M *Csitoxf
4e&, Lo
, E N
where V= V, =V, =V, =gy 7, 45 +VIn ( Z(y )j (2.37)
i ‘_i
1 £,.1,V on
and  ¢,(x)= T[(Z’Cz (x)+ #j (2.38)
1+¢ *Csitoxf
4.€Si.toxf
, E N
where V,,, = V, =V,, = V, =@, +x, + 2-g +V, In ( :z(y)j (2.39)
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Substituting equations (2.36) & (2.38) into equation (2.35), we get

E it 4.€.t

ox " si si " oxf

En 1 € 1 1 e 1.V
YN AFIRPRIN IR,
' 1+

4. .t

si*" oxf

(2.40)

and

En 1 € 1 1 £ 1.V e
¢z(X,)’)=[1+ ox't—~y—ﬂ«—.y2j —[¢c2(x)+ ox " si gzzj
' |+t

4.t

S si” oxf

(2.41)
The 2D Poisson’s equation has been simplified into two one-dimensional equation in

terms of ¢ _(x) & ¢_,(x). The derivation involved is given in Appendix: B. The one-

dimensional Poisson’s equations are given as below.

ol
d2¢cl(x) 1 _ o : _ 2
[ = J e (0. ) -+ AW, AV, = - (2.42)
and

ol
dz@-z(x) 1 _ o : _ 2
[ e J 7 0= A, -Av.L) - — (2:43)

where Na[t‘—;j is obtained from equation (2.11) thereby calculating potential at the
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center of silicon layer. A, (please see in Appendix: B) is the natural length designed to

fulfill the condition: o=

L, (2.44)
2.4, '

here, & is the scaling factor and L, is the gate length. The relationship between oxide

layer thickness, 7, and silicon layer thickness, 7. can be obtained by substituting

ox si

equation (2.44) into equation (b1.20) (please see in Appendix: B).

gox L(Zg gox 1 si
_Za s (2.45)
4,

oxX

2.0% €.t

si*" si

For a=2.8, the relationship between ¢, and ¢ for different gate lengths are plotted in
figure 2.8 . For a particular gate length L, , any point below the curve, representing a pair

of values of 7, and 7 ;, can be chosen.

si?

30 T T T T
25 o =28 —
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,ﬁ 2
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Fig 2.8 Relationship between oxide layer thickness, # _ and silicon layer thickness, 7 ;

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,
ol
P (x)= 0, (x) - ((l +4 )V;sl —4A 'Vg'sn )+ g—}qz
ol
and ¢f2 (x) =0 (x) B ( (1 +4, )V;s2 —4 'V;szz )+ g—}qz

si

Differentiating equation (2.66) & (2.67) twice with respect to x, we get

dg,,(x) _de, (x)

b

dx dx
d’¢,,(x) _ d’¢, (x)
dx? dx*

and dg,,(x) _ d(f’cz(x);
dx dx

d2¢f2 (x) _ d2¢62 (x)
dx? dx?

(2.46)

(2.47)

(2.48)

(2.49)

(2.50)

(2.51)

Substituting equations (2.46), (2.47), (2.49) and (2.51) into equations (2.42) & (2.43), we

get
t, t,
YEI P 6 M I 6
dx? 2 £, Ry
or d2¢f1(x) _ ¢f1(x) ~0:

dx® s
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I, t.

N[ N[
Similarty, 902011, (x)_qa_[zh2 qa_w
’ x> 2|7 £, £,

or d2¢f2(x) _ ¢f2(x) - 0: (2.53)
dx® A

Equations (2.52) & (2.53) have a non-trivial solution, which is assumed to be

¢f1( ) Agyy - exp(ﬂﬂj"'Bon exp( /?ij ; (2.54)

P2 lx ( ) Apy - exp((x;—lll)j + By, 'exp(_(x—_lq)j 5 (2.55)

here A,,,, A,,,B,,, and B,, are arbitrary constants.
24.1.1 Potential at the Center of the Silicon Layer
The potential at the centre of the film is obtained by substituting the value of ¢, (x) &

@;,(x) from equations (2.54) & (2.55) into equations (2.46) & (2.47)

9. (x) = ((1+A )Vgs'l Al'ngsll)
ol
X
_8—w/11 + Ay exp(l]}"'Bon exp( P J
for 0<x<L and 0<y<t, (2.56)

6,x) = (1+a V., -AV.,)

"'Na(t‘éij (+-1,) ~(x-1,)
—8—/1,2+A022.exp( X/L ! J—FBOZZ'CXP(%J

for Li<x<L+L, and 0<y<t, (2.57)

si
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24.1.2 Surface Potential
Similarly, the surface potential is obtained by substituting the value of ¢,(x) &

¢_, (x) from equations (2.56) & (2.57) into equations (2.36) & (2.38).

t.
ol
¢ (X) _ 1 ((1+Al )V;sl _Al 'V;sll)_TAz +
L futa y
A&y Ay, l.eXp(iJ +B, l_exp(__xJ 4 Eortyi Y et
4 A ) 4t
or
A
, X Cy
¢s1(x) = I+ A ((1+ A )Vgsl )—8—Siﬂq2 + Aon.exp(ZJ + BOII,GXP(IJ
for 0<x<L and 0<y<t, (2.58)
e
5 ()] (A AW, - AV, )-——227 4
T s L) 1) y
d4e t — —\X— E I.. §22
4'8si‘toxf A .exp( al L J+B 'exp( X 1 J_i_ ox i 8s
022 /11 022 /1] te. .,
or

02 (x) = ((+4,,,)- qN—[tzj A2+ Ay, .exp[ -1, )J + By, .exP{#j

1+ A, 82 £ A 1

si

for Li<x<L+L, and 0<y<t, (2.59)

here A, Ay,.B,, and B,, are determined using the boundary conditions from
equations (2.23)-(2.26), [Equations for A, A,,.B,, and B, have been derived in

Appendix: C] and the same are given below:

76



2.S.exp(— Llj - 2.T0.exp[sz -R- exp[ 2L, j.R
! A A A (2.60)

Ay, =——
) [L1+2L2j ( Llj
exp| ———— |—exp| ——

A A

2.S.exp(Ll+2sz - 2.T0.exp[sz -R- exp[%}R
A A A (2.61)

2.exp[L‘;12LZj - 2.exp[— I/Zj

-2.5+ 2.exp(L1+L2}To + exp(Llj.R - R.exp(Ll—i_Zsz + 2.exp(2Lz}S +
A A A A
exp(_ quR - exp(— MJR — 2T0 exp(MJ
1 A4 A A,

Am =5 L +2L, L 2L,
[exp( 1 j — exp(— AB[_ 1+ exp(ﬁn

and

By, =

(2.62)
L1 (L1 - 2Lz )j ((Lz )j
—2T,.exp| — - |+ 2T, .exp| — 22 |+ 2.exp| ~ 2~ |§ -
exp( ﬂqj exp( 1 exp 2
L +L, L +3L, ), 3L, | L,
exp(}ﬁ}R+exp(}Ll J.R 2.exp( i J.S .exp(ﬁj
L,—L —L +3L
exp| =" |[R+exp| — 2 |R
L1 p( A j p( A J
co2 ex Li+2L, —exp| =L || =14 ex 2L,
A 1w A
(2.63)
where R=~(y,-7,): (2.64)
S=V,(1+A)-7; (2.65)
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T, =V, +V, )1+ 4)-7, (2.66)
From equations (2.56), (2.57), (2.58) & (2.59), ¢, and ¢. can be determined. In figure
2.9, ¢. and ¢ for both DM DG and SM DG SOI MOSFET is plotted. For SM DG SOI

MOSFET, the metal work function is assumed to be ¢,, =5V .

2.5

Fary = 500 eas ¢, ()
ar =817V o e (V)
Ir Pg=015¥

Wy =075
f,, = 2 nm

I ¢ W)

i ol DM DG iModel |
- i

Li=L, =350 nm
N, =5x10%cm™

Surface/Central potential @

o 1 W B 44 N @ W wW s, 10
Posttion along the channel (nrr)

Fig 2.9 Potential profile at the surface and center of DM DG and SM DG FD SOI MOSFET
(Model) for a channel length Ly= 100nm.

It is evident that the absolute value of ¢ is smaller than the ¢ [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 L,= 100nm.

Figure 2.11 shows the surface potential variation along the channel for ¢, = 6 nm 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 L, =10007m . It is observed that the constant potential contour in a

long channel device is mostly parallel to the Si/SiO, interface thereby making electric

field one dimensional over most part of the device.
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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.
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Fig 2.11 Potential profile at the surface and center of DM DG and SM DG

FD SOI MOSFET (Model) for a channel length L,= 100nm and t; = 6nm.
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Fig 2.12 Potential profile at the surface of DM DG FD SOI MOSFET (Model)
for a channel length L,= 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 Ly= 1000nm.

On comparing figure 2.13 and figure 2.12, where L, = 100nm , 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 ¢, 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 L; is not
equal to L,, for different values of V, . 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 V, . Hence, the area under M1 is screened from the
changes in theV, . However, there is enhancement in the values of surface potential near

drain for increasing values of V,_as shown in the figure 2.15.
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Fig 2.14 Potential profile at the surface of DM DG FD SOI MOSFET (Model)
for a channel length L,= 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 V,. It is seen that the surface potential increases with increasing

values of V,, as expected.

Figure 2.17 shows the variation of the surface potential along the channel length for
different combination of L; and L, keeping L;+L; 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, A decreases which improves the Lg/ A 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.
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Fig 2.15 Potential profile at the surface of DM DG FD SOI MOSFET (Model) for a channel
length L= 150nm where L, # L, for different values of V.
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Fig 2.16 Potential profile at the surface of DM DG FD SOI MOSFET (Model) for a
channel length L,= 100nm for different values of V.
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Fig 2.17 Potential profile at the surface of DM DG and SM DG FD SOI MOSFET (Model)
for different combination of L; and L, keeping L, = 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.

24.1.3

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 withx = x_, and is located under M1. Therefore at the point of

minimum potential the electric field is assumed to be zero i.e.

do, (x
From equation (2.54) L() =0
dx |x=x,,

d¢f1(x) 1 —-X 1 X
————=—A,,.—.exp| — |+ By, .——.exp| —

dx 011 P p P 011 i p P
d¢f1(x) 1 — X 1 X i
— =—A,,.—.ex S+ B —.exp| /= | =0

dx  |x=x.. 011 P p A, 011 P p A
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A 2.X. .
011 =exp( xmmj :

By, A4
ln(Aon _ 2.X i :
By, A4
Xin = gy Ao (2.69)
2 By,

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 V.

f.
3]
. . X — X
.. (‘xmin ) = ((1 + A4 )Vgsl -4 'Vgsll )_8—112 + Ay, 'exl{ ;:m j"' By, 'CXP(TMJ

si 1 1

(2.70)

(3
, X —x
¢s1('xmin ): ((1"' A, )V )_ —ﬂ'lz + A011-exp( /r{m j"' Bon-exp( /{mn j

gs1
1+ A £ | |

si

(2.71)
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 L, , under M1 for different values

of V. It is observed that there is a continuous shift in the position of minimum surface
potential while we increase the V4, 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 Vj. This indicates that the effect of DIBL 1is
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 V4 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

E, (x) _ 8¢1£))§, y)

y=0

d¢51(x) _ 1 Aoy exp X +(_B()ll) exp —-X
dx 1+4) 4, A4 A A

for 0 < x < L, under M1 (2.72)
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Esz(x) = M

ox

 doole) _ (HlAl).[Af.ex{x%lﬂ}(‘zozz).ex{‘(:l«)ﬁ

for L, < x < L, + L, under M2 (2.73)

y=0

Figure 2.20 shows the electric field variation along the channel length i.e. for 0 < x < L,

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.
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Fig 2.20 Electric field along the channel for (a) surface potential, E((V/cm) and (b) potential at the center,
E.(V/cm) in DM DG and SM DG SOI structures. For SM DG ¢M =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

88



the results obtained using the proposed analytical model is in excellent agreement with

the same obtained using device simulator ATLAS.
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Fig 2.21 Electric field along the channel based on surface potential, E(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 7,,. 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 ¢,, 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-1V type doping distribution indicating better screening of source if the doping

distribution is Pearson IV type.
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Fig 2.22 Electric field along the channel based on surface potential in DM DG SOI device for different ¢,, .
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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]

E (x)/6.91x10°

v, (x)=1.07x10’, for 0 < x < L, under M1 (2.74)

1
(206910} |

E_,(x)/6.91x10°

v, (x)=1.07x10’. for L, < x < L, +L, under M2 (2.75)

[1+ (Esz (x)/6.91x10° )1'“ ]ﬁ

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 ie. @, —¢@,,, =4.44—4.17=0.27V 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.
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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

In10 1
S= 3 X de,(x,. ) (2.76)
av

gs

d ‘
where 'sziT and %IL"““) is obtained on differentiating equation (2.70) w.r.t.

gs

Vv

gs?

C exp[_lj
dg, (x,,) 1+ L +(1+A4, ).[exp[_TLlj - exp[%jj exp[éj (2.77)

dv E, -(Bon )2 1 1

which is given by

Con==2.By;- Ay, .[CXP[%J - CXP[ _}LLI JJ(l + A, )- (A()ll ) 1+ A, )-[CXP[%J - GDXP[—L1 +212.L2 JJ

And as we know, d;“/(x) =(1+A)™" (d;i)c_(x) + A J

dv

8s gs

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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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.

It has been observed that there is a continuous shift in the position of
minimum surface potential while we increase the Vy 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 V.
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.

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.

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.

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 8

Transconductance 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,

t.
the threshold voltages on both the gates are equal. Substituting gi)?l(xHﬁn,?J:Z.ng and

v, =V, into equation (2.71), the threshold voltage obtained is given as

v.=_ G7+NGT* —4.G6.G8

" 2G6

(3.1)

The derivation of the above equation and the expressions of G7,G6and G8 are given in

Appendix: D. In DM DG SOI structure, the position of x,;, lies under the metal gate M1
(both side) because Vip; > Vi, 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 L, for fixed value of L; = 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 Li/L, 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.

I I I I I I I
eos  SM DG Maodeal |
i = 50 mb = ]
o5 Vs Bre = 47TV
B [, =2 xm
R £, =12 aas DM DG iModel
k] | 1
t 0.54 L= 50 wm Par1= 4TI 1
¥ L, = 100 aem Bogy = 41
o
=3
%D.ﬂ— Aty = Parr-Pags = 067 _
=
z
£
H
050] |
0.4z | ] | ] | ] ] ] ]
50 55 0 63 70 75 20 85 50 95 100

Channel Length (hrm)
Fig 3.1 Threshold voltage along the channel for fixed L; = 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 L; =
50 nm in SM DG and DM DG structures.
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Fig 3.3 Threshold voltage along the channel for fixed L; = 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.

04 T T T T T T T T T T
D DG (Madeal |
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Im = 2 xm ém =41 F B88 Peatson
Fa 0.3 £y =12 am eree Gaussian 7
::f s Tniform
o 034 Ll = 50 »n |
&0 _
E Lg = 100 xpm
S 03 -
=
£
03 -]
ol
£
028 @ =
026 — —k—8—8—6F—8— 85— 8 883888887
024 ] ] ] ] ] ] ] ] ] ]
a0 35 &l i) 7o 75 a0 B 2l a5 100

Fosttion along the channel (nm)
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 = Cgp = Cpg as the device is symmetric.

G
Ciox
=g =—Cgs Cog=—= CDGL Cop= Cox 2
2 L H T [ . A :
b Gy Cm
Il Cof2
1 Cox
(a) CeHl
—“-_ (b) Cox

CDS

Fig 3.5 (a) Equivalent circuit of DM DG FD SOI MOSFET and (b) Simplified circuit for Cgg.
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In figure 3.5, Cgs is gate-source trans capacitance, similarly, Cgp, Csg and Cpg are gate-
drain, source-gate and drain-gate capacitance. Css and Cpp are source and drain self

capacitances. In a DG SOI MOSFET, the depletion regions charge under M1 and M2 [96,
94] are given by

0= 2.q.Na(t‘—;j.€si. @, (x) for 0<x<L 3.2)
and Q= [24.N, (tzjg o, (x) for L <x<L+L, (3.3)

t, . . . t, .
Here N, [éj is the doping concentration, calculated atyz%. The different

capacitances associated are obtained as follows:
(a) The depletion layer capacitance is the rate of change of depletion layer charge

with gate voltage and is given by

(3.4)
and 3.5)
where
d¢sl(x) — 1+ Z_ES.CXP_ +E3_ 5 exp _i fOI' OSX<L1
dVgS 1 2’1 1 2'1
(3.6)

and M — 1+(C1+C2).ex{x_l‘lj+c3+c4 .CXL{— (X_LI ) }CX{LZJ
dvgs CS /11 CS /11 /L

for L, <x<L+L, (3.7

L, +L —-L +L —-L +L
here Elzexp( £ 7 zj—exp(g—zj; E2=exp(g—2j;

A
L —-L L +L
E3:exp[ g/l IJ; ES:exp( g; QJ
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1 1 ﬂ’l

L L —-2.L L 3.L
Qz—exp(——1 +exp| ————2|; C,=exp| == |—exp| —= |;
4 4 4 4

C, :(exp( L, ;ZLz j _ exp(— %B(— 1+ exp( 2}62 B
1 1 1

Using equation (2.36), which relates ¢, (x) andgi)c(x), it is possible to express the

40,(x) _ do, ()
dv d

2.L L +L L .
CI:—1+exp( /12} CZ:exp( 1;{ Zj—exp(&j

depletion layer capacitance in terms of @, (x), where are given as
gs gs
d d
¢cl (X):(1+Al). ¢S1 (‘x) _Al and (3.8)
dv,, vV,
d¢c‘2 (X):(1+Al).d¢S2 (‘x) _Al (3.9)
dv,, dV,,

(b) The interface capacitance, C_, is given by
C.=q.N,_, where N (cm” eV') is the interface state density.

() Gate to source capacitance, Cgs is given by

(CdZ ‘Cox )‘(Cdl + Cox )+ (Cdl ‘Cox )‘(CdZ + Cox )+ Cssl ‘(Cd2 + Cox )‘(Cdl + Cox )
(Cd2 + Cox )‘(Cdl + Cox)

Cos =2.

(3.10)

here Cgs = Csg = Cop = Cpg (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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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, Cy; and Cgo, due to Vi, -V and Vi, -V, 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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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

dg,(x)

Idx = - W‘ll’ln (’x)‘Qn (’x)‘ and (3 12)
dx
=1,+1, --- say (Please see Appendix: E) (3.13)
d
where I, is the drain  current,/; ==W.4,, (x)Q,, (X)M

dg,, (x)

I, ==W.nu, (x)-an (x)

and Wis the gate-width. As our device is

dx
symmetric, Q, (x), the inversion layer charge, is double of carrier charge under each gate
0,(x)=2[0,(x)-0,] (3.14)

Here, Q. (x) and Q , are the surface charge and depletion layer charge densities. The
surface charge is obtained using
0, (x)==C, |V, + Vo, =V —0.(x)] (3.15)
where C, is the oxide capacitance, V,. is the flat band voltage, V, is the
applied gate-to-source voltage, ¢@. (x) is the potential at the center of the channel and Vs
is the substrate potential. The depletion layer charge is given by
0, =C, Vo~V + 0, ] (3.16)
where V, is the threshold voltage given by equation (3.1) and ¢, is the Fermi

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

(x) :L2 (3.17)
%

where 4 1is the low field mobility, E_ is the critical field and E(x)is the lateral field,

n

given as
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E(x) _ Cox'(VﬂJf - Vgs +9, (x))

(3.18)
gsi
On substituting the values of O (x) and u, (x) in equation (3.12), we get
no d C(x)
I, = —W. ad _2.(-C, V4V, + 6y =V, — 4,00, ¢dx
Cox (VﬂJf - Vgs + ¢c (X))
1+ -
EC
2Wu, .C, do (x)
- 2 # Vo 4V + 6, =V, —4.(2). ¢dx (3.19)
C,. 2
\/1 + (8” ,EC j (VﬂJf - Vgs + ¢c (‘x))
Integrating equation (3.19) using boundary conditions (2.25) & (2.26)
L v, +V,
H e 2w, .C .V, +V , +¢. -V, —0.(x
J‘Ids dx= J‘ luno ox ( gs : sub ¢F h ¢ ( )) d¢c (.X') (320)
0 v, C, 5
Equation (3.20) can also be written as
I s “ow.au, C, .V, +V,, +0, =V, -, (x
J.IldX‘l‘ J.Izdx = J. Huo ox( gsz sub ¢F th ¢c1( )) .d¢c1(X) +
0 L Vyi Cox )
\/1 + (8“' E, j (VﬂJfI _Vgs +9., (x))
ViitVas 2.W.l[l’m 'Cox'(Vgs +Vvub + ¢F _‘/th - ¢C2 (X)) d¢ (x)
C 5 . c2
Vi ox 2
\/1 + (SWEVCJ (VﬂJfZ - Vgs + ¢c2 (X))
Lg
= [1,dx=1,.L,
0
(3.21)
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On solving for/, and I, separately, we get

2W.u C ¢ *ce
%x(l+Al)x{(d2+d4).ln( 2 j_cz +sz}
1 (513)E s
L1 (3.22)
ds L
s W . ' ite P
i W'U—m;coxx(HAl)x (d2+d4).1n C1+—C2 —CatcCn
(d )E ci1+cxn
\ ]
c Y £ 1
where d2 = Vgs _‘/th +¢F’ d3 = (—Sizcj s d4 = Vﬂ;fl _Vgs7 A1 = 4;1;;{

¢ =[dyd, +d, V)], ¢, = 1+d,(d, ) +2.d,.d, (V.)+d (V. x\Jd, ,d's =V, =V

gs

= [d3'd4 +d3'(Vbi )]’sz = \/1+d3'(d4 )2 +2'd3'd4'(vbi)+d3'(vbi )2 X4d;

cn=ldyd+d (V) cn = 1+dy(ds ) +2d,d o (V.) 4+ do (V. ) x\[d .

¢ =d,ds+d,v,)|c = \/1+ dds) +2.d,d' 0V, +V, )+ d, (v, +V, ) x Jd,

Vii+Vps

A
here V_ is calculated using j 1,,(L,0)dx = j I1,,(L,,0)dx, which is the condition of
Vi

Vii
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, L, with reduced channel length (L, — I4)
and Vy with Vy,,, (derived in equation 3.25). Here, /; is the distance by which channel

length is shortened when V;;, increases beyond Vs, given by

q.N,(y)

The term (1+ Al) relates @, (x) and Q. (x) (from equation (2.36)) as given below

| = \/ 268 (y _y ) (3.22a)

dg,(x) _ 1+ 4), dqzz; (x) (3.23)
X

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

given by
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IDsat == 2'W'vsat 'Qsat (x) = 2WV 'Cox (Vgs + Vvub - ‘/th + ¢F - ¢(x)) (324)

sat

where O (x) is the value of 0, (x) at g(x)=V, . v

- Ydsat>

is the saturation velocity. Taking

sat

1

Vo :ﬂ, n=1 in {1+(Mj } , E(x):M in equation (3.19) and by equating
‘ )73 E dx

c

equation (3.24) and equation (3.19), we can calculate V, . The resulting quadratic

sat *

equation givesV, , which is written as

sat °

v, = ﬁ (4.v,h M, =20L v, 42 AV ot L 42 L v, (V, =V,) )

N

(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 V, . It is another method to calculate threshold voltage.
In figure 3.13, I, vs V, 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 L, . 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.
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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

dl
gl‘ﬂ =
av,,

Using equation (3.22) the expression for g, is derived as given below

3.26
vV, =const. ( )

2Wau .C c c
8n = Lﬁx(l"'fll)x{(‘lz+d4)-(C111)+(_1_L}\/d—3} +

L{d): ¢, oy

2'WLW'C;M><(1+ AJ){({Z2 +d s ).(c222)+(c—,1—c,l}\/d_3}
L,(d,) e
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d, + Vdyen |,

3
c o c
22 2
where ¢,,, = - and

¢y +Cpald, ¢, +cynfdy

Jdy.c Jdi ¢
IR et Ikl PP PR b )
C2

C 22

Com = ~ ~ - ~ ~ 5
C11+C22.\/d3 C1+C2.1ld3

where dz,d3,d4,d;t, cl,cz,cll,czz,c'l,c'z,c'u and ¢ 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.
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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
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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 ie. 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
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3.6 Drain Resistance
Drain resistance (7, ) is important for design of high frequency, low-voltage devices. It

can be expressed as

-1
1
rds = d -
dv,

Using equation 3.22, the expression for r, is derived to be,

(3.28)

v, =const.

3

. - Mx@w{@+d4>.(c~m>_(

L.(d,): €,
2'VVL””'?’”‘><(1+A1)>{(dz+d'4)(C'222)+( Cl,l - Cl, J\/Z}
Lz.(dz)a 2¢»  2c2
(3.29)
ﬁﬁ/d—“l ; £+\/d_3.c'1 ; ﬁp/d_yc'n y
2 c, | ’ , 2 2¢2 | ° 2 2.0 2 ?

where cC 111 =

e tenld, cmT tcad,  cutcnafd,

All others constants dz,d3,d4,d;t, cl,cz,cn,czz,c'l,c'z,c'n and 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.
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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.
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Fig 3.22 Drain-resistance vs drain-source voltage in DM DG and SM DG SOI structures.
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Fig 3.23 Drain-resistance vs drain-source voltage for different work functions for 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.
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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

8
= Sm 3.30
J 2.xL,.C, (3:30)

where g, is the transconductance of the device, L, is the channel-length

(equalto L, +L,)and C, 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 V;; for DM DG structure. It is increasing with increasing value of Vi

as transconductance is increasing.
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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
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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.

124

(3.31)



150 T : | |
W\ —— DM DG(Model) Boe = 500
; [ — DM DG Atlas)  Sa =41 7
ﬁ 118
0
o
B
g 85
=
T
H
-
Sss
=5
[
20 L I | |
1] 20 40 60l 20

Channel length L (rn |

Fig 3.29 Comparison between analytical model and device simulator values for cut-off

frequency along the channel length in DM DG SOI structure.

200 !

100

150

—_
=
[}

Cut-off frequency [, (GHz

LE

Gate-source voltage I, ()

1.5

Fig 3.30 (a) Cut-off frequency vs gate-source voltage for different combinations of L,

and L,in DM DG SOI structure.

125




40 T
ol
O
2
oy
[ ]
T ool
—
[=n
b
&
]
Q@
B0
0

DiE DG Maodel |
| | | l |
a0 30 60 70 20 a0 100

Channel length L, (s |

Fig 3.30 (b) Variation of cut-off frequency along the channel-length for
different drain-source voltages in DM DG SOI structure.

D D3 Madel |

a00

600

400

Transit time T (725

200

n 20 40 A0 20 100
Channel length L trwz |

Fig 3.31 Variation of transit time along the channel length for different
gate-source voltage in DM DG SOI structure.

126



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.
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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

S,=4kTR (3.32)
where k is Boltzmann’s constant, 7 is absolute temperature, S, is the

Noise Power Spectral density and Ris 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.
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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-SiO;
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].

Kl

=——1 (3.33)
C.WL, f

S, (f)

where, for n-channel devices, the exponent ¢ varies between 0.7 and 1.2 and K|
is a quantity independent of bias but depends on fabrication processes, usually K, varies
between 5x107'- 1x107°C*/cm’. Figure 3.34 shows the plot of noise power spectral
density and cut-off frequency for DM DG and SM DG SOI structures for ¢ = 0.8. Figure

3.35 shows a plot similar to that in figure 3.34 with ¢ = 1.2. Corresponding to this noise

power spectral density of equivalent drain noise current can be shown as
Sy (f)=8.5,(f) (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
K\V
S, (f) __kb.) (3.35)
C,WL,f
where K (Vgs) is a bias dependent quantity and is of the order of 6x107° to
2x107%V?F .
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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.

131



REFERENCES

[96]

[97]

[98]
[99]

[100]

[101]

[102]

[103]

[104]

Alok Kushwaha, M. K. Pandey, S. Pandey and A. K. Gupta “Analytical
Characterization of Drain Current, Transconductance and Channel-Resistance in
Pearson-IV type Doping Distribution based Dual-Material Double-Gate Fully-
Depleted SOI MOSFET”, Journal of Semiconductor Technology and Science,
Vol. 7, No. 2, pp-110-119, June 2007.

A.Van.der Ziel, Noise in Solid State Devices and Circuits, Wiley, New York,
1986.

A.Ambrozy, electronics Noise, McGraw-Hill, New York-1982.

Alok Kushwaha, Manoj K Pandey, Sujata Pandey and A. K. Gupta, “Analysis of
1/f Noise in fully depleted n-channel double-gate SOI MOSFET”, Journal of
Semiconductor Technology and Science, Vol. 5,No. 3, pp 69-76, Sept. 2005.
Manoj K Pandey, Alok Kushwaha, P.J.Goerge, Sujata Pandey and R. S.
Gupta,“Analysis of thermal noise in fully depleted n-channel double-gate SOI
MOSFET”, 1EEE aided Asia Pacific Microwave Conferences (APMC), New
Delhi, pp. 1362-1364, 2005.

J.H.Scofield, N.Borland and D.M.Fleetwood, “Random telegraph signals in small
gate area p-MOS transistors”, Noise in Physical Systems and //f Fluctuations.
AIP conf. Proc., pp.386-399, 1993

T.G.M. Kleinpenning, “On I/f trapping noise in MOS transistors”, [EEE
Transaction on Electron Devices , Vol. 37, pp.2084-2089, 1990.

A.Vander Ziel, R.J.J Zijlstra, H.S.Park ans S.T.Liu,” Alternate explanation of 1/f
noise in ion-implantated MOSFETs”, Solid-state Electron, Vol. 26. pp, 927-
028,1983.

S.Haendler, J. Jomaah, F. Dieudonne and F.Balestra, “On the I/f noise in fully
depleted SOI transistors”, Proc. Int. Conf. Noise Physical Systems 1/f
Fluctuations, pp. 133-136, 2001.

132



[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

G.Ghibaudo, O.Roux, C.Nguyen-Duc, F.Balestra and J.Briai, “Improved analysis
of low frequency noise in field effect MOS transistors”, Phys. Stat. Sol (a),
Vol.124, pp.571-581, 1991.

E.Simoen, U.Magnusson and C.Claeys, “A low frequency noise study of gate all
around SOI transistors”, IEEE Trans. Electron Devices, Vol. 40, pp. 2054-2059,
Nov. 1993.

E.Simoen, A.Mercha, J.M.Rafi, C.Claeys, N.Luckyanchikova, N.Garbar and
M.Petrichuk, “Implant of the back-gate bias on the low frequency noise of fully
depleted Silicon-on-insulator MOSFETs”, Proc. Int. Conf. Noise Fluctuations, pp.
321-326, 2003.

N.Luckyanchikova, M.Petrick, N.Garbar, E. Simoen, A.Mercha, C.Claeys,H. Van
Meer and K.De Meyer, “The 1/f"7 noise in submicron SOI MOSFETs with 2.5nm
nitrided gate oxide”, IEEE Trans. Electron Devices , Vol 49. pp. 2367-2370, Dec.
2002.

Jimmin Chang, A.A Abidi, and C.R.Viswanathan, “Flicker noise in CMOS
Transistors from Subthreshold to strong inversion at various temperatures”, I[EEE

Trans. Electron Devices, Vol. 41, No. 11, 1965-1971, Nov. 1994,

Andries J. Schotten, Luuk. F. Tiemeijer, Ronald van Langevelde, Ramon J.
Havens Adri.T.A.Zegers-van Duijuhoven and Vicent C. Venezia, ‘“Noise
Modeling for RF CMOS circuit Simulation”, IEEE Trans. Electron Devices, vol.
50, No.3, 618-632, Mar. 2003.

Eddy Simoen, Abdelkarin Mercha, Cor Claeys, Nataliya Lukyanchikova and
Nikolay Garbar,” Critical Discussion of the Front-Back gate coupling Effect on
the low-frequency noise in Fully Depleted SOI MOSFETs”, IEEE Trans. Electron
Devices, Vol.51, No. 6, 1008-1016, Jun 2004.

G.Reimbold, “Modified 1/f trapping noise theory and experiments in MOS
transistors biased from weak to strong inversion-influences of interface states”,

IEEE Trans. Electron Devices, Vol. ED-31, pp 1190-1198, Sept 1984.

133



[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

L.K.J. Vandamme, X.Li and D. Rigand, “//f noise in MOS devices mobility or
number fluctuations?”’, IEEE Trans. Electron Devices, Vol. 41, Nov. 1994.

C.Surya and T.V.Hsiang, “Surface mobility fluctuations in MOSFET”, Physical
Review B, Vol. 35, pp. 6342, 1987.

L.K.J. Vandamme and H.M.M. de Werd, “1/f noise model for MOST’s biased in
non ohmic region”, Solid-State Electronics, Vol. 23, pp. 325-329, 1980.

L.K.J. Vandamme, “Model for I/f noise in MOS transistor biased in the linear
region”, Solid State Electronics, Vol. 23, pp. 317-323, 1980.

P.Gentil and A.Mounib, “Equivalent input spectrum and drain current spectrum
for 1/f noise in short channel MOS transistors”, Solid-State Electronics, Vol. 24,
pp- 411-414, 1981.

H.Mikoshiba, “1/f noise in n-channel silicon-gate MOS transistors”, IEEE Trans.
Electron Devices, Vol ED-29, pp. 965-970, June 1982.

K.K.Hung, P.K.Ko, C. Hu and Y.C.Chang, “A unified model for the flicker noise
in MOSFET”, IEEE Trans. Electron Devices, Vol 37, pp. 654-665, Mar. 1990.

G. Ghibaudo, “On the theory of carrier number fluctuations in MOS devices”,

Solid State Electronics, Vol. 32, pp. 563-565, 1989.

134



Chapter-1V

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
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with 2-D analytical model of DM DG FD SOI MOSFET. Results are very close which

validate our model.

Wis

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 (@, ), electric field distribution ( £ ), drain-current ( /), transconductance ( g, )
and cut-off frequency ( f ) 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: |:‘/an]N.Q

where n € (number of input neuron = N = 5) and w,,, represents a

weighting value between the n” input neuron and the ¢” hidden neurons and

V= [vqp]Q-P

where ¢ € (number of hidden neurons = Q = 8), p € (number of

output neuron = P =5) and v , represent a weighting value between the ¢" hidden neuron

and the p” output neuron. Biases are not shown in the figure just to avoid complexity.
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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
Sy 1
E-3 (20t @3)
k=1

where, S, is the total number of data samples, z* and y" 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.

10 . . . . .

Training-Blue Goal-Black

1|:|'3 - _—-\‘h=—

1 |:|' 1 1 1 1 1
0 20 40 B0 ad 100

Epochs

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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H=J"J (4.4)

and the gradient can be computed as

g=J'e (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 :

Xy =X, —[JT+ul]"J"e (4.6)

where X is a vector of current weights and biases and X141 is the one iteration

of this algorithm. When the scalar u is large, this becomes gradient descent with a small
step size. Thus u 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 Vi, Vg, 1, and ty;) along with the respective desired output responses, (@,, E_, I,

g,and f ) . 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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4.4  Summary

A neural network was trained and used to model n-channel DM DG FD SOl MOSFET
characteristics (surface potential (¢, ), electric field distribution ( E ), drain-current (7, ),
transconductance ( g, ) and cut-off frequency ( f,)) for different combinations of silicon
layer thickness (z,;), oxide layer thickness (7,.), channel length (L, =L, +L,), drain-
source voltage (V, )and gate-source voltage (V, ) 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

145



accurately model the device. The model provides good insight into the device structure

optimization and performance prediction.

146



REFERENCES

[121]

[122]

[123]

[124]

[125]

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.

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.

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.

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.

Matlab manual, “Mathworks.com”

147



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 /Cs. 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 /Cs with nano-scale
bulk MOSFETs. A new generation device, which can offer good performance parameters
r.e. low power consumption and high speed, even for nano-sacle devices, is required. As
discussed in Chapter-1, 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 I'V) as possible.

In this work, attempt has been made to develop 2-D analytical models with Pearson 1V
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.

The effect of DIBL is considerably reduced in case of DM DG SOI MOSFET.
The nature of impurity distribution also affects the potential and electric field
distribution and therefore the device characteristics.

The peak electron velocity is higher in case of DM DG SOI structure in
comparison to the same for SM DG SOI structure.

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.
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.

The drain current increases with increase in the gate metal work function
difference.

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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10.

11.

12.

13.

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.

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.

The proposed structure offers improved noise (thermal & flicker noise)
behavior over SM DG structure.

The calculated results using the analytical expressions are in excellent
agreement with the simulation results (obtained using device simulator
ATLAS).

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./3 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

Eo(4.0567)

AI(4.086V)

T ioca 2087) gy 2160

V(4.306V)
Ti(4.336V)

S 4.4 264 V4526V Cri4. 6V

Ru(d 716V
B TLEV) s 80ev) Co(4.97eV) Pd(4. 986V) Ni5. 16V Re(5.16V)

Fw(5.176V)
Ir(5. 276V

P(5.346V)
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Appendix: B

Simplification of 2D Poisson’s equation for ¢,(x,y)and ¢,(x,y) in one

dimensional equation in ¢_(x) and ¢_,(x)

_r E 1 &
Substituting —>—— =A, and —=
4e,t et

si*" oxf si” oxf

=B, 1in equations (2.40) & (2.41), we get

B 1 ! , B, .
¢l(x’y) = (1+Bl ’ y_t_l yZJ(l_i_A (¢Cl(x)+Al'Vgsll)J_Bl'vgsl ' y+t_l.VgSl'y2
1

si si

(b1.0)

'

: , B
(¢02 (x)+ Al 'Vgs22 )J - Bl 'Vgs2 ©y +t_l ' Vgs2'y2

¢2(X,)’) =(1+Bl.y_f_l_sz(

si 1—i_141 si
(bl.1)
Differentiating equations (b1.0) & (b1.1) with respect to x , we get
a¢l (‘x’ y) Bl 2 1 d¢l(‘x)
—————=| 1+B,-y——- _— bl.2
Ox vy » Y 1+A, dx (b1.2)
a¢2 (x’)’) B, 1 dg 2(x)
———=|1+B,-y—- —e— bl.3
Ox Y t, Y 1+4, dx (b1.3)
Differentiating again equations (b1.2) & (b1.3) with respect to x , we get
9’4, (x. y) B 1 d’¢,(x)
AV 4+ By | = T bl.4
ox* Y t, Y 1+A, dx’ (014
9°¢, (x. y) B 1 d’¢,(x)
) 1+ B - y——L.y? c2 bl.5
ox’ Y t, Y 1+4A, dx’ (b1.5)

Now differentiating equations (b1.0) & (b1.1) with respect to y , we get
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ay I + A si

dy t 1+ A

si si

Differentiating again equations (b1.6) & (b1.7) with respect to y , we get

92 , B 1 , B, .
4. 2] st
si 1

si

9’¢, (x, y) B | 1 | By
azyZ = —2i m(¢c2 (x)+Al 'Vgs22) +2't_1'V8S2

si

20 (x, B 1 : , B, .
M = (Bl _2_1 yJ(1—(¢Cl(x)+Al'VgSll)J_Bl'Vgsl + 2't_l'Vgsl ' y

(bl1.6)

99,(vy) _ ( 525 yJ(L (0a()+ AV )J B2ty e

(b1.8)

(b1.9)

Substituting equations (b1.4), (b1.5), (b1.8) and (b1.9) into equation (2.12), we get

2 2
a¢l(x’y)+a¢l(x’y):q Na(y) fOI‘ OSXSLI and Osystw

ox’ dy* £,

[1+Bl'y_tBl'y2j[ldz¢M(X)j_2Bl[ ! (¢(-1(x)+A1-V;m)j+2-Bl-Vg‘xl

1+A, dx’ 1, 1+ A,

i

and
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2 2
J ¢2(x,y)+8 ¢2(x,y)_ 4 N“(y) for L<x<L+L, and 0<y <7y,

ox’ > e
or
1 d?*¢,(x) B 1
1+B-y——.y* 2 ll-2.-L +AV 2.1V
( 17y ) y J(1+A1 2 114 (¢ ( ) g&‘22) } ¢52
_4-N,(y)
8Si
(bl.11)
On further solving equations (b1.10) and (b1.11), we get
B
d’¢, to 1+ A
¢L12(x)_ si 1 ¢L1(x) —
ax 148, y-2ry2] 1
v . o '
q‘Na (y) (2 Bl 1 1VgY11 2 Bl V J
£, t, 1+ A .
‘ +
B 1 B, 1
1+B,-y——-y° 1+B,-y——"
H Ty . Y J1+A1J H Y 1, Y JHAJ
(b1.12)
and
0B 1
d2¢c2(‘x) 1, 1+ A
2 - ¢C1('x) =
& 1+B-y-2ry2| ]
YT Y kA
g-N,(y) B 1 ~ B, .,
a 2———AV, ., -2—V
£, ( ro1+ATER Ty e
B 1
1+B-y——"-y* 1+B-y——"
{( I jl‘“‘j {( RS yj1+AJ
(b1.13)
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On further simplification of above equations, we get

2 B
d ¢cl (x) tsi 1+A1

N B, 1 ~ B
q.N, (Y) 4l =t = A .ng -2.— 'ng
tsi 1 + Al A tsi A

B 1
1+B,-y——"-y°
H 17y . yJ1+AJ

(b1.14)
B 1
d2¢c2(x)_ tsi 1—i_141 ¢ (x)
dx? B B, ,) 1 “
+ . —_—
Y ‘, Y 1+ A,
qNa(y) 2Bl 1 V 2Bl V'
~ gSi + Z1+A1 1° gs22_ T gs2
B 1
1+B,-y——"-y°
(( Y ‘. Y j1+AJ
(b1.15)
We can write equations (bl.14) & (b1.11) as
d*¢. (x 1 , ,
[ 5;12( )j_ B (¢cl(x)+Al'Vgsll_(1+A1)Vgsl) =
[1+Bl-y—l-y2j
2B
tsi
g.N,(y)
gsi
B 1
1+B-y——"-y*
[ v . yj[1+Alj
(b1.16)
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2B
tsi
N, ()
gsi
B 1
1+B,-y——"-y°
[ l g tsi g j[l—l—Alj
(b1.17)
Simplify further
d’¢,(x)) 1 , , aN,(y) 1
2 FaV A . —(1+A = -,
[ dxz /lf (¢cl ()C)+ lVgsll ( + I)VKSI) £, /12“ (bllS)
and
d’¢,(x)) 1 , , aN,(y) 1
Z P2\ A . —(1+A = 4 .
[ dxz /112 (¢c2 ()C)+ 1 Vgs22 ( + I)VESQ) £, /12“ (b119)
where
(1+Bl‘y_tl'y2j 1 £ 1
212 = = and Ay =| [+—= -yt
B, g, ty €yt Eoxtsi
2'7 si *vox si si *¥ox 1+
t, 4.€Si I,
8ox tvi 1 80X [tﬂ jz
1+ . |
A t. 2 gsi'tox 2’ tsi gsi'tox 2’
t y==t =
y=> A 1 e,
' si 'gsi'tox
E il t, 1l SN A
2/21 — Zsioxsi + . or ﬂ,] — gst tox ts[ + 1 (ble)
2'80): 8 2'80): 8
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2
and 1211 = 1 + 8’”‘ . ti _ i . 80}: . ti ;
gSi 't”x 2 tSi gsi 'tox 2 1+ Lt”

Au=1; (b1.21)
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Appendix: C
Calculations of equations for A, A,,,,B,, and B,,, .

From equation (2.23), we get

& 1 £ 1 2 1 € -t‘--vvgsll
L ’0 - 1 ox ._.O_i. . 0 ) L ox St
L e L o LI
St ox St ox St 1+ St ox
4'851' twc
_i‘vvgvl O+i V'gsl (0)2
8&1 twc gsi twc v si
(cl.0)
& 1 1 2 1 E 1 »-V gs22
L.,0 I+—= —0-—=-—-(0 ', \L o
) =108 Lo Lo L) Eutitn |
St oxX St oxX St 1+ St oxX
4e .,
_Ex Vi .().,.ﬁ. V 2 (0)?
gw tox 8Si tox tw
(cl.1)
By equating above two equations (c1.0) and (c1.1), we get
(¢c1 (Ll )+ A 'Vg'sll ) = (¢c2 (Ll )+ A 'V;szz ) (cl.2)

Substituting values for ¢ (L) & ¢.,(L,) from equations (2.56) & (2.57) in equation

(cl.2), we get

f.
q'N“[Sj L ~L
((1+A1)V' )——/112+A011.exp(TIJ+BOH.eXp( p ‘J =

gsl
£ 1

si

q.N, [gj
((1 + A1 )V' ) _—112 + Aozz + Bozz

gs2
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L —-L
or Aoy 'exp(jj + By, .exp( 2 1 j_ Apy =By, = _(71 - 72) (cl.4)
1 1
20
where 7= (1+4 WV, )-——=24" and (cL.5)
8Si
ol
7= AV )-—24 (cL6)
Using equation (2.24), we get
dg,,(x) _ 49, (%)
dx |(x=L, dx |x=L,

On differentiating equations (2.56) & (2.57) w.r.t x and equating them futher at x = L, ,
we get
L —-L
Ay .exp(—lj - B,, .exp(—lj — Ay, + By, =0 (cl.7)
4 4

Using equation (2.25), we get

- e (IJ

1 , 0 -0
¢51(O): 1+ A ((1+A1 )VgSI g—ﬂﬂf +Ao11~exp[ﬂ_lj+Bo11~eXP[ﬂ_lj
1
= m(% +A011 +Bo11)
or
1+ A (7/1 + Ay, +Bo11) =V, or Ay T By, = Vbi(1+A1)_7/1 (cl.8)
1

Using equation (2.26) in equation (2.59), we get

L —\L
{72 + Am.exp((/12 )J + Bm.exp( i 2 )JJZVM +V, or

1 1

1
¢s2(L1+L2)= 1+ A

1

Am.exp(%J + Bm.exp(_ E{JZ )J =(v, +V, )(1+4,)-7, (c1.9)

1 1

159



Solving equations (c1.4), (c1.7), (c1.8) & (c1.9) for A,,, Ay, ,B,;, and B,,,, we get

. 2.S.exp(— /LLIJ -2T, .exp(lﬂ?} -R- exp(z/LLz}R

A == c1.10
" (L1+2L2J ( Llj el
exp| ——— |—exp| ——
A A
and
2.5.exp Li+2L, —2T,.exp L, —R—exp 2L, R
4 A A
By, = (cl.11)
(Ll +2L2J ( LIJ
2.exp| —— |—2.exp| ——
A A
—2.5+ 2.eXp(L1;L2}T,, + eXp&}R - R-eXP(LIJfLZj + 2.exp(zﬂ1L2j.S +
1
exp(— LIJR - exp(— (LI_ZLZ)JR -2T, exp(MJ
P 4 A A
m =75 { (Ll +2sz ( L B[ (2L2 D
exp| —— |—exp| —— | || -1 +exp| —
A A A
(c1.12)
-21T, .exp(— 2} +2T, .exl{_ (Ll;qZLZ)j + 2.exp((22)}5 -
exI{leLZ}R +eXp(Ll—;13LZ}R - 2.exp(3lL12}S — 'exp(lﬂ?}
exp(%-%}m@xp(-%%jﬁ
B -1 A A
=75 ( (Ll +2LZJ ( L B( (ZL2 B
exXp —exp| —— ||| —1+exp
A4 A A,
(c1.13)
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where R=~(y,-7,); (cl.14)

S=V,(1+A4)-7: (c1.15)

T, = (Vbi +V, )'(1+A1)_ 7> (cl.16)
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Appendix: D

Details of threshold voltage
t.
Substituting ¢Y1(xm,§J:2.¢F and V, =V, into equation (2.71), the threshold voltage

(equation (3.1)) obtained is given as

—G7+VG7* -4.G6.G8

‘/thz
2.G6
where G8 = F5+ F8—G2-G5; G71=F4-F7-Gl-G4;
G6=F3+F6—-F9-G3; G3=4E3%ET(1+A,)*;

G5=4.E3*.F2*E7+(2.E3.F2-2.E5 F1+2F2E3+R .E4 )ETR .E4 ;
G4=(-8.F2.E7.E3* - 2.RE4.E3.ET+2.RES.E4.ET—2RE3.EAET)(1+A,);
G2=(4.E2.E5.F1 —4.F2.E3.E5— 2.R.E4.E5S—4.E2.E3.F2)F1.ET;
G1=C2+(2.E7T.R.EA.E5+4.E1.E2E3 F1+4.E1E2E3.F2)(1+A);
C2=(-8.E2.E5.E7.F1+4.E7.F1.E3.ES+4.E1.F2.E3.E5)(1+A);
F9=4.(E7.E2.E5 - ET.E3.E5-ET.E2.E3)(1+ A,);
F7=Cl1+4.(-2.E6.E2.E3.F2—- E6E2R.E4+ E6.E3.RE4)(1+A,);

E2*E6.F> + E¥.E6.F2* —2.E6.E2.E3.F1.F2—E6.F1.E2.REA+

F8=4. 1 R
E6.F2.E3.RE4+Z REAE6

C1=8(E6.E2*.F1+ E3*E6.F2— E6.E2.E3.F1)(1+ A, );

F6=4(E2* + E3* —2.E2.E3)E6(1+ A, )*; F5=2(-2.E5.F1+E3.F2+E4R)El.ES;

F4 :4.E1.[F1.E5 - F2.E3 —;E4.RJ —(E3-E5)(4.E1.E8.(1+A4,))>
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F3=(E3-E5)(4.EL(1+A)) ; F2=(V, +V, 1+ A)+(1+A)V,, +N1;

F1=V, (1+ A )+(1+A4,)V,,, +N1; E8=2.6, +(1+ A )V, — AV, \}7 +NI1;
2

t 2
~1 1 qN(zj/i1
E6= — > E7=exp|— ]|, __ \2)
o0 5] o(3) w2
L +2.L 2.L L
E5= ! 215 Ed4=l+ex K E3=exp| —>
Sl CO S O
-L L +2L -L
E2=ex LS El= . 2 - '
P[ 1 J exp[ p) ] exp[ 7 ]
whereV ., .V, and ‘Vﬂ]ﬂ‘ ;, are given in equations (2.19) and (2.37)
y=ls
)
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APPENDIX: E

The drain current is given by
I, ==Wu,(x)Q,(x)
}wimkMMﬂ
Wi ()0, (1) v, ()0, )]

_ —W{ i (x)0, (x)dz—lx(x) +4,,(x)Q,, (x). d¢;x(x)}

=1, +1, - say

where vnl(x).in(x) and vnz(x).an(x) is the velocity and charge of

carriers (electrons in this case) in region 1 and region 2 respectively, as shown in the

figure below.

Ve
vy | Vol T
nt region 1 region 2 n’

Fig 4.13 n-channel MOSFET structure.
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