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Abstract

With the development of modern silicon technology, more and more high-

frequency circuits can be implemented in standard complementary metal-oxide-

semiconductor (CMOS) processes. The feasibility of RF ICs in standard CMOS

process is established, and the trend in putting all components of a system on a chip

includes integration of the transceiver (T/R) antenna switch.

In this book, we have designed a double-gate (DG) MOSFET and double-pole

four-throw (DP4T) RF switch to enhance its performance for the next generation

wireless communication systems. Further we have combined the ideas of DG

MOSFET and DP4T switch to design a novel DP4T DG RF CMOS switch. The

designed DP4T DG RF CMOS switch can route four inputs to two outputs at a time

or vice versa. So it is twice effective as compared to the previously existing SPDT

switches.

In the DG MOSFET, the gates are only on the two sides of the substrate. Hence,

to utilize all the sides of the substrate, we have widened the gate all around the

device and designed like a cylinder. Therefore, we extend this work to the cylindri-

cal surrounding double-gate (CSDG) MOSFET. It has less contact area with the

board compared to the other MOSFETs. Due to the circular source and drain,

the gate contact with the source and drain is on a long circular region, which avoids

the gate misalignment. This work has been extended by replacing SiO2 with HfO2

as a high dielectric material to design DG MOSFET.

Finally, we have analyzed the image acquisition of DG MOSFET and CSDG

MOSFETs for the purpose of RF switch. The proposed model emphasized on the

basics of single image sensor for two-dimensional images of a three-dimensional

device, so that we can obtain a satisfactory device parameter.

xv



Chapter 1

Introduction

With the development of electric telegraph by William Cooke and Charles

Wheatstone, the telecommunication technology has been commercialized in 1838

[1]. This technology was rapidly replaced by Samuel Morse, with the introduction

of theMorse code in 1844, which reduced the communication into dots and dashes,

and listening to the receiver [2]. The wireless technology came to existence in 1901

when Guglielmo Marconi successfully transmitted radio signals across the Atlantic

Ocean. The possibility of replacing the telegraphs and telephone communications

with wave transmission is an exciting future. However, the two-way wireless

communication has been materialized in the military, although it remained limited

to one-way radio and television broadcasting by large and expensive stations. The

ordinary two-way phone conversations would still go over wires for many decades.

The invention of the large-scale integration (LSI) transistor, the development of

Shannon’s information theory, and the conception of the cellular system all at Bell

Laboratories paved the way for affordable mobile communications.

The end of the twentieth century is remembered for the amazing growth of the

telecommunication industry. The main cause for this event is the introduction of

digital signal processing in the wireless communications, driven by the develop-

ment of high-performance low-cost CMOS technologies for very-large-scale inte-

gration (VLSI). However, the radio-frequency (RF) analog front end remains the

bottleneck for low-cost RF systems. The RF front-end design is pushed towards

higher levels of integration and integration in low-cost CMOS technology, render-

ing significant space, cost, and power reductions. The cellular phones are no doubt

the most popular wireless communication device currently in use. However, such a

system can be divided into the user part (handset) and the infrastructure part (base

stations). The user part consists of a transmitter and a receiver commonly known as

transceiver system [3, 4].

The radio spectrum refers to the part of the electromagnetic spectrum

corresponding to the radio frequencies (below 300 GHz). However, different

parts of the radio spectrum are used for different radio transmission technologies

and applications. The radio spectrum is typically government regulated in the

developed countries and is sold or licensed to operators of private radio

V.M. Srivastava and G. Singh, MOSFET Technologies for Double-Pole Four-Throw
Radio-Frequency Switch, Analog Circuits and Signal Processing 122,
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transmission systems for the purpose of telecommunication or broadcast for televi-

sion stations. To prevent interference and allow for efficient use of the radio

spectrum, similar services are allocated in the bands. For example, the broadcast-

ing, mobile radio, or navigation devices will be allocated in non-overlapping ranges

of frequencies. However, each frequency range/band behaves differently and

performs different functions and shared by civil, government, and military users

of all nations according to International Telecommunications Union (ITU) radio

regulations. For the communication purposes, the usable frequency range is in the

range from 3 Hz to 300 GHz. In some cases, 100 THz is used for research purposes.

These ranges of the frequency bands are given in Tables 1.1 and 1.2. The frequency

band standards are also available in International Telecommunications Union radio

regulations.

1.1 Transceiver Systems

With the development of wireless communication technology, the demand of high

data rate wireless local area network (WLAN) systems is growing rapidly. The

heterodyne receiver architecture is the most commonly used receiver architecture in

the wireless communication systems. Due to the reduction of complexity and power

Table 1.1 Electromagnetic radiation spectrum

Frequency Abbreviation Frequency range Wavelength

Tremendously low frequency TLF Below 3 Hz Above 105 km

Extremely low frequency ELF 3–30 Hz 104–105 km

Super low frequency SLF 30–300 Hz 103–104 km

Ultra low frequency ULF 300–3,000 Hz 100–103 km

Very low frequency VLF 3–30 kHz 10–100 km

Low frequency LF 30–300 kHz 1–10 km

Medium frequency MF 300 kHz–3 MHz 100 m–1 km

High frequency HF 3–30 MHz 10–100 m

Very high frequency VHF 30–300 MHz 1–10 m

Ultra high frequency UHF 300 MHz–3 GHz 10 cm–1 m

Super high frequency SHF 3–30 GHz 1–10 cm

Extremely high frequency EHF 30–300 GHz 1 mm–1 cm

Tremendously high frequency/far

infrared

THF/THz/FIR 300 GHz–3 THz 0.1–1 mm

Mid infrared MIR 3–30 THz 10 μm–0.1 mm

Near infrared NIR 30–300 THz 1–10 μm
Near ultraviolet NUV 300 THz–3 PHz 0.1–1 μm
Extreme ultraviolet EUV 3–30 PHz 10 nm–0.1 μm
Soft X-rays SX 30–300 PHz 1–10 nm

Soft X-rays SX 300 PHz–3 EHz 0.1–1 nm

Hard X-rays HX 3–30 EHz 10 pm–0.1 nm

Gamma rays Y 30–300 EHz 1–10 pm
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consumption. The direct down-conversion architecture has become more popular

nowadays. However, compared to the heterodyne architecture, it is easier to

integrate the complete system on a single chip. Various technologies such as

BiCMOS, SiGe HBT, and Bipolar are used to design radio-frequency

(RF) switches; however, CMOS technology is very suitable for integration of

both analog and digital circuits on a single chip. So the CMOS technology is

preferred for implementation of RF front-end circuitry.

A basic heterodyne RF transceiver front-end system is shown in Fig. 1.1. In this

architecture, the received RF signals are first passed through a band-pass filter and

then switched to an low noise amplifier (LNA). Due to its gain, the LNA essentially

sets the signal-to-noise ratio for the receiver chain. The amplified signals are filtered

for improved image rejection and down-converted to an intermediate frequency

(IF) with a mixer. The signals at IF are then filtered for channel selection and shifted

in frequency to baseband by a second mixer [5–7]. However, the transmission

process is complementary to the reception process. During the transmission, the

signals at baseband are up-converted to the RF carrier using an IF stage. The power

Table 1.2 Electromagnetic

radiation spectrum based

on IEEE

Frequency Abbreviation Frequency range

High frequency HF band 3–30 MHz

Very high frequency VHF band 30–300 MHz

Long wave L band 1–2 GHz

Short wave S band 2–4 GHz

Compromise between

S and X

C band 4–8 GHz

Crosshair X band 8–12 GHz

Kurz-under Ku band 12–18 GHz

German Kurz (short) K band 18–27 GHz

Kurz-above Ka band 27–40 GHz

V band V band 40–75 GHz

W band W band 75–110 GHz

Long wave G band 110–300 GHz

LPF ADC

Digital
base
band

Down
Converter

DACLPF

LNA

PA Up
Converter

Frequency
Synthesizer

SWITCH

Fig. 1.1 Simple RF transceiver architecture [10]
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amplifier (PA) is used to drive the antenna. A transceiver (T/R) switch is used to

connect/disconnect the antenna for transmit and receive processes. The direct

down-conversion or homodyne architecture mixes the incoming RF signals with

the carrier frequency to generate signals directly at baseband. Similarly, the signals

are directly up-converted to the RF carrier using only one mixing step during

transmission. The integrated circuit design industry is increasingly improving the

direct down-conversion architectures to facilitate further integration by reducing

the number of components required. This architecture uses standard CMOS tech-

nology and includes an LNA and PA on the same piece of silicon.

However, highly integrated transceiver solutions for the 802.11b/g standards

have also been presented by Chien [8] and Kluge [9]. Among the component blocks

of Fig. 1.1, the transceiver switch stands out as a candidate for on-chip integration

because the MOSFET device is optimized to operate as a switch. In early days,

the radio transceiver switches have been designed using PIN diode and FET, which

consume more power. As the modern portable devices demand less power con-

sumption switches, therefore the PIN diodes and FETs are gradually replaced by the

MOSFETs such as n-type MOSFET and p-type MOSFET [10–12]. The MOSFET

analog switches use the MOSFET channel as a low ON-state resistance switch to

pass analog signals at switch-ON condition and as high impedance at switch-OFF

condition and the signals flow in both directions across a MOSFET switch. The

source is a negative side for n-type MOSFET or more positive side for p-type

MOSFET. All of these switches are limited on what signals they can pass or stop by

their gate–source voltage, gate–drain voltage, and source–drain voltages; exceeding

the voltage, current, or power limits will potentially damage the switch.

In the latest technologies, CMOS fabrications have resulted in deep submicron

transistors with higher transit frequencies and lower noise figures, so the trend

started to explore the use of CMOS technology in RF circuits. This is also in the

view of a system on a chip realization, where digital, mixed-signal baseband, and

HF transceiver blocks would be integrated on a single chip. This technique has the

ability to integrate RF circuits. Other advantages offered by silicon CMOS

technologies are the low cost due to the volume of wafers processed and the low

power consumption feature of MOSFETs, which makes it suitable for portable

applications. It has been known that for analog and RF applications, the accuracy of

circuit simulations is strongly determined by the device models. However, the

accurate device models become crucial to correctly predict the circuit performance.

The RF/microwave switching elements using silicon CMOS technology are

being investigated and presented as an alternative to the traditional PIN diode and

GaAs MESFET devices. The silicon CMOS RF switching elements are attractive

because of their potential application in all silicon monolithic CMOS solutions for

completely integrated baseband and RF functions in low-cost wireless, mobile

satellite, and personal communication systems. RF switches can be used at several

places in RF front ends. In a transceiver switch, a double-pole single-throw (DPST)

arrangement of switches multiplexes the use of the antenna between the PA and

LNA. The transceiver switches must have a high linearity to ensure that the high-

power signals (~2 W) at the output of the PA are transmitted to the antenna
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with minimum distortion [13, 14]. This linearity requirement presents a challenge

to integrate transceiver switches into on-chip designs especially as the supply

voltage in standard CMOS continues to decrease.

In addition to the transceiver switch application mentioned above, RF switches

could be used to select capacitors, for example, tuning of a voltage-controlled

oscillator (VCO). In this application, the potential challenge is to obtain a low

ON-state resistance and a low OFF-state capacitance. In a given technology,

the ON-state resistance and OFF-state capacitance are inversely related to each

other since the resistance–capacitance product in a modern CMOS technology is

not as low as desired [15, 16].

In the receiver part of the communication system (a handset), low-noise RF

transistors are used to amplify the incoming signals. As in any LNA, the use of low

or minimum noise figure transistors is desired. The noise requirements for the RF

devices for this application are, however, not as stringent as those for the satellite

communications. In wireless communications, the receiver experiences the noise

of the environment, which is interference-dominated, whereas in the satellite

communications, the signal comes from the sky with less background noise [17].

Consequently, for the wireless communications, the noise produced intrinsically

in the RF devices is somewhat negligible comparing to that from the noisy

environment. However, another requirement for the communication system is the

reduction of power consumption. At present, a supply voltage of 3 V has been

established as a standard [18]. To deliver a high output power combined with a high

efficiency at a limited supply voltage of 3 V, RF power transistors possessing a

large ON-state current and a low ON-state resistance are required in the transmit

section of the handset.

1.2 Radio-Frequency Switches

In the radio transceiver of the advanced communication systems, multiple antenna

system is used to replace the traditional single antenna circuitry to improve the

transmission capability and reliability. In the antenna selection system, the signals

from a subset of the antennas are processed at any time by the limited bandwidth of

RF, which is available for the receiver. Hence, the transmitter needs to send pilots

multiple times to enable the receiver to estimate the channel state of all the antennas

and select the best subset. With the multiple antennas, the data transfer rate can be

increased by the same factor. For example, if we have n antennas as a1, a2, a3, . . ., an
used in the transceiver, then data transfer rate will increased by factor of n as it is

number of antenna used. For such communication system, the antenna selection and

switch mechanism is essential to circumvent the uses of several RF chains,

associated with the various antennas. The desired switching system must have a

simple and low-cost structure which also confined all the improvement of multiple-

input, multiple-output (MIMO) systems [19, 20].
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A traditional n-type single-pole double-throw (SPDT) MOSFET switch has

good performance but only for a single operating frequency. For multiple operating

frequencies, the high signal distortions are easily observed, which results in an

unrecognizable information signal at the receiver end. To be able to transmit or

receive information through the multiple antenna systems, known as MIMO

systems, it becomes necessary to design a new RF switch that is capable of

operating with multiple antennas and frequencies as well as minimizing signal

distortions and power consumption [21, 22]. For this purpose, we have analyzed a

model of double-pole four-throw (DP4T) RF CMOS switch and achieved a better

performance with respect to drain current, switching speed, and the voltages as

compared to the single-pole double-throw (SPDT) [23], double-pole double-throw

(DPDT) [24], and single-pole four-throw (SP4T) [25] switches. This explored

switch is low in cost and capable of selecting data streams to or from the two

antennas for transmitting or receiving processes, respectively.

We have started with a basic CMOS inverter switch and reached up to double-

pole four-throw double-gate (DP4T DG) RF CMOS switch. It is designed with low

insertion loss and low control voltage. The advantages of this CMOS inverter

switch are its minimal distortion and negligible voltage fluctuation and do not

require large resistance at the receiving end. In addition to this, DP4T switches

can be easily implemented into MIMO systems to increase the diversity and system

capacity due to the multiple antenna usage. We have designed a novel cylindrical

surrounding double-gate (CSDG) MOSFET. After that we have designed these

MOSFETs with high dielectric material and analyzed its property. To validate the

design correctness (surface smoothness), we also design a model using image

processing.

Huang [25] has fabricated an SPDT transceiver switch [26] for 3.0 V for a 0.5-μ
m CMOS process. The discussed analysis in [25] shows that the substrate

resistances and source/drain-to-body capacitances must be lowered to decrease

insertion loss. This switch exhibits a 0.7-dB insertion loss, 17-dBm compression

point (P1 dB), and 42-dB isolation at 928 MHz. The switch has adequate insertion

loss, isolation, P1 dB, and IP3 for 900 MHz. The ISM band applications require a

moderate peak transmitter power level (~15 dBm). To avoid the uses of multiple RF

chain associated with the multiple antennas (used to replace traditional single

antenna circuitry in the radio transceiver system in order to improve the transmis-

sion capability and reliability) and RF switch is the most essential component.

Mekanand and Eungdamorang [27] have proposed that the DP4T RF CMOS switch

at frequencies 2.4 GHz and 5.0 GHz exhibits an insertion loss of 0.75 dB and

0.86 dB, respectively, with compression point of 31.86 dBm and realizes the

minimal distortion, negligible voltage fluctuation, and low power supply of only

1.2 V, which is used in wireless local area network (WLAN) and other advanced

wireless communication systems. They also discussed the advantages of switch

using a CMOS, instead of a single n-MOS switch in the dynamic range. This

dynamic range in the ON-state is significantly increased, which allows a full signal

swing. Moldovan et al. [28] have demonstrated the analytically compact undoped

DG MOSFET model and forecast the effect of volume inversion on the intrinsic
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capacitances and reveals that the transition from volume inversion regime to the

double-gate behavior. This result shows that the intrinsic capacitances are larger as

well as limit the high-speed (delay time) behavior of the DG MOSFETs under

volume inversion regime. Lee et al. [29] have presented a novel architecture for the

DPDT, DP4T, and 4P4T RF switches with simple control logics and high-power

handling capabilities, which require only one, two, and three control lines, respec-

tively. However, the developed DPDT switch demonstrates 1.0 dB of insertion loss,

19 dB of isolation, and 31 dBm of input P1 dB, 34.5 dBm of input P1 dB in 3/0 V

operation at 5.8 GHz. The DP4T and 4P4T switches exhibit 1.8 dB, 2.8 dB insertion

loss, and 23/37 dB, 20/35/55 dB of isolation, respectively, and 31 dBm of input

P1 dB, 35 dBm of input P1 dB in 3/0 V operation at 5.8 GHz.

Woerlee et al. [30] have presented the impact of scaling on the analog perfor-

mance of MOS devices at radio frequencies and explored the trends in the RF

performance of nominal gate length of n-MOS devices from 350- to 50-nm CMOS

technologies. The RF performance metrics such as the cutoff frequency, maximum

oscillation frequency, power gain, noise figure, linearity, and 1/f noise have been

explored in the analysis [31]. The minimum gate length of n-type MOSFET devices

as 350-, 250-, and 180-nm CMOS technologies was studied.

Lee [32] has presented the standard digital CMOS process, which offers a

number of ways to improve the characteristics of on-chip passive elements. In

particular, it is possible to reduce significantly the severity of substrate loss. It is

clear from [33] that the scaling trends properly exploited and combined with new

insights into the device and oscillator noise enable the CMOS IC technology to

perform at GHz frequencies to make it attractive for application specific once

thought the sole province of more exotic technologies.

These advantages include high integration capabilities and excellent electro-

static discharge (ESD) robustness. However, some RF switches do not require

external DC blocking capacitors and have the control logic fully integrated. With

CMOS compatible logic levels, the need for external level shifters is eliminated, as

there are no any external components are required. So, the RF switches enable the

really tiny board designs.

1.3 Radio-Frequency MOSFETs

Earlier approaches to RF MOSFET modeling involve adding lump elements to a

compact model for digital and analog circuit designs, such as BSIM3, BSIM4, and

MM9, and focused on how to build a reasonable sub-circuit and how to extract their

values according to the equivalent circuits. These methods consist of the analysis and

optimization. However, few attempts have beenmade to build a scalable RFMOSFET

model, including the layout-based extrinsic elements. The RF MOSFETs are the

MOSFETs that are designed to handle high-power RF signals from devices such as

stereo amplifiers, radio transmitters, and television monitors. For the RF MOSFET

modeling, various issues need to be considered, especially the three most important

parasitic components: gate resistance, input impedance, and noise performance.
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The RFMOSFETs are turned ON and turned OFF by input voltages and function

as miniature electronic switches. However, such as other semiconductor devices,

the RF MOSFETs are made of materials like Silicon (Si) or Germanium (Ge) and

doped with impurities to induce changes in the electrical properties. The voltage is

applied between the gate and source terminals, which modulate the current between

the source and drain. Typically, a thin layer of oxide insulation is used to prevent

the current from flowing between the gate and a conductive channel in the semi-

conductor substrate [34].

The RF MOSFETs also seem to fulfill most of the performance requirements for

RF systems with operating frequencies up to 6 GHz [35, 36]. The RF CMOS

transistors are combination of n-channel MOSFET and p-channel MOSFET. With

both types of devices, the polarity of the electric field that controls the current in the

channel is determined by the majority of carriers in the channel. The selection of RF

MOSFETs requires an analysis of performance specifications, such as:

a. Drain–source breakdown voltage is the maximum drain-to-source voltage before

the breakdown with the gate grounded.

b. Power gain in dB is a measure of the power amplification, which is the ratio of

the output power to input power.

c. Noise figure in dB is a measure of the amount of noise added during normal

operation, which is the ratio of the signal-to-noise ratio at the input and the

signal-to-noise ratio at the output.

d. Power dissipation in W or mW is a measure of total power consumption.

e. Attenuation is measure of loss of signal in the transmission through MOSFET.

f. Gain in dB is a measure of the ratio of output quality to the input quality.

g. Switching speed means how fast switch ONs and OFFs.

However, some other performance specifications for RF MOSFETs include the

maximum drain saturation, common-source forward transconductance, operating

frequency, and output power. The devices that operate in depletion mode can

increase or decrease their channels by an appropriate gate voltage. By contrast,

the devices that operate in enhancement mode can only increase their channels by

an appropriate gate voltage. Some bipolar RF MOSFETs are suitable for automo-

tive, commercial, or general industrial applications. The RF MOSFETs vary in

terms of operating mode, packaging, and packing methods.

The requirements of a MOSFET model in RF application such as continuity,

accuracy, and scalability are necessary. In addition to these properties, some other

important requirements to the RF models are given below [37]:

a. Predict bias dependence of small-signal parameters at RF operation.

b. Describe the nonlinear behavior of the devices in order to permit accurate

simulation of intermodulation distortion and high-speed large signal operation.

c. Predict RF noise, which is important for the design of LNAs.

d. The components in the developed model should be physics based and geometri-

cally scalable so that the model can be used in predictive and statistical modeling

for RF applications.
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Moreover, the model should be derived with the inclusions of normal and

reverse short-channel and narrow-width effects, velocity saturation, channel length

modulation, polysilicon depletion, velocity overshoot, drain-induced barrier lower-

ing, mobility degradation due to vertical electric field, impact ionization, band-to-

band tunneling, self-heating, and channel quantization. Various MOSFET models,

including MOS9, EKV, and BSIM3v3 [38], have been developed for the digital,

analog, and mixed-signal applications. Recently, they all are extended for use in the

RF applications. In the continuation with these developments, we have proposed a

model of double-gate MOSFET and then extend it for the cylindrical surrounding

double-gate (CSDG) MOSFET and use a high dielectric material (e.g., hafnium

dioxide) at some extent.

1.4 Issues of Radio-Frequency MOSFET Modeling

At low frequencies, the impedance of the junction capacitance is so large that the

substrate impedance may not be seen from the drain terminal, and a MOSFET can

be modeled as a three-terminal device [39]. This three-terminal device is treated as

a two-port network, where four complex numbers are sufficient to characterize the

device. On the other hand, nine complex numbers are required to characterize a

three-port network, such as a four-terminal device. Even if the three-port

measurements are possible, many bias combinations for the AC characteristics

should need to be considered, and the measurements and parameter extractions

become impractical and time consuming. In the MOSFET, the number of free

carriers available in the channel is mostly controlled by the field induced from

the gate voltage; however, a change in the body potential can also affect the number

of channel carriers. In spite of these problems, intensive efforts have been devoted

to RF MOS modeling and parameter extraction.

A traditional n-MOS switch uses n-MOS as transistors in its main architecture

and requires the control voltage of 5.0 V and a large resistance at the receivers;

consequently, antennas will detect the signal. The CMOS IC switch is an integrated

circuit using FETs to achieve switching between the multiple paths, because of its

high value of control voltage. However, it is not suitable for the modern portable

devices which demand the smaller power consumption.

The aggressive scaling of MOSFET has led to the fabrication of high-

performance MOSFETs with a cutoff frequency more than 150 GHz [40]. As a

result of this development, the CMOS is a strong candidate for the RF wireless

communications at GHz frequency range. However, accurate device models are

needed to design the advanced RF circuits and in this regard, various researcher

proposed some parameters for cell design as used for RF switch circuits [21–25, 41].

The large cellular systems can now be processed on a single chip containing most

of the transceiver blocks at RF and baseband. To achieve the performance of GaAs

switches, the CMOS-based RF switches had to be manufactured on dedicated

and more expensive sapphire wafers. The new Infineon’s RF switches combined
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the benefits of CMOS with outstanding RF performance. The switches have RF

performance traits such as low insertion loss, low harmonic distortion, better isola-

tion, and high power levels. The RF switches also have the inherent CMOS

advantages including high integration capabilities, cost effectiveness, and excellent

electrostatic discharge (ESD) robustness.

The layout of a MOSFET is usually drawn in the micron rules of the technology.

When a new technology introduces, then the layout of any device can be migrated.

There may be a predicament that if the original layout has used all the minimum

widths and spacing which are then incompatible with the rules of the new technol-

ogy can be used. To solve these problems, Mead and Conway [16] have proposed a

model to draw the layout in a nominal 2-μm layout and then apply a λ-scaling factor
to the desired technology because this scaling factor is based on the pitch of various

elements like transistors, metal, and poly.

Over the past decades, the MOSFET has continually been scaled down in

size. The modern integrated circuits are incorporating MOSFETs with channel

lengths of tens of nanometers. The semiconductor industry maintains a roadmap,

the International Technology Roadmap for Semiconductors (ITRS) [34], which

sets the pace for MOSFET development. The ITRS is sponsored by the five leading

chip manufacturing regions in the world, such as Korea (5 %), Europe (10 %),

Taiwan (13 %), Japan (17 %), and the United States (55 %). The difficulties with

decreasing the size of the MOSFET have been associated with the semiconductor

device fabrication process, the need to use very low voltages, and better electrical

performance necessitating circuit redesign and innovation. The main reason to

make transistors smaller is to pack various devices in a smaller single chip. Since

the fabrication costs for a semiconductor wafer are relatively fixed, the cost per

integrated circuits is mainly related to the number of chips that can be produced per

wafer. Hence, the integrated circuits (ICs) allow more chips per wafer, reducing the

price per chip. In fact, over the past 30 years the number of transistors per chip has

been doubled every 2–3 years once a new technology node is introduced. For

example, the number of MOSFETs in a microprocessor fabricated in a 45-nm

technology can well be twice as many as in a 65-nm chip. This doubling of

transistor density is commonly referred to as Moore’s law [16].

However, the continuous scaling of CMOS technology has now reached a state of

evolution, in terms of both frequency and noise, where it is becoming a severe part

for RF applications in the GHz frequency range. With the scaling of device

dimensions and increase in the short-channel effects (SCE), the multiple-gate

transistors have been investigated to obtain an improved gate control characteriza-

tion [42–44]. Due to these advantages, there has been growing interest in modeling

of RF CMOS which is especially striking for various applications because it allows

integration of both digital and analog functionality on the same die, increasing

performance at the same time as keeping system sizes reserved [45–48]. An

excellent improvement in the frequency response of Si-CMOS devices has explored

their application in the microwave/millimeter wave regime of the electromagnetic

spectrum for various wireless communication systems such as high-capacity
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wireless local area network, short-range high data rate, wireless personal area

networks, and collision avoidance radar for automobiles.

For the investigation of circuit-level degradation, a CMOS inverter is analyzed

[49–51]. A major advantage of CMOS technology is the ability to combine com-

plementary transistors, n-channel and p-channel, on a single substrate. Recently,

the CMOS transistor uses the technique of silicon on insulator (SOI), which is very

attractive because of the high-speed performance, low power consumption, its

scalability, and effective potential [52, 53]. As compared to the bulk silicon

substrate, the architecture of SOI MOSFET is more flexible due to several

parameters such as thicknesses of film and buried oxide, substrate doping, and

back-gate bias which are used for optimization and scaling. The short-channel

effect, junction capacitances, and doping fluctuation are mitigated in ultrathin

SOI films [54, 55]. The main advantage of SOI as compared to bulk silicon is its

compatibility with the use of high resistivity substrates to reduce the substrate

coupling and RF losses [56]. Saha [57] has solved a problem of critical issue with

the continued scaling of MOSFET devices towards their ultimate dimensions near

10-nm regime and defined the process variability; induced device performance

variability has become a critical issue in the design of very large-scale integrated

(VLSI) circuits using advanced CMOS technologies. Manku [58] has discussed the

design issues and the microwave and RF properties of CMOS devices and a

qualitative understanding of the microwave characteristics of MOS transistors is

provided. This design is helpful for integrated circuit design to create better front-

end RF CMOS circuits and presented the network properties of CMOS devices,

frequency response, microwave noise properties, and scaling rule. Srivastava

et al. [59] have designed a model for a capacitor device using MOS layers with

an oxide thickness of 528 Å (measured optically) and measured the material

parameters from the curve drawn between capacitance versus voltage and capaci-

tance versus frequency. In this work, to find better result, Srivastava et al. [59]

varied the voltage with smaller increments and performed the measurements.

Srivastava et al. [60, 61] have presented a model for a capacitor device, and

measured the oxide thickness optically. Its accuracy depends on the quality of

models, parameters, and numerical techniques it employs and also validates the

result by measurement of capacitance at different voltages; using LCR meter based

on this oxide thickness measurement of a MOS capacitor, one can measure the

device parameters, mainly the substrate dopant concentration.

