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Preface

The twin goals of low‐voltage operation and low power consumption have been pursued for 
40 years, since the adoption of the scaling law. In the 1970s, however, the electronics industry 
did not pay much attention to the scaling law, despite its advantages, because nobody imag-
ined at that time that the industry would grow so rapidly or that the global social infrastructure 
would be so thoroughly altered by the Internet.

Since the final decade of the twentieth century, the limitations of petroleum‐related chemi-
cals and the threat of global warming have compelled industry leaders and scientists to make 
serious efforts to find solutions. Population pressure is negatively impacting energy resources 
and global warming, giving the situation particular urgency.

Against this background, many kinds of monitoring technologies using sensors are being 
developed. However, the power consumption of such products is very high and high‐power 
batteries are needed as a result.

We, the authors, are interested in the development of low‐voltage and low‐power semicon-
ductor devices to contribute to the energy efficiency of electronic products. In this book we 
introduce the concept of “low energy” in discussing the above issues. The meaning of “low 
energy” is described in the following chapters in detail.

We hope that this book will be helpful in developing low‐energy device technologies for the 
electronics industry and the world.

Yasuhisa Omura, Osaka, Japan
Abhijit Mallik, Kolkata, India
Naoto Matsuo, Himeji, Japan
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Why Are Low‐Voltage and 
Low‐Energy Devices Desired?

The original scaling rule [1] indicated that the dissipation power density (W/cm2) of an 
integrated circuit is not changed by scaling [1, 2]. However, this guideline is only really 
 applicable to DRAM devices. In most integrated circuits, the supply voltage is not scaled 
according to the designer’s intent, and devices have faced negative impacts, such as hot‐carrier 
 phenomena [3] and negative bias temperature instability (NBTI) phenomena [4], due to high 
supply  voltages [5]. In the twentieth century, central processing unit (CPU) revealed dramatic 
advances in device performance (high‐speed signal processing with increases in data bit 
length), and the guideline seemed to be ignored (see http://www.depi.itch.edu.mx/apacheco/
asm/Intel_cpus.htm, accessed May 18, 2016).

However, in the 1990s, CPU designers noticed the limitations of CPU cooling efficiency, 
which triggered an urgent and ongoing discussion of low‐power device technology. The 
 following possible solutions have been proposed:

 • the introduction of a silicon‐on‐insulator integrated circuit (SOI IC) strategy based on 
advanced substrate technology [6];

 • a multicore strategy [7];
 • a low‐voltage strategy [8].

These major strategic proposals have led the worldwide electronics industry to the Internet of 
Things.

Business opportunities based on information technology have increased in the real 
world without taking account of the issues raised by technologies such as cloud com-
puting [9] and datacenter construction (see http://www.datacenterknowledge.com/, 
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accessed May 18, 2016), which have rapidly increased global energy consumption [10]. 
We must propose viable and innovative ideas on semiconductor device technologies to 
suppress such global‐warming factors.

Information technology has widened perspectives on improving the quality of our future 
social life. Many companies are creating highly desirable products in the field of sensing 
technology, such as house monitoring (temperature, humidity, air pollution, fire, human 
health, security), office monitoring (temperature, humidity, air pollution, fire, security), traffic 
monitoring (for aspects such as car speed, traffic jams, and accidents), agriculture monitoring 
(for temperature, humidity, air pollution, rain, wind, lighting, storms), space monitoring 
(moon, sun, stars, meteorites, and other astronomical phenomena), defense monitoring, and so 
on. Many of these products use dry batteries or solar power/batteries for 24‐hour monitoring. 
In the case of portable equipment, large batteries are impractical, which has triggered the 
development of small batteries with high energy density. This is also applicable to cellular 
phones and smart phones [11].

In battery‐powered sensing devices, the battery volume must be small. This may be achieved 
by lowering the supply voltage, which in turn reduces the battery energy as it is proportional 
to the square of the voltage. Hence, it is more important to reduce the dissipation energy than 
the dissipation power for sensing devices. This will be addressed again later. We must, there-
fore, contribute to the solution of urgent social problems by proposing low‐energy devices and 
integrated circuits.
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History of Low‐Voltage 
and Low‐Power Devices

2.1 Scaling Scheme and Low‐Voltage Requests

Dennard et  al. [1] considered the impact of device scaling on device performance. They 
assumed the device parameters and voltage parameters shown in Table 2.1 when the so‐called 
“constant‐field scaling” method was proposed. They assumed the following expression for the 
metal oxide semiconductor field‐effect transistor (MOSFET) drain current:

 
I

W

L
C V V V VD

G

G
ox eff G TH D D/ 2  (2.1)

where W
G
 is the gate width, L

G
 is the gate length, C

ox
 is the gate capacitance per unit area, μ

eff
 

is the carrier mobility, V
G
 is the gate voltage, V

TH
 is the threshold voltage, and V

D
 is the drain 

voltage. Calculation results for the scaling factor (k) are summarized in Table 2.2. They reveal 
the following features of scaled parameters:

1. The electric field in the device and the averaged carrier velocity are static.
2. Capacitance components, including the depletion layer capacitance, shrink at the rate of 1/k.
3. The carrier density of the inversion layer in the “ON” state does not change.
4. Drain current (drift current) decreases at the rate of 1/k. 
5. Channel resistance does not change.
6. Switching delay time/device (intrinsic delay time) decreases at the rate of 1/k.
7. The dissipation power/device decreases at the rate of 1/k2.
8. The power‐delay product/device shrinks at the rate of 1/k3.
9. The dissipation power of devices/unit area does not change.

2
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One important feature that attracted attention in the 1970s was 6. but the concept of 
“constant‐field scaling” was not adopted in industry until after the 1980s [2, 3]. As a result, 
feature 6. was successful, but features 7.–9. were lost.

From the latter half of the 1990s, the semiconductor industry was able to employ lower 
supply voltages. The popularity of cellular phones created new demands on the semiconductor 
industry. As cellular phones must be extremely portable, they need a small battery; this strong 
demand resulted in low‐voltage IC designs. In addition, many battery vendors contributed to 
battery downsizing and battery energy density enhancement.

Lowering the supply voltage accelerates device scaling. However, the scaling trend ignored 
the original concept proposed by Dennard et al. [1]; the dissipation power of integrated  circuits 
(ICs) per unit area was already much higher than the value estimated by the original scaling 
concept even though the supply voltage was successfully lowered [4]. The surface tempera-
tures of integrated processor circuits are reaching dangerous values (the intrinsic temperature) 
[5]. Moreover, we now face the negative influence of several physical device parameters on 
IC performance because they do not follow any scaling rule. The following are typical of the 
parameters showing such undesirable behavior:

1. Electric‐field induced mobility degradation.
2. Depletion capacitance of poly‐Si gate and inversion layer capacitance.

Table 2.2 Constant field scaling and results [1].

Parameters Scaling factor

Circuit performance
Device dimension t

ox
, L

G
, W

G
1/k

Doping concentration N
A

k
Voltage V 1/k
Current I 1/k
Capacitance C 1/k
Delay time/circuit VC/I 1/k
Power dissipation/circuit VI 1/k2

Power density VI/A 1

Interconnection lines
Line resistance R

L
k

Normalized voltage drop IR
L
/V k

Line response time R
L
/C l

Line current density I/A k

Table 2.1 Physical parameters of MOSFET [1].

Parameters Initial value

t
ox

100 nm
N

A
5 × 1015 cm−3

L
G

5 μm
W

G
5 μm

V
D
, V

G
20 V
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3. Subthreshold swing.
4. Parasitic resistance of devices (gate electrode, source diffusion, drain diffusion, contacts).
5. Leakage current (pn junctions, gate insulator).
6. Threshold voltage.

Issue 1. can basically be overcome using strain technology [6]. Issue 2. can be addressed by 
using high‐κ dielectrics [7], and issue 4. can be improved drastically by the gate‐last process 
[8] and the silicidation process [9]. Issue 6. is aided somewhat by adopting the metal‐gate 
electrode. Issue 5. can be improved by using hetero‐junctions and introducing high‐κ dielectrics. 
However, issue 3. remains unresolved because there is no agreement on the design method-
ology that will allow use of subthreshold operation, or on how to design steep swing devices. 
Subthreshold logic circuits were proposed to realize the ultimate in low‐energy operation [10]. 
In contrast, steep‐swing devices, such as tunnel field‐effect transistors (TFETs), were  proposed 
in order to lower the supply voltage and to advance the radio frequency performance of 
MOSFETs [11]. The TFET device technology is still under investigation, and doesn’t yet 
appear to be a reliable solution for future electronics. It is, however, a leading candidate. 
This book will discuss the above two concerns; that is, useful applications of subthreshold 
characteristics and the potential of steep‐swing devices.

Before discussing individual solutions, we estimate the power consumption and dissipation 
energy of conventional complementary metal oxide semiconductor (CMOS) devices. Here we 
assume the following two equations:

 

Dissipation power density P P

r f CV N

ON OFF

ON clock D de

W cm/ 2

21

2 vvice OFF leak D devicesr I V N
 (2.2)

 

Dissipation energy density E E

T r f

ON OFF

one ON clock

J cm/

sec

2

11

2
2CV N r I V ND device OFF leak D devices

 (2.3)

where P
ON

 denotes the dissipation power density in the “ON” state, P
OFF

 denotes the dissi-
pation power density in the “OFF” state, N

device
 denotes the number of devices per unit area, 

r
ON

 denotes the fraction of devices working, r
OFF

 denotes the fraction of devices in standby, 
f
clock

 denotes the clock frequency, I
leak

 denotes the leakage current of the device, V
D
 denotes 

the supply voltage, C denotes the gate capacitance of single CMOS, and T
one‐sec

 denotes the 
one‐second period.

We calculated the dissipation energy of ICs using the equations as shown in Figure 2.1, 
where we assumed post‐1980 device technology. Device parameters assumed in the calcula-
tions are summarized in Table 2.3.

Figure 2.1 raises the following key points:

1. E
OFF

 has significantly increased this century;
2. V

TH
 is approaching the thermal voltage;

3. the subthreshold swing should be steep.
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Table 2.3 Parameters in simulations.

Years L
G
 (nm) EOT (nm) V

D
 (V) V

TH
 (V) f

clock
 (Hz) N

device
 (cm−2)

1980 2000 50 5.0 1.0 5 × 106 7 × 104

1990 600 20 3.3 0.7 1 × 108 1 × 106

2000 200 8.0 2.5 0.5 1 × 109 5 × 106

2005 55 2.2 2.0 0.4 3 × 109 8 × 107

2010 30 1.4 1.5 0.2 3 × 109 3 × 108

2015 24 1.1 1.0 0.15 3 × 109 5 × 108

EOT: equivalent oxide thickness.

The calculation results suggest that we must continuously lower the supply voltage, but also 
that we will reach its floor (the thermal voltage, ~26 mV at 300 K) [12].

2.2 Silicon‐on‐Insulator Devices and Real History

In the 1980s, silicon‐on‐insulator (SOI) substrate technology emerged and was commercialized. 
Before the 1980s, silicon‐on‐sapphire (SOS) substrate technology was the major material for 
SOI device applications [13]. The SOI substrate was studied in order to develop high‐speed 
switching devices because the silicon‐on‐sapphire metal oxide semiconductor field‐effect 
transistor (SOS MOSFET) had a much smaller parasitic capacitance beneath the source and 
drain diffusions than the bulk MOSFET. However, the SOS material had some serious issues, 
such as the autodoping of Al from the sapphire substrate and high‐density defects near the 
Si/sapphire interface. The Si‐based SOI substrate technology basically replaced the SOS 
 substrate technology because the latter’s shortcomings could not be ignored by 1990.

1980 1990 2000 2010 2020
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102

10 VD (V)

VTH (V)

EON (J/cm2)

1

EOFF (J/cm2)

Thermal voltage (kBT/q)
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Figure 2.1 Evolution of performance parameters. It is assumed that r
ON

 = 0.5, subthreshold swing = 70 mV/dec, 
and W

G
/L

G
 = 5.
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Before the 1990s, the electronics industry focused on the signal processing speed of ICs. 
After the 1990s, however, the industry had to pay attention to IC dissipation power because 
energy concerns were becoming more pronounced. Accordingly, leading scientists and engi-
neers studied the low‐power performance of SOI ICs with low‐power dissipation closely [14], 
and many companies began studies to develop high‐performance ICs [15]. Many scientists and 
engineers, however, remained skeptical about whether sub‐100 nm gate silicon‐on‐insulator 
complementary metal oxide semiconductor (SOI CMOS) technology was actually suitable for 
creating the ICs needed in the twenty‐first century because no aggressive technical vision had 
been published. Such negative perceptions were familiar in the electronics industry because 
nobody predicted the dramatic expansion of worldwide use of mobile phones and tablet PCs. 
Before specific ICs for mobile phones were developed, the power supply voltage was still high 
(~3 V). The voltage level was too high to yield a 100 nm gate SOI CMOS with fully depleted 
mode operation; the parasitic bipolar phenomenon induces the single‐transistor latch [16], and 
many engineers were very skeptical as to the reality of scaled fully depleted silicon‐on‐insulator 
metal oxide semiconductor field‐effect transistors (SOI MOSFETs). Fortunately, in the latter 
half of the 1990s, many businessmen began to use cellular phones and notebook PCs, forcing 
the electronics industry to overcome the historical barrier of power‐supply voltage. This break-
through gave the fully depleted SOI devices a good business opportunity with the result that 
they are used in many commercial electronics products.

Dr. K. Izumi and his group developed the ITOX‐SIMOX (Internal Thermal OXidation‐
Separation by IMplanted OXygen) substrate [17], which can be applicable to scaled CMOS 
devices, and one of the editors (Omura) and his colleagues in NTT Laboratories demonstrated 
the potential of the 100 nm gate SOI CMOS IC with fully depleted components [18]. With the 
development of the oxygen ion‐implanter, commercially viable SIMOX substrates became 
possible [19], SIMOX substrates were used to fabricate SOI devices and circuits in the labo-
ratories of many companies. After the 1980s, other SOI substrate fabrication technologies, 
such as ELTRAN® and UNIBOND®, were also proposed [20–23], and have now entered com-
mercialization. In the twenty‐first century, companies that could catch this technology trend 
are doing well, while those that could not faltered.

Let us consider how we can use the low‐power performance of SOI MOSFETs. Intrinsic 
switching delay time (τ) and dissipation power (P

ON
) of SOI MOSFET are given by

 
Switching delay time Tr L W C L W C

V

I
C

V

IG G ox G G S D
D

D
P

D

D

/ ,  (2.4)

 Dissipation power P Tr V ION D D/  (2.5)

where C
ox

 denotes the gate capacitance per unit area, C
S,D

 denotes the source and drain capac-
itance per unit area, and C

P
 denotes the parasitic capacitance except C

S,D
. Energy dissipated by 

a single switching event (τ P
ON

) can be estimated as

 
Power Delay P Tr L W C L W C C VON G G ox G G S D P Dproduct / ,

2 . (2.6)

Estimated dissipation power of IC (P
ON

) is given by using the clock frequency ( f
clock

):

 
P N f L W C L W C C VON device clock G G ox G G S D P D,

2 (2.7)
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We must also take account of the standby power of the IC (P
OFF

), given by

 P N I VOFF device leak D (2.8)

As a result, the overall dissipation power (P
total

) of the LSI is given by

 

P P P

N f L W C L W C C V N

total ON OFF

device clock G G ox G G S D P D d,
2

eevices leak DI V
 (2.9)

In the above expressions, the terms that are significantly different from the estimated values of 
the bulk MOSFET are those that include C

S,D
 and C

P
. In SOI CMOS devices, we can predict a 

reduction in I
leak

 due to a reduction in effective junction area, suppression of I
leak

 increases 
based on better subthreshold swing values, and C

p
 reductions due to shrinkage of device 

 isolation area, resulting in the suppression of increases in P
total

. However, as the IC designer is 
always seeking to enhance signal‐processing performance, P

ON
 will increase due to the 

increase in the value of N
device

f
clock

. When the IC designer lowers the MOSFET threshold 
voltage to raise the switching speed, I

leak
 inevitably increases.

Recent P
OFF

 values are comparable to P
ON

 due to I
leak

. IC designers are suffering from this 
conundrum. Therefore, one of the primary concerns of this book is how to suppress P

OFF
 as 

well as whether we can find applications that do not need high‐speed performance.
In Part II, we review the fundamentals of conventional MOSFETs, SOI MOSFETs, and 

TFETs. This part will help readers to follow easily the discussions in the other parts. In Part III, 
we discuss how we can use the low‐energy performance of bulk MOSFETs and how we can 
apply such devices to low‐energy circuits. In Part IV, we review the low‐energy performance 
potential of fully depleted SOI MOSFETs and introduce examples. In Part V, we address the 
low‐energy performance potential of cross‐current tetrode (XCT) SOI MOSFETs, which were 
proposed to realize extremely low energy circuits. In Part VI, the low‐energy potential of 
quantum‐effect devices, proposed by taking account of geometrical aspects, is considered. In 
Part VII, we discuss comprehensively how we can suppress the energy dissipation by using 
TFETs, one of the more recent quantum‐effect devices. In Part VIII, finally, we briefly compare 
the performance of various devices and review considerations described in Part III to Part VII. 
We also address the latest low‐energy devices, circuit applications, and future perspectives.
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Performance Prospects 
of Subthreshold Logic Circuits

3.1 Introduction

The possibility of lowering the dissipation energy is addressed for the following conventional 
device technologies:

 • multithreshold circuits [1];
 • power management [2];
 • subthreshold logic [3].

In a multithreshold circuit, designers can assume that different circuit blocks can have  different 
threshold voltages. They can set low threshold voltages for high‐speed circuit blocks and 
high threshold voltages for low‐power circuit blocks. This technique is widely applied to 
commercial integrated circuits (ICs). In the case of power management, the power supply is 
switched in individual circuit blocks; this is a more recent technique, used most often in  mobile 
electronics. In some cases the signal‐processing speed might be degraded. In the case of sub-
threshold logic, conventional device technology is assumed but the supply voltage is lowered 
to the threshold voltage or much less. The logic circuit works in the subthreshold current range. 
In the last century this design approach was applied to control circuits in wrist watches [4].

3.2 Subthreshold Logic and its Issues

As described in the previous section, circuit designers initially used multithreshold devices and 
power management to reduce the dissipation power of ICs. These ideas are not innovative, as 
they are mere extensions of conventional techniques. Reducing dissipation power by lowering 
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the supply voltage is also a conventional design guideline, where metal oxide semiconductor 
field‐effect transistors (MOSFETs) are used in the conventional manner in the circuit.

On the other hand, the subthreshold logic and near‐subthreshold logic approaches are quite 
different from the design idea of focusing on “ON” state performance. Circuit designers are 
now paying close attention to the quasi‐“OFF” state. Rather than using the high impedance of 
the device, they target extremely low currents for logic circuits.

When we apply the subthreshold current of the MOSFET to low‐power circuits, we must be 
careful of the noise issue, the variability of characteristics, and nonlinearity of I‐V character-
istics. Verma et al. recently addressed these points in detail [5].

3.3 Is Subthreshold Logic the Best Solution?

Low‐power logic circuits, like the subthreshold logic circuits described in the previous sec-
tion, are now commercialized as ICs for wrist watches [6]; such circuits were the concern of a 
small group of engineers and the design methodology was not familiar to most engineers. 
There was skepticism regarding whether a design technique based on subthreshold logic cir-
cuits would be utilized frequently.

In order to change these negative impressions, one of the editors (Omura) proposed the 
cross‐current tetrode‐silicon‐on‐insulator metal oxide semiconductor field‐effect transistor 
(XCT‐SOI MOSFET) [7, 8]. One of its advantages is the fact that we can basically design the 
required circuits by applying conventional design methodology in terms of supply voltage and 
device layout patterns. We can reduce the dissipation power by two orders when the “source 
potential floating effect” is significant. The most important point in the device design is that 
we can simply assume the stable saturation region of the drain current despite a very low drain 
current comparable to the subthreshold level. Details of device characteristics and aspects are 
described in Part V. We therefore still have many choices for reducing dissipation energy in 
various circuit applications.
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Overview

This part describes the fundamentals of metal oxide semiconductor (MOS) device physics. First, 
we describe the physics of bulk metal oxide semiconductor field‐effect transistors (MOSFETs). 
Then, some important physics related to silicon‐on‐insulator metal oxide  semiconductor field‐
effect transistors (SOI MOSFETs) (partially depleted SOI MOSFET, fully depleted SOI 
MOSFET, FinFET, Triple‐gate FET, gate‐all‐around MOSFET) are  introduced, followed by the 
theoretical basis of tunnel field‐effect transistors (TFETs).

The accumulation condition, the depletion condition, and the inversion condition in bulk 
MOSFET are explained. Threshold voltage and subthreshold swing are also explained as 
important parameters of MOSFET [1, 2]. In SOI MOSFETs, aspects of partially depleted 
(PD) SOI MOSFETs and fully depleted (FD) SOI MOSFETs are outlined [3, 4]. The reasons 
why FinFET, Triple‐gate FET, and Gate‐All‐Around (GAA) MOSFET are superior to the PD 
and FD SOI MOSFETs are discussed [5, 6], and their details are described in the following 
parts. Finally, we discuss the physics of TFETs [7].

It is obvious that we must minimize the subthreshold swing (SS) value of the MOS device 
in designing device parameters for low‐power applications. However, there is still some con-
troversy regarding the issue of whether the subthreshold issue is the substantial problem in 
overcoming the stand‐by power issue. In many MOS devices we can face a simultaneous 
increase in the band‐to‐band tunneling (BTBT) current around the source and drain junctions 
because there must be shallow junctions in bulk devices or an extremely thin semiconductor 
layer in silicon‐on‐insulator (SOI) devices in order to suppress short‐channel effects. Readers 
will find that MOS devices with steep swing values and low BTBT current values often suffer 
from the low drivability. We must therefore take account of such tradeoff issues in optimizing 
the device’s performance even when we discuss the low‐standby energy concept and device 
applications. The following chapters review theoretical models of various MOSFETs.

4
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Bulk MOSFET

5.1 Theoretical Basis of Bulk MOSFET Operation

Figure 5.1 shows a schematic cross section of a bulk n‐channel metal oxide semiconductor 
field‐effect transistor (MOSFET). In the following, we assume an n‐channel MOSFET.
As  there is a single channel inside the body, there are three current flows at the onset of 
inversion: the front‐channel current, the band‐to‐band tunneling (BTBT) currents at the front 
interface of the drain junction, and double injection currents at the source junction. In the 
subthreshold region, the subthreshold current is at the front interface. This chapter focuses on 
the DC characteristics of bulk MOSFET, and presents a theoretical analysis of the subthreshold 
and post‐threshold current characteristics as an aid to low‐energy device design.

5.2 Subthreshold Characteristics: “OFF State”

5.2.1 Fundamental Theory

Many papers have described the basic features of the subthreshold characteristics of bulk 
MOSFETs [1, 2]. The input capacitance consists of four components in series: (i) the capacitance 
of the gate insulator; (ii) the capacitance of the channel depletion layer; (iii) the capacitance of 
the depletion layer of the source junction (this is available when there exists potential difference 
between the source terminal and the substrate), and (iv) the capacitance of the depletion layer 
of the drain junction [2].

In the subthreshold regime, the drain current (Figure 5.2) is given by

 
I I ID sub D sub front D sub other, ,  (5.1)

5
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Drain current, log(ID)

Back gate voltage Front channel
current (A)

BTB tunnel
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Other leakage
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Front gate voltage

Figure 5.2 Subthreshold and off‐state current characteristics of bulk MOSFET. (With kind permission 
from Springer Science + Business Media: Fully‐Depleted SOI CMOS Circuits and Technology for 
Ultralow‐Power Applications, 2006, pp. 48–58, Yasuhisa Omura (edited by T. Sakurai, A. Matsuzawa, 
and T. Douseki),© 2006 Springer.)

where I
D(sub),front

 is the subthreshold current near the front interface and I
D(sub),other

 is the 
combined current attributable to parasitic phenomena, such as a simple avalanche at the 
drain junction [3, 4], BTBT at the drain junction [5, 6] and the generation‐recombination 
(GR) process [7]. For simplicity, this discussion will focus on I

D(sub),front
. For an n‐channel 

MOSFET, it is

 
I qAD

dn
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qAD

n n L

LD sub front n n

eff

eff
,

0
 (5.2)
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Figure 5.1 Bulk MOSFET – cross‐section and operation. A: normal front channel, C: avalanche and 
band‐to‐band tunnel current (front side), and E: double injection on parasitic bipolar action.
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where A is the cross‐sectional area of the channel, q is the elementary charge, D
n
 is the dif-

fusion constant of electrons, L
eff

 is the effective channel length, and n(0) and n(L
eff

) are the 
electron concentrations at the edges of the source and drain, respectively. They are given by

 

n n
E E q x y

k Ti
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B

0
0 0
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and

 

n L n
E E q x y qV
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F i s front D
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where φ
s,front

 is the surface potential at the top surface, n
i
 is the intrinsic carrier density, E

F
 

is the Fermi level, E
i
 is the intrinsic Fermi level, k

B
 is the Boltzmann’s constant, and T is 

the temperature in K. If we assume the effective channel depth to be k
B
T/qE

s
 [8], where E

s
 is the 

surface electric field [9], the subthreshold current can be written as
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where μ
n
 is the electron mobility calculated from the Einstein relation D

n
 = μ

n
k

B
T/q, N

A
 is the 

doping concentration of substrate, W
eff

 is the channel width, and V
D
 is the drain voltage. We can 

derive the following basic expression for the subthreshold swing (SS) from Eq. (5.5) if we 
neglect the influence of interface states for simplicity.

 
SS

kT

q
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C
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where

 
C

Ws
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 (5.7)

C
ox

 (= ε
ox

/t
ox

) is the capacitance of the gate oxide layer, C
s
 is the depletion capacitance of the 

substrate, t
ox

 is the thickness of the gate oxide layer, ε
s
 is the permittivity of semiconductor, 

and W
D
 is the depletion layer width. As seen in Eq. (5.6), the basic expression for SS depends 

on doping concentration of the substrate, gate oxide layer thickness, permittivity of the gate 
oxide layer, and permittivity of the substrate.

The main conclusions that can be drawn from Eq. (5.6) are:

 • Influence of gate oxide thickness (t
ox

) on SS. One of the most common ways to suppress 
short‐channel effects is to reduce t

ox
, which makes C

s
/C

ox
 small, as shown by Eq. (5.6). This 

means that the t
ox

 leads to the straightforward reduction of SS.
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 • Influence of doping concentration (N
A
) on SS. Another common way to suppress short‐

channel effects is to increase N
A
. This often causes SS to increase. To prevent that, t

ox
 should 

also be reduced when N
A
 is increased.

 • Influence of substrate potential on SS: dynamic‐threshold (DT) MOSFET operation 
(Figure 5.3). The substrate potential is often set to a certain value. In that case, SS is almost 
independent of the front gate voltage, but depends on the device parameters. In a dynamic‐
threshold MOSFET [10], the substrate terminal is connected to the front gate electrode; so, 
the substrate potential increases with the front gate voltage. This increase reduces the built‐
in potential of the source junction, thereby increasing the channel current. So, a simplified 
expression for the subthreshold current of a dynamic threshold MOSFET is

 
I I C

qV

mk TD sub DT D sub front
FG

B
, , exp0  (5.8)
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Figure 5.3 Dynamic‐threshold MOSFET. (a) Cross section and (b) characteristics.
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where
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C
0
 is a constant, m is the ideality factor (m > 1), and φ

s
(x = 0, y = 0, V

FG
) is the surface potential 

modified by V
FG

. It should be noted that the subthreshold channel region depends on the initial 
surface condition of the device because the front gate voltage does not change the band struc-
ture near the top surface drastically. This is an important aspect of the dynamic threshold 
MOSFET. An approximate expression for the SS of a dynamic threshold MOSFET is

 
SS

k T

q

C

C
B s

ox

ln 10 1  (5.10)

where η < 1 and C
s
 is given by Eq. (5.7).

 • Drain‐induced barrier lowering (DIBL) (front interface) (Figure 5.4). In a short‐channel 
bulk MOSFET, DIBL [11] near the source junction at the front interface significantly 
degrades the SS. The reason for this is that the drain‐induced lateral electric field extends 
quite far into the channel region. There are two ways to suppress the DIBL: one is to make 
N

A
 higher, and the other is to replace the gate oxide with a high‐κ material. However, the 

former degrades the SS because C
s
 increases in Eq. (5.6). Therefore, the pocket ion‐

implantation technique [12] is frequently introduced in order to suppress the extension of 
the  drain‐induced lateral electric field.

5.2.2 Influence of BTBT Current

Band‐to‐band tunneling often occurs in the gate‐drain overlap region [13]. It is sometimes 
called the gate‐induced drain leakage (GIDL) current. For MOSFETs with a thin gate oxide, 
it has a significant influence on DC and AC operation [14]. An empirical expression for this 
current is [15]

 
I A E

B

ED sub others SS
SS

, exp0
0  (5.11)

where A
0
 and B

0
 are constants that depend on the device parameters and E

SS
 is the surface 

electric field of the gate overlap region. As the gate oxide of recent MOSFETs tends to be very 
thin, the electric fields of the gate‐drain and drain‐source overlap regions are higher than those 
of past devices. As a result, the contribution of the BTBT current to the subthreshold charac-
teristics is apt to be significant [16].
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5.2.3 Points to Be Remarked

The “OFF state” current in the subthreshold region limits the standby power of the MOSFET 
even when the threshold voltage is sufficiently high. In the case of the bulk MOSFET, the 
reverse‐biased leakage current generated at a large metallurgical junction area, the weak ava-
lanche‐based current, and the BTBT current around the gate‐overlapped region of the drain 
diffusion region shares a large part of the total leakage current. These are apt to increase when 
the short‐channel effects are suppressed because the suppression of the short‐channel effects 
raises the local electric field around the drain diffusion. Therefore the lowering of the drain 
voltage is requested for the purpose of the suppression of those leakage current components. 
These points will be discussed again later.

5.3 Post‐Threshold Characteristics: “ON State”

5.3.1 Fundamental Theory

In the post‐threshold regime, the drain current is given by

 
I I ID post D post front D post other, ,  (5.12)
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Figure 5.4 Drain‐induced barrier lowering phenomenon in the bulk MOSFET. (a) Schematic view of 
DIBL and (b) impact of DIBL on the surface potential profile.
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where I
D(post),front

 is the inversion channel current along the front interface and I
D(post),other

 is the 
parasitic current, which consists of the leakage current of the reverse‐biased drain junction 
[17], a parasitic bipolar current [18], and an avalanche current [19]. The discussion below 
focuses on I

D(post),front
.

In practice, the post‐threshold channel current consists mainly of the drift current, where 
carriers are accelerated by the drain‐to‐source electric field. It is analyzed in the conventional 
gradual channel approximation. The expression for the drain current of the bulk MOSFET is 
derived below.

We start from the Ohmic relation

 
I W Q V

dV y

dyD post front eff n n,  (5.13)

where V(y) is the local channel potential and Q
n
(V ) is the local electronic charge density. This 

is the expression for the local current inside the device, if we neglect the diffusion and other 
currents like the generation‐recombination current.

We obtain the following relation for Q
n
(V) from Poisson’s equation for the channel region [20]:

 

Qn total induced charge density of semiconductor depletion chargee density of substrate,

,C V V V qN Wox FG FB front A D0 0 V
 

(5.14)

Integrating it from source to drain based on the current continuity, we obtain the following 
expression for I

D(post),front
:
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When the doping level near the surface is not so high, substituting the new expression for 
Q

n
(V ) into the Ohmic relation (5.13), and assuming current continuity, yield the following 

expression for I
D(post)

, front:
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where the threshold voltage of a MOSFET (V
TH,front

) is

 
V V x y

qN W x y
TH front FB front s front

A D s front

, , ,

,
,

,
0 0

0 0

Cox

 (5.18)



26 MOS Devices for Low-Voltage and Low-Energy Applications

The saturated drain current (I
D(post)sat

) is given by:

 
I

W

L
C V VD post sat

eff

eff
n ox FG TH front2 1

2

,  (5.19)

where α is the factor depending on the substrate doping concentration profile. When the 
 substrate has a uniform doping profile and its doping concentration is not so high, α → 0. 
The drain current of the bulk MOSFET on the saturation condition is basically independent of the 
drain voltage (V

D
) as far as short-channel effects are not seen. Other important factors are 

discussed below.

5.3.2 Self‐Heating Effects

Powered devices suffer from self‐heating effects as shown in Figure 5.5. In the bulk MOSFET, 
the thermal conductivity of the substrate is not so high [21]. According to simulations [22], the 
temperature near the drain junction quickly rises to 100 °C. Since self‐heating effects degrade 
the surface mobility of carriers, they must be taken into account. In electrostatic‐discharge 
(ESD) protection circuits, self‐heating effects reduce the temperature margin for the second 
breakdown. So, adequate thermal paths must be added during metallization.

If we need to take into account the influence of self‐heating effects on drain current, we 
have to use the following expression for the mobility [23]:

 n self heating D post front DC T I V1 0 ,  (5.20)

where C
1
 is a constant, T

0
 is room temperature, and θ and δ are fitting parameters.
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5.3.3 Parasitic Bipolar Effects

When the drain‐to‐source voltage is high, the electric field around the drain pn junction takes 
a high value. In the depletion region around the drain pn junction, a weak avalanche multipli-
cation of carriers takes place. In that case, as shown in Figure 5.6, most holes generated near 
the drain are absorbed to the bulk substrate (“C” in Figure 5.6) and they are collected at the 
substrate terminal; this is the so‐called “substrate current.” However, some holes flow into the 
source junction (“E” in Figure 5.6). When the substrate resistivity is high, the body potential 
automatically rises by the substrate current. When the “forward‐biased” current is made at the 
source junction, it works as the “base current” of the “NPN” parasitic bipolar transistor. This 
frequently results in a fatal “burnout” phenomenon.

5.4 Comprehensive Summary of Short‐Channel Effects

Considering a simple phenomenalistic model of short‐channel effects, we obtain

 
V V f x y f

qN W x y
TH FB front DIBL s front CS

A D s front

, ,

,
,

,
0 0

0 0

C
V

ox
BG

 

(5.21)

where f
DIBL

 is the DIBL factor, f
CS

 is the charge‐sharing factor, and η is the factor expressing 
the impact of the substrate bias effect.

p-Si substrate
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Gate

Figure 5.6 Parasitic bipolar action in the n‐channel bulk MOSFET. Avalanche‐induced holes (C) are 
injected into the source (E), and electrons are injected into the body (A). This positive feedback loop 
turns on parasitic bipolar action.
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SOI MOSFET

6.1 Partially Depleted Silicon‐on‐Insulator Metal Oxide Semiconductor 
Field‐Effect Transistors

The partially depleted (PD) n‐channel silicon‐on‐insulator metal oxide semiconductor field‐
effect transistor (SOI MOSFET) has a quasineutral region in the silicon‐on‐insulator (SOI) 
layer as shown in Figure 6.1. This configuration is very similar to that of the bulk metal oxide 
semiconductor field‐effect transistor (MOSFET) except for the buried oxide layer beneath the 
device region. Therefore, most operation characteristics are similar to those of the bulk 
MOSFET. However, the device has a few different characteristics from the bulk MOSFET, 
such as the kink in I

D
 versus V

D
 characteristics [1–4] and the body‐floating characteristics 

[1–4]; that is, the potential of the quasineutral region is not fixed to a specific potential. When 
the potential of the quasineutral region floats, the potential of the quasineutral region of the 
SOI MOSFET cannot respond quickly to changes in the gate electrode and the drain electrode, 
which slows the operation of the partially depleted SOI MOSFET [5].

When a positive bias is applied to the substrate, the depletion layer expands from the bottom 
surface of the silicon layer, which yields an optional leakage current path on the bottom  surface 
of the silicon layer. We have to increase the body doping concentration near the  bottom 
surface of the silicon layer in order to suppress this optional leakage current [6]. When a high 
positive bias is applied to the substrate, the silicon body can be fully depleted [6]. When the 
full depletion of the silicon body is held, the SOI MOSFET exhibits the specific characteristics 
described in the following section.
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