Ye and Cao [62] have realized that the random variations have been regarded

as one of the major barriers on CMOS scaling and proposed a compact 3-D model

and perform the atomistic simulations to investigate the fundamental variations

in a scaled CMOS device, including random dopant fluctuation, line edge rough-

ness, and oxide thickness fluctuation. These models are scalable with device

specifications, enabling quantitative analysis of circuit performance variability in

the future technology nodes. Caverly et al. [63] have fabricated some cells using

standard processes of 2.0-, 1.2-, and 0.8-μm CMOS integrated circuit without

postprocessing performed. The results indicate that 2.0-μm CMOS can be used

successfully up to approximately 0.25 GHz with 0.8-μm cells useful up to

1.4 Issues of Radio-Frequency MOSFET Modeling 11



approximately 1 GHz. Srivastava et al. [64] have investigated the design parameters

of RF CMOS cells which are suitable for switch in the wireless telecommunication

systems, and this results for the development of a cell library which includes the

basics of the circuit elements required for the radio-frequency subsystems of the

integrated circuits such as voltage–current (V–I) characteristics at low voltages,

contact resistance which is present in the switches, and the potential barrier with

contacts available in the devices. The rapid integrated system designs are the use of

cell libraries for various system functions [65, 66]. In digital system design, these

standard cells are both at the logic primitive level and higher levels of circuit

functionality. For baseband analog systems, the standard cell libraries are less

frequently used. In the design of a CMOS RF cell library, the cells must be designed

to be flexible in terms of drive requirements, the bandwidth, and circuit loading. For

RF applications, the widespread drive requirements for off-chip loads are based on

50 Ω impedances. This impedance is a good compromise between lowest loss and

highest power handling for a given cable size. Also, this impedance caught on for

RF transmission rather than the well-established 75 Ω that had been used for video

transmission. A factor governing the bandwidth of the RF cells is the nodal

capacitance to ground, primarily the drain and source sidewall capacitances

[67, 68]. Since these cells are to be used with digital and baseband analog systems,

control by on-chip digital and analog signals is another factor in the design [69].

The library consists of cells design, using standard 2.0- and 0.8-μm CMOS

processes. For the technologies studied, these control voltages varied between 0.0

and 2.1 V, with the supply voltage of 1.2 V, are of interest for low power

consumption portable system applications. The cells have been designed for the

purpose of radio-frequency communication switch devices and high-power RF

MOSFET targets VHF applications. The transistors designed for the purpose of

library elements are usually planned with multiple gate fingers to reduce the

capacitances of sidewall. This increases the contact resistance and reduces the

barrier height. The properties for RF CMOS switch design for the application in

communication [70] and designed results are presented in Chap. 2 and have been

designed with and optimized for the particular application. However, higher drain

current can be easily achieved by using larger number of gate finger which is also

analyzed.

However, the 5.0 GHz and higher frequencies are important because they

include several commercial communication bands. Although the 2.0-μm cells had

a lower operating frequency range than the smaller process geometries, this tech-

nology is still useful for several applications such as the processing of RF signals in

the 250 MHz range. The design goals were met for all the cell library elements such

as RF control elements, single-ended class-A amplifier, RF isolator, and Gilbert cell

mixer circuit. In cell libraries of the RF MOSFET, designed cells should have

elasticity for working frequency range, driving capability, and loading of devices or

circuits. For the RF applications, generally we used off-chip load impedance, which

is of 50Ω [71, 72]. RFMOSFET has features of best noise figure and gain, excellent

cross-modulation, ESD robustness 5th generation MOSFETs. For example
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BF5030W, BG5120K fulfill the stringent technical requirement from the digital

tuners, and as well support low-power 3 V designs, automotive quality [73].

The performance of a transceiver switch is characterized by several parameters

in transmit and receive modes such as insertion loss, isolation, return loss, linearity,

power, ESD reliability, ON-state resistance, and capacitances [74, 75]. For

optimizing the performance of a MOSFET as an analog switch requires number

of trade-offs. If the width-to-length ratio is increased to reduce RON, the parasitic

capacitance of the gate oxide increases proportionately and provides lower band-

width. There are many factors that affect RON such as temperature, input voltage,

supply voltage, and gate length. The RON is application specific; however, for

low-signal, high-speed applications, small RON is required to maintain the integrity

of the input signal throughout the device. If the application is for the audio, a low

RON may not be as important due to the lower frequencies and power of the signal.

If a MOSFET is being used for a power application as the source-to-drain

voltage increases, a larger source-to-drain breakdown voltage is required, therefore

increasing the value of RON. In order to design a switch or any type of MOSFET

device, a complete understanding of the application is required. In the p-type

MOSFET gate region, an increase in the parasitic capacitance is a concern at high

frequencies. In this situation, the gate oxide becomes an issue especially at high

frequencies. The source-to-substrate capacitance, the drain-to-substrate capaci-

tance, and the source-to-drain capacitance have an effect on RON. As the frequency

of the input signal increases, these capacitances can increase insertion loss and

decrease off-isolation. With RON being nonlinear and a strong function of voltage

and temperature, an analog switch should not be used in any critical resistive

voltage divider path in a circuit. The ESD performance of the switch is usually

measured using the human body model (HBM) method. This method essentially

measures the robustness of the part when subjected to a static discharge arising

from human contact. With this model, a 200 pF capacitor is charged to a certain

voltage and then discharged through the device under test (DUT). The DUT breaks

down and ceases to function as the voltage on the capacitor exceeds a certain

threshold. This breakdown voltage is used as a measure of the ESD reliability of the

DUT. However, most of the GaAs RF components are rated at 500 V HBM and

other practical requirements of the transceiver switch include robustness with

respect to antenna mismatch. Also, the control voltage levels used to toggle the

state of the switch must be available in the system. The turn-ON and turn-OFF

times are typically less than 10 ns to enable rapid transition between Tx and Rx

modes, although specific values depend on the application [76].

1.5 Double-Gate MOSFET

The figure of merit for MOS device switching speed increases as the inverse square

of the MOS transistor physical channel length, which encourages the shrinking of

the device size. The basic idea is that the output or drive current of a device
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available to switch its load devices increases linearly as its channel length

decreases, while the current required by the load devices to achieve switching

decreases as their gate area and hence their channel length decreases. There is a

twofold benefit in device dimension reduction [77]. Since the drive current require-

ment to switch the load devices depends upon the total load capacitance and area,

there is a strong motivation to reduce the size of the complete device, not only its

channel length.

The progress to scale down the transistors to smaller dimensions provides faster

transistors as well as lowers the effective costs per transistor and density in terms of

transistors area. The transistor scaling necessitates the integration of new device

structures. The double-gate (DG) MOSFETs are example of this, which are capable

for nanoscale integrated circuits due to their enhanced scalability compared to bulk

or Si-CMOS [78, 79]. A variety of multiple-gate nonclassical CMOS structures

have been proposed in [80] and demonstrated to manage electrostatic integrity (i.e.,

short-channel effects) in ultra-scaled CMOS structures. In the first of these

structures, the N-gate (N > 2) MOSFET [81, 82], current flows horizontally (par-

allel to the plane of the substrate) between the source and drain along vertical

channel surfaces, as well as one or more horizontal channel surfaces. The large

number of gates provides for improved electrostatic control of the channel, so that

the Silicon body thickness and width can be larger than for the ultrathin body SOI

and double-gate FET structures, respectively.

However, various double-gate MOSFET structures have been proposed to fur-

ther improve the engineering of the channel electrostatics and to provide indepen-

dent control of two isolated gates for low-power and mixed-signal applications.

In the tied double-gate, sidewall conduction structure [83, 84], current flows

horizontally (parallel to the plane of the substrate) between the source and drain,

along the opposite vertical channel surfaces. The width of vertical silicon fin is

narrow (smaller than the channel length) to provide adequate control of short-

channel effects. The principal advantage with this structure is the planar bulk-like

layout and process. In the tied double-gate planar structure [85, 86], the current

flows horizontally (parallel to the plane of the substrate) between the source and

drain along opposite horizontal channel surfaces. The principal advantages of this

structure reside in the potential simplicity of the process and in the compactness of

the layout as well as in its compatibility with bulk layout. However, another major

challenge is in the fabrication process, particularly for those structures requiring

alignment of the top- and bottom-gate electrodes. The independently switched
double-gate (ground-plane) structure [87, 88] is similar to the tied double-gate

planar structure, except that the top- and bottom-gate electrodes are electrically

isolated to provide for independent biasing of the two gates. The top gate is

typically used to switch the transistor ON and OFF, while the bottom gate is used

for dynamic (or static) Vth adjustment. In the vertical conduction structures [89,
90], the current flows between the source and drain in the vertical direction along

two or more vertical channel surfaces. The main advantage of this structure is that

the channel length is defined by epitaxy rather than by lithography. This structure

requires a challenging fabrication process which is a disadvantage for this design.
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The symmetric DGMOSFET structure focuses on the application of RF switches

due to its intrinsic strength to the short-channel effects and improves current drive

capability. When we are using a switch with multiple gates, the behavior of these

switches depends on the number of gates, which controls the operational process of

the device. So the additional logic functions can be implemented into a single-chip

transistor. The transistors that use independently controlled gates are not limited to

only two gates, but for the geometrical reasons of the transistor and the connectivity of

the transistor terminals, it is suitable to use only two gates. The independent double-

gate transistors can be used to implement the universal logic functionality within a

single transistor [90]. Gidon [91] has investigated the two-dimensional DGMOSFET

and combated the high aspect ratio of the transistor (thin channel compared to its

length) by introducing an anisotropy scale factor in its geometry. Taur and Ning [12]

have presented an analytic potential model for the long-channel symmetric and

asymmetric DG MOSFETs. The model is derived rigorously from the solution to

the Poisson’s continuity equation and current continuity equation without the charge-

sheet approximation.

To preserve the proper physics, volume inversion in the subthreshold region is

well accounted for the model. For these analytical expressions of the drain current,

terminal charges and capacitances for the long-channel DGMOSFETs are obtained

continuously in all operation regions, such as linear, saturation, and subthreshold.

The drain current model, charge model, transconductance model, and capacitive

model for symmetrical and asymmetrical DGMOSFETs are also developed in [88].

1.6 Cylindrical Surrounding Double-Gate MOSFET

We have analyzed the design parameters of cylindrical surrounding double-gate

(CSDG) MOSFETs for the advanced wireless telecommunication systems. The

proposed cylindrical surrounding double-gate radio-frequency complementary

metal-oxide-semiconductor (CSDG RF CMOS) device is operating at the micro-

wave frequency regime of the spectrum. This MOSFET can be used as the RF

switch for selecting the data streams from antennas for both the transmitting and

receiving processes [45, 92–94]. We have emphasized on the basics of the circuit

elements (e.g., drain current, threshold voltage, resonant frequency, resistances at

switch-ON condition, capacitances, energy stored, cross talk, and switching speed)

required for the integrated circuit of the radio-frequency subsystem of the CSDG

RF CMOS device and role of these basic circuit elements is also discussed

[95–97]. However, various properties demonstrated by the switch, due to the

cylindrical surrounding double-gate MOSFET, have been discussed in this book.

We have presented a model of the low-power and high-speed RF CMOS with

CSDG structure. The layout of the design has been studied to understand the effect

of device geometry. Each of the parameters is discussed separately for the purpose

of clarity of presentation and understanding the operation of CSDG RF CMOS

switch structures [98].
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1.7 Hafnium Dioxide-Based MOSFET

The reduction in sizing ratio of the gate dielectric, which works as a capacitor in the

MOSFET, results in the increase of capacitance and speed of the device. However,

this process has reached up to the limit when the further reduction of the SiO2

thickness results in the leakage current above the acceptable limit [99, 101]. This

problem can be resolved by replacing SiO2 with materials having higher dielectric

constants. Hafnium dioxide (also known as Hafnia) is one of them, which has

relatively large energy band gap and a better thermal stability as compared to

silicon [102–104]. The gate materials should be thermodynamically stable on the

gate dielectric and must be able to withstand high temperature used in the fabrica-

tion of device. In device fabrication process for the activation of dopant atoms in the

source, drain, and gate regions of the transistor, highest temperatures are used.

Hence, the new gate electrode material must be chosen with high-k dielectric

material. The motivation to replace traditional SiO2 gate dielectrics with HfO2 is

because it allows increased gate capacitance without affecting the leakage effects

[105, 106]. In order to improve the performance of MOSFET devices, HfO2-based

gate layers are being integrated to achieve low leakage current.

1.8 Image Acquisition of the MOSFETs

The image acquisition is frequently used in systems for monitoring and controlling

of objects to support effective management of their resources [107–109]. The

practical systems for monitoring rectangular objects, like DG MOSFET, and

cylindrical objects, like CSDG MOSFET, have been discussed in Chap. 7. This

system requires various vision sensors, recording images that have to be transmitted

to and processed in the central processing unit [110–113]. One of the most chal-

lenging problems in such cases is effective transmission and processing of huge

amount of image data. To avoid overloading of transmission channels and a central

unit, various already existing algorithms are frequently performed at the sensors by

an integrated low-level image processor. A complete vision chip consisting of a

photodetector array can effectively be implemented on DG MOSFET and CSDG

MOSFET, which are formed on the rectangular and cylindrical substrate, respec-

tively [114, 115].

1.9 Conclusion

From the above discussions, we conclude that to transmit and receive the data with

twice the speed for communication systems, the design of DP4T RF switch is a

good idea [116]. So, we designed a DP4T RF CMOS switch and do some
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modification in this switch with the replacement of MOSFET with DG MOSFET.

After the DG MOSFET, we have designed the CSDG MOSFET and then replace

the substrate from SiO2 to HfO2. Finally, we design a model to check the correct-

ness of the design structure.
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Chapter 2

Design of Double-Pole Four-Throw

RF Switch

2.1 Introduction

The industrial, scientific, and medical (ISM) radio bands were originally

reserved for the use of radio-frequency (RF) energy for industrial, scientific, and

medical purposes such as radio-frequency process heating, microwave ovens,

and medical diathermy machines. The powerful emissions of these devices can

create electromagnetic interference and disrupt radio communication using the same

frequency, so these devices were limited to certain bands of frequencies. In general,

communication equipment operating in these bands must accept any interference

generated by ISM equipment [1, 2]. Nowadays CMOS wideband switches are

designed primarily to meet the requirements of devices transmitting at ISM band

frequencies (900 MHz and above). The low insertion loss, high isolation between

ports, low distortion, and low current consumption of these devices make them

an excellent solution for several high-frequency applications [3].

This chapter begins with an introduction to the various families of switch

topologies used in earlier researches [4–6]. Specifications for an integrated CMOS

switch are then developed, followed by a description and working of the topology

used in this book. Based on earlier reportedworks [7] and datasheets of existing parts

[8], a set of specifications are analyzed for an integrated transceiver switch for

advanced wireless local area network (LAN) systems [9, 10]. The asymmetry in

the received and transmitted power levels can be effectively used to arrive at a set of

specifications which can be met by designs in a CMOS technology.

2.2 Comparison of Various Switches

There are varieties of switches available in the market; however, the most important

and basic types of switches are discussed as follows.

V.M. Srivastava and G. Singh, MOSFET Technologies for Double-Pole Four-Throw
Radio-Frequency Switch, Analog Circuits and Signal Processing 122,
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2.2.1 PIN Diode Switch

A PIN diode is a semiconductor diode in which a high resistivity intrinsic (I) region

is sandwiched between p-type and n-type region and named as P-I-N. Without bias,

the diode behaves like a capacitance and with biasing the diode behaves like an

inductor. It has a very significant linearity, so it can be used for high-frequency

(HF) applications and very high power applications; however, as the higher DC

power applied, the lower insertion loss occurs. PIN diode is a current-controlled

resistance that operates as a variable resistor at RF and microwave frequency

regime of the electromagnetic spectrum. The resistance value of the PIN diode is

determined only by the forward-biased DC current. An additional feature of the PIN

diode is its ability to control large RF signals while using much smaller levels of DC

excitation. In the ON-state, the diode is biased using a large current of about 10 mA

which ensures that the AC resistance is low [8]. In the OFF-state, the PIN structure

has a low junction capacitance which ensures the large isolation. PIN diodes can be

fabricated in silicon and gallium arsenide and it shows very significant insertion

loss (<1 dB) and power handling (>5 W) up to very high frequencies; their static

power consumption due to the bias current remains a severe limitation [9]. Since a

large bias current is typically required for switch operation, it must be supplied

through a choke. Due to limitations of static power consumption, diode switches are

being gradually replaced by GaAs MESFET, which offers only slightly worse

performance for significantly lower static power consumption.

2.2.2 GaAs FET Switch

A GaAs-integrated circuit switch is an integrated circuit using field-effect

transistors to achieve switching between multiple paths [10]. It acts as a voltage-

controlled resistor, used for the broadband usually from 0.5 to 4 GHz. This switch

specially tuned for application at 5–6 GHz, with low insertion loss of 0.25 dB with

good isolation performances and low power consumption and better switching

speed. However, it can work up to maximum control voltage of 6 V. To avoid the

above disadvantages of the PIN diode switch and GaAs switch, we proposed

the CMOS switch. A CMOS switch is an integrated circuit using MOSFET to

achieve switching between multiple paths [11]. It has low dependency of the P1 dB

versus control voltage with better switching speed. Other parameters for the CMOS

switch are discussed in this chapter and following chapters.

2.2.3 MESFET Switch

The Metal Semiconductor Field Effect Transistor (MESFETs) are majority carrier

devices and applicable for high-speed operation. It can be implemented using

silicon, gallium arsenide, and indium phosphide [12]; however, silicon-based
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MESFETs are incapable of handling large powers and typically slower than those

implemented using the other materials. For high-power (>1W) and high-frequency

(>1 GHz) applications, the MESFETs are implemented using GaAs. This is due to

large band gap of GaAs, and hence a large breakdown voltage that allows high

voltage operation with no reliability concerns can be achieved [13]. For the design of

a GaAs MESFET, the main trade-off is between its ON-state resistance and

OFF-state capacitance. In order to achieve a low insertion loss, a large device with

a low ON-resistance can be used. This degrades the isolation performance since the

OFF-state capacitance will be large. An important limitation is that they cannot be

integrated with silicon-based transceivers. Another limitation of GaAs MESFET

switches is their power handling capability, as compared to PIN diodes [8, 9]; GaAs

MOSFET switches do not consume static power, which makes them attractive for

low-power wireless communication devices.

2.2.4 MOSFET Switch

The Metal-Oxide-Semiconductor Field-Effect-Transistor (MOSFET) is one of

the simplest switch options. It is available in a Complementary Metal-Oxide-

Semiconductor (CMOS) process, and its performance improves every decade.

Only silicon-based MOSFETs are suitable for the switch due to the absence of a

gate insulator for other materials [14]. The ON-resistance of silicon MOSFET is

significantly inferior to a GaAs MESFET due to poor electron and hole mobility in

channel at low electric fields. Recent technology offers very small channel length

MOSFETs with a better RON � COFF product [15]. The thin gate dielectric and

small channel length permit a low voltage operation. The channel resistances and

the substrate resistances are the main sources of power loss in the MOSFET. The

substrate resistance may be reduced by grounding the substrate as close to the

device as possible. The low quality factor of the source and drain parasitic junction

capacitors can also lead to significant losses, especially as the frequency of opera-

tion increases. The linearity of the MOSFET switch is limited for large signal

swings due to conductivity modulation caused by a changing gate–source (Vgs) and

drain–source (Vds) voltage for a large signal input.

2.2.5 MEMS Switch

The Micro-Electro-Mechanical (MEMS) switches are micro-machined devices

which use a mechanical and physical movement to achieve ON (short) or OFF

(open) circuit in the transmission line [16]. The mechanical and physical movement

of MEMS switch controls the impedance of a transmission line. Generally RF

MEMS switches are designed to operate in millimeter wave or microwave

frequencies (0.1–100 GHZ) regime of the spectrum. The RF MEMS switches have

an advantage over the traditional RF switches with their broadband operation, high
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isolation, low insertion loss, low power consumption, simple biasing networks, and

low intermodulation products [17]. However they have several disadvantages like

slow switching speed in the orders of microsecond, high actuation voltage require-

ment, and hot switching effects in high-power applications.

RF circuits suffer from trade-offs among various parameters as shown in Fig. 2.1

an RF design hexagon, where six important circuit parameters are shown to trade-off

each other. It is interesting to point out that in some cases (e.g., power amplifiers) if

the supply voltage is reduced, the power dissipation may increase [18]. For this

reason, supply scaling in RF circuits lags behind that in digital circuits. The RF

design hexagon also indicates that simple figures of merit such as the transit

frequency, unity power gain frequency, and gate delay cannot be easily used to

predict RF performance because they do not reflect many of the trade-offs [19].

2.3 RF Transceiver Systems

A superheterodyne RF transceiver architecture contains a few blocks which are

implemented off-chip, as shown in Fig. 2.2a. This includes the antenna, preselec-

tion band-pass filter, intermediate frequency filter, and transceiver switch. While

efforts are being made to integrate these blocks on a single chip using standard

CMOS technologies [19–21], the quality factor of on-chip inductors and the

substrate parasitics of MOSFETs are also very important limiting factors.

Earlier, the reported literatures [3, 22] suggest that receivers are being integrated

from the low-noise amplifier onwards while the transmitters are integrated up to the

power amplifier. An integrated transceiver switch which includes matching

networks for the low-noise amplifier and power amplifier will push the integration

boundary further towards the antenna as shown in Fig. 2.2a. However, such an

improvement also decreases board component count and hence total cost. Therefore,

the transceiver switch is a desirable, as well as a suitable candidate for evaluating

the impact of the inductive substrate bias technique.

The purpose of a transceiver switch is to alternately couple the antenna to either the

transmitter or the receiver and to protect the receiver while transmitting high power.

Power 

Gain 

Frequency 

Supply 
Voltage 

Linearity 

Noise Fig. 2.1 Radio-frequency

design hexagon
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The effect of integrating the transceiver switch is to push the chip-to-board

boundary closer to the antenna. A simple schematic of a transceiver switch is

shown in Fig. 2.2b. The switch operates in either the transmit (Tx) mode, in

which power is transmitted from the power amplifier (PA) to the antenna, or

in the receive (Rx) mode, when power is delivered from the antenna to the LNA

[23–25].

These two switches, S1 and S2, are operated by using opposite phases of control

signal (Vctrl), thereby ensuring that the antenna is connected to either the LNA or the

PA, but not both. Ideally, for all input power levels, the S1 switch and S2 switch

would be perfect “short-circuited” with zero impedance when closed and perfect

“open-circuited” with infinite impedance when the contacts are separate or open.

To improve their bandwidth, wideband switches use only n-channel MOSFETs in

the signal path. An n-type MOSFET switch has a typical –3 dB bandwidth of

400MHz, almost twice the bandwidth performance of a standard switch with n-type

MOS transistor and p-type MOS transistor in parallel. This is a result of the smaller

switch size and greatly reduced parasitic capacitance due to removal of the

Antenna and
Band-pass Filter

From Tx and PA To Rx and LNA

a

b

c
S1 S2

Fig. 2.2 A radio front-end

block diagram with (a) the

integration of transceiver

switch and matching

networks, (b) simplified

schematic of a transceiver

switch, and (c) typical

transistor based transceiver

switch [22]
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p-channel MOSFET. The n-channel MOSFETs act essentially as voltage-controlled

resistors. The switches operate as follows:

Vgs > Vth ! Switch ON

Vgs < Vth ! Switch OFF

where Vgs is the gate-to-source voltage and Vth is defined as the threshold voltage

above which a conducting channel is formed between the source and drain

terminals. As the signal frequency increases greater than several hundred MHz,

parasitic capacitances tend to dominate. Therefore, high isolation in the switch

OFF-state and low insertion loss in the switch ON-state can be achieved. For the

wideband applications, it is a quite challenging task for the switch designers.

The channel resistance of a switch should be limited to less than about 6 Ω to

achieve a low-frequency insertion loss of less than 0.5 dB on a line with 50 Ω
matched impedances at the source and load [24, 26, 27].

2.4 RF Transceiver Switch

For transmitting process, as the voltage V1 goes high (+5 V or high level) and

voltage V2 goes low (–5 V or low level), then these condition turns transistor M1

and transistor M4 in ON-state and transistor M2 and transistor M3 in OFF-state.

For receiving process, as the voltage V1 goes low (–5 V or low level) and voltage V2

goes high (+5 V or high level), then these condition turns transistor M1 and

transistor M4 in OFF-state and transistor M2 and transistor M3 in ON-state.

Transistor M3 and transistor M4 shunt the signal in receive and transmit mode,

respectively, and thus increase the isolation. Capacitance C1 and C2 allow DC

biasing of the transmitting and receiving nodes. The purpose of resistance R1, R2,

R3, and R4 is to improve DC bias isolation and has a value of about 10 kW. This

circuit has very good isolation in OFF-state but suffer from high loss in ON-state

because of the shunt transistors. It also has nonlinear properties when the power of

the signal increases.

The FETs have an interlocking finger layout that reduces the parasitic capaci-

tance between the input (RFX) and the output (RFC), thereby increasing isolation at

high frequencies and enhancing cross talk rejection. For example, when M1 is ON

to form the conducting path for RF1, M2 is OFF and M4 is ON, shunting the

parasitics at RF2 to ground, as shown in Fig. 2.2c. In the normal operation, the

switches can handle a 7 dBm (5 mW) input signal. For a 50Ω load, this corresponds

to a 0.5 V rms signal or 1.4 V peak to peak for sine waves. The power handling

capability is reduced at lower frequencies for the following two reasons:

a. Since the n-type MOSFET structure consists of two regions of n-type material in

a p-type substrate. Parasitic diodes are thus formed between the n and p regions.

When an AC signal, biased at nearly zero volts DC, is applied to the source of the
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transistor, and Vgs is large enough to turn the transistor ON (Vgs > Vth), the

parasitic diodes can be forward biased for some portion of the negative half-

cycle of the input waveform. This happens if the input sine wave goes below

approximately 0.6 V, and the diode begins to turn ON, thereby causing the input

signal to be clipped (compressed).

b. The less power handling capability at lower frequencies is the partial turn-ON of

the shunt n-type MOSFET device when it is supposed to be OFF. This is very

similar to the mechanism described above where there was partial turn-ON of

parasitic diode. In this case, the n-type MOSFET transistor is in the OFF-state,

by the way of Vgs < Vth. With an AC signal on the source of the shunt device,

there will be a time in the negative half-cycle of the waveform, where Vgs > Vth,

thereby partially turning ON the shunt device. This will compress the input

waveform by shunting some of its energy to ground [31, 32].

In the communication systems, to transmit or receive the information through

multiple antennas such as multiple-input and multiple-output (MIMO) systems, it is

essential to design a novel RF switch that is capable of operating with multiple

antennas and frequencies as well as minimizing signal distortion and power con-

sumption [28–30]. The Si-CMOS for this application allows the higher levels of

integration and lower cost as well as improvement in the efficiency. In a switch, the

modulated signal is simply transmitted through the switch and makes its way to the

antenna for releasing into the space. On the other hand, the modulated signal is

received by the antenna and makes its way through the switching path to the

receiver. Currently, the CMOS technology is almost capable to take overall

functionalities of radio-frequency circuitry.

2.5 Design of CMOS Inverter for RF Switch

The CMOS-based technology is the main contributor to reducing significantly the

switching time in digital circuits and high-speed performance of the analog elec-

tronics. The low-power dissipation and integrability on a single chip made this a

demanding technology. Compared to the single-transistor gate logic which consists

of n-type MOS transistor with a resistor pull-up and the BJT-based TTL, the CMOS

established a new paradigm for low power consumption and high operating speed.

The new advances in MOSFET technologies such as double-gate, gate-all-around,

and FinFET are the most promising configurations. In this book we have discussed

about the double-gate MOSFET and a new proposed design of cylindrical

surrounding double-gate MOSFET.

The reason for the success of Silicon MOSFET technology is the development of

CMOS logic, because this technology provides both n-channel and p-channel

MOSFET. The basic MOSFET has four terminals:

a. Source

b. Drain
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c. Gate

d. Bulk

Figure 2.3 shows the cross-sectional view of a typical CMOS process. In the

n-type MOS transistor, if the voltage on the gate increases, the majority carriers

(holes) will be pushed away towards substrate and have been depleted as gate

voltage continues to increase. Eventually, generations of carriers will exceed

the recombination. The generated hole–electron pairs are separated by the field,

the holes being swept into the bulk and the electrons moving to the oxide–silicon

interface, where they are held, because of the energy barrier between the conduc-

tion band in the silicon and that in the oxide. When a drain-to-source voltage is

imposed, the current will flow in the channel. As the drain-to-source voltage (Vds)

increases, the current also increases. However, beyond a certain drain-to-source

voltage, the current will saturate.

The p-channel MOSFET relies on n-type substrate. As commonly p-type wafers

are used for processing, an additional n-type well implant is necessary. In this well,

which is a deep region of n-type doping, the p-channel MOSFET is placed. As the

p-substrate and the n-well junction are reverse biased, therefore no significant

current flows between these regions and the two transistors are isolated as shown

in Fig. 2.3a. The output current of the p-channel MOSFET is typically much lower

p p n n

n

S SD DG G

Bulk or Substrate

a

b

Fig. 2.3 Schematic of the

CMOS (a) internal structure

and (b) inverter circuit [31]
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than the current of an n-channel MOSFET with similar dimensions and doping.

This is due to the lower carrier mobility of holes compared to electrons. As the

characteristics of the complementary transistors should be as equal as possible,

the width of the p-channel MOSFET is typically made larger to compensate the

difference. We have taken the geometry factor (ratio of p-type MOSFET to n-type

MOSFET) equal to 3.5 to obtain the equal drain currents for equal gate biases of

the device [31].

In the stationary case as in Fig. 2.3b, the circuit does not consume any power

when assuming perfect devices without leakage current. It can be seen that the gates

are at the same bias Vin which means that they are always in a complementary state.

When Vin is high, Vin � Vdd, the voltage between gate and substrate of the n-type

MOS transistor is also approximately Vdd and the transistor is in ON-state. The

gate–substrate bias at the p-type MOS transistor on the other side is nearly zero and

the transistor is turned OFF. The output voltage Vout is pulled to ground, which is

the low state. When Vin is low Vin � 0, the complementary situation occurs and the

p-MOSFET is turned ON, while the n-type MOSFET is turned OFF. The output

voltage is, therefore, pulled to Vdd which is the high state. It is important to note

that in both states, high and low, no static current flows through the inverter. This

is valid when assuming ideal devices with zero OFF-current and leakage current

[27, 32]. Considering the negative bias temperature instability, the worst stress

conditions are imposed on the p-channel MOSFET at Vin ¼ Vlow. At this bias

condition the p-type MOSFET is turned ON, with approximately the same potential

at the source and the drain Vgs ¼ Vgd ¼ Vdd and negative gate-to-substrate voltage

Vgsub ¼ –Vdd.

2.6 Configuration of Switches

The RF switch is one of the key functional building blocks. There is a new trend to

employ the CMOS technique to control the conducting path between transmitter/

receiver circuit and antenna. By this way, it will be helpful to the integration of

RF switch with CMOS transceiver circuit, reducing the overall cost of the chipset

[33, 34]. There are several types ofRF switches,which have been classified as follows.

2.6.1 Single-Pole Single-Throw Switch

The single-pole single-throw (SPST) switch plays an important role in communi-

cation and radar systems. It can be used as an individual component or an integral

element in subsystems or systems, for example, in RF pulse transmitters [2]. For

high data rate short-range communication and some high-resolution radar systems,

the SPST switches used for the transmitters pulse formation with fast switching

time and high isolation including low insertion loss. Among these characteristics,
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the high isolation is especially a crucial in order to reduce or prevent RF leakage

[24, 26, 27]. However, the undesired RF leakage not only causes external effects,

such as harm to other coexisting systems, but also internal effects such as reduced

dynamic range.

2.6.2 Single-Pole Double-Throw Switch

The single-pole double-throw (SPDT) switch is the fundamental switch that links

between one antenna and the transmitter/receiver as shown in Fig. 2.4a. In time

division duplexing (TDD) communication systems, transmitter/receiver switch

plays an important role to change the RF signal flow to the transmitter or receiver.

Further, to increase the integration level, the SPDT switch has to be integrated in

the transceiver. The advantages of silicon CMOS technology for RF and microwave

control functions over GaAs are its low cost and the integration potential with RF

and silicon MOS-based mixed-signal circuitry [27].

Due to the limitations of the CMOS process and circuit topology, the frequencies

of most reported CMOS RF switches are lower than 5.8 GHz [28]. The conven-

tional topology for CMOS switch is series shunt, which is only suitable for narrow

band design. It demonstrates the power performance of a CMOS switch, but the

LC-tuned substrate bias network limits the frequency response. For broadband

frequency response, a switch using 0.13-μm CMOS process based on traveling

wave concept is reported [35]. The switch consist of the OFF-state shunt transistors

and series micro-strip lines to form an artificial transmission line with 50 Ω
characteristic impedance and achieve wide bandwidth.

Recently, Quemerais et al. [36] have proposed a fully integrated SPDT trans-

ceiver switch, which has been implemented on a standard 45-nm CMOS process.
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Rx_A 
Antenna1
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c

Fig. 2.4 Schematic of the

(a) SPDT, (b) DPDT, and

(c) DP4T
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This circuit is dedicated to fully integrated CMOS front-end modules operating at

GHz range. Dinc et al. [37] have proposed an SPDT transceiver switch for X-band

on-chip radar applications. These methodologies include the optimization of

transistor widths for significantly lower insertion loss, while preserving high isolation

and using a parallel resonance technique to improve the isolation. Also, the

techniques such as applying DC bias to the source and the drain, using on-chip

impedance transformation networks and the body floating are used to improve the

power handling capability of the switch. Lei et al. [38] have designed an SPDT switch

in a partially depleted (PD) SOI CMOS process for 2.4 GHz wireless communication

applications. However, based on the advantage of PD SOI device structure, the

presented switch demonstrates the high performance on insertion loss and isolation.

Maisurah et al. [39] have designed SPDT transceiver switch for 900 MHz frequency

applications with a 0.18-μm CMOS process. Mekanand et al. [29] have proposed a

transceiver CMOS switch for 2.4 GHz with low insertion loss and excellent control

voltage [40, 41]. These simulation results of CMOS switch design demonstrate an

insertion loss of 1.102 dB for receiving mode and 1.085 dB for transmitting mode.

However, both the modes can operate using a control voltage of only 1.2 V.

2.6.3 Double-Pole Double-Throw Switch

The SPDT is the fundamental switch that links between antenna and the analog

front-end section but due to the single operating frequency. This type of switch has

a limited data transfer rate. Therefore, a double-pole double-throw (DPDT) switch

is developed to solve the aforementioned problem as shown in Fig. 2.4b. The

preferred DPDT switch is the back-to-back structure, which combines the common

ports of conventional SPDT switches because it has only one device between four

ports. Hence this reduces the insertion loss by half as compared to the SPDT that

has two devices in each signal path. In the wireless communication systems, the

demand for n � m switch matrices is increasing significantly for the antenna

diversity. The general switching matrix has the disadvantage of the need for large

number of switching devices and complicated control logic. These DPDT switches

has dual antenna and dual ports, one for transmitting and another for receiving,

which is not sufficient for MIMO systems [42]. Hence, we have designed a double-

pole four-throw (DP4T) switch to enhance the switch performance for MIMO

communication applications.

2.6.4 Double-Pole Four-Throw Switch

This double-pole four-throw (DP4T) switch can send or receive two parallel data

streams simultaneously as shown in Fig. 2.4c [5]. The switch with the CMOS

inverter technology is shown in Fig. 2.5 to design a novel DP4T switch and then
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design this DP4T switch using the double-gate (DG) MOSFET in the following

chapters. Its performances, such as insertion loss, control power, and signal distor-

tion, are compared with a traditional n-type MOSFET DP4T switch in terms of

single-gate and double-gate [27, 40, 41].

2.7 Design of DP4T RF Switch Based on Single-Gate

MOSFET

Already existing designs of the DP4T switches use the single-gate n-type MOSFET

[29] and require a high control voltage from3.0 to 5.0V to operate, and a large internal/

contact resistance and capacitances are produced for this design at the receivers,

transmitters, and antennas for detecting the data signal as shown in Fig. 2.5.

This high value of control voltage is not suitable for modern low power portable

devices which require smaller power consumption of about 0.5–2.1 V. Therefore, we

haveproposeda novelDP4TswitchusingDGCMOS technology for the purpose ofRF

application [42, 43].

The objective of the proposed design of a switch is to operate at 2.4 and 5.0 GHz

for MIMO systems. This switch mitigates the attenuation of the passing signals and

exhibits high isolation to avoid interruption of the simultaneously received signals

[29]. Since in Fig. 2.5, four transistors are used for first antenna, the working process

Fig. 2.5 DP4T CMOS transceivers switch with single-gate transistor
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at a time any one of transistorM1 or transistorM3 will operate and in the same fashion

any one of transistor M2 or transistor M4 will operate. Similar working function is

observed in the proposed DP4T CMOS switch as in Figs. 2.6b and 2.7.

A double-pole four-throw double-gate radio-frequency complementary metal-

oxide-semiconductor (DP4T DG RF CMOS) switch has the properties as fixed-

tuned matching networks, low quality factor, high output power, power gain, or

Fig. 2.6 Schematic of the (a) basic SG MOSFET and (b) DP4T SG RF CMOS switch

Fig. 2.7 Proposed DP4T switch with two transistors
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power amplification, noise figure or amount of noise added during normal operation,

and high-power dissipation (total power consumption). Some bipolar RF CMOS

transistors are suitable for automotive, commercial, or general industrial applications

[43, 44]. To design the DP4T switch based on the DG MOSFET, first we design the

DP4T switch in the present chapter with the two parallel transistor technique and then

designed the DG MOSFET as in Chap. 3 and at last combine the both technology to

design the proposed model of DP4T DG RF CMOS switch in Chap. 4.

The choice of RF CMOS switch requires an analysis of the performance

parameters such as maximum drain saturation current, operating frequency, cut-

off frequency, threshold voltage of n-type MOSFET and p-type MOSFET, control

voltage, output power, and forward transconductance [45]. It also controls the

increase or decrease of channel lengths for the devices which operates in depletion

region. The DP4T switch is a fundamental switch for the application of multiple-

input, multiple-output data transfer. So, the parallel data streams can be transmitted

or received simultaneously using the multiple antennas.

2.8 Operational Characteristics of DP4T CMOS Switch

Figure 2.5 shows the existing DP4T CMOS transceiver switch with single-gate

(SG) transistor [29]. Here two antennas and four ports are taken into account.

Figure 2.6a shows the SG MOSFET structure. In Fig. 2.6b, the transmitted signal

from power amplifier is sent to transmitter “A” named as “A_Tx”port and travel to

the ANT1 node while the received signal will travel from the ANT2 node to the

receiver “B” named as “B_Rx” port and pass on to the low-noise amplifier (LNA) or

any other application as required for transceiver systems. The proposed switch

contains CMOS in its architecture and needs only two control lines (V1, V2) of 1.2 or

2.1 V to control the signal congestion between two antennas and four ports;

therefore, it improves the port isolation performance two times as compared to

the DPDT switch and reducing signal distortion. Since connecting an n-type

MOSFET in series with a p-type MOSFET allows signals to pass in either direction

as shown in the Fig. 2.7. Whether the n-type or p-type device carries more signals

current depends on the ratio of input to output voltage because the switch has no

preferred direction for the current flow, so it has no preferred input or output

terminals.

When the low voltage (approximately zero volts) is applied at the input of

Fig. 2.3b, the top transistor (p-type) is conducting (switch closed) while the bottom

transistor behaves like an open circuit. Therefore, the supply voltage (5 V) appears at

the output. Conversely, when a high voltage (5 V) is applied at the input, the bottom

transistor (n-type) is conducting (switch closed) while the top transistor behaves like

an open circuit. Hence, the output voltage is low (0 V). It is important to note

that always one of the transistors will be an open circuit and no current flows from

the supply voltage to the ground [46, 47]. The voltage transfer characteristic gives

the response of the DP4T inverter switch circuit with the antennas (ANT1 and ANT2)
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and the specific input voltages V1 and V2. The gate-to-source voltage Vgs of

the n-type MOSFET is equal to Vin, while the gate-to-source voltage of the p-type

MOSFET is Vgs
p ¼ Vin – Vdd, and the drain-to-source voltage of the p-type

MOSFET is Vds
p ¼ Vds

n – Vdd. From the output characteristics of the two transistors,

the resulting drain currents in inverter circuit must be equal for each Vin and

considering that the drain currents Id of both the transistors must be equal, the voltage

transfer characteristic is extracted from the layout of DP4T CMOS switch, as shown

in Fig. 2.8. From this layout, it is obvious that when p-type MOSEFT is ON, then

ANT1 and ANT2 are connected to the A_Tx and B_Tx, respectively, which are shown

here with the 5 V or Vdd. Similarly when the n-type MOSEFT is ON, then ANT1 and

ANT2 are connected to the A_Rx and B_Rx, respectively.

2.9 RF Switch Performance Parameters

The switches turn RF power ON and OFF, or perform high-frequency signal

routing. The electrical parameters which have been measured and observed in

this chapter exhibited by a switch are as follows.

Fig. 2.8 Proposed DP4T switch layout with two transistors
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2.9.1 Insertion Loss

The insertion loss is the loss of signal energy and power due to the insertion of a

device in the transmission line (it may be optical fiber or LAN). The insertion loss

of RF switch is the RF loss dissipated in the device and it is measured by S21
(in two-port device) between the input and output of the switch in its switch

ON-state, which is the closed state for a series switch [48]. It may also be expressed

as the reciprocal of the ratio of the signal power delivered to that part of the line

following the device to the signal power delivered to that same part before inser-

tion. The main contributing factors include resistive loss of the signal lines, contact

at low to medium frequencies, and loss due to the skin depth effect where skin depth

stands for the depth at which the electric current flows, measured from the surface

of conductor.

2.9.2 Return Loss

The return loss is the loss of signal energy/power resulting from the reflection

caused at a discontinuity in the transmission line (it may be optical fiber or LAN).

This discontinuity can be a mismatch with the terminating load or with a device

inserted in the line. The return loss of RF switch refers to the RF loss reflected back

by the device means that portion of a signal that cannot be absorbed by the switch,

or cannot cross an impedance mismatching due to the switch. This component of

the signal is reflected from the impedance mismatching and returns back from that

point and it is measured by S11 at the input of the switch in its switch ON-state. The

main contributing factors include the mismatch of the switch’s total characteristic

impedance [48].

2.9.3 Isolation

The isolation of RF switch refers to the RF isolation between the input and output

and it is measured by S21 of the switch in its blocking state, which is the OFF-state

for a series switch. The main contributing factors include capacitive coupling and

surface leakage [32].

2.9.4 RF Power Handling

This is a measure of how much and how well a switch passes the RF signal. To

quantify RF power handling, the 1 dB compression point is commonly specified.

That point is a measure of the deviation from the linearity of the 1 dB output power
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with respect to the input power. Alternatively, in pulsed power operation

conditions, the peak pulsed power, the repetition rate, and the duty cycle are

specified. In the switches containing P–N junctions, power handling is a function

of frequency [8].

2.9.5 Linearity

If the ratio of a switch’s output power to input power is a function of the input

power level, then the switch is said to behave as a nonlinear device [9]. When

signals of various frequencies are passed through the switch at a time, then in

addition to the input frequencies, the switch’s output will also contain frequencies

related to the sum and difference of the harmonics of the various input frequencies.

It is defined as input third-order intercept point (IIP3) and output third-order

intercept point (OIP3).

2.9.6 Transition Time

Transition time is basically the time required for RF voltage to increase from 10 to

90 % (sometimes 0–100 %) for ON-state or decrease from 90 to 10 % (sometimes

100 to 0 %) for OFF-state.

2.9.7 Switching Speed

Switching speed is the time required for the switch to respond at the output upon

applying of input voltage or changes in input voltage level. Switching speed

includes drive propagation delay as well as transition time and is measured from

the 50 % point on control voltage to 90 % for ON-state or 10 % for OFF-state of the

RF voltage.

2.10 Topologies for DP4T Switches

At the high frequencies signal degradation occurs due to power dissipation in the line

and power loss due to reflections in the transmission line. In a typical RF system,

the switch network consists of multiple modules and cables. These networks may be

constructed in various arrangements with modules of varying topologies. This topol-

ogy is one of the most important features to consider when selecting an RF switch.

Selecting a switch with the wrong topology can cause considerable effects on
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switching speed, propagation delay, insertion loss, and voltage standing wave ratio

(VSWR).

With the growing degree of integration in the wireless communication systems,

the test of RF front-end circuit is becoming more difficult. The high cost of test

equipment and complexity of test procedure are becoming problems to be consid-

ered carefully by designers. In order to improve these problems, the idea of design

for testability is introduced. In this case, the built-in self-test technology is

implemented with an additional circuitry to the front-end chip. With this technol-

ogy, the complete chip can be tested without external equipment. To test the switch

circuit, two main types of topologies available for RF are multiplexers and SPDT

relays [43].

a. A multiplexer is a switching system that sequentially routes various inputs to one

output or vice versa. It is an ideal for reducing the channel count of RF devices

such as analyzers and generators [47]. An application of multiplexer would be on

the production floor to test the functionality of a mass produced RF device such

as an integrated circuits or cell phones. In a case of batch of 1,000 device test, it

would be cost prohibitive to dedicate an RF analyzer for the testing of each

individual cell phone as this would require 1,000 RF instruments which increase

the losses interns of power (energy) and delay in analyzing. Another way to

conduct this test would be to manually route all 1,000 devices, one at a time, to a

single RF instrument. This route would be more affordable than having multiple

RF instruments. It reduces the test time significantly. The better test for this

particular process would be to build an automated RF test system that uses a

1,000 � 1 multiplexer to route 1,000 devices to the RF analyzer which takes

a measurement.

b. An SPDT relay is a basic form of multiplexer. This relay can route two inputs to

one output or vice versa. General-purpose RF relay modules are usually made

up of SPDT relays and are used to route a signal between two places [49]. For

example, if a signal needs to be analyzed using an RF analyzer and then

broadcasted to two locations through an antenna [50, 51], it can be routed to

both locations using an SPDT relay.

The proposed DP4T switch can route four inputs to two outputs at a time or vice

versa. So it is twice effective as compared to the existing SPDT switches as shown

in Fig. 2.7.

2.11 Conclusions

The DP4T switch is designed with low insertion loss and low control voltage. The

advantage of this switch is its minimum distortion and negligible voltage fluctua-

tion, and it does not require large resistance at the receiving end. The proposed

DP4T switches can be easily implemented into MIMO systems to increase the

diversity and system capacity due to the multiple antenna usage. For the low-power
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circuits, a favorable condition can be achieved when both transistor gates are on the

same potential contribution, even a reduced amount of leakage current. The pro-

posed DP4T RF switch design with two parallel MOSFET modifies a conventional

analog switch circuit design to operate with digital signals to achieve isolation

buffering for bidirectional signals and high-density packing of multiple buffer

switches operating under single enable control in a single package. However,

certain modifications to a conventional analog switch design that facilitate the use

of present switch in high-speed digital switching applications provide rapid

switching times between ON-state and OFF-state, a low ON-resistance of less

than 25 Ω, high-density configuration of multiple switches, and the ability to

control the switches with standard logic level signals.
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Chapter 3

Design of Double-Gate MOSFET

3.1 Introduction

Recent progress to scale down the transistors to smaller dimensions provides the

faster transistors, as well as lowers the effective density in terms of transistors area.

The transistor scaling necessitates the integration of new device structures. The

Double-Gate (DG) MOSFETs are example of this, which are capable for nanoscale

integrated circuits due to their enhanced scalability, compared to the bulk or

Si-CMOS [1–5]. However, the better scalability can be achieved by introduction

of a second gate at the other side of the body of transistor resulting in the double-

gate structure. Due to excellent control of the short channel effects (SCE),

double-gate devices have emerged as the device of choice for circuit design in

sub-50 nm and below regime [6]. The low subthreshold leakage and higher

ON-current in double-gate devices make them suitable for circuit design in sub-50 nm

regime [7–10]. However, isolated or independent gate option can be useful for low

power and mixed signal applications [11–15]. The double-gate devices can be

classified on the basis of their structure. The front and back gates of double-gate

devices are connected together resulting in a 3-Terminal device as discussed in

Chap. 2. The 3-Terminal devices can be used for direct replacement of conventional

single-gate bulk-CMOS devices. Recently, the double-gate devices with independent

gate control option (separate contacts for back and front gates) have been developed

such double-gate devices are referred to as isolated or independent gate devices

as shown in Fig. 3.1. The isolated gate devices with a second gate for each device

are referred to as 4-Terminal devices. In such technologies, one can choose to connect

the back and front gates together or to control them separately while designing a

circuit resulting in new circuit technology.

The first MOS devices truly had metal-gate electrodes as Au, Cr, or Al. Due to its

ease of deposition and etching, adherence to SiO2 and Si surfaces, and its freedom

from corrosion. However, Al became the standard metal-gate electrode for early

MOS devices. The important limitations such as electro-migration and spiking into

shallow junctions have been overcome by alloying with Cu or Si. The large number

V.M. Srivastava and G. Singh, MOSFET Technologies for Double-Pole Four-Throw
Radio-Frequency Switch, Analog Circuits and Signal Processing 122,

DOI 10.1007/978-3-319-01165-3_3, © Springer International Publishing Switzerland 2014

45

http://dx.doi.org/10.1007/978-3-319-01165-3_2


of gates provides improved electrostatic control of the channel, so that the Silicon

body thickness and width can be larger than the ultrathin body silicon-on-insulator

(SOI) and DG MOSFET structures, respectively. The gate electrodes are formed

with a single deposited gate layer and are defined lithographically [16–19]. They

are tied together electrically and are self-aligned with each other as well as the

source/drain regions [20–24]. The challenge is slightly poorer in the electrostatic

integrity than with double-gate structures, particularly in the corner regions of the

channel [25–27]. The DG MOSFET significantly suppressed the short channel

effects, reduced the drain-induced barrier lowering, excellent scalability, and has

been regarded as a possible candidate for the device scaling at the end of the

International Technology Roadmap for Semiconductors (ITRS) guidelines

[28–32]. The double-gate devices exploit the volume inversion phenomenon

where the carriers flow inside the silicon film thereby improving the carrier mobility

[33–35]. DGMOSFETs can be fabricated with its channel in the plane of the wafer,

as in the standard configuration, where recorded currents have been achieved in test

structures [36–40]. As sub-25 nm gate length DG MOSFETs have been undoped

ultrathin Silicon film for enhanced channel mobility. It is a possible option to

control SCEs and achieve low OFF-current (Ioff) for the source/drain extension

regions by optimizing lateral straggle and spacer width, instead of the conventional

method of increasing the channel doping and altering the thickness of the silicon

film. This concept of non-overlapped gate-source and gate-drain extension regions

(also known as gate underlap) has been proposed for a sub-20 nm bulk MOSFET

[41–44]. For the nanoscale double-gate devices, the intrinsic channel avoids random

dopant fluctuations [45] and offers higher carrier mobility. It also indicates the

possibility of a source/drain punch through when the source/drain extension regions

are heavily doped to minimize the extension region resistance to achieve higher

ON-current (Ion). Most of the work on the double-gate devices has mainly focused

on the fabrication and characterization [46, 47], carrier mobility [48, 49], analog/RF

applications [50], circuits [51, 52], sensitivity analysis [53], gate misalignment

[54], and modeling [55, 56] for the ideal devices with abrupt source/drain.

Fig. 3.1 Schematic of the

basic n-type double-gate

MOSFET
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Some literatures have been reported on the source/drain extension region design

and optimization for the single-gate devices [57], double-gate MOSFETs [58–60],

and vertical FinFETs [61, 62] for digital and analog communication applications.

The symmetric DG MOSFET structure has been emphasized for the application

of RF switch due to its intrinsic strength to the short channel effects (SCE) and it

improves the current drive capability. When we are using a switch with multiple

gates, the behavior of these switches depends on the number of gates, which

controls the operational process of the device. Therefore, the additional logic

functions can be implemented into a single chip transistor. The transistor which

uses the independently controlled gates are not limited to only two gates, but due to

the geometrical reasons of the transistor and the connectivity of the transistor

terminals, it is suitable to use only two gates. The independent double-gate

transistors can be used to implement the universal logic functionality within a

single transistor [63].

Earlier, Gidon [64] has investigated the 2-dimensional DG MOSFET and com-

bat the high aspect ratio of the transistor (thin channel compared to its length) by

introducing an anisotropy scale factor in its geometry. Lu and Taur [65, 66] have

presented an analytic potential model for long channel symmetric and asymmetric

DG MOSFETs. The model is derived rigorously from the exact solution to the

Poisson’s continuity equation and current continuity equation without the charge-

sheet approximation. To preserve the proper physics, volume inversion in the

subthreshold region is well accounted for the model proposed by Fossum [67].

The analytical expressions of the drain current, terminal charges, and capacitances,

long channel DG MOSFETs are found continuous in all operating regions, such as

linear, saturation, and subthreshold. The drain current model, charge model, trans-

conductance model, and capacitive model for symmetrical and asymmetrical DG

MOSFETs are also developed by Fossum [68]. However, the proposed switch

experiences the minimal distortion, negligible voltage fluctuation, and low voltage

power supply. A better conformity between the numerical simulations and analysis

of the proposed model has been achieved [69]. For the aspect of RF switch, the

bandwidth depends on the capacitance connected to the ground, which is due

to the sidewall capacitances present in the MOSFET structure [70, 71]. The logic

density of a transistor can be increased with independently controlled DG

MOSFET [72].

The scalability of such a device structure is limited due to increased SCE [73],

which has motivated the need for nonclassical Silicon devices to extend CMOS

scaling beyond the 45-nm node. However, the ultrathin body SOI FETs employ

very thin Silicon body to achieve better control on the channel by the gate, and

hence, reduced the leakage current and short channel effects. The use of intrinsic or

lightly doped body reduces the threshold voltage (Vth) variations due to random

dopant fluctuations [74]. It enhances the mobility of the carriers in the channel

region and therefore switch ON-current [75, 76]. Due to the excellent control of

SCE, low subthreshold leakage and higher ON-current in the double-gate devices

make them suitable for circuit design in sub 50-nm regime [77, 78]. The double-

gate devices with isolated gates (independent gates) are also being developed [79].
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However, the independent gate option can be useful for low power and mixed signal

applications [80, 81] and such developments at the device level provide

opportunities for new ways of circuit design for the low power and high perfor-

mance devices.

3.2 Design Process of Double-Gate MOSFET

The Polycrystalline Silicon (poly-Si) is used for a gate material of MOSFET due to

its high compatibility with fabrication process. This gate material can be very easily

deposited by low pressure chemical vapor deposition techniques and having better

thermal stability on SiO2, which works as the gate dielectric for MOSFETs.

A useful property of the gate electrode is its work function at the dielectric

interface, which controls the threshold voltage. Due to the scaled down over

successive technology generations the dopant concentrations in the channel have

been increased to maintain better short channel performance, and to prevent the

channel depletion region. A depletion layer in the gate introduces a capacitance in

series to the gate dielectric capacitance and thus adds to the effective dielectric

thickness between the gate and the channel, which implies the reduction in capaci-

tive coupling between the gate and the channel in inversion. For comparable

channel currents, the reduction in the inversion capacitance in the case of a poly-

Si gate device lowers the drive current significantly.

The DG MOSFET is a natural extension of SOI devices. The double gate gives

rise to various performances such as increased transconductance and a lower

threshold voltage. For symmetrical type, the thickness of back oxide layer is

identical as of front oxide and identical gate materials are used, which allows

both the gates to control the operation of the device. For asymmetrical type, unlike

oxide thickness may be used and materials of different work function as n+ poly and

p+ poly can be used for the front and back gate. Since with the symmetric-gate

design, the channel area is raised to increase the saturation current and the Silicon

body control is enhanced to reduce the short channel effects. Recently, the devel-

opment of ultrathin DG MOSFET introduces the concept of volume inversion

[28]. The inversion charge spreads throughout the ultrathin Silicon body, which

improves the device characteristics (as higher current due to the substrate mobility)

and strong inversion provides the information of the swept charge as well as the

saturation current in MOSFET device physics [82, 83].

In DG MOSFET, the second gate is added opposite to the traditional gate have

long been recognized [84, 85] for their potential to better control of the short

channel effects. The short channel effects limit the minimum channel length at

which the MOSFET device is electrically well functioned. As the channel length of

MOSFET is reduced, the drain potential begins to strongly influence the channel

potential. This short channel effect is mitigated by the use of thin gate oxide and

thin depletion width below the channel to the substrate, to shield the channel from

the drain. Further the decrease of the depletion region degrades the gate influence
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on the channel and leads to a slower turn ON of the channel region. In DG

MOSFETs, the longitudinal electric field generated by the drain is better screened

from the source end of the channel due to the proximity to the channel of the second

gate, result the reduced short channel effects, reduced drain-induced barrier lower-

ing and improve the subthreshold swing. Therefore, as MOSFET scaling becomes

limited by leakage currents, DGMOSFET offers the opportunity to proceed beyond

the performance of single-gate bulk-Silicon MOSFET. From a bulk-Silicon device

design perspective, the increased body doping concentration could be employed to

reduce the drain-induced barrier lowering (DIBL). It would also increase the

subthreshold swing, thereby requiring higher threshold voltage (Vth) to keep the

subthreshold current adequately low. The drain-induced barrier lowering [86] is

a well-publicized short channel effect in scaled MOSFETs. In accordance with the

2-dimensional Poisson equation in the weakly inverted channel/body, high drain

bias (Vds) lowers the potential barrier height at the virtual source, which allows

increased carrier diffusion from the source to the channel, causing higher

OFF-current, and lowering the (saturation) threshold voltage. By decreasing the

body doping concentration the subthreshold swing can be improved; however it

degrades DIBL due to this reason and a compromise is necessary for the bulk-

Silicon device design.

In DG MOSFET, when voltage is applied to the gates of device, the active

Silicon region is so thick, that the control region of the Silicon remains controlled

by the majority carriers in the region. This causes not one but two channels to be

formed. One channel forms near the top boundary between Silicon and the Silicon

insulator and the other one forms likewise at the bottom interface as a DG

MOSFETs structure is shown in Fig. 3.1. These two channels are separated by

sufficient distance as to be independent of each other, which creates two indepen-

dent transistors on the same piece of Silicon. Each gate can control one-half of the

devices and its operation is completely independent to each other. The total current

through the device is equal to the sum of the currents through the separate channels.

The relative scaling advantage of the DG MOSFET is about twofold. The perfor-

mance of the symmetrical version of the DG MOSFET is further increased by

higher channel mobility compared to a bulk MOSFET. Since the average electric

field in the channel is lower, which reduces the interface roughness scattering

according to the universal mobility model [72, 87, 88]. Here the two main device

processes are possible for double-gate devices, namely:

a. Symmetric device with same gate material and oxide thickness for the front and

the back gates [18, 89].

b. Asymmetric device with different strengths for front and back gates.

However, various strengths can be obtained by using either different oxide

thickness (asymmetric oxide) [90] or materials of different work function

(for example, n+ poly and p+ poly) for the front and back gate (asymmetric work

function) [91]. Independent control of front and back gate in double-gate devices

can be effectively used to improve the performance and reduce the power in sub

50-nm circuits. The independent gate control can be used to merge the parallel
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transistors in the noncritical paths which results the reduction in effective switching

capacitance and hence the power dissipation. A variety of examples for the inde-

pendent gate operation of the double-gate devices are dynamic logic circuits,

Schmitt triggers, sense amplifiers, and static random access memory (SRAM)

cells. In addition to the independent gate option, we also discussed the usefulness

of asymmetric devices and the impact of width quantization and process variations

on circuit design.

When a proper model and a set of model parameters are used then we can obtain

accurate and useful circuit. Thus, it is imperative to develop a well-constructed

model and its parameter extraction method in order to effectively describe and

predict the device characteristics. A model is normally represented by an equivalent

circuit consisting of elements such as resistances, capacitances, inductances, volt-

age sources, current sources, and heat sink. These elements are described by

mathematical equations. All of the constants and coefficients associated with the

equations, called the model parameters. However, some of them may result from

empirical experiences to enhance the model accuracy. The model parameters need

to be determined from extraction techniques based on the experimental data from

MOSFETs measured at different biased condition and frequencies. At low

frequencies, these measurements are usually performed by utilizing Z, Y, or H

matrices. It is easier to measure the voltage or current with open or short circuits

however these properties are suitable for the low frequencies. By terminating the

port with a cable of characteristic impedance, the S-parameter technique measures

the power waves propagating into and being reflected from the device and thus is

the easiest and the most reliable way to characterize the high-frequency networks.

3.3 Effects of Double-Gate MOSFET

on the Leakage Currents

In double-gate structures, the presence of two gates and ultrathin body helps to

reduce the SCE, which significantly reduces the subthreshold leakage current [92].

However, lower SCE in the double-gate devices and higher the drive current (due to

two gates) allow the use of thicker oxide in the double-gate devices compared to the

bulk-CMOS structures, which helps to reduce the gate leakage current. The lower

SCE allows the use of lower body doping (body can even be intrinsic) in the double-

gate devices compared to the bulk-CMOS structure. Hence, to induce the equal

inversion charge, the double-gate devices required lower electric field compared to

the bulk double-gate structure, which also helps to reduce the gate leakage current in

the double-gate devices [93]. Although the leakage current is significantly reduced in

double-gate devices, however, it is important to analyze different leakage current

mechanisms in such devices. In particular, different double-gate device options,

principally, symmetric doped body poly-gate devices (SymDG), symmetric intrinsic
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body mid-gap devices (MGDG), and asymmetric (n+ poly/p+ poly) intrinsic body

(AsymDG) devices [94], have a strong impact on the different leakage components.

Hence, it is necessary to analyze the double-gate device structure, which is most

suitable for the low leakage circuit design. One of the major advantages of using DG

MOSFET is the lower leakage current and smaller subthreshold voltage [95]. The

major leakage components in the double-gate devices are given below.

3.3.1 Subthreshold Leakage

The electrically coupled front, back gates and ultrathin body reduce the short

channel effect in the double-gate devices, consequently the reduction of subthresh-

old leakage [96, 97]. For an equal “ON” current of multi-gate (MGDG) device

shows the lower subthreshold leakage compared to the SymDG (symmetrical) and

AsymDG (asymmetrical) devices, due to the fact that the surface electric field is

higher in poly-gate devices (due to higher doping) and asymmetric devices (at the

front gate due to large work-function difference between front and back gates)

which reduces the mobility (due to higher surface scattering).

3.3.2 Gate Leakage

The Gate leakage in double-gate devices is due to the gate-to-channel tunneling and

overlap tunneling current because of the presence of lower body doping (as SCE is

controlled by two gates and ultrathin body) oxide-field is lower in the double-gate

devices as compared to the bulk devices (for equal inversion charge) [93]. Hence,

the double-gate devices show the lower gate-to-channel tunneling as compared to

the bulk devices. This effect is obvious in MGDG devices as the body is intrinsic.

So, the mid-gap intrinsic body devices have lower gate-to-channel leakage com-

pared to SymDG devices. In AsymDG devices due to the work-function difference

of the front and back gates, front surface field is very high whereas back surface

field is negligible. Hence, the tunneling occurs only through the front gate (which is

larger than MGDG device but smaller than the SymDG device).

3.3.3 Band to Band Tunneling of Electrons

Band to band tunneling (BTBT) across the reverse-biased p-n junction from the

p-side valence band to the n-side conduction band is becoming an important

component of the leakage in nanoscale bulk and SOI CMOS technologies. It is

manifested both as gate-induced drain leakage (GIDL) in the drain-gate overlap

region and reverse-biased junction leakage in the halo-implant region. With DG
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CMOS likely to become the mainstream technology around the 45 or 32-nm node

and it is important to study the BTBT phenomenon in these devices. A detailed

study and modeling of BTBT leakage for the double-gate devices can be obtained in

[98]. The device level parameters that impact power and performance include the

geometrical parameters and the electrical properties of the materials used for gate

(work function). In particular, it is important to analyze the impact of gate electrode

thickness and gate underlap on the fringe capacitance of nanoscale DG MOSFET.

However, Moldovan et al. [99] have demonstrated the capability of undoped DG

MOSFET with explicit and analytical compact model to forecast the effect of the

volume inversion on the intrinsic capacitances. For this purpose, Moldovan

et al. [99] also simulated the results for these capacitances, which present an

accurate dependence on the Silicon layer thickness, consistent with 2-D numerical

simulations, for both thin and thick Si-films. Also, if the current drive and transcon-

ductance are enhanced in volume inversion regime, this compact model results

that intrinsic capacitances are higher as well, which may limit the high-speed

(delay time) behavior of DG MOSFETs under the volume inversion regime.

Hamed et al. [100] emphasized the use of independently driven nanoscale DG

MOSFETs for the low power analog circuits and suggested that in the independent

drive configuration, the top-gate response of DG MOSFETs can be altered by

application of a control voltage on the bottom gate. The extremely thin film in

the DG MOSFET, which uses the volume inversion concept, has been formulated

by Moldovan et al. [99] and Balestra and Elewa [101] in detail. This device has

received significant attention from the perspective of their technological feasibility

and theoretical modeling. However, the numerous advancement for the device

architecture have been explored as gate-all-around (GAA), delta, lateral epitaxial

overgrowth, folded-gate, fin-gate, self-alignment [102] are few. The electrostatic

and Monte-Carlo simulations established the detailed advantage of the DG

MOSFETs as discussed in refs. [103, 104]. An impressive compact and analytical

model for the DG MOSFETs, which account for the quantum, volume inversion,

short channel, and non-static effects have been proposed by Ge and Fossum

[105]. The threshold voltage increases gradually in SOI films due to the incidence

of the quantum effects. The small discontinuity is observed around the second

gate voltage value of zero (VG2
¼ 0), due to the formation of a depletion region,

underneath the buried oxide, which increases the apparent buried oxide thickness

[106]. The quantum mechanical effects have not been considered in this model

because it is negligible for Si-films thicker than 10 nm. For films thinner than

10 nm, the quantum confinement should be considered. It leads to a reduction of the

channel charge density and an increase of the threshold voltage [107].

In the thicker and fully depleted MOSFETs, the drain current undershoot can be

observed when the front gate is biased in inversion and the back gate is suddenly

switched from depletion to accumulation. The advantage of extremely thin devices

is that they do not suffer from such transients because the back interface cannot be

driven in accumulation. Since the primary intrinsic variations include the random

dopant fluctuation, which is caused by the uncertainty in charge location and charge

numbers, such as discrete placement of dopant atoms in the channel region that
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follow a Poisson distribution [108]. As the device size scales down, the total

number of channel dopants decreases, which provides a larger variation of dopant

numbers, and significantly impacting threshold voltage. Dollfus and Retailleau

[109] have compared the noise performances of DG MOSFET and single-gate

(SG) MOSFETs and discussed the noise-figure in the structures, that is explained

in terms of a favorable increase of cross-correlation between the drain and gate

currents. The authors also proved that the presence of a residual undesired charged

impurity in the channel of a double-gate structure induces perceptible changes in

the spectral density of the gate current (Ig) fluctuations that modifies the noise-

figure [109, 110]. A comprehensive analysis to limit the short channel effects in SG

and DG SOI/GOI MOSFETs, based on the ratio of effective channel length to

natural length, has been presented by Sharma and Kumar [111]. These results

suggest that Germanium–on–insulator (GOI)-based devices exhibit higher degree

of SCE as compared to SOI-based MOSFETs [112, 113].

In general for the symmetrical double-gate device, the front gate remains

relatively constant with back-gate bias, as the gate-to-gate coupling is limited at

the strong inversion charge at back surface. In the similar way for asymmetrical

double-gate device, the modulation effect is very significant, as the gate-to-gate

coupling is extended until the back surface becomes strongly inverted (the weak

back-channel has a high, about 1.0 V higher than the front-channel). In bulk and

partially depleted (PD)/SOI devices, the effectiveness and operating frequency of the

well/body bias are limited by the distributed resistance and capacitance (R and C)
of the well and body contact. It also tends to degrade with technology scaling due to

the lower body factor in the scaled devices. The area compactness can be easily

implicit in complex gates. The use of double gate increases the cell area compared to

that of the same width single-gate device.

3.4 Performance Improvement of DG MOSFET

over SG MOSFET

We have analyzed and discussed a DP4T RF switch using DG CMOS technology.

In this technology the transistor with a gate-controlled bulk current using either an

n-type or p-type substrate for the complementary transistor types are used such DG

MOSFETs rely on majority carrier flow through the bulk of the source-drain Silicon

passage. The carrier concentration in the central part of this passage (slit) is

controlled by the potentials of two gates (G1 and G2). In other words, the changes

of the bias of the gate junctions result in variations of penetration of the depletion

layers into the substrate and modulate resistance of the channel.

Figure 3.2a shows the layout of n-type MOSFET with two symmetric-gate

voltages and output voltage through Vout as DG MOSFET and Fig. 3.2b shows

the SG MOSFET, respectively. Here the color codes have their usual meanings

[114], which are used in the rest of the book. The layout is drawn with available

tools for high-speed with the MOSFET width of 600 nm and length of 120 nm.

These designs have a poly, drain, and source. The resistances are also present in this
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layout due to the metal connection with input voltage and output voltage. This drain

and source has equal capacitance of 0.19 fF, resistance of 90 Ω, and thickness of

2 μm, with metal capacitance of 0.13 fF, diffusion capacitance 0.06 fF, capacitance

of the gate is 0.86 fF. DG MOSFET has a resistance of 68 Ω and thickness of 3 μm,

whereas SG MOSFET has resistance of 32 Ω and thickness of 2 μm.

Here, we have analyzed the performance of DG MOSFET and SG MOSFET by

applying a gate voltage 1.2 V as low level. The start time, rise time, fall time, and

pulse time for this signal are taken as 0.475 ns, 0.025 ns, 0.025 ns, and 0.475 ns,

respectively. In this simulation V1 is 1.2 V as high level and start time, rise time, fall

time, and pulse time for this signal are taken as 0.600 ns, 0.025 ns, 0.025 ns and

0.475 ns, respectively.

Assuming that DG MOSFET has symmetric-gate structure and voltage applied

on both gates is same, Fig. 3.3a depicts that the output voltage (Vout) for DG

MOSFET is high when both the drain voltage (V1) and gate voltage (Vgate) are

high, which is for duration 1.0–1.1 ns and we simulated the output voltage (Vout)

0.30 V and from Fig. 3.3b for SG MOSFET the simulated result, we obtained the

output voltage (Vout) 0.90 V for the same duration. To determine the drain current, a

conventional technique in thin-oxide MOSFETs consists of C–V measurements

[115]. However, this DG MOSFET device has slightly thick oxides (so that a very

small capacitance created).

Hence, the conventional charge equation Q ¼ Cox. (Vgs � Vth) will be suitable,

which yields direct and accurate values for the density of charge carriers, even with

double activated gates, the linear relationship is perfectly preserved. By this charge

Q, we can obtain the drain current using following equation:

Ids ¼ μ:Q:Vds:
W

L
(3.1)

where μ and Vds are the channel mobility and applied drain to source voltage,

respectively. W and L are the channel length and width, respectively. Since in DG

Fig. 3.2 Layout of (a) DG MOSFET and (b) SG MOSFET
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Fig. 3.3 Output voltage with gate and control voltage of (a) DG MOSFET and (b) SG MOSFET
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MOSFET charge Q is greater as compared to the SG MOSFET, due to the higher

capacitance values (as shown in the next section of this chapter), so the drain

current is higher in DG MOSFET devices. For the duration of 1.0–1.1 ns, currents

are drawn on log scale as shown in Fig. 3.4a for DG MOSFET, which is 80 μA and

becomes stable at 0.10 μA and for SG MOSFET in Fig. 3.4b, which is 76 μA and

becomes stable at 0.10 μA.
The impact of metal-gate work function on the threshold voltage and therefore

on the leakage current (IOFF) can be determined for the DG MOSFET. When the

metal-gate work function is raised, IOFF decreases extensively and threshold voltage
increases [116]. In order to maintain IOFF very low, it is necessary to increase the

metal work function or the device resistance at the OFF-condition (ROFF) should be

very high as well as resistance at the ON-condition (RON) should be low (this is

shown in the next section of this chapter). In addition to this, the increase in metal

work function is accompanied by an increase in threshold voltage. After this

threshold voltage is achieved, the output voltage can be found. This output voltage

stabilizes at 0.53 V for the drain voltage (V1) 0.60 V onwards for DG MOSFET as

shown in Fig. 3.5a and for SG MOSFET this output voltage stabilizes at 1.03 V for

the drain voltage (V1) 1.10 V onwards as shown in Fig. 3.5b. So, we conclude from

these parameters that the output voltage stabilization for DG MOSFET is less as

compared to the SG MOSFET.

The layout for n-type DG MOSFET is shown in Fig. 3.6a and p-type DG

MOSFET is shown in Fig. 3.6b. The scalable CMOS rules support both n-well

and p-well processes. In Fig. 3.6b the green boundary shows the well for

the designing of p-type DG MOSFET and also an extra Vdd is applied to support

that well.

3.5 Resistive and Capacitive Model of DG MOSFET

and SG MOSFET

The resistive and capacitive models of a MOSFET transistor which is biased in

linear region, at the ON-state of switch, for DG MOSFET and SG MOSFET are

shown in Fig. 3.7a, b respectively. For the given design of DG MOSFET and SG

MOSFET under the operating condition, insertion loss is conquered by its ON-state

resistance and substrate resistance [117, 118]. The isolation of the switch is finite

due to the signal coupling through parasitic capacitances and junction capacitances.

In the cut-off region, the MOSFET resistance RON, RON1, RON2 will become zero.

For maximum capacitance (as a worst case), assuming all the capacitances are

present at a time. In DG MOSFET, parasitic capacitances are Cds1, Cds2, Cgs1, Cgs2,

Cgd1, and Cgd2 and junction capacitances are not present as bulk and are not

available in this MOSFET whereas in SGMOSFET available parasitic capacitances

are Cds, Cgs, and Cgd and junction capacitances are Csb and Cdb.
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Fig. 3.4 Drain current characteristics of (a) DG MOSFET and (b) SG MOSFET
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For DG MOSFET when both the transistors are ON, Csb and Cdb are not present,

so fewer signals being coupled to the substrate as substrate is not present in this

structure, so no dissipation in the substrate/bulk resistance (Rb). When the transistor

is in cut-off region, increasing Cds1, Cds2, Cgd1, Cgd2, Cgs1, and Cgs2 leads to higher

isolation between the source and drain, due to no capacitive coupling between these

terminals. Whereas for SG MOSFET, when the transistor is ON, increasing Csb and

Cdb leads to more signal being coupled to the substrate/bulk and dissipated in the

Fig. 3.5 Voltage gain of (a) DG MOSFET and (b) SG MOSFET
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Fig. 3.6 Layout of (a) n-type DG MOSFET and (b) p-type DG MOSFET
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bulk resistance Rb. At the transistors cut-off region Cds, Cgd, and Cgs increase which

direct to lower isolation between the source and drain due to capacitive coupling

between these terminals [119]. In Fig. 3.7a, for DG MOSFET, the total capacitance

across source to drain is

CDG ¼ Cds 1 þ Cds 2 þ Cgs 1:Cgd 1

Cgs 1 þ Cgd 1

þ Cgs 2:Cgd 2

Cgs 2 þ Cgd 2

(3.2)

and the ON-resistance will be combination of parallel resistances due to gate-1 and

gate-2 as follows:

RDG ¼ RON1:RON2

RON1 þ RON2

(3.3)

In Fig. 3.9b, for SG MOSFET, the total capacitance across source to drain is

CSG ¼ Cds þ
Cgs: Cgd þ Cgb

� �
Cgs þ Cgd þ Cgb

þ Csb:Cdb

Csb þ Cdb

(3.4)

where Cgb is capacitance from gate to bulk connections and the ON-resistance will

be only resistance due to single gate:

RSG ¼ RON (3.5)

where

RON ¼ 1

μCox
W
L Vgs � Vth

� � (3.6)

Fig. 3.7 The Circuit Models of (a) DG MOSFET and (b) SG MOSFET operating as a switch at

ON-state
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Since by the calculation of capacitances with (3.2) and (3.4), we obtained that the

capacitance CDG > CSG, which shows that the isolation is better in double-gate

MOSFET compared to that in the single-gate MOSFET. Also, the resistance RDG

< RSG, which shows that the current flow from source to drain in the double-gate

MOSFET is better than single-gate MOSFET. For appropriate working of a switch

and to reduce the insertion loss, we can also achieve reduction in ON-resistance

with choosing transistor with large transconductance (μ), increasing aspect ratio

(W/L ), and keeping Vgs – Vth large as clear from (3.6). Table 3.1 shows the

comparison of DG MOSFET and SG MOSFET parameters, which are found near

to aspect of radio-frequency switch design with DG MOSFET as compared to the

SGMOSFET. Also, the gain is constant up to 0.60 V for DGMOSFET compared to

the 0.40 V of SG MOSFET. Here the ON-resistance of DG MOSFET is half of the

SG MOSFET, which is useful for DP4T switch.

Gidon [64] has used the MOS transistor model from COMSOL as a template to

propose the model of DG MOSFET, for the purpose of resolving the short channel

effect problems in MOSFET structures. Such architectures are directly related to

the constant reduction of the feature size in microelectronic technology. The drain

current vs. gate voltages were considered as parameters.

Gidon [64] has selected these curves in the saturation region at Vdd ¼ 1 V, so

that the transistor will not be in saturation and found the current of 9.80 mA. Tamer

and Roy [120] have discussed the CMOS switch structures such as back gate,

metal-gate work-function engineering, and gate-isolation processes offer attractive

options for the circuit design in multi-gate transistor. With the insertion of extra

independent gate processes into fabrication flow allow the exploitation of undoped

ultrathin-body-associated strong gate-to-gate coupling in the double-gate MOSFET

structures. However under the leakage constraint, the CMOS circuits provide the

best power performance trade-off with the symmetric devices, the drain current of

5.0 mA at the gate voltage of 1.0 V. Li and Chou [121] have proposed a unified 2-D

density gradient model of a switch, which have simulated sub 10-nm MOSFETs

and yield that the MOSFETs with thinner Si-films significantly suppress the short

channel effects, but the ON-state current issue suffers. A compromise between the

Table 3.1 Comparison of the various circuit parameters of the DG and SGMOSFET for proposed

model

Parameters Double-gate MOSFET Single-gate MOSFET

Gate/control voltage 1.2 V 1.2 V

Drain to source current (Ids, max) 80 μA 76 μA
Output voltage stabilization (Vout, max) 0.53 V 0.90 V

Capacitance CDG 0.7CDG

ON-Resistance (RON) 0.5RON RON

Thickness of oxide layer 3 μm 2 μm
Resistance of poly/gate 68 Ω 32 Ω
No. of capacitors 6 6

Bulk capacitor No Yes

Gain (¼1 upto) 0.60 V 0.40 V
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Si-film thickness and gate channel length should be maintained at the same time so

that an optimal device characteristic could be obtained. Gogineni et al. [122] have

presented a comprehensive study of the RF power performance of low power

CMOS devices. The device structures with different layouts and widths are studied

to understand the effect of the device geometry on RF power performance and show

that the power added efficiency (PAE) and output power (Pout) decrease with

increasing the device width because of the reduction in the maximum frequency

(fmax). Razavi and Orouji [123] have proposed a model using triple material

MOSFET to reduce the short channel effects of nanoscale MOSFET and improving

the reliability of the device. However, based on the simulation results, it has been

demonstrated that due to the presence of three different materials with different

work functions in the gates, the MOSFET switch exhibits reduced short channel

effects such as drain-induced barrier lowering and hot carrier effect and improved

the reliability. Also, it can be seen that the MOSFET switch leads to simultaneous

enhancement of transconductance and reduction of drain conductance which itself

leads to higher DC gain in comparison to the conventional DGMOSFET. However,

the better reduction of the short channel effects and improvement of the device

reliability could be expected by changing the ratio of the gate materials and

optimizing them.

Roy [124] has proposed a novel design technique for latch-based voltage mode

sense amplifiers using symmetric double-gate devices in sub 50-nm technology.

The independent back-gate control of the double-gate device in the pull-down path

(other transistors are kept in the connected gate mode) is used to improve the

performance and power in sense-amplifier circuits. This proposed design illustrates

the fact that selective use of independent control of the front and the back gates in

the double-gate devices is very effective in designing an efficient circuit in the

nanometer regimes. Hamed et al. [100] have presented the unique and novel

examples of low power current mode analog circuit blocks based on DG MOSFET,

using mixed mode (device and circuit) TCAD simulations, and illustrate that how

the bottom gate of independently driven DG MOSFETs may be used to design and

test current mode analog circuits with tunable performance metrics. However, the

discussed results are summarized in Table 3.2, which compares the drain current for

the control voltage of 1.0 V, with the different existing model, with an intention to

maintain required necessary current, resulting in better performance.

Table 3.2 Comparison of the

drain current for proposed DG

MOSFET model with the

existing model

References Drain to source current (mA)

[64] 9.80

[120] 5.00

[121] 3.00

[108] 2.20

[123] 1.75

[124] 1.00

[100] 0.50

DG MOSFET 0.080
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3.6 Characteristics of the DGMOSFET with Aspect Ratios

However, the MOSFETs with a lower aspect ratio (W/L ) are desirable for several

reasons. The main reason is to make higher transistors density on a chip area. This

results in a chip with the same functionality in a smaller area or more functionality

in the same area. Since the fabrication costs for a semiconductor wafer are rela-

tively fixed, the cost per integrated circuits is mainly related to the number of chips

that can be produced per wafer. Hence, the smaller ICs allow more chips per wafer

and reducing the price per chip. In fact, over the last 30 years the number of

transistors per chip has been doubled every 2–3 years once a new technology

node is introduced; however, the smaller transistors switches are faster. For exam-

ple, one approach to size reduction is a scaling of the MOSFET that requires all

device dimensions to reduce proportionally. The main device dimensions are the

transistor length, width, and the oxide thickness, each (used to) scale with a factor

of 0.3 per node. On this way, the transistor channel resistance does not change with

scaling, while gate capacitance is cut by a factor of 0.3. Hence, the RC delay of the

transistor scales with a factor of 0.3 means it decreases. Independent control of both

the gates (front gate and back gate) of the DG MOSFET can be used to improve the

performance and to reduce the power loss in the circuits. It can also be used to

merge parallel transistors in the noncritical paths, which results the reduction in

effective switching capacitance and hence power dissipation [125]. The behavior of

a switch depends on the number of controlling gates and additional logic circuit can

be implemented into a single transistor. However, independent double-gate

transistors can be applied to implement the universal logic functionality within a

single transistor. These features make Si-CMOS significant for use in applications

that require mixed radio-frequency (RF) and digital systems [126, 127].

For the purpose of 45-nm technology, we have selected two aspect ratios. First,

the channel length L ¼ 0.045 μm and channel width W ¼ 22.5 μm (aspect ratio is

500), and second the channel length L ¼ 0.045 μm and channel width W ¼ 90 μm
(aspect ratio is 2,000). The simulated results for aspect ratio 2,000 are shown in

Fig. 3.8a. For the DP4T DG RF CMOS switch design, we consider the control

voltage of 1.0 V. At this voltage, the drain current Ids decreases with respect to the

bulk voltage. So for higher Ids as of 85 mA, lowest bulk voltage (Vb ¼ 0 V) is

needed. Also, for the aspect ratio of 500, Fig. 3.9a shows 22 mA of current Ids at
control voltage of 1.0 V with lowest bulk voltage (Vb ¼ 0 V). Since in the DG

MOSFET, bulk voltage is zero, so we can obtain the highest current easily using

this proposed switch.

Figures 3.8b and 3.9b, show the threshold voltage for the n-MOSFET of aspect

ratio 2,000, with channel length L ¼ 0.045 μm and channel widthW ¼ 90 μm, and

for aspect ratio 500, with channel length L ¼ 0.045 μm and channel width W
¼ 22.5 μm, respectively. However, both the curves represent the same result

means this threshold voltage (Vth) is 0.3 V at bulk voltage of 0.0 V, whereas for

already existing CMOS switch it is 0.7 V. So, the decrement of the threshold
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Fig. 3.8 Effect of the aspect ratio (when it is 2000) on the characteristics of DG MOSFET

(a) drain current with gate to source voltage and (b) threshold voltage with the length (nm) of the

channel
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Fig. 3.9 Effect of the aspect ratio (when it is 500) on the characteristics of DGMOSFET (a) drain

current with gate to source voltage and (b) threshold voltage with the length (nm) of the channel
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voltage is a good advantage of 45-nm technology. Since the ultrathin body SOI

FETs are capable to achieve better control on the channel by the gate, and hence,

reduce the leakage currents and short channel effects.

We can achieve this property using proposed DG MOSFET, because this DG

MOSFET has intrinsic or lightly doped body which reduces the threshold voltage

variations due to the random dopant fluctuations [128, 129] and enhances the

mobility of carriers in the channel region and therefore switch ON-static current.

So, we have tried to remove the doping from body or use a pure material.

Figure 3.10 shows the gate capacitances with respect to the source and drain. The

Gate-source capacitance (Cgs) increases with the increase in drain-source voltage

(Vds) whereas gate-drain capacitance (Cgd) decreases. After the Vds ¼ 0.60 V, both

capacitances become stable at Cgs ¼ 1.8 fF and Cgd ¼ 0.8 fF.

3.7 Design of DG MOSFET with Several Gate-Fingers

The simulations have been performed at 45-nm device structures with the

geometries of one gate-finger and ten gate-fingers to understand the effect of device

layout and width on RF switch performance using n-type DG MOSFET. The first

set of test structures explores the effect of contacting the gate at one end or at both

ends of one gate-finger. Figure 3.11a shows the layout of DG MOSFET for one

Fig. 3.10 Characteristics of capacitances with drain to source voltage for n-type MOSFET with

the aspect ratio 2,000
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gate-finger (NF ¼ 1) and Fig. 3.11b is for the ten gate-fingers (NF ¼ 10).

Figures 3.12 and 3.13 compare the parameters of the one-gate DG MOSFET

structure with that of the ten-gate DGMOSFET structure as a voltage characteristic

and drain current characteristics, respectively. The impacts of number of fingers

are also clear from Fig. 3.14. For example, one approach to size reduction is a

scaling of the MOSFET that requires all device dimensions to reduce proportion-

ally. The scalable CMOS approaches support both n-well and p-well processes.

The DG MOSFET is designed for the channel length of 120 nm and the width

Fig. 3.11 Layout of n-type DG MOSFET for (a) NF ¼ 1 and (b) NF ¼ 10
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Fig. 3.12 Voltage characteristice of n-type DG MOSFET for (a) NF ¼ 1 and (b) NF ¼ 10
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Fig. 3.13 Drain current characteristics of n-type DG MOSFET for (a) NF ¼ 1 and (b) NF ¼ 10
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Fig. 3.14 Output voltage characteristics of n-type DGMOSFET for (a) NF ¼ 1 and (b) NF ¼ 10
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of 600 nm [118]. The applied gate voltage of 1.2 V with low level and start time,

rise time, fall time, and pulse time for this signal is 0.475 ns, 0.025 ns, 0.025 ns, and

0.475 ns, respectively and V1 of 1.2 V with high level and start time, rise time, fall

time and pulse time for this signal is 0.600 ns, 0.025 ns, 0.025 ns, and 0.475 ns,

respectively.

Assuming that DG MOSFET has symmetric-gate structure and voltage applied

on both gates are the same. The simulated results are shown in Table 3.3. The

device width can be increased by either keeping the number of fingers (NF ¼ 10)

constant and increasing the unit finger width (WF) from 0.6 to 6.0 μm, or keeping

the finger width (WF ¼ 1.5 μm) constant and increasing NF from 1 to 10.

The DG MOSFET results in a significantly lower gate resistance but slightly

higher gate capacitance, which leads to slightly lower transition frequency (fT) for
the double-gate contact structure compared to the single-gate contact at the same

drain current density. However, the maximum frequency (fmax) is higher in the

double-gate contact structure because the reduction in gate resistance more than

that compensates for the increase in the gate capacitance. The improvement in fmax

is more pronounced at higher current densities. The output voltage stabilizes at

0.54 V while the input voltage is 0.50 V for NF ¼ 1 and stabilizes at 0.46 V while

the input voltage is 0.39 V for NF ¼ 10 which is shown in Fig. 3.14. So, it is better

to use higher number of gate-finger in a device.

The presented compact model accounts for the charge quantization within the

channel, Fermi statistics, and non-static effects in the transport model. The main

finales of this compact switch model are:

a. The DIBL is minimized by the shielding effect of the DG MOSFET, which

allows reduction in the channel length from 45 nm.

b. The device transconductance per unit width is maximized by the combination of

DG MOSFET and by a strong velocity overshoot, which occurs in response to

the abrupt variation of the electric field at the source end of the channel [130].

c. Increase in the device transconductance per unit width can be further strength-

ened near the drain in view of the short device length.

Consequently, a sustained electron velocity of nearly twice the saturation veloc-

ity is obtained. The following observations prove the potential performance of the

double-gate device architecture as a switch.

The drain current is described with the idea of Pao and Sah phenomena [131]

that includes both the drift and diffusion transport tendencies in the Si-film,

resulting in a current description with flat transitions between the linear and

Table 3.3 Comparison of the

various circuit parameters of

the DG MOSFET for NF ¼ 1

and NF ¼ 10

Parameters NF ¼ 1 NF ¼ 10

Gate/control voltage 1.2 V 1.2 V

Output voltage (Vout, max) 0.42 V 0.36 V

Drain to source current (Ids, max) 5 μA 50 μA
Drain to source current (Ids, min) 0.10 μA 0.80 μA
Vout fixed at Vin 0.54 V 0.46 V
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saturation operating regions. However, under the approximation that the mobility is

independent of the position in the channel, the drain current Id can be expressed as

Id ¼ μ
W

L

ðVds

0

QI dV (3.7)

where μ and W are the effective electron mobility and channel width, respectively.

L and QI are the effective channel length and total (integrated in the transverse

direction) inversion charge density inside the Si-film of a symmetric DG MOSFET

at a given location x, which is defined as

QI ¼ �2q

ðtsi
0

n� nið Þdx ¼ �2q

ðϕs

ϕ0

n� ni
F

dϕ (3.8)

where F is the electric field. Since there is no fixed charge in the undoped body, QI

can be taken as being the total charge in the semiconductor [79]:

QI ¼ 2εsFs ¼ �2C VGF � ϕsð Þ (3.9)

where FS is the electric field at the surface, and the factor of two comes from the

symmetry. An equivalent to the Pao and Sah’s equation for the SOI MOSFET may

be obtained by substituting (3.9) into (3.8), which yields the following generalized

two integral formulations for the drain current:

Id ¼ 2μ
W

L

ðVds

0

ðϕs

ϕ0

qn

F
dϕdV (3.10)

with n ¼ ni e
β(ϕ � V ). Hence, we can conclude that for the device under test, charge

QI in the SG MOSFET is double than that of the DG MOSFET. So the current will

be double in the DG MOSFET as compared to the SG MOSFET. The transmission

feed line system performance plays an important role in the wireless network

coverage. However, the insertion loss measurement is one of the critical

measurements used to analyze the transmission feed line installation and perfor-

mance quality. The insertion loss is given by

RON þ 2Z0

2Z0

� �
(3.11)

where Z0 is the fixed characteristic impedance and taken as 50 Ω. RON is the

resistance of device at ON-state. For DG MOSFET, RON becomes RON/2 (parallel

combination of RON due to the front gate and back gate). So the insertion loss for the

72 3 Design of Double-Gate MOSFET



DP4T DG RF CMOS switch becomes less as compared to SG MOSFET devices.

For maximum power transfer the insertion loss should be as small as possible.

With the DP4T DG RF CMOS switch, we have analyzed the output voltage with

respect to time as shown in Fig. 3.3. We have presented a comparative analysis

of this output voltage for SG MOSFET (Fig. 3.3b) and DG MOSFET (Fig. 3.3a).

For SG MOSFET, after closing the switch that is at switch OFF-state condition, the

output voltage is 0.74 V at 4.5 ns, whereas for DG MOSFET, the output voltage

reduces to zero at 4.5 ns. This fast reduction in output voltage for the DG MOSFET

device as DP4T RF CMOS switch is a better switching as compared to that of the

SG MOSFET.

A single switch element is characterized for ON/OFF ratio and insertion loss.

However, the ON/OFF ratio of a single switch element is 10 log(2πRONCOFFf0)
where RON, COFF, and f0 are ON-static resistance, OFF-static capacitance and the

frequency, respectively. Therefore, for the DG MOSFET switch at the high fre-

quency (GHz range) this ratio is higher, means once again switching become fast

for DP4T DG RF CMOS switch.

3.8 Model of Series and Parallel Combination

for Double-Gate MOSFET

In general, the DGMOSFET devices are employedwith tied gate controlled (TGC) or

independently gate controlled (IGC). The tied gate controlled circuit topology

resembles conventional planar CMOS configuration and provides higher current

density with potential drive capability as well as more compact layout area. For the

independent gate-controlled MOSFET, the symmetrical double-gate devices can

reduce the transistor count and result the significant reduction in the chip area to

implement a given logic function [132]. However, independent control of both gates

of the DG MOSFET can be used to improve the performance and reduces the power

loss in the circuits. It can also be used to merge parallel transistors in the noncritical

paths. This results the reduction in an effective switching capacitance and hence power

dissipation [133]. The behavior of a switch depends on the number of controlling gates

and additional logic circuit can be implemented into a single transistor. The indepen-

dent double-gate transistors can be applied to implement universal logic functionality

within a single transistor. These features make Si-CMOS more significant for the use

in applications that require mixed RF and digital systems [134–136].

However, independently controlled gate transistors reduces the number of

transistors from circuit design perception, as two transistors connected in series or

parallel combination can be compounded into the one transistor as shown in Fig. 3.15.

This procedure reduces the transistors stack height as well as chip area and power

consumption. There is a trade-off between area reduction and gate delay and leakage

has to be selected, when using transistors with independently controlled gates.

Table 3.4 shows the transistor status for IGC and TGC with logic design.
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Fig. 3.15 Conversion of

the series and parallel

combination of

n-MOSFET/p-MOSFET

to DG MOSFET.

Case 1. Series combination

of n-MOSFET to DG

MOSFET. Case 2. Series

combination of p-MOSFET

to DG MOSFET. Case 3.

Parallel combination of

n-MOSFET to DG

MOSFET. Case 4. Parallel

combination of p-MOSFET

to DG MOSFET

Table 3.4 Design for independent gate configuration (IGC) and tied gate configuration (TGC)

Figure 3.15 Type Logic

Independent gate

configuration Tied gate configuration

Gate 1 Gate 2

Transistor

status Gate 1 Gate 2

Transistor

status

Case 1 N AND Low High OFF High (Va) High (Vb) ON

Case 2 P AND High Low OFF High (Vc) High (Vd) OFF

Case 3 N OR Low High ON Low (Ve) Low (Vf) OFF

Case 4 P OR High Low ON Low (Vg) Low (Vh) ON
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The use of IGC is better for gates with small fan out and short capacitive wire

loads. The circuit of Fig. 3.15 uses independently controlled gates which are

investigated by simulation in [137]. With this double-gate MOSFET, we can design

all the connection of Fig. 3.15 with the aspect ratio (W/L ) as shown in Table 3.5.

3.9 Conclusions

In this chapter, a symmetrical DG MOSFET has been modeled. For the purpose of

RF/microwave switch, we have discussed the process to minimize the control

voltage, capacitances for isolation, and the resistance for the switching condition.

From the discussions in preceding sections we found a better DG MOSFET as

compared to the SG MOSFET. It concludes that capacitance of a MOSFET is

changing with the change of a bias voltage. Moreover, it depends on the aspect

ratio, as greater the aspect ratio greater its capacitance. The capacitance changes of

two gate capacitance in same ratio as in SG MOSFET which is also shown in the

graphs.

The values of capacitances at different various gate voltages vary just like in SG

MOSFET. For increasing the gate voltage, the drain current increases, hence the

contact resistance decreases which increases the cut-off frequency. Therefore, for

the purpose of RF switch, where control voltage should be low and then current

flow will be less and in terms of contact resistance, it will increase with increase in

number of gate-fingers. So, in the application of RF switch, we have tried to

increase the gate-finger. Since the operating frequencies of the RF switches are in

the order of GHz, it is very useful for the modern wireless communication

systems [80].

From the simulated result of DG MOSFET for one gate-finger and for ten gate-

fingers, highest drain current can be easily achieved by using higher gate-fingers.

At higher technology, the ultrathin body SOI FETs employ very thin Silicon body

to achieve better control of the channel by the gate and hence, reduced the leakage

and short channel effects. With the use of intrinsic or lightly doped body, in the DG

Table 3.5 An effective aspect ratio for different combination of

transistors as shown in Fig. 3.15

Figure 3.15 Effective aspect ratio (W/L )

Case 1 0.5

Case 2 2.0

Case 3 0.5

Case 4 2.0
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MOSFET, the reduction in the threshold voltage occurs due to the random dopant

fluctuations. As at higher gate-fingers, it also enhances the mobility of the carriers

in the channel region as compared to the lower gate-fingers and therefore increment

in drain current occurs at higher NF. Therefore, we can get a better result by using

higher gate-fingers for the DG MOSFET at 45-nm technology, as it has intrinsic or

lightly doped body for the application of DP4T DG RF CMOS switch.
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Chapter 4

Double-Pole Four-Throw RF Switch

Based on Double-Gate MOSFET

4.1 Introduction

In this chapter, we have designed a double-pole four-throw radio-frequency switch

using double-gate (DP4T DG RF) MOSFET to operate at 0.1 GHz to few GHz

frequency range for the advanced wireless communication systems. This switch

mitigates attenuation of passing signals and exhibits high isolation to avoid

misleading of simultaneously received signals. The symmetric DG MOSFET has

been the focus of much attention for the application of RF switch due to its ability of

strength to short-channel effects and improved current driving capability as

discussed in the previous chapters.

4.2 Basics of Radio System Design

The RF system design is to connect various modules (e.g., amplifiers, oscillators,

and mixers) in order to form a transceiver system [1]. To design this RF system, we

required the components that work at RF range such as the baseband functionality,

power supply, and antenna. In the designing of the DP4T RF switch, we have to use

the following parameters:

4.2.1 Path Loss

To transmit a signal from A_Tx to A_Rx, it is necessary to transmit a signal of

adequate power. The power of a signal of wavelength λ at a distance y in free space is

given by Path Loss ¼ 20 log 4πy
λ

� �
dB . In addition to the free-space path loss, the
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signal is also attenuated by obstructions such as vegetation, buildings, and hills [2].

It should be noted that free-space path loss increases with increase in the frequency.

So the higher frequency bands are generally used for shorter range or the line-of-

sight communications.

In order to calculate a link budget, the power of the transmitter and the receiver’s

sensitivity are added to their antenna gains and to the path loss. For example,

consider a transmitter of power 10 dBm transmitting through a directional antenna

of gain 7 dBi to a receiver with 0 dBi antenna. The maximum path loss that this link

can suffer is the sum of the antenna gains, and the difference between the transmit

power and receive sensitivity, in this case, is 127 dB. It can be calculated that in free

space, this would be equivalent to a range of 35 km at a frequency of 1 GHz.

However, for a typical mobile radio environment, the range would be greatly

reduced.

In addition to path loss, the factors such as reflection, diffraction, and interfer-

ence affect the signal quality. The antenna is a particularly important factor as its

height can be increased to see over obstacles. A high-gain antenna can be employed

to combat path loss in a certain direction or to avoid the receiving interference from

another direction. Two or more antennas can be used in a diversity scheme where

the receiver (or transmitter) chooses to use the antenna with the best quality signal

at a particular moment in time. So to connect these antennas, we have used DP4T

switches in this book.

4.2.2 Gain Cascade

In the transceiver system, to work with gain described in decibels and power in

dBm (decibel relative to l mw) is easier as these can simply be added and subtracted

together when connecting system is in a chain.

4.2.3 1 dB Compression Point

A useful measure of the amount of power that a device can produce is 1 dB

compression point [3, 4]. At low signal levels, a device is considered linear, but

as the input signal is increased, the amount of signal at the output will begin to tail

off. When the difference between the input and output reaches dB, the input power

or output power is measured and referred as the input 1 dB point or output 1 dB

point (Fig. 4.1).
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4.2.4 Third-Order Intercept Point

The third-order intercept point is a measure of linearity, which describes the amount

of third-order harmonic in a device. These harmonics are produced in device due to

the clipping of signal amplitude [5]. Third-order products are important as they fall

near to the required frequency. In order to measure the third-order harmonics, two

tones f1 and f2 are applied to the input, and the third-order harmonics can be viewed

on a spectrum analyzer as shown in Fig. 4.2.

The level of fundamental and third-order output is plotted, and the two lines are

extended to the theoretical point where they would cross is known as third-order

intercept point. It should be noted that the third-order intercept point (IP3) is theoretical

and will change slightly depending on the signal level from which it is extrapolated.

4.2.5 Thermal Noise

The noise power from a resistor or resistive source is defined as the thermal noise

floor in a given bandwidth. A useful number to remember is that at a temperature of

Output
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1dB

Linear
Response
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Response

Fig. 4.1 1 dB compression

point
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Power
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Fig. 4.2 Third-order
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290 K (room temperature), the thermal noise floor is –204 or –174 dBm in a 1 Hz

bandwidth N ¼ 10 log(KTB) dBW, where K ¼ 1.38 � 10�23 Boltzmann’s con-

stant, T is temperature in kelvin, and B is bandwidth in hertz [6, 7].

4.2.6 Noise Figure

The noise figure is a measure of the amount by which a device increases the noise

power. An alternative method of expressing the noise introduced by a device is to

give its equivalent noise temperature [8]. It can be used for modules such as filters

and passive mixers which do not have gain if their loss in decibels is used in place of

their noise figure.

4.2.7 Phase Noise

The phase noise from a local oscillator mixes with the required modulated signal

during frequency mixing in the transmitter and receiver. One of the results is that in

the frequency domain, in addition to its modulation sidebands, the required signal

also has phase noise sidebands. The effect can be seen in the time domain as a phase

error on the modulation. However, the poor phase noise performance can also give

rise to undesirable levels of unwanted adjacent-channel power being radiated by

transmitters and poor adjacent-channel selectivity in the receivers.

4.3 Design of DP4T DG RF CMOS Switch

We have designed a DP4T RF CMOS switch using DG MOSFET as shown in

Fig. 4.3 for low power consumption and low distortion for RF switch in the

communication that operates between 1 and 60 GHz [9]. This switch exhibit high

isolation to avoid mixing of received signals at a particular time. This switch

contains n-type DG MOSFET in its main architecture as shown in Fig. 4.3. In this

switch, transmitted signal from power amplifier is sent to the transmitter through

p-type DG MOSFET to transmitter named as A_Tx and B_Tx. Here, the two

identical p-type DG MOSFETs are used and received signal which travel from

the antenna through n-type DGMOSFET to the receiver named as A_Rx and B_Rx,

two identical n-type DG MOSFETs. The switch designed in this chapter is suitable

to drive 50 Ω resistive loads and utilizes multiple gate fingers to reduce the parasitic

capacitance. The signal fading effects can be reduced with this DP4T DG RF CMOS

switch because sending identical signals through the multiple antennas, which most

likely provides the high-quality combined signal at the receiver end. The DG

MOSFET as shown in Fig. 3.1 has two gates: G1 (front gate) and G2 (back gate).
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The back channel has been probed by varying the substrate (back gate) bias

with the front-gate voltage as a parameter. These drain currents with respect to

the gate-2 voltage, the curves are same as front-channel characteristics. The effec-

tive mobility in the front and back channels is comparable. In the regular silicon-

on-insulator (SOI) MOSFETs, the buried oxide is much thicker (0.4 μm); hence,

the substrate depletion has a minor effect even on the back channel. Moreover, the

front channel is hardly affected because it is protected by the very small ratio

between the thicknesses of the front and back oxides. In the present devices

however, the substrate effect is exacerbated for several reasons [10]:

a. The oxide thickness is relatively thin.

b. The front and back oxides have equivalent thickness.

c. The ultrathin Si-film maximizes the coupling effects.

The transconductance decreases more rapidly with gate voltage in DG

MOSFET, which indicates a larger value of the mobility degradation factor. Also,

the transconductance gain of SG and DG at 300 �K tends to decrease in shorter

channels. The gain of SG and DG in transconductance peaks (i.e., field-effect

mobility) increases at the lower temperature as acoustic phonon scattering is

gradually attenuated.

In Fig. 2.7, four transistors are used for two antennas. In this transceiver system

using the CMOS functionality, at a time, any one of transistor M1 (n-MOSFET) or

M3 (p-MOSFET) will operate, and in the same fashion, any one of transistor M2

(n-MOSFET) or M4 (p-MOSFET) will operate. However, the same working

functions have been observed in this DP4T DG RF CMOS switch as in Fig. 4.3

[11]. Since the drain current consumption is significantly reduced, so the

CMOS-based RF switches allow longer battery life than PIN diodes and about

Fig. 4.3 Proposed DP4T DG RF CMOS switch
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60 % smaller as compared to smallest GaAs RF switch. Furthermore, this switch

also experiences minimal distortion, negligible voltage fluctuation, and low power

supply of only 1.2 V as shown in the following sections.

This designed switch is a part of the microwave applications for the switching

system between transmitting and receiving modes. In this work, the designed DP4T

switch has a symmetrical structure of transmitter (Tx) and receiver (Rx) to be

operated at GHz range. The transistors M1 and M2 perform the main ON and

OFF switching function, while the shunt transistors M3 and M4 which are cascade

to M1 and M2, respectively, are used to improve the isolation of the switch by

grounding RF signals on the side which is turned OFF. The switch can also connect

coupling capacitors C1 and C2 which allow DC biasing of the Tx and Rx nodes of the

switch. The gate resistances R1 and R2 are implemented to improve DC isolation.

After designing of DP4T DG RF switch with designed DG MOSFET at 45-nm

technology, we have drawn the layout and simulated the electrical parameters of

this switch. It includes the basics of the circuit elements parameter required for the

radio-frequency subsystems of the integrated circuits such as drain current, thresh-

old voltage, resonant frequency, return loss, transmission loss, VSWR, resistances,

capacitances, and switching speed.

4.4 Characteristics of DP4T DG RF CMOS Switch

For the purpose of current and switching speed, we have drawn the layout of DP4T

DG CMOS transceiver switch with two input voltages (Vin1 and Vin2) and output

through antennas (ANT1 and ANT2) with two transmitters (Tx_A and Tx_B) and

two receivers (Rx_A and Rx_B) as shown in Fig. 4.4. Here the color codes have

their usual meaning [12]. The layout is drawn for high-speed RF switch with the

MOSFET channel width of 600 nm and channel length of 120 nm. This sizing ratio

of the width and length can be scaled according to the application. These designs

have a poly, drain, and source. The resistances are also present in this layout due to

the metal connection with output voltage. The drain and source has equal capaci-

tance of 0.19 fF, resistance of 90 Ω, and thickness of 2 μm, with metal capacitance

of 0.13 fF, diffusion capacitance 0.06 fF, and gate capacitance of 0.86 fF. Here, we

have analyzed the performance of DP4T DG CMOS switch by applying a

gate voltage 1.2 V as low level. The start time, rise time, fall time, and pulse time

for this signal is taken as 0.475 ns, 0.025 ns, 0.025 ns, and 0.475 ns, respectively.

In this simulation, V1 is 1.2 V as high level and start time, rise time, fall time, and

pulse time for this signal are taken as 0.600 ns, 0.025 ns, 0.025 ns, and 0.475 ns,

respectively, as shown in Fig. 4.5a. Assuming that MOSFET has symmetric

structure and voltage applied on both gate are same this DP4T transceiver switch.

Figure 4.5b shows the antenna voltages ANT1 and ANT2 with input voltages Vin1
and Vin2 for this transceiver switch. The drain current for this transceiver

switch with output voltage is shown in Fig. 4.5c, which provides the drain current
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Idd(max) ¼ 0.387 mA, Idd(avg) ¼ 0.02 mA, and also rise time 36 ps at 1 GHz

operating frequency.

In terms of antenna, we have drawn the first antenna (ANT1) voltage at various

frequencies from 0.1 to 8 GHz, in which the highest voltage on antenna is achieved

at 1 GHz frequency and that decreases with the increase of frequency as shown in

Fig. 4.5d. Also, this result is same for the second antenna (ANT2). We have

established this for the antenna at frequency of 1 GHz; the maximum data in

terms of the voltage are observed. This data density decreases with the increase

in the frequency. For example, at 0.93 GHz, voltage received by a transceiver

system is 313.25 mV, and at 8 GHz this is 0.02 mV as shown in Fig. 4.5d. However,

this result is same for the second antenna (ANT2) as shown in Fig. 4.5d. For

1 GHz the drain current for single-pole double-throw (SPDT) transceiver switch

is Idd(max) ¼ 0.116 mA, and the rise time 19 ps as well as for double-pole double-

throw (DPDT) switch the drain current is Idd(max) ¼ 0.193 mA, and the rise time

31 ps for same operating frequency. After the simulation of DP4T transceiver

switch design, we have obtained the results for drain current and switching speed

for the SPDT, DPDT, and DP4T transceiver switches, which are summarized in

Table 4.1.

The switching speed of the transceiver switch is characterized by the rise time

and fall time. In this simulation, the control voltages are 50 % of duty pulses with a

high level of 1 V and a low level of 0 V; the input signal is a sinusoid waveform at

1 GHz. The rise time (from 10 to 90 % of maximum output swing) is 19 ps–36 ps

and fall time (90 % down to 10 % of maximum output swing) is 3 ps, respectively.

This fast switching speed is possible owing to the small switching transistors.

This sub-nanosecond switching speed is much faster than the speed of GaAs switch

operating at GHz frequencies, which is usually on the order of tens of nanoseconds.

Fig. 4.4 Layout of the proposed DP4T DG RF CMOS switch
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Fig. 4.5 Characteristics of the proposed DP4T DG RF CMOS transceiver switch such as

(a) applied input voltages, (b) antenna voltage with input voltages, (c) drain current, and

(d) antenna output at various frequencies
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Fig. 4.5 (continued)
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The switching speed can be improved by decreasing the values of the gate resistors

as long as the resistors are still large enough to make the gates open to AC signal.

The comparison of switching speed of the proposed DP4T transceiver switch is

summarized in Table 4.2.

With the use of software or freely available tools for DG MOSFET length of

0.045 μm (45 nm) and width of 22.5 μm, we have calculated the capacitance

of 5.72 fF, inductance of 30 pH, and resistance of 3.12 kΩ. After that, we designed
a DP4T DG RF CMOS switch with the help of these values of the capacitance,

inductance, and resistance. A small signal performance from few MHz to 100 GHz

frequency range has been observed.

The equivalent switch circuit with respect to the capacitance is shown in Fig. 4.6

and the results are shown in Table 4.3 for the frequency band, noise power, delay,

phase shift, return loss at Tx port, return loss at antenna port, insertion loss measured

between Tx port and antenna port, voltage standing wave ratio (VSWR), trans-

mission loss, reflection coefficient.

4.5 Effective ON-State Resistance of DP4T DG

RF CMOS Switch

The models of an MOS transistor biased in deep triode region correspond to the

ON-state of the switch, and cutoff region corresponds to the OFF-state of

the switch. The insertion loss of a MOS transistor switch under the ON-state is

dominated by its ON-state resistance (RON) and substrate/bulk resistance (Rb)

[16–18]. However, the isolation of the switch under the OFF-state is finite due to

the signal coupling through the parasitic capacitances, Cds, Cgs, and Cgd, and

through the junction capacitances, Csb and Cdb. Since the interface contact resis-

tance is inversely proportional to the total gate area as in term of length and width of

the gate. The reduction of resistance should lead to improved RF properties in

MOSFETs [19–21]. The ON-state resistance is given by:

Table 4.1 Simulation results

for drain current and

switching speed for several

switches

Structures Drain current (mA) Switching speed (ps)

SPDT 0.116 19

DPDT 0.193 30–31

DP4T 0.387 36

Table 4.2 Comparison

of the switching speed
References [9] [13] [14] [15]

Switching speed 36 ps 300–1,000 ps 400 ps 40 ps
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RON ¼ 1

μCox
W
L Vgs � Vth

� � (4.1)

For proper working of a switch and to reduce the insertion loss, we have to

reduce this ON-state resistance. So to keep this RON small, we have to maintain the

following steps.

Fig. 4.6 Equivalent capacitive model of the proposed DP4T DG RF CMOS switch

Table 4.3 Performance

parameters of the double-gate

MOSFET transceiver switch

Parameter Value and range

Frequency band 0.1–1 GHz

Temperature 27 �C
Noise power 4.4 � 10�21 W

Phase velocity 3 � 108 m/s

Delay 33.33 ps

Phase shift 1.2 degree at 0.1 GHz

Return loss 10 dB

Transmission loss 0.46 dB

VSWR 1.93:1

Reflection coefficient 0.316

RMS volts 0.707 V

Control voltages 1.2 V/0 V

Idd max 0.387 mA

Idd avg 0.020 mA

System impedance 50 Ω
Capacitance 31.83 pF

Inductance 79.88 nH

Reluctance 50 Ω-1

trise 36 ps

tfall 31 ps
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4.5.1 Parallel Combination of Resistance in a Device

In DG MOSFET switch, there are two resistors between drain to source due to

gate-1 and gate-2. However, both of these resistors are in parallel, so making the

RON half, which keeps RON small as compared to the single-gate MOSFET.

It means the switch can pass more signal as compared to the single-gate

MOSFET-based switch.

4.5.2 Choosing Transistor with Large Mobility

For semiconductors, the behavior of transistors and other devices can be different

depending on whether there are many electrons with low mobility or few electrons

with high mobility. Therefore, the mobility is a very important parameter for

semiconductor materials. However, the higher mobility leads to the better device

performance, while the other parameters remain the same. This criterion of reduc-

ing RON is achieved by using n-type MOSFET transistors in place of p-type

MOSFET transistors in the design [18].

4.5.3 Keeping Vgs�Vth Large

This criterion is obtained by increasing the Vgs and decreasing the Vth, so that the

difference of these is large. The threshold voltage has following equation:

Vth ¼ Vth0 þ γ:
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ϕf þ Vsbj j

p
�

ffiffiffiffiffiffiffiffiffiffi
2ϕfj j

p� �
(4.2)

where γ is the body effect coefficient and ϕf is the Fermi level of the substrate. Since

in the double-gate MOSFET no bulk or substrate is available, γ equals to zero and

this decreases the Vth which participates into the increasing of the Vgs�Vth. This

leads to higher RON according to (4.1). Thus, by increasing the source/drain voltage,

we sacrifice insertion loss for the power handling capability.

4.5.4 Aspect Ratio of a Transistor

To increase the ratio of W/L (aspect ratio), we have to widen the transistor width

(W ) and use the transistors of minimum allowable channel length (L). Since the

minimum value of length is limited by the available technology, which is taken as

45 nm in this work. For this purpose, we have chosen the transistor of length

0.045 μm and width 22.5 μm. However, when we increase the width of a transistor,
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its junction capacitances and parasitic capacitances increase with the same ratio.

For single-gate MOSFET, at ON condition of a transistor, increasing Csb and Cdb

tends to have more signal being coupled with the substrate and dissipated in the

substrate resistance Rb. At OFF-state of the transistor, increasing Cds, Cgd, and Cgs

tends to lower isolation between the sources and drain due to the capacitive

coupling between these terminals [18, 22]. However, for DG MOSFET when

both the transistors are ON, increasing Csb and Cdb leads to less signal being

coupled to the substrate as substrate is not present in this structure, so there is no

dissipation in the substrate resistance Rb. When the transistor is OFF, increasing

Cds, Cgd, and Cgs leads to higher isolation between the source and drain due to no

capacitive coupling between these terminals.

For low frequency, sufficient isolation is achieved, so it is not an optimizing

parameter for frequencies of order 1 GHz designs. Thus, in these designs, only

insertion loss needs to be minimized, and there is no trade-off between the insertion

loss and isolation required. On the other hand, at higher frequencies such as

60 GHz, isolation is smaller due to several low impedance paths caused by parasitic

capacitances. This necessitates a trade-off between insertion loss and isolation

during sizing the transistors. In this designed transistor, as the width increases for

DG MOSFET, so peak power added efficiency and output power decrease. These

are also because of a reduction in fmax [22].

4.6 Attenuation of DP4T CMOS Switch

The modern communication systems require variable attenuators and variable gain

amplifiers for amplitude control in a variety of applications, such as automatic level

control loops, modulators, and phased array systems. The variable attenuators are

more suitable for applications, which require high linearity, low power consump-

tion, and low temperature dependence, which cannot be achieved with variable

amplifiers [23]. These attenuators mainly achieve relative attenuation from inser-

tion loss differences by ON/OFF control of RF switches. The switched path

attenuators use SPDT switches to steer the signal path between a line and a resistive

network. This topology provides low phase variation over attenuation states, but it

exhibits high insertion losses at reference states due to the cumulative losses of all

SPDT switches for a multi-bit design, and it occupies a large chip area. Accord-

ingly, it is not suitable for the design of CMOS digital step attenuators. The

proposed design of DP4T RF CMOS switch overcomes this problem.

In this switch at ON-state condition, an effective resistance (RON) is estimated

from input terminal to output terminal. Since RON changes with temperature

(highest at high temperature), supply voltage, and to a minor degree with signal

voltage and current. The ON-state resistance of CMOS switching elements can be

approximated as follows:
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RON ¼ L

W:KP: VCTL � Vthð Þ (4.3)

where L, W, and VCTL are the gate length (2.0, 1.2, or 0.8 microns), the gate width,

and control voltage on the gate, respectively. The intrinsic transconductance KP

ranges from approximately 50 μA/V2 for 2.0-μm technologies to 125 μA/V2 for the

0.8-μm devices. The threshold voltages Vth for the devices are estimated to be

0.7 V–0.9 V range (for this work we have taken as 0.70 V). For a given value of

ON-state resistance, a combination of larger transconductance KP and smaller gate

length L allows smaller gate widths W to be used, thereby significantly reducing

the overall size of the microwave and RF switching transistors and hence the entire

switching element.

The switching element was also tested in an attenuator configuration. The

attenuation measurements have been performed on the 0.8-μm control element by

varying the gate control voltage (VCTL) over a 0 V–2.1 V range. Figures 4.7 and 4.8
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Fig. 4.7 Attenuation at VCTL ¼ 0.7–1.2 V for (a) 0.8-μm technology and (b) 45-nm technology
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Fig. 4.8 Attenuation at VCTL ¼ –0.1 V to 0.7 V for (a) 0.8-μm technology and (b) 45-nm

technology
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shows the results of these measurements at 0.1 GHz, indicating a useful attenuation

range up to 0.40 dB. The data are plotted with an attenuation model for comparison.

The model is based on the use of the switching element as a series reflective

attenuator. The level of attenuation (ATT) is given by the following expression [24]:

ATT ¼ 20:log 1þ RON

2Z0

� �
(4.4)

where RON is the ON-state series resistance of the attenuator modeled using (4.3)

and Z0 is 50 Ω. The level of attenuation depends upon RON, with Z0 (50 Ω). For
lowering the attenuation, RON should be low and aspect ratio (W/L ) should be high,
which is achieved with the proposed DP4T DG RF CMOS switch as shown in

Fig. 4.3 compared to DP4T SG RF CMOS switch as shown in Fig. 2.6b. So, we

reached at the lower attenuation with the proposed switch at 45-nm technology.

The 50 Ω coaxial cables are the most commonly used coaxial cables, and they

are used with radio transmitters, radio receivers, laboratory equipments, and in

Ethernet network. Note that the minimal change in element characteristics over

0–5 V range is observed. For this purpose, at 0.8-μm technology DP4T DG RF

CMOS switch design, we have compared the L ¼ 0.8 μm andW ¼ 400 μmwith the

L ¼ 2.0 μm and W ¼ 4,000 μm (where the aspect ratios are 500 and 2,000,

respectively), and for 45-nm technology switch design, we compare L ¼ 0.045 μm
and W ¼ 22.5 μm with L ¼ 0.045 μm and W ¼ 90 μm (where aspect ratios are

500 and 2,000, respectively, same as before). It is found that at lower size, its

attenuation is lower [17, 22, 25]. The attenuation is estimated at the 0.8-μm and

45-nm technology by varying the gate control voltage (VCTL) over a 0.0 V–2.1 V

range. Figure 4.7a, b shows the results of evaluations at 1 GHz, indicating a useful

attenuation range up to 0.4 dB and 0.1 dB. The data are plotted with an attenuation

model for comparison.

From Fig. 4.7a, b at control voltage 1.0 V, attenuations for aspect ratio 500 are

0.070 dB and 0.016 dB at 0.8-μm and 45-nm technology, respectively. Similarly,

the attenuations for aspect ratio 2,000 are 0.020 dB and 0.005 dB at 0.8-μm
technology and 45-nm technology, respectively. Similarly, at the various control

voltages from –0.1 V to 0.7 V for the DP4T DG RF CMOS switch as shown in

Fig. 4.8, we observed that the attenuations for aspect ratio 500 are 199 dB and

170 dB at 0.8-μm and 45-nm technology, respectively. Similarly, the attenuations

for aspect ratio 2,000 are 170 dB and 142 dB at 0.8-μm technology and 45-nm

technology, respectively. These results of the attenuations are summarized in

Tables 4.4 and 4.5.

From preceding discussions, we conclude that at higher technology, the attenua-

tion is lower as compared to the lower technology attenuations. With scaling device

dimensions and increasing short-channel effects, multiple gate transistors are

investigated to obtain and improve the gate control. However, this design of

double-gate transistors resolves the problem of short-channel effect occurrence in

MOSFET structures [24–27]. If both the gates of double-gate are independently

controlled, then logic density as well as logic functionality can be increased.
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4.6.1 Causes of Attenuation

However, both the signal frequency and the range between the end points of the

medium affect the amount of attenuation. As either the frequency or the range

increases, the attenuation increases. Unlike open outdoor applications based on

straightforward free-space loss formulas, attenuation for indoor systems is very

complex to calculate. The main reason for this difficulty is that the indoor signals

bounce off obstacles and penetrate a variety of materials that offer varying effects

on the attenuation [28].

4.6.2 Counteracting Attenuation

The main objective of warfare attenuation is to avoid having signal power within

the area where users operate to fall below the sensitivity of the 802.11 radio

receivers. We need to ensure that the receiver is always able to find the

transmissions. However, the higher levels of RF interference, such as that caused

by 2.4 GHz on Bluetooth devices or cordless phones, will negatively impact the

ability of the receiver to decode the signal. As RF interference signal levels become

higher than 802.11 signals, an 802.11 receiver will encounter considerable bit errors

while trying to demodulate the 802.11 signals [29].

The mathematical method for determining acceptable attenuation is the equiva-

lent isotropically radiated power (EIRP) and receiver sensitivity [30]. The receiver

sensitivity is different and depending upon whether we use 802.11a or 802.11b and

the data rate at which the users are operating [31, 32]. The higher data rate lowers

the receiver sensitivity requirements. In other words, a receiver must be more

sensitive to detect higher data rate signals. For example, the EIRP of the source

station could be 200 mW (23 dBm) and the receiver sensitivity would be –76 dBm

Table 4.4 DP4T DG RF CMOS switch attenuation for control voltage range 0.7 V–2.1 V

Technology W (μm) L (μm) Aspect ratio Attenuation (dB)

0.8 μm 400 0.8 500 0.070

4,000 2.0 2,000 0.020

45 nm 22.5 0.045 500 0.016

90 0.045 2,000 0.005

Table 4.5 DP4T DG RF CMOS switch attenuation for control voltage range –0.1 V to 0.7 V

Technology W (μm) L (μm) Aspect ratio Attenuation (dB)

0.8 μm 400 0.8 500 199

4,000 2.0 2,000 170

45 nm 22.5 0.045 500 170

90 0.045 2,000 142
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for 802.11b at 11 Mbps. Thus, one can only afford to have 99 dB of attenuation

(23 dBm to –76 dBm) before the signal drops below the receiver’s ability to hear the

signal. The use of an 802.11 radio proves that the signal levels are above minimum

requirements. Using a wireless local area network (WLAN) analyzer, as AirMagnet

or AiroPeek, we can measure the signal power at various points to ensure that the

signal power levels are well above the receiver sensitivity [33].

4.7 OFF-Isolation

If we apply a high-frequency signal to an open switch input appearing at the output,

then OFF-isolation is as

Off‐isolation ¼ 20� log
Vin

Vout

� �
(4.5)

The signal is transmitted through capacitance between drain to source (Cds) to a

load composed of drain capacitance (Cd), which is parallel to the external load. This

isolation decreases by 6 dB/octave with the rising frequency and depends on the

threshold voltage. These TON and TOFF includes the propagation delay of the logic

signal through the logic driving circuits. The fast logic signal propagates through

the internal circuitry of the switch before triggering the transmission line. It is also

verified by the properties of DG CMOS with the high merit of design.

4.8 Resistive and Capacitive Model of DP4T

DG RF CMOS Switch

The capacitive models of a DP4T DG RF CMOS switch is biased in linear region.

For the ON-state of switch, at a time only one transistor will be ON either n-type

DG MOSFET or p-type DG MOSFET. The capacitive model for n-type DG

MOSFET is shown in Fig. 3.7a. For the given design of DP4T DG RF CMOS

switch, the total maximum capacitance across source to drain model under

the operating condition is shown in Fig. 4.9, which is calculated by (4.6). Here

we consider the ON-state, because the insertion loss is conquered by its ON-state

resistance and substrate/bulk resistance. The isolation of the switch is finite due to

the signal coupling through the parasitic and junction capacitances. For DG

MOSFET at cutoff region, the resistances RON1 and RON2 will be zero. For

maximum capacitance, assuming all the capacitances is present at a time. In the

DG MOSFET, the parasitic capacitances are Cds1, Cds2, Cgs1, Cgs2, Cgd1, and Cgd2,

and junction capacitances are not present as bulk that is not available.
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For DGMOSFET, when both the transistors are ON, Csb and Cdb are not present,

so fewer signals being coupled to the substrate as substrate are not present in this

structure, therefore no dissipation in the substrate resistance Rb. When the transistor

is in cutoff region, the increase in Cds1, Cds2, Cgd1, Cgd2, Cgs1, and Cgs2 leads to the

higher isolation between the sources and drain due to without capacitive coupling

between these terminals. At the transistors cutoff region, Cds, Cgd, and Cgs increase,

which directs to the lower isolation between the source and drain due to the

capacitive coupling between these terminals [12]:

CDG ¼ Cds 1 þ Cds 2 þ Cgs 1:Cgd 1

Cgs 1 þ Cgd 1

þ Cgs 2:Cgd 2

Cgs 2 þ Cgd 2

(4.6)

For the model of a DP4T DG RF CMOS switch at ON-state, the total capacitance

is individual capacitance of a particular transistor as any one transistor is ON at a

time which is calculated for n-type DG MOSFET and p-type DG MOSFET as

shown below, respectively:

CDGn ¼ Cdsn 1 þ Cdsn 2 þ Cgsn 1:Cgdn 1

Cgsn 1 þ Cgdn 1

þ Cgsn 2:Cgdn 2

Cgsn 2 þ Cgdn 2

(4.7)

CDGp ¼ Cdsp 1 þ Cdsp 2 þ Cgsp 1:Cgdp 1

Cgsp 1 þ Cgdp 1

þ Cgsp 2:Cgdp 2

Cgsp 2 þ Cgdp 2

(4.8)

and the ON-state resistance is parallel resistance due to the parallel combination of

gate-1 (G1) and gate-2 (G2) as

RDG ¼ RON1:RON2

RON1 þ RON2

(4.9)

Fig. 4.9 Resistive and capacitive model of DP4T DG RF CMOS switch at ON-state
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where

RON ¼ 1

μCox
W
L Vgs � Vth

� � (4.10)

With the calculation of capacitances using (4.6) and (4.7), we conclude that if the

value of capacitances is increased, then isolation is better in DP4T DG RF CMOS

switch as compared to the already existing DP4T RF CMOS switch. Also, the

resistance RON (parallel combination of RON1 and RON2) is less which helps in fast

current movement and increases the speed of switch. For appropriate working of a

switch and to reduce the insertion loss, we can also achieve reduction in ON-state

resistance with choosing transistor with large μ, increasing W/L, keeping Vgs–Vth

large as revealed from (4.10) as discussed in the Sect. 4.5.

4.9 Switching Speed of DP4T DG RF CMOS Switch

The switching speed is the measure of the rate at which a given electronic logic

device is capable of changing the logic state of its output in response to the changes

at its input. It is a function of the delay encountered within the device, which in

turn is a function of the device technology. In an electronic switch, the measure

of the switching transient is the 10–90 % rise time or fall time. This is the time

taken for the signal to transition between 10 and 90 % of its total swing. If the

waveform is exponential, then there is a relationship between the 10 and 90 %

rise time and the time constant in the circuit. The time it takes to reach 10 % of

the final value is t10 % ¼ � RC ln(0.9) and for 90 % of the final value is t90 % ¼
� RC ln(0.1). So, the 10–90 % rise time will be T10�90 % ¼ t90 %�t10 % ¼ � RC
ln(0.9/0.1) ¼ 2.2 RC and a similar result for the fall time. For the proposed DP4T

DG RF CMOS switch, we put the values of R ¼ 12.5 Ω and C ¼ 1.4 pF, which are

obtained from (4.6) and (4.9); on this way, we have achieved the rise time of 36 ps

which is justified with Fig. 4.5b.

4.10 S-Parameters of DP4T DG RF CMOS Switch

The S-parameters describe the response of an N-port network to voltage signals at

each port. It has magnitude as well as phase information for gain or loss and phase

shift information. However, the S-parameters change with the frequency, load

impedance, source impedance, and network. For an example, we acquire each

available capacitance in Fig. 4.9 of 1 fF for DP4T DG RF CMOS switch. It gives

total capacitance of CDG of a 3 fF with help of (4.6). With this capacitance, we have

designed a switch network as shown in Fig. 4.10 [34, 35]. Here, the tolerance of total

capacitance is considered as +2 % to –2 %. At frequency band of 0.8 GHz–60 GHz,
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we obtained the noise power of –173.83 dBm with return loss 10 dB, transmission

loss 0.46 dB, VSWR 1.93:1, reflection coefficient 0.316, and system impedance

50 Ω. We have analyzed this DP4T DG RF CMOS equivalent switch for 1, 2.5,

5, 10, 25, 50, and 60 GHz of frequency [18, 36–40], and the parameters are

summarized in Table 4.6. Table 4.7 shows the impedance, admittance, series

equivalent, and parallel equivalent of this network at 1–60 GHz frequencies.

Fig. 4.10 Equivalent capacitive circuit of the DP4T DG RF CMOS switch

Table 4.6 Simulated

parameters of the DP4T DG

RF CMOS switch

Parameters Measurements

Operating frequency 0.8–60 GHz

System impedance 50 Ω
Tolerance of capacitance +2 % to –2 %

Noise power –173.83 dBm

Return loss 10 dB

Transmission loss 0.46 dB

VSWR 1.93:1

Reflection coefficient 0.316

Table 4.7 Impedance, admittance, series equivalent, and parallel equivalent circuit parameters of

the proposed switch

Freq. Impedance Admittance Series equivalent Parallel equivalent

GHz Real Img. (j) Real Img. (j) R (Ω) C (pF) R (Ω) C (pF)

1 64.1f –0.30 707.62f +3.32 64.10f 508.13 1.41 T 508.13

2.5 10.32f –0.13 647.69f +7.92 10.32f 508.13 1.54 T 508.13

5 3.52f –0.06 897.02f +15.97 3.52f 508.13 1.11 T 508.13

10 1.09f –0.03 1.13p +32.08 1.09f 508.13 888.5G 508.13

25 –8.27e�16 –0.01 –5.04p +78.08 –8.27e�16 508.13 –198.26G 508.13

50 –1.76e�16 –6.26 m –4.5p +159.74 –1.76e�16 508.13 –222.28G 508.13

60 –1.37e�16 –5.22 m –5.03p +191.57 –1.37e�16 508.13 –198.88G 508.13
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After designing this network of switch, we tabularize the S11, S12, S21, and S22 in

Table 4.8, at the above-stated frequencies. These values of S-parameters give the

magnitude of S12 and S21 as shown in Table 4.9.

From Table 4.7, it is revealed that the impedance, admittance, series equivalent

resistance, and parallel equivalent resistance decrease with the increase in fre-

quency, but the series equivalent capacitance and parallel equivalent capacitance

are fixed at 508.13 pF, whatever the value of frequency. From Table 4.8, it has been

concluded that at no signal, the entire unpredictable signal returned back means no

any unwanted signal passes the switch because S11 and S22 are 1 and at the same

time S12 and S21 are zero. Also with increase in frequency, we achieve a fine angle.

From Table 4.8, it is illustrated that the maximum amplitude and minimum

amplitude of the resultant signal occur when the reflected wave is in phase and 180
�

out of phase with the input signal, respectively. The reflected wave, when summed

with the input signal, either increases or decreases its net amplitude, depending on

whether the reflection is in phase or out of phase with the input signal.

From Table 4.9, it is accomplished that the magnitude in terms of dB decreases

with increase in the frequency. We can also measure the reflection, VSWR (ratio of

the maximum reflected wave in phase to minimum reflected wave out of phase

voltages in the standing wave), return loss (measure of the reflected signal power),

and also a subset of the insertion loss as the higher the return loss (or reflections)

in an RF system, the higher its insertion loss from these conclusions. Due to the

reduced short-channel effects, the double-gate SOI devices have emerged as

Table 4.8 S-parameters of a designed switch at various frequencies (Mag. ¼ magnitude, Ang. ¼
angle)

Frequency S11 S21 S12 S22

GHz Mag. Ang. Mag. Ang. Mag. Ang. Mag. Ang.

1 1 –179.22 0 –89.22 0 –89.22 1 –179.22

2.5 1 –179.71 0 –89.71 0 –89.71 1 –179.71

5 1 –179.86 0 –89.86 0 –89.86 1 –179.86

10 1 –179.93 0 –89.93 0 –89.93 1 –179.93

25 1 –179.97 0 –89.97 0 –89.97 1 –179.97

50 1 –179.98 0 –89.98 0 –89.98 1 –179.98

Table 4.9 Magnitude of S12
and S21 (both are equal)

at various frequencies

Frequency Magnitude

GHZ dB¼20·log10 (V )

1 –142.97

2.5 –150.51

5 –156.60

10 –162.66

25 –170.60

50 –176.60

60 –178.18
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the device of choice for nanoscaled technologies. The device characteristic includ-

ing ON and OFF currents can be optimized by the choice of device geometries,

aspect ratios, gate material, work function, threshold voltages, etc.

However, the possibilities of independent double-gate technologies (four-

terminal devices) have significant advantage for low-power and high-performance

circuit design [14, 15, 41]. The usefulness of the proposed design of SPDT, DPDT,

and DP4T switch is shown in a class of low-power and high-performance circuits

such as wireless communication system, dynamic logic circuits, Schmitt trigger,

SRAM cells, and sense amplifiers [42].

4.11 Conclusions

From the preceding analysis and simulations, we have obtained that the attenuation

of a DP4T DG CMOS switch decreases as compared to the single CMOS switch.

This switch is highly integratable with the analog and digital circuitry. These

features make DP4T DG CMOS switch very attractive for use in applications that

require mixed RF and digital systems. The proposed DP4T DG RF CMOS switch

exhibits better drain current and switching speed compared to existing SPDT and

DPDT switch. The insertion loss and power handling capability of the switch is also

improved by using a higher control voltage of 1.2 V. However, based on the

simulation results, it is demonstrated that the drain currents increase in a way

from SPDT to DPDT and DPDT to DP4T switch structures. A better reduction of

the short-channel effects and improvement of the device reliability could also be

expected by changing the channel width and channel length ratio and gate materials

and optimizing these parameters. The proposed DP4T DG RF CMOS switch results

the peak output currents around 0.387 mA and switching speed of 36 ps. A device

structure with a double-gate contact shows a significant improvement in currents

and switching speed compared to a single-gate contact structure. To reduce the

short-channel effects of nanoscale devices, the DG MOSFET can also be designed

using this process. This switch is suitable for low-power short-range wireless

communication devices.

In the DGMOSFET, the bulk voltage is zero, so we can achieve the highest drain

current by using the proposed switch. At higher technology, attenuation is lower as

we reported 0.01 dB to 0.05 dB for 45-nm technology compared to 0.05 dB–0.20 dB

for 0.8-μm technology in our work [27, 43]. OFF-isolation and switching speed are

significantly improved in the proposed DP4T DG RF CMOS switch over the

already existing CMOS switch. Moreover, the flat-band capacitance and power

dissipation become half and threshold voltage as well as flat-band voltages is

reduced as flat-band capacitance becomes half for the proposed DP4T DG RF

CMOS switch. Ultrathin body employs very thin silicon body to achieve better

control of the channel by the gate and, hence, reduces the leakage and short-channel

effects. The intrinsic or lightly doped body, in the DG MOSFET, reduces the
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threshold voltage variations due to random dopant fluctuations and enhances the

mobility of the careers in the channel region which increases the ON-state current.

So, we can achieve a better result by using this DG MOSFET at 45-nm technology

as it has intrinsic or lightly doped body for the application of DP4T DG RF CMOS

switch.
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Chapter 5

Cylindrical Surrounding Double-Gate

RF MOSFET

5.1 Introduction

To reduce the size and increase the compactness in terms of area for the designed

double-gate (DG) MOSFET as discussed in Chap. 3, we have analyzed and model

the gate all around to the DG MOSFET. In this chapter we have designed the

cylindrical surrounding double-gate (CSDG) MOSFET and analyzed the design

parameters of this MOSFET as a RF switch for the advanced wireless telecommu-

nication systems. We have emphasized on the basics of the circuit parameters such

as drain current, threshold voltage, resonant frequency, resistances at switch

ON-state condition, capacitances, energy stored, cross talk, and switching speed

required for the integrated circuit of the radio frequency subsystem of the CSDG

MOSFET device and physical significance of these basic circuit parameters are also

discussed. We have analyzed that CSDG MOSFET stored more energy (1.4 times)

as compared to the cylindrical surrounding single-gate (CSSG) MOSFET. The

ON-state resistance of CSDG MOSFET is half as compared to the DG MOSFET

and SGMOSFET, which reveals that the current flow from source to drain in CSDG

MOSFET is better than that of the DG MOSFET and SG MOSFET.

There has been growing interest in the modeling of RF CMOS because it allows

integration with both the digital and analog functionality on the same die, means

increasing the component density with increasing performance at the same time as

keeping system sizes reserved [1, 2]. The CMOS transistor uses the technique of

silicon-on-insulator (SOI), which is very attractive because of the high speed

performance, low power consumption, its scalability, and effective potential

[3–5]. As compared to the bulk-Silicon substrate, the architecture of SOI MOSFETs

is more flexible due to the several parameters such as thicknesses of film and buried

oxide, substrate doping as well as back-gate bias which is used for the optimization

and scaling. The short channel effects (SCE), junction capacitances, and doping

fluctuation are mitigated in ultrathin SOI films [6, 7]. The main advantage of SOI

compared to the bulk-Silicon is its compatibility with the use of high resistivity
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substrates to reduce the substrate coupling and RF losses. However, the numerous

advancement for the device architecture have been explored time to time as gate-

all-around, delta, lateral epitaxial overgrowth, folded-gate, fin-gate, self-alignment

are few of them [8]. The conventional scaling rules suggest that in order to

minimize the short channel effects, the doping concentration of the channel must

be increased. However, the high doping level degrades the mobility and therefore

lowers the drive current. Another possible alternative necessitates the reduction of

gate oxide thickness. However, the extent to which gate oxide thickness can be

scaled down is limited by the direct tunneling [9–11]. The CSDG MOSFET, which

has greater control over the channel, is proposed in order to overcome these

drawbacks as well as to offer high packing density and steep subthreshold

characteristics. By reducing the thickness of Silicon film of CSDG MOSFET,

greater short channel immunity can be achieved. However, as the thickness of the

Silicon pillar is reduced, the current drive decreases and thus presenting a serious

limiting factor to the device performance.

In ref. [12], the authors have proposed an impressive, compact, and analytical

model for the DG MOSFETs, which account for the quantum, volume-inversion

[13], short channel, and non-static effects. Electrostatic and Monte-Carlo

simulations established the detailed advantage of the DG MOSFET. Djeffal

et al. [14] have investigated the scaling capability of the double-gate MOSFET

and gate-all-around MOSFETs by using an analytical model of the 2-D Poisson

equation in which the hot carrier-induced interface charge effects have been

considered. However, based on this analysis, Djeffal et al. [14] have obtained that

the degradation becomes more important when the channel length gets shorter and

minimum surface potential position is affected by the hot carrier-induced localized

interface charge density. By using this analysis, authors [14] also studied the scaling

limits of the double-gate MOSFET and gate-all-around MOSFET and compared

their performances including the hot carrier effects. As the device size scales down,

the total number of channel dopants decreases, which provides a larger variation of

dopant numbers significantly affecting the threshold voltage. Dollfus and Retailleau

[15] have compared the noise performances of DGMOSFET and SG MOSFETs by

a noticeable development of the noise-figure in the double-gate structure that is

explored in terms of a favorable increase of cross-correlation between the drain and

gate currents. The presence of a residual undesired charged impurity in the channel

of a double-gate structure induces perceptible changes in the spectral density of the

gate current fluctuations that modifies the noise-figure [16]. Sharma and Kumar

[17] have presented a comprehensive analysis to limit the short channel effects in

the single-gate MOSFET and double-gate MOSFET. For an RF switch, the band-

width depends on the capacitance connected to the ground due to the side wall

capacitances present in the MOSFET structure [18–21]. These capacitances are also

discussed in the following sections for the CSDG MOSFET. Amakawa et al. [22]

have developed a surface potential-based model for the cylindrical surrounding

MOSFET for which the non-differential equation of the surface potential is not

known because of the cylindrical structure.
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However, unlike other surrounding-gate MOSFET models, this model includes

both the drift and diffusion currents and there is no inherent distinction between the

saturation and non-saturation. Amakawa et al. [22] have also demonstrated its

accuracy in comparison with device simulation without arbitrary fitting. Li

et al. [23] have proposed a novel cylindrical surrounding-gate MOSFETs with

electrically induced source/drain extension and demonstrated this with numerical

simulation for the first time. In this device, a constant voltage is applied to the side

gate to form the inversion layers acting as the extremely shallow virtual source/

drain. By using the 3-D device simulator, Li et al. [23] have investigated the device

performance focusing on the threshold voltage roll-off, the drain-induced barrier

lowering (DIBL), subthreshold swing, and electrical field with carrier temperature.

This structure exhibits better suppression of the short channel effects and hot carrier

effects when compared to the conventional cylindrical surrounding-gate

MOSFETs. Chiang [24] has discussed a model on the basis of quasi-2D potential

analysis by using the effective conducting path effect, a concise analytical model

for the threshold voltage in the cylindrical fully depleted surrounding-gate

MOSFETs. However, besides the increased depth of the effective conducting

path, a thin Silicon body and a decreased oxide thickness can reduce threshold

voltage roll-off, simultaneously. Kaur et al. [25] have developed a 2-D analytical

model for the graded channel fully depleted cylindrical surrounding-gate MOSFET

by solving the Poisson’s equation in the cylindrical coordinate system. An abrupt

transition of the Silicon film doping at the interface has been assumed and the

effects of the doping and lengths of the high and low doped regions have been taken

into account. The model is used to obtain the expressions of surface potential and

electric field in the two regions. The analysis is extended to obtain the expressions

for threshold voltage (Vth) and subthreshold swing. It is shown that a graded doping

profile in the channel leads to suppression of SCEs like threshold voltage roll-off,

hot carrier effects, and DIBL. The CSDG MOSFET structure utilizes an undoped

body due to the following reasons:

a. Carrier mobility can be enhanced by the undoped body owing to the absence of

depletion charges, which can significantly contributes to the effective electric

field, thus degrading the mobility [8]

b. The undoped MOSFET can avoid the dopant fluctuation effect, which

contributes to the variation of the threshold voltage and drive current. So, this

CSDG MOSFET can be used for the purpose of double-pole four-throw (DP4T)

RF CMOS switch design [26]

We have proposed a novel model of the low-power and high speed CSDG

MOSFET used as RF switch for selecting the data streams from the antennas for

both the transmitting and receiving processes. The layout of the proposed design

has been studied to understand the effect of device geometry, when working as a

switch. However, each parameters of the device are discussed separately for the

purpose of clarity of presentation and understanding the operation of CSDG RF

CMOS switch.
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5.2 Analysis of CSDG RF MOSFET

In a MOSFET, the threshold voltage with the change in source to bulk voltage and

body effect is given as [20]:

Vth ¼ Vto þ γ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VSB þ 2ϕ

p
�

ffiffiffiffiffiffi
2ϕ

p� �
(5.1)

where Vth and Vto, are the threshold voltage with substrate bias and the value of

threshold voltage at VSB ¼ 0, respectively, γ and φ are the body effect parameter

and surface potential parameter, respectively. It is notorious that a MOSFET with

the nonzero source to body voltage has the threshold voltage modified through the

body effect (VSB 6¼ 0). The source-body voltage (VSB) for an n-type MOSFET is

VB ¼ VSS and for a p-type MOSFET VB ¼ VDD, then Vthj jVSB6¼0
i Vthj jVSB¼0

.

Also, for minimizing the threshold voltage, we have to reduce the body effect

parameter to zero, which is a main feature of the CSDG MOSFET. At the turned

OFF switch status of a transistor, the current between drain to source should be zero

but there is a flow of weak inversion current (subthreshold leakage). In the weak

inversion, the drain current varies exponentially with the gate to source bias Vgs as

given by [21]:

Id � Id0 e
Vgs�Vth

nVT (5.2)

where Id0 is the drain current at Vgs ¼ Vth and VT ¼ k�T
q is the thermal voltage and

n ¼ 1þ CD

Cox
is the slope factor, where CD and Cox are the capacitance of the

depletion layer and capacitance of the oxide layer, respectively. In a long channel

device, there is no drain voltage dependence of the current, once Vds � Vth, but as

the channel length is reduced, the DIBL introduces drain voltage dependence that

depends in a complex way upon the device geometry (channel doping and junction

doping). The dopant fluctuations in the source and drain regions overlapped by the

gate may strongly influence the series resistance, which should be more important

than the effect of a single n-type impurity on the transport in the channel. In general,

the effect of diffusion of discrete dopants in the gated region of the Si-film certainly

deserves further investigation for such small devices [16, 27].

The basic concept of a CSDGMOSFET is to control the channel very effectively

by choosing the channel width to be very small and by applying a gate contact

to both sides of the channel, which is of cylindrical type. This concept helps to

suppress the SCE and leads to higher currents as compared with a MOSFET having

only one gate. It is also observed that an n-doped layer in the channel reduces the

threshold voltage and increases the drain current when compared with a device of

an undoped channel. The reduction in threshold voltage and increase in the drain

current occur with the level of doping. The leakage current is larger than that of an

undoped channel but less than that of a uniformly doped channel. In particular, the
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CSDG MOSFET with an intrinsic channel is considered as the best candidate for

the device downscaling as they offer potential advantages such as:

a. Absence of the dopant fluctuation effect, which contributes to the variation of the

threshold voltage and drive current

b. Enhance the carrier mobility owing to the absence of depletion charges which

can significantly contribute to the effective electric field, results in degrading

mobility

However, the intrinsic channel DG MOSFETs need to rely on gate work-

function to achieve multiple threshold voltages on a chip due to the absence of

body doping, which is an efficient tool to adjust the threshold voltage. Several

efforts including implanted metals fully silicided gates [28–31], alloy metals [32],

and metal bilayers [33] have been reported. Although the heavy channel doping can

suppress SCEs to some extent and fix the threshold voltage, such high doping will

dramatically degrade the mobility in the channel and increase leakage current

caused by the band to band tunneling (BTBT) from the channel to the drain and

will contribute to threshold voltage variations caused by the significant discrete

dopant fluctuation effect [34, 35].

However, doping of the layer with donor atoms can decrease the threshold

voltage like full body n-doped DGMOSFETs, but the degradation of the subthresh-

old swing and increase of the leakage current are less in layer doped DGMOSFETs.

Thus, doping a narrow layer rather than doping the entire channel is a better option to

tune the threshold voltage while maintaining larger drive current and less leakage

current.

We have presented a 2-D physics based modeling of the short channel CSDG

MOSFETs of the nanoscale dimensions, also a derivation of precise, self-consistent

framework model for the device electrostatics, the drain current, and various

capacitances. The modeling has no adjustable parameters and implicitly incor-

porates scaling with device dimensions and material composition. In the present

work, by investigating the influence of source and/or drain circular region SOI

MOSFETs, we proposed new design insights to achieve high tolerance to gate

misalignment or oversize in the nanoscale devices for low voltage analog and RF

applications. Due to the circular source and drain, the gate contact with the source

and drain is on a long circular region, which avoids the gate misalignment. The

design of CSDG MOSFET shows the following features:

a. Misaligned gate-underlap devices perform significantly better than double-gate

devices with abrupt source/drain junctions with identical misalignment

b. Misaligned gate-underlap performance (with source/drain optimization) exceeds

perfectly aligned double-gate devices with abrupt source/drain region

The proposed process is an application of DG RF CMOS technology as

discussed in Chap. 3, for designing a new CSDG configuration. The choice of

the RF CMOS switches as discussed in the Chap. 2, requires an analysis of the

performance parameters as the drain saturation current, operating frequency,

cut-off frequency, threshold voltage of the n-type MOSFET and p-type MOSFET,
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control voltage, output power, and forward transconductance [36]. Also this choice

requires controlling the increase or decrease of channels for devices, which operates

in the depletion region.

Figure 5.1a is a DGMOSFET which has two gates G1 (front-gate) and G2 (back-

gate). The back-channel has been probed by varying the substrate (back-gate) bias

with the front-gate voltage as a parameter. The drain current (Id) with respect toVG2

Fig. 5.1 Schematic of (a) basic DG MOSFET, (b) CSDG MOSFET, and (c) cross-section of

CSDG MOSFET
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curves is same as front-channel characteristics as strong coupling, linear VT2
(VG1

)

variation, constant swing. The effective mobility in the front and back channels is

comparable. In the regular SOI MOSFETs, the buried oxide is much thicker

(0.4 μm); hence the substrate depletion has a minor effect even on the back-

channel. Moreover, the front-channel is hardly affected because it is protected by

very small ratio between the thicknesses of the front and back oxides. In the present

devices, the substrate effect is exacerbated for several reasons such as the oxide

thickness is relatively thin, the front and back oxides have equivalent thickness, and

the ultrathin Si-film maximizes the coupling effects [21].

The transconductance decreases more rapidly with the gate voltage in the DG

MOSFETs and it indicates a larger value of the mobility degradation factor.

Also, the long channel and short channel show the transconductance gain of SG

and DG at 300 �K tends to decrease in the short channels. The operation of ultrathin

transistors in the CSDG mode brings significant advantages such as scalability,

ideal subthreshold slope, high current drive, and excellent transconductance. The

gain in transconductance as compared to the SG MOSFET operation based on

volume-inversion, which is extremely prominent, has an effect in DG MOSFETs.

It does not modify directly the total charge but modifies the carrier profile in the

thin film, thus leading to an indirect improvement of the effective mobility.

For the design of CSDG MOSFET, first we design a double-gate MOSFET as

shown in Fig. 5.1a, which reveals the n-type DGMOSFET. Similarly we can design

the p-type DG MOSFET. Figure. 5.1b is the symmetrical cylindrical surrounding

double-gate transistor, which has been presented a compact model that is used for

the resistance, capacitance, electrostatic potentials, and current characteristics of

the long channel CSDG MOSFETs and cross-section of the CSDG MOSFET is

shown in Fig. 5.1c. A mathematical expression of the potential is also derived as a

function of the doping concentration in the following sections. After using the

expression obtained for the potential and mobile charge, a drain current expression

is derived. It is also observed that the threshold voltage shift depends on the doping

of substrate and scaling factor. A large scaling factor is preferred to alleviate the

threshold voltage degradation [24, 37]. It is noticeable that here two channels are

formed, one due to the internal circular gate (G1) and another due to the outer

circular gate (G2).

5.3 Fabrication Process for CSDG RF MOSFET

For the fabrication of cylindrical surrounding-gate MOSFET, the circular resist

dots of different diameters (from 60 to 600 nm) are patterned on the 8 inch. bulk

Si-wafer followed by 1 μm deep Silicon etch with SF6 chemistry under SiN

hard mask. Pillars are then oxidized at 1,150 �C to convert into cylindrical form.

Then we make a drilling process to make a hollow cylindrical form. The high

temperatures are used to decrease the viscosity of the grown oxide, ensuring smooth
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cylindrical Si-core at the center of the pillar The oxidation rate at the bottom of the

pillar is low due to increased stress at high curvature [38, 39] as a result smoothly

controlled Silicon footing is formed after oxidation. The gate oxide of �5 nm was

then thermally grown on the exposed wire surface, followed by the deposition of

30 nm poly-Si, which serves as the gate electrode. To reduce the source and drain

overlap and physical gate length, the photoresist trimming is used in gate definition.

There are three different oxide processes: (1) in situ steam generated oxide with

tox ¼ 3.3 nm, (2) rapid thermal oxide with tox ¼ 1.5 nm, and (3) clean oxide

annealed in N2 atmospheres, namely nitride gated oxide with tox ¼ 2.8 nm.

The process steps and flows are the same as those originally reported in

[40–42]. At last the standard metallization followed to complete the fabrication

process of the device.

5.4 Characteristics of CSDG MOSFET

In the conventional bulk MOSFET and SOI devices, the immunity from SCE such

as Vth roll-off and DIBL requires increasing channel doping to reduce the depletion

depth in the substrate. Even when the retrograde channel profiles are used to reduce

the mobility degradation and threshold mismatch, this approach intrinsically trades

the improved short channel immunity for increased substrate bias sensitivity and

degraded subthreshold swing [43]. However, by replacing the substrate with

another gate to form a DG MOSFET is shown in Fig. 5.1a, the short channel

immunity can be achieved. The threshold voltage (Vth) of a fully depleted DG

MOSFET can be controlled either by adjusting the channel doping concentration

similar to the conventional bulk MOSFET case or by changing the work-function of

the gate electrodes. However, in the small gate lengths regime, a CSDG MOSFET

is aimed at an undoped Si-channel will be needed to avoid Vth fluctuations due to

the discrete random dopant placement. If we choose to use an intrinsic Si-channel,

then the Vth is adjusted by using gate electrodes with mid-gap work-function. In this

section, we present a model derived from the 1-D Poisson’s equation with all the

charge terms included and the channel potential is solved for the asymmetric

operation of CSDG MOSFET. Kolberg et al. [44] have presented a model for

the short channel DG MOSFETs and found that in the subthreshold regime, the

electrostatics of the device is dominated by the capacitive coupling between the

electrodes, which is analyzed by conformal mapping techniques. Whereas in

the strong inversion regime, the device behavior is dominated by the inversion

charge, which allows the 1-D analysis. Djeffal et al. [45] have proposed a new

nanoscale graded channel gate-stack DG MOSFET structure and its 2-D analytical

model which suppress the SCE and improvement in the subthreshold performances

for the nano-electronics applications. This model predicts an incrementing potential

barrier (in the surface potential profile along the channel) which ensures a reduced

Vth roll-off and DIBL effects. Saurabh and Kumar [43] have presented a novel
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lateral strained double-gate MOSFET. Using device simulation in [43] the authors

derived that the strained double-gate MOSFET has a higher ON-current, low

leakage, low threshold voltage, excellent subthreshold slope, and better SCEs

and also meets important International Technology Roadmap for Semiconductors

(ITRS-2010) guidelines [46]. Reyboz et al. [47] have described an explicit compact

model of an independent double-gate MOSFET with an undoped channel. This

model includes SCE and also mobility reduction, saturation velocity, series resis-

tance, and a charge model. It is applicable for symmetrical, asymmetrical, and

independent gate devices. Saad and Ismail [48] have illustrated the process of

making a symmetrical self-aligned n-type vertical DG MOSFET over a Silicon

pillar. The electron concentration profile is obtained, which demonstrates an

increased number of electrons in the channel injected from the source end as the

drain voltage increases. The enhanced carrier concentration results to significant

reduction in the OFF-state leakage current and improves the DIBL effect and the

distinct advantage of the technique reported for suppression of the SCE in nano-

scale vertical MOSFET. Dutta et al. [49] have presented a generic surface potential-

based V–I characteristics model for the doped and undoped asymmetric DG

MOSFET. Taur [27] has led to an analytical solution to the simplified 1-D Poisson’s

equation in the Cartesian coordinate for a DG MOSFET. However, the interpreta-

tion of a surrounding-gate MOSFET can be performed by using the Poisson’s

equation in the cylindrical coordinate.

The proposed model is able to show the dependency of the front and back

surface potential and drain current on the terminal voltages, gate oxide thicknesses,

channel doping concentrations, and Silicon body thickness and excellent agreement

is observed with the 2-D numerical simulation results. For this purpose, we apply a

variable transformation technique to solve the simplified 1-D Poisson’s equation in

the cylindrical coordinate for the surrounding-gate MOSFET in strong inversion

and accumulation region. A general model to describe n-MOSFET in terms of the

Poisson’s Equation [27]:

∇2ϕ ¼ � q

εs
�Na þ Nae

�qϕ=kT � n2i
Na

eqϕ=kT
� �

(5.3)

For 1-D situation, the (5.3) can be written as

d2ϕ

dr2
þ m

r

dϕ

dr
¼ � q

εs
�Na þ Nae

�qϕ=kT � n2i
Na

eqϕ=kT
� �

(5.4)

where Na, q, φ, k, and T are the doping concentration Si-substrate, electron charge,

Fermi potential, Boltzmann constant, and temperature, respectively. For the

double-gate structure in the Cartesian coordinate system, m ¼ 0 and for the

surrounding-gate structure in the cylindrical coordinate m ¼ 1. Also, the boundary

conditions for the double cylindrical surroundings structure are
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dϕ

dr

������
r¼0

¼ 0 að Þ

dϕ

dr

������
r¼a

¼ ϕs bð Þ

dϕ

dr

������
r¼b

¼ ϕs cð Þ

9>>>>>>>>>>>>>=
>>>>>>>>>>>>>;

(5.5)

where r ¼ a is the radius of internal cylindrical gate and r ¼ b is the radius of

external cylindrical gate as shown in Fig. 5.1c. When the n-type MOSFET is in

strong inversion, the holes and depletion charge terms in (5.4) are neglected, and

then we get:

d2ϕ

dr2
þ m

r

dϕ

dr
¼ q

εs

n2i
Na

eqϕ=kT (5.6)

We have emphasized on this strong inversion, to study a CSDG MOSFET,

the (5.6) with m ¼ 1 is written as

d2ϕ

dr2
þ 1

r

dϕ

dr
¼ q

εs

n2i
Na

eqϕ=kT (5.7)

The integration technique after solving this with boundary condition of the (5.5),

we get the surface charge density:

Qsj j ¼ dϕ

dr

����
����
r

εs ¼ kT

q
εs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Bψr2exp qϕ=kTð Þ

p
s

(5.8)

where

ψ ¼ q2n2i
εSikTNa

In the above analysis, the potential and inversion charge concentration both are a

function of the distance r from the center of the cylinder for the ultrathin double-

gate MOSFET. Here in the proposed device, we have consider the 5 nm thick body

(d), Na ¼ 1020 cm�3, a ¼ 10 nm, b ¼ 15 nm and gate length (L ) is 20 nm, which is

according to the ITRS-2010 guidelines [46]. Whereas for cylindrical surrounding

single-gate a is zero and only b is used. It is expected that the saturation current of a
surrounding-gate MOSFET is larger than that of a double-gate structure. In the

cylindrical surrounding double-gate, this 5 nm thick body is shared with external
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circular gate as well as internal circular gate. The surface potential distribution

along the channel at

a. L ¼ 100 nm

b. L ¼ 30 nm.

For Vds¼ 0.6 V, Vgs ¼ 0.1 V, tsi ¼ 5 nm, and tox ¼ 1.5 nm are also discussed by

the Djeffal et al. [50]. Based on the achieved analytical solutions, we compared the

inversion charge concentration of a CSDGMOSFET with that of a CSSGMOSFET

[51]. It is found that the significantly higher charge concentration is induced in the

surrounding double-gate structure than in the single-gate structure (when the same

surface potential is applied), which reveals the better gate control and potentially

higher current in the surrounding double-gate MOSFET. The surface potential can

be solved in the iteration method if the voltage drop in the gate oxide is considered.

The numerical simulation by using Poisson’s Equation (5.4) for both the structures

has been carried out (as for external gate b is used and for internal gate a is used).

The resistances and capacitance are also present in this layout due to metal

connection with output voltage. This drain and source has equal capacitance of

0.19 fF, resistance of 90 Ω, thickness of 2 μm, with metal capacitance of 0.13 fF,

diffusion capacitance 0.06 fF, and capacitance of gate is 0.86 fF. The double-gate

MOSFET has a resistance of 68 Ω and thickness of 3 μm. Here, we have analyzed

the performance of CSDG MOSFET and DG MOSFET with applying gate voltage

of 21 μV and pulse width 0.4 ns, rise time and fall time of 50 ps and delay is 1 ps to

the capacitive and resistive model of CSDG MOSFET as shown in Figs. 5.3a and

5.4a and the waveform is according to Figs. 5.3b and 5.4b. Assuming that CSDG

MOSFET has symmetrical gate structure and voltage applied on both gate (external

and internal for cylindrical and upper and lower for simple double-gate) are same.

To determine the drain current, a conventional technique in thin-oxide MOSFETs

consists of C–V measurements [52, 53]. However, this DG MOSFET consists

slightly thick oxide (so that a very small capacitance created); hence the conven-

tional charge Q ¼ Cox � (Vgs � Vth) is suitable, which yields the direct and accu-

rate values for the density of charge carriers, even with double-activated gates. Here

Cox is the oxide capacitance and Vgs is the gate to source voltage. The linear

relationship is complying with Cox ¼ CCSDG ¼ 2πεL/ln(b/a). This capacitance

(Cox)CSDG > (Cox)CSSG, due to the greater current passing area of the CSDG

MOSFET. We find the drain current by using the equation as

Ids ¼ μ � Q � Vds �W
L

(5.9)

where μ, Vds, W, and L are the channel mobility, applied drain to source voltage,

channel width W ¼ 2π(a + b) and channel length, respectively. For the CSDG

MOSET, WCSDG ¼ 2π(a + b) and for CSSG MOSFET, WCSSG ¼ 2π(b). So by

the (5.9), we have (Ids)CSDG > (Ids)CSSG as given below:

ICSDG
ICSSG

¼ QCSDGWCSDG

QCSSGWCSSG

or
ICSDG
ICSSG

¼ CCSDGWCSDG

CCSSGWCSSG
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After replacing the values of capacitances (CCSDG and CCSSG) and widths

(WCSDG and WCSSG) in the above, we obtained:

ICSDG
ICSSG

¼
1

ln b=að Þ aþ bð Þ
1

ln bð Þ bð Þ or
ICSDG
ICSSG

¼ ln bð Þ
ln b=að Þ 1þ a

b

� �
(5.10)

In the CSDG MOSFET, the charge Q is more as compared to the DG MOSFET

due to the higher capacitance values, so the drain current is higher in the CSDG

MOSFET devices as compared to the simple DG MOSFET and the CSSG

MOSFET. When the metal-gate work-function is raised, the leakage current

(IOFF) decreases extensively and threshold voltage increases [24]. In order to

maintain the IOFF very low for a switch, it is necessary to increase the metal

work-function or resistance at OFF-state (ROFF). It should be very high as well as

resistance at ON-state (RON) should be low (as shown in the Sect. 5.4). Moreover,

the increase in metal work-function is accompanied with an increase in the thresh-

old voltage. The output voltage can be achieved after obtaining the threshold

voltage. So, we conclude from these parameters that output voltage stabilization

for CSDG MOSFET is less as compare to SG MOSFET. Also, if we increase the

gate lengths, then Cox will increase and drain to source current Ids reduces.

5.5 Resistive and Capacitive Model of the CSDGMOSFET

In this section, we have presented a precise two-dimensional resistive and capaci-

tive model for the nanoscale CSDGMOSFETs as shown in Fig. 5.2 covering a wide

range of the operating regions, geometries, and material combinations. The electri-

cal resistance of an object measures its opposition to the passage of an electric

Fig. 5.2 Model of CSDG

MOSFET transistor with its

components at ON-state
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current. An object of uniform cross-section has a resistance proportional to its

resistivity and length as well as inversely proportional to its cross-sectional area.

For the given design of CSDG MOSFET, under the operating condition, the

insertion loss is conquered by its ON-state resistance RCS ¼ ρL/A and substrate

resistance, where ρ, L, and A are the resistivity, length of channel, and cross-section

area in which the current flows, respectively.

Now, this proposed cylindrical surrounding structure has following two types of

resistances:

a. Due to the current flow in channel-1 with respect to the internal gate, RCS 1 ¼
ρL/π((a + t) � (a))2 which becomes RCS 1 ¼ ρL/π(t)2

b. Due to the current flow in channel-2 with respect to the external gate, RCS 2 ¼
ρL/π((b) � (b � t))2 which becomes RCS 1 ¼ ρL/π(t)2

where t is the junction depth (thickness of source and drain, L > t). An effective

area is that area in which current flows is π(b � a)2 and channel length is L. So the

effective ON-resistance for this architecture is

RON‐CSDG ¼ ρL

π b� að Þ2 (5.11a)

Now, for the CSSG MOSFET, an internal gate-1 is not present so the only

external gate-2 is responsible for the ON-state resistance. The total maximum

ON-state resistance across source to drain for the CSSG is [3]

RON‐CSSG ¼ ρL

π bð Þ2 (5.11b)

RON‐CSDG

RON‐CSSG
¼ 1= b� að Þ2

1= bð Þ2 ¼ b

b� a

� �2

(5.12)

The capacitive model of a CSDG MOSFET transistor which is biased in the

linear region, at the ON-state is shown in Fig. 5.3a. Here the isolation of this

MOSFET for the switching application is finite due to signal coupling through

the parasitic and junction capacitances. So, the capacitances for the CSDG

MOSFET design will follow the cylindrical coordinate as

CCSDG ¼ 2πεL

ln b
a

� 	 (5.13)

where ε, a, b, and L are the dielectric permittivity, inner radius, outer radius, and

length of cylinder, respectively.

This cylindrical surrounding structure has six types of capacitances as given

by (5.14a–5.14f), where d is the depth of source and drain from the surface of

gates toward the substrate thickness (t ~ d ). All these six capacitances are shown
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Fig. 5.3 Design of the CSDGMOSFET with SPICE (a) capacitive models operating as a switch at

ON-state, (b) input signal applied to gates, (c) output signal at drain, (d) source current variation

with frequency, and (e) drain current variation with frequency
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in Fig. 5.3a. For the CSDG MOSFET when both the transistors are ON, then the

capacitances due to bulk with source and drain as Csb and Cdb are not present

because the substrate is not present in CSDG MOSFET structure. So fewer signals

being coupled to the substrate and also no dissipation into the substrate resistance

Rb. When the transistor is in the cut-off region, increasing the Cds1, Cds2, Cgd1,

Cgd2, Cgs1, and Cgs2 leads to higher isolation between the source and drain due to no

capacitive coupling between these terminals. Whereas for the single-gate

MOSFET, when the transistor is ON, increasing Csb and Cdb leads to more signal

being coupled to the bulk and dissipated in the bulk resistance Rb. At the transistors

cut-off region Cds, Cgd, and Cgs increase which directs to lower isolation between

the source and drain due to capacitive coupling between these terminals.

After designing the CSDG MOSFET, we have simulated this by using the

Cadence’s Simulation Program with Integrated Circuit Emphasis (SPICE), a gen-

eral purpose open source analog electronic circuit simulator (Fig. 5.3) and Agilent’s

Advanced Design Simulator (ADS), an EDA tool (Fig. 5.4) for 10 MHz to 5.0 GHz.

ADS is an electronic design automation software for the RF, microwave, and

other high-speed circuit applications, which provides full standard-based design
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Fig. 5.3 (continued)
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Fig. 5.4 Design of the CSDG MOSFET with ADS (a) capacitive models operating as a switch at

ON-state, (b) input signal applied to both gates, and (c) output signal at drain
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and verification with wireless libraries and circuit system electromagnetic

co-simulation in an integrated platform.

1. Between gate to source

Due to internalgate Cgs1 ¼ 2πεt

ln aþd
a

� 	 (5.14a)

Due to externalgate Cgs2 ¼ 2πεt

ln b
b�d

� 	 (5.14b)

2. Between gate to drain

Due to internal gate Cgd1 ¼ 2πεt

ln aþd
a

� 	 (5.14c)

Due to external gate Cgd2 ¼ 2πεt

ln b
b�d

� 	 (5.14d)

3. Between drain to source

Due to internalgate Cds1 ¼ 2πεL

ln aþd
a

� 	 (5.14e)

Due to external gate Cds2 ¼ 2πεL

ln b
b�d

� 	 (5.14f)

According toFig. 5.3aand from(5.14a–5.14f),wehavecomputed theCgs1¼Cgs2¼
2.67 � 10� 9 nF, Cgd 1 ¼ Cgd 2 ¼ 2.67 � 10� 9 nF, and Cds 1 ¼ Cds 2 ¼ 3.208 �
10� 8 nF. Here, we have applied the input voltage of 21 μV, with pulse width 0.4 ns,
rise time and fall time of 50 ps each and delay is 1 ps. In both of the simulation results,

we obtained that the drain current flows onlywhenvoltage supply isONand no current

flows when the voltage supply is OFF. It means switch has a clear cut OFF-status,

which is a good sign of switching isolation in the CSDGMOSFET.

In Figs. 5.3a and 5.4a, for the CSDG MOSFET, the total capacitance across

source to drain is

CCSDG ¼ Cds1 þ Cds2 þ Cgs1:Cgd1

Cgs1 þ Cgd1

þ Cgs 2:Cgd 2

Cgs 2 þ Cgd 2

(5.15a)

Now, for the CSSG MOSFET, internal gate-1 is not present. So, only the

external gate-2 is responsible for the capacitances. The total capacitance across

source to drain is [3]

CCSSG ¼ Cds2 þ
Cgs2: Cgd2 þ Cgb2

� 	
Cgs2 þ Cgd2 þ Cgb2

þ Csb2:Cdb2

Csb2 þ Cdb2

(5.15b)
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where Cgb is capacitance from gate to bulk connections. For an example, if each

capacitance is of 1 pf, then CCSDG ¼ 1.4CCSSG. With the application of these

capacitances and supply voltage, we can calculate the energy stored with the

proposed device as

UCSDG ¼ CCSDGV
2

2
að Þ

UCSSG ¼ CCSDGV
2

2
bð Þ

9>>>>=
>>>>;

(5.16)

So, the ratio of these two stored energies will become

UCSDG

UCSSG

¼ CCSDG

CCSSG

(5.17)

With the (5.17) at 1 pf of capacitances, the UCSDG ¼ 1.4 UCSSG. Therefore, the

CSDG has more energy. Since by the calculation of capacitances with the (5.15a)

and (5.15b), we obtained that the capacitance CCSDG > CDG > CSG that reveals the

isolation is better in the CSDG compared to the simple DG MOSFET and SG

MOSFET. Also, the resistance RCSDG < RDG < RSG, which shows that the current

flow from source to drain in the CSDG MOSFET, is better than the DG MOSFET

and SG MOSFET. For appropriate working of a switch and to reduce the insertion

loss, we can also achieve further reduction in ON-state resistance with choosing

large mobility (μ), increased aspect ratio (W/L ), and keeping Vgs – Vth large as it is

clear from the (5.9) [50].

Figure 5.3c justified the output signal achieved when the input signal is applied

on both the gate according to Fig. 5.3b. This output signal is same for all the

positive edge duration (0.5 ns) and current increases exponentially as shown in

Fig. 5.3d, and a very small drain current flow for that duration as shown in Fig. 5.3e.

Similarly, Fig. 5.4c shows the excitation when input signal changes from low to

high (0 V to 21 μV) or high to low (21 μV to 0 V) as shown in Fig. 5.4b. After the

calculation of the above parameters from the (5.9) to (5.17), we have summarized

these results as shown in Table 5.1.

Table 5.1 reveals the comparison of CSDG MOSFET with CSSG MOSFET

parameters, which is closed to the aspect of RF CMOS switch design. Key figures of

merit of a transceiver switch are the insertion loss and power handling capability

measured by the power 1 dB compression point. The ON-state resistance of the

transistor is one of the dominant factors to determining insertion loss. The drain-to-

body and source-to-body junction capacitances-associated parasitic resistances due

to the conductive nature of Silicon substrates are also critical factors to determining

insertion loss [54].

Since the insertion loss is proportional to (RON)
2, therefore for the proposed

design, the insertion loss becomes one-fourth of the existing models as the

capacitances present in the CSDG MOSFET device is 1.4 times than the CSSG
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MOSFET device as well as ON-resistance of CSDG MOSFET is half of the

CSSG MOSFET. These properties make the CSDG MOSFET design useful for

application in the DP4T RF CMOS switch. Due to thin-oxide layer of CSDG

MOSFET, this device can be fabricated in a small size of chip as compared to the

CSSG MOSFET. We also conclude that the gain is constant up to 0.60 V for CSDG

MOSFET compared to 0.40 V of CSSG MOSFET.

5.6 Explicit Model of CSDG MOSFET

Assuming the gradual channel approximation in an undoped (lightly doped)

n-type CSDG MOSFET as shown in Fig. 5.2. The Poisson’s Equation can be

written as

d2ψ

dr2
þ 1

r

dψ

dr
¼ qni

εsi
eq ψ�Vð Þ=kT (5.18)

where q, ni, and εSi are the electronic charge, intrinsic carrier concentration, and

dielectric permittivity of Silicon, respectively. V and ψ are the electrostatic poten-

tial and electron quasi-Fermi potential, respectively. It has been assumed that the

hole density is negligible as compared with the electron density. Equation 5.18

satisfies the following boundary conditions:

dψ

dr
¼

0 r ¼ 0

ψ int‐surface r ¼ a
ψ ext‐surface r ¼ b

8<
: (5.19)

where ψ int-surface stands for the internal gate surface and ψext-surface stands for the

external gate surface potential. The current mainly flows along the direction of

Table 5.1 Comparison of the various circuit parameters of the CSDG MOSFET and existing

CSSG MOSFET model

Parameters CSDG MOSFET CSSG MOSFET

Gate/control voltage 1.2 V 1.2 V

Total capacitance (S to D) 1.4CSG CSG

ON-resistance (RON) 0.5RON RON

Thickness of oxide layer 3 μm 2 μm
Resistance of Poly/Gate 68 Ω 32 Ω
No. of capacitors 6 6

Bulk capacitor No Yes

Gain (¼1 upto) 0.60 V 0.40 V

Energy stored 1.4USG USG
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channel for both the gates. Therefore, we can assume that is constant along the

direction. Equation (5.18) can be solved analytically as [55, 56]

ψ rð Þ ¼ V þ kT

q
log

�8AkTεSi

q2ni 1þ Ar2ð Þ2
 !

(5.20)

where A is related to ψS through the second boundary condition in (5.19). The total

mobile charge (per unit gate area) can be written as

Q ¼ Cox Vgs � Δj� ψ int‐surface þ ψ ext‐surfaceð Þ
 �
(5.21)

where Cox ¼ εox=Rln 1þ tox
R

� �
and Δφ is the work-function difference between

the gate electrode and intrinsic silicon. From the Gauss’s law, the following

relation holds:

Q ¼ Cox Vgs � Δj� ψ int‐surface þ ψ ext‐surfaceð Þ
 � ¼ εSi
dψ

dr

����
r¼a

þ εSi
dψ

dr

����
r¼b

(5.22)

By substituting (5.20) into (5.22), we get the following relation where r equal to
a internal radius or b is external radius:

q Vgs � Δj� V
� 	

kT
� log

8kTεSi
q2nir2

� �
þ log

1þ Ar2ð Þ2
Ar2

 !
þ Ar2

1þ Ar2
¼ 0 (5.23)

For a given Vgs, A can be solved from (5.23) as a function of V. Here V varies

from the source-to-drain, being V ¼ 0 at the source end and V ¼ Vds at the drain

end. From this analysis, we can obtain a charge control model relating to the carrier

charge density with the bias. The drain current in terms of the carrier charge

densities is calculated from

Ids‐int ¼ μ
2πa

L

ZVds

0

Q Vð ÞdV (5.24a)

Ids‐ext ¼ μ
2πb

L

ZVds

0

Q Vð ÞdV (5.24b)

In the above discussion, we realized that the current into the external

cylindrical MOSFET is greater than the current into internal cylindrical MOSFET.

However, both of these current gives the overall drain current for the CSDG

MOSFET.
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5.7 Gate Leakage Current, Noise Model, and Short

Channel Effects for CSDG MOSFET

The noise is unwanted electrical or electromagnetic energy that degrades the quality

of signals and data. In RF circuit designs, the noise is an important issue to be

considered. However, both passive and active components in the circuit generate

various types of noise. The circuit noise is generated by the electrical components

such as resistors and transistors. The noise in RF design appears as either additive

noise or phase noise. The additive noise is the noise changing the amplitude of the

required signal, while phase noise is the noise changing the phase of the wanted

signal. To understand the noise behavior, a single MOSFET can be considered as a

small circuit with different resistive, capacitive, and active components as we have

seen in the previous chapter. Thus different noise sources exist in a MOS transistor

with their power spectral densities. However, such as terminal resistance thermal

noise at the gate, drain and source, flicker noise in the channel, substrate resistance

thermal noise and induced gate noise.

The Flicker noise or pink noise or 1/f noise is caused by the random trapping of the

charge at the oxide–silicon interface of MOS transistors. It is a low frequency noise

and it mainly affects the LF performance of the device, so it can be ignored at very

high frequency (VHF), but the contribution of flicker noise should be considered in

designing RF circuits such as mixers, oscillators, or frequency dividers that

up-convert the LF noise to higher frequency and deteriorate the phase noise or the

signal to noise ratio. The channel resistance and all terminal resistances contribute to

the thermal noise at HF, but the channel resistance dominates in the contributions of

the thermal noise from the resistances in the device. The induced gate noise is

generated by the capacitive coupling of local noise sources within the channel to gate.

In the CSDG MOSFET devices with ultrathin gate oxide, direct tunneling is a

dominant mechanism of gate leakage current. This current can be divided into six

major (three due to internal gate and three due to external gate) contributions [57, 58]:

the gate to inverted channel current (Igc1 and Igc2), the gate to source (Igs1 and Igs 2)
and the gate to drain (Igd1 and Igd2) components due to the path through the source and

drain overlap regions. The gate leakage current noise performances of a CMOS

device can be characterized in terms of the gate noise current spectrum, which can

be modeled by [59]

S2 ¼ i2 þ N2

¼ 2qIΔf þ k

f n
Δf (5.25)

where i2 and N2 describe the shot noise current and Flicker noise current. The q, I,
and Δf are electronic charge, gate current, and noise bandwidth, respectively. k is

the empirical parameter that is device specific and n is an exponent that is usually

close to unity. The term I in (5.25) can be expressed by means of the shot noise law

I ¼ Ig1 + Ig2, where Ig1 and Ig2 are the sum of the absolute values of each gate

current contribution for a given bias condition [60]. The shot noise occurs in
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conducting p–n junctions. The shot noise current depends on the charge of electron,

the total DC current flow, and the bandwidth. However, the thermal noise is caused

by the random thermally generated motion of electrons. It depends on the absolute

temperature. The thermal noise related to the substrate resistance (Rsub) can produce

assessable effects at the terminals of the device. The thermal noise produced by this

substrate resistance modulates the potential of the back-gate contributing some

noisy drain current of a MOSFET is given by

i2nd, sub ¼ 4kTRsubg
2
mbΔf (5.26)

However, for the CSDG MOSFET, bulk/substrate is not present, so Rsub ¼ 0

which provides ind,sub
2 ¼ 0. Hence no noise is produced by the substrate resistance.

In addition to the drain current noise, the thermal agitation of the channel charge has

another important consequence as gate noise. The fluctuating channel potential

couples capacitive into the gate terminal, leading to a noisy gate current. The noisy

gate current may also be produced by thermally noisy resistive gate material.

Although, this noise is negligible at low frequencies, however it can be dominate

at radio frequencies.

Here we have presented an analytical model for undoped CSDG MOSFETs and

provide the explicit solutions for the intermediate parameters that is used in DG

MOSFETs models, which has been validated by numerical simulations. The pro-

posed model is based on the charge control process by which we derived a channel

current expression in terms of the charge densities available in the channel at the

source and drain ends of the device. This model can be an explicit model if we

use the suitable expressions for the charge densities with the applied voltages.

The channel charge distribution in the silicon film is sufficiently accounted for

charge control model. The channel current expression presents an infinite order of

continuity over all operating regions, which formulate the model capable for circuit

simulation. In this proposed model the terminal charges, drain impedance, and

transconductance can be expressed as explicit functions of applied voltages and

various structural parameters.

5.8 Cross talk in CSDG MOSFET Model

In ref. [61], the authors have analyzed the substrate cross talk into high resistive

Silicon substrate and discussed the impact on the RF behavior of SOI MOSFET.

The introduction of high resistivity Si-substrate has converted Silicon into a

suitable technology for high frequency applications. However, it is known that

oxidized high resistivity substrate suffers from parasitic surface conduction effect.

The positive fixed charges inside the oxide attract electrons to the interface and

creating an inversion and accumulation layer at the Si–SiO2 interface. This thin

highly conductive layer is responsible for the substrate losses. This issue can be

overcome by introducing a trap-rich passivation layer between the oxide and the
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high resistivity Si-substrate, which captures the free carriers and locally depletes the

high resistivity Si-substrate. Several techniques have been used to generate such

trap-rich layer as micro-machined structures [62], ion implantation, and deposition

of amorphous Silicon or polycrystalline Silicon layer, which is easily suitable for

the CSDG MOSFET structure. Silicon, as any semiconductor material, exhibits

both conductive (resistive effect) and dielectric (capacitive effect) characteristics.

At the frequencies below a certain crossover (fs) the conductive nature of the

semiconductor dominates over the dielectric behavior. Thus, the substrate can be

modeled as purely resistive. The conductivity for a doped semiconductor is given as

σ ¼ q(pμp + nμn), where q, μn, and μp are the electron charge, mobility of the

electrons and holes carriers, respectively, and n and p stand for respective carrier

densities.While the effective carrier mobility depends also on the number of carriers

(scattering effect), the above expression is dominated by the carrier concentration

means that the conductivity is an increasing function of the carrier densities.

At the frequencies above the crossover, the dielectric behavior of the semicon-

ductor cannot be neglected, thus the substrate must be modeled as a resistive and

capacitive network as shown in Fig. 5.5. In the frequency domain the equivalent

admittance Ysi for a piece of substrate is given by

Ysi ¼ 1

RSi

þ jωCSi (5.27)

and

Tsi ¼ RSiCSi (5.28)

where RSi, CSi, ω, and TSi are the substrate equivalent resistance, capacitance,

angular velocity, and the time constant. For the cylindrical surrounding structure

the resistance and capacitance are as

Fig. 5.5 Equivalent resistive and capacitive model of the CSDG MOSFET
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RCSDG ¼ ρSidL

dA
(5.29)

and

CCSDG ¼ εoεSidA

dL
(5.30)

where ε0, εSi, dL, and dA are the vacuum dielectric permittivity, Silicon permittiv-

ity, elementary length of the small piece of homogenous substrate and its elemen-

tary area π(b � a)2. So we obtained the crossover frequency as

f T ¼ 1

2πTSi

¼ Q pμp þ nμn
� 	
2πεoεSi

(5.31)

which is independent from dimensions of conducting path available in the CSDG

MOSFET. As it can be seen in the (5.31), that the TSi is not related to the

dimensions of the considered semiconductor volume but only to the substrate

electrical properties. To operate the device at lower frequency, the vacuum dielec-

tric permittivity and Silicon permittivity should be accordingly higher. At low

frequencies, the substrate resistance, RSi, is more important and the associated

capacitance, CSi, can be neglected. As the pulsation ω increases, the impedance

relative to the capacitive effect decreases to become equal to that of the resistive

effect at the crossover frequency (fT) defined by the (5.31). Figure 5.6a shows the

mechanism of the cross talk in a substrate. To overcome with the problem of

substrate cross talk, we include following process in proposed CSDG MOSFET

as given in Fig. 5.6b.

Crosstalk mechanism

a b
Compact device

Greater
substrate area

Propagation of noise
signal through

substrate

Injection into the
substrate

Reduction of
substrate crosstalk

Thick substrate

Reduction of
substrate area

Fabrication of two
devices on a chip for

cross-checking

Substrate isolation

Substrate coupling
reduction

Fig. 5.6 (a) Substrate cross talk mechanism and (b) Reduction of cross talk with CSDGMOSFET

model
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5.9 Advantages of the CSDG MOSFET Model

Gidon [63] has used the MOS transistor model from COMSOL (a multiphysics

modeling and simulation software) as a template to propose the model of DG

MOSFET for the purpose of resolving the SCE problems in the MOSFET

configurations. However, such configurations are directly related to the continuous

reduction of the device size in the microelectronic technology. The drain current

versus gate voltages is considered as parameters. Tamer and Roy [64] have

discussed the DG MOSFET structures such as back-gate, metal-gate work-function

engineering, and gate isolation processes offer attractive options for circuit design

in multi-gate transistor. Inserting extra independent gate processes into fabrication

flow allows the exploitation of undoped ultrathin body-associated strong gate-to-

gate coupling in DG MOSFET structures. In [64], the authors also demonstrated

that under a leakage constraint, the DG MOSFET circuits provide the best power

performance trade-off with symmetrical devices. Li and Chou [65] have proposed a

unified 2-D density gradient model, which has simulated 10 nm DGMOSFETs and

obtained the DG MOSFETs with thinner Si-films, which significantly suppress the

SCE, but the ON-state current issue suffers. A compromise between Si-film thick-

ness and gate channel length has to be maintained at the same time such that an

optimal device characteristic could be achieved. Razavi and Orouji [66] proposed a

model to reduce the SCE of nanoscale DG MOSFET and to improving the reliabil-

ity of the device, a triple material DG MOSFET is used with different work-

functions. However, based on this simulation results, it reveals that the DG

MOSFET exhibits reduced SCEs such as DIBL, hot carrier effect, and improved

reliability. Also, it described that the DG MOSFET leads to simultaneous enhance-

ment of the transconductance and reduction of the drain conductance, which itself

leads to higher DC gain in comparison with the conventional DG MOSFET. The

better reduction of the SCE and improvement of the device reliability could be

expected by changing the length ratio of the gate materials with optimization.

Subramanian [67] has discussed the multi-gate FET for which author admits

about the problem of high paracitics and fin roughness.

Kim et al. [68] proposed a Surrounding-Gate MOSFET with Vertical Channel

(SGVC) cells as a 1-T DRAM cell. To confirm the memory operation of the SGVC

cell, Kim et al. have simulated its memory effect and fabricated the highly scalable

SGVC cell. According to the simulation and measurement results, the SGVC cells

can operate as a 1-T DRAM having a sufficiently large sensing margin.

Venugopalan et al. [69] have developed a Berkeley short channel insulated-gate

FET model for compact model of cylindrical/surround gate MOSFET (BSIM-CG)

for circuit simulations which is a production circuit simulation ready compact

model for cylindrical/surround gate transistors. The advantage of aforementioned

references with models for CSSG MOSFET is comparable with the proposed

CSDG MOSFET, which is summarized in Table 5.2.
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Table 5.2 Advantage of the proposed CSDG MOSFET model over several reported literatures

for CSSG MOSFET

S. No. Properties Reported literature CSDG MOSFET

1 Effective

conducti-

ng path

[24] Designed a concise analytical

model for the threshold

voltage in cylindrical

surrounding-gate MOSFETs.

Besides the increased depth

of the effective conducting

path, a thin silicon body and a

decreased oxide thickness

can reduce threshold voltage

Increased depth of the effective

conducting path (due to two

surroundings), a thin Silicon

body and a decreased oxide

thickness which reduces

threshold voltage

2 Structure [37] Presented a structure of

cylindrical surrounding gate

with the rotation of

single-gate MOSFET along

the substrate region

This structure is designed by the

rotation of double-gate

MOSFET along any one gate

3 Cross-section [40] Described the ohmic source/

drain contacts, ohmic shape,

triangular, and circular

cross-sections, which have

been demonstrated with a

minimum Silicon circular

diameter of 5 nm

This structure has only circular

and cylindrical cross-sections

which have been

demonstrated with a

minimum circular diameter

of 5 nm to avoid Quantum

effects

4 Compact

model

[43] Presented a double-gate TFET

(SDGTFET). Using device

simulation proved that the

SDGTFET has a higher

ON-current, low leakage, low

threshold voltage, excellent

subthreshold slope, and good

short channel effects

Compact model also satisfied

with CSDG MOSFET as an

independent DG MOSFET

with an undoped channel

which also includes

SCE and ON-resistance

and a charge model, for

symmetrical, asymmetrical,

and independent gate devices

5 Fabrication

process

[47] Revealed a process of making a

symmetrical self-aligned

n-type vertical double-gate

MOSFET over a Silicon

pillar

CSDG MOSFET is similar

to process of making a

symmetrical self-aligned

n-type vertical double-gate

MOSFET over a hollow

Silicon pillar

6 Saturation

region

[63] For the purpose of resolving the

SCE problems in MOSFET

structures and to avoid being

in the saturation region, this

model has such architectures

that directly related to the

constant reduction of

the feature size of device.

The drain current versus gate

voltages considered as

parameters

CSDG MOSFET easily avoids

being in the saturation region

(continued)
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5.10 Conclusions

In this chapter, we have designed and simulated a CSDG MOSFET for the

parameters available in this design by using the PSPICE and ADS. It includes the

basics of the circuit elements parameter required for the radio frequency

Table 5.2 (continued)

S. No. Properties Reported literature CSDG MOSFET

7 Replacement

of multi-

gate

process

[64] Inserted some extra independent

gates process into fabrication

flow to allow the exploitation

of undoped ultrathin

body-associated strong

gate-to-gate coupling in DG

MOSFET

It is a replacement of

independent multi-gate

process

8 Si-film thick-

ness and

channel

length

[65] Compromised between Silicon

film thickness and gate

channel length should be

maintained so that an optimal

device characteristic could be

obtained

Silicon film thickness and gate

channel length is maintained

9 Problem of

high

parasitic

[67] Discussed the multi-gate FET,

for which he admits about the

problem of high paracitics

and fin roughness

This design has overcome the

problem of high paracitics

and fin roughness

10 1-T DRAM

cell

[68] Proposed a surrounding-gate

MOSFET with vertical

channel (SGVC) cell as a 1-T

DRAM cell. According to

simulation and measurement

results, the SGVC cell can

operate as a 1 T DRAM

having a sufficiently large

sensing margin

Two 1-T DRAM cell can be

fabricated with the CSDG

MOSFET on a single chip

11 Material [70] It can be seen that the

DG MOSFET leads to

simultaneous enhancement

of transconductance

and reduction of drain

conductance which itself

leads to higher DC gain

in compare with the

conventional DG MOSFET.

Better reduction of the SCE

and improvement of the

device reliability could be

expected by changing the

length ratio of the gate

materials and optimizing

them

This facility is achieved with

only one material CSDG

MOSFET
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subsystems of the integrated circuits such as drain current, output voltage, threshold

voltage, capacitances, resistances at switch ON-state condition, oxide thickness,

resistance of polysilicon, energy stored, cross talk, number of bulk capacitors, and

power or voltage gain. For the RF/microwave switch, we achieved the process to

minimize the control voltage, capacitances for isolation, and the resistance for the

switching condition and increased energy storage of a device.

However, the mobile charge density is calculated by using the analytical

expressions obtained from modeling the surface potential as well as the difference

of potentials at the surface and at the center of the Silicon-doped layer without

solving any transcendental equations. The analytical expressions for the charge

characteristics are presented as the function of Silicon layer impurity concentration,

gate dielectric, and Silicon layer thickness with the variable mobility. The transfer

characteristics in linear and saturation regions, as well as for the output

characteristics verify the good agreement within the practical range of gate and

drain voltages, as well as gate dielectric and Silicon layer thicknesses. In this

design, the transistor width can be increased for CSDG MOSFET, therefore

the peak power-added efficiency and output power decreases due to a reduction

in the maximum frequency.
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Chapter 6

Hafnium Dioxide-Based Double-Pole

Four-Throw Double-Gate RF CMOS Switch

6.1 Introduction

Established radio-frequency complementary metal-oxide-semiconductor (RF CMOS)

switch contains MOSFET in its main architecture with 5.0 V of control voltage

and requires high value of resistance in circuitry of the transceivers to detect

the signal. To avoid the high value of control voltage and resistances, we have

designed a novel double-pole four-throw (DP4T) RF switch by using the

MOSFET technology and analyzed its performance in terms of drain currents

and switching speed in the previous chapters. The reduction in sizing ratio of

the gate dielectric, which works as a capacitor in the MOSFET, results in the

increase of capacitance and speed of the device. However, this process has

reached up to the limit where further reduction of SiO2 thickness increases the

leakage current above the acceptable limit. This problem can be resolved by

replacing SiO2 with materials having high dielectric constants. Hafnium dioxide

(also known as Hafnia, HfO2) is one of them, which has relatively large energy

bandgap and a better thermal stability as compared to silicon [1]. It is a leading

contender for new high-k gate dielectric films.

When ultrathin gate dielectrics are used in conjunction with poly-silicon gate

electrodes, the dopant penetration from the gate into the channel creates a signifi-

cant problem. Further, difficulty arises with the continued scaling of the physical

dimensions of the gate electrode. According to the International Technology

Roadmap for Semiconductors (ITRS) [2], the aspect ratio (W/L ) for the gate

electrode is expected to remain constant as the gate length is scaled down.

Generally, the gate sheet resistance has to be maintained at 5 Ω per square area,

which implies the need of increase in gate active dopant concentrations as the gate

length is scaled down.

The gate materials should be thermodynamically stable on the gate dielectric and

must be able to withstand high temperature used in the fabrication of device. In the

device fabrication process, high temperatures are used for the activation of dopant

atoms in the source, drain, and gate regions of the transistor. Hence, the new gate

V.M. Srivastava and G. Singh, MOSFET Technologies for Double-Pole Four-Throw
Radio-Frequency Switch, Analog Circuits and Signal Processing 122,
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electrode material must be chosen with high-k dielectric material, which has been

discussed in this chapter.

However, an important consideration in the selection of metal gate electrodes is

the work function [3, 4]. In general, the work function of a metal at a dielectric

interface is different from its value in the vacuum. This variation needs to be taken

into account to design transistor gate stacks. The motivation to replace traditional

SiO2 gate dielectrics with HfO2 is because it allows increased gate capacitance

without affecting the leakage effects. In order to improve the performance of

MOSFET devices, HfO2-based gate layers are being integrated with the achieve-

ment of low leakage current (Fig. 6.1). We can also achieve the process

of increasing the Debye length and mobility for the switch by the use of HfO2.

Since the HfO2 has melting point of 2,812 �C [5] (Table 6.1), the designed

MOSFET device can work efficiently for high-power switches, jacket water tem-

perature, process temperature, and also for the broadband and carbon nanotube-

based nonvolatile random access memory (RAM).

Hafnium dioxide is inorganic, colorless, solid and stable compound of hafnium

and also an intermediate which provides Hf metal. It has relatively large energy

bandgap. It is an electrical insulator with a bandgap of 5.8 eV [6–9]. HfO2 is inert

and responds with strong acids and strong bases, dissolves slowly in HF acid, and

gives fluoro-hafnate anions. The performance of HfO2 for the MOSFET, such as

Table 6.1 Properties

of hafnium dioxide [9]
S. No. Properties Parameters

1 Molecular formula HfO2

2 Molar mass 210.49 g/mol

3 Appearance Off-white powder

4 Density 9.68 g/cm3, solid

5 Melting point 2,812 �C
6 Boiling point 5,400 �C
7 Solubility in water Insoluble

Fig. 6.1 Dielectric

constant vs. bandgap for

gate oxides [23]
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oxide capacitance per unit area, threshold voltage, mobility of carriers, drain

current, body biasing effect, resistance, capacitance, figure of merit, CMOS

switching characteristics with the rise time, fall time, maximum signal frequency,

propagation delay, and power dissipation, has been discussed in the following

sections.

In this chapter, we have explored the circuit techniques for a DP4T RF CMOS

switch, consist of symmetrical independent double-gate (DG) MOSFET having a

high dielectric material hafnium dioxide (HfO2) in place of silicon dioxide (SiO2).

However, the independent gate control in the double-gate devices enhances the

circuit performance and robustness while substantially reducing the leakage and

chip area at 45-nm technology. We have analyzed various parameters such as drain

current, output voltage, effective ON-state resistance, switch ON/OFF ratio,

flat-band capacitance, average dynamic power, doping densities, Debye length,

mobility of carriers, barrier heights, and insertion loss for the DP4T double-gate

(DG) RF CMOS switch. The analysis of this DP4T DG RF CMOS switch with

HfO2 includes the basics of the circuit elements required as integrated circuits for

the radio-frequency communication systems. This system provides a plurality of

switches, where the power and area could be reduced as compared to the already

existing transceiver switch configuration.

However, the enhancement in the frequency response of Si-CMOS devices has

motivated their use in the RF/millimeter wave applications, such as high capacity

wireless in local area network (WLAN), short range high data rate, wireless

personal area network (WPAN), and collision avoidance radar for automobiles

[5]. By using Si-CMOS for these applications, we can achieve higher levels of

integration and lower cost with improved efficiency [10, 11]. The 65-nm technol-

ogy has application in 60 GHz power amplifier designs, recently reported research

[12–14] has demonstrated 60 GHz power amplifiers in 45-nm technology. It is a

leading contender for new high-k dielectric constant. The dielectric performance

requires not only precise film thickness control but also very sensitive to composi-

tional or stoichiometric changes (a branch of chemistry that deals with the relative

quantities of reactants and products in chemical reactions). This can be achieved

with a gate material of hafnium dioxide or hafnium silicate. Hafnium dioxide is a

high dielectric, low absorption material usable for coatings in UV (~250 nm) to IR

(~10 μm) regions [9].

The bulk MOSFETs show the severe short channel effects (SCE) like drain-

induced barrier lowering (DIBL) and threshold voltage roll-off, as the channel

length of the device goes down in the nanometer range. DG MOSFETs are good

candidates to replace the conventional MOSFETs in this particular region because

of their excellent immunity to short channel effects [15–17]. It can be employed

with tied gate or independently controlled gate configurations. The back-gate bias

can control the threshold voltage in fully depleted silicon-on-insulator (FD SOI)

devices with thin buried oxide or in the DG MOSFET [18]. The independent

controlling of the front gate and back gate provides wide design and application

opportunities such as RF switches and multiplexers. The ability to enhance the gate

control and provide logic versatility with a tight physical image and satisfactory
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leakage characteristics in the double-gate technologies gives ample reasons to

pursue research and development activities in this area.

Here, we have used HfO2 instead of SiO2 to design a DG MOSFET. A compre-

hensive study of the RF switch performance for low-power, high-speed DP4T DG

RF CMOS switch and structures with HfO2 to understand the effect of device

geometry, and switching properties has been presented. We have investigated the

electrical properties of the DG MOSFET, which is very promising for the device

miniaturization below 0.1 μm [19]. We have optimized the drain current, discussed

the characteristics voltage, and have presented the comprehensive study of the effect

of gates in the DP4T RFCMOS switch performance at 45-nm technology in terms of

the output voltage. The device structures with different gates are studied to under-

stand the effect of device geometry on RF CMOS with single-gate MOSFET and

double-gate MOSFET.

6.2 MOSFET Model with HfO2

The oxidized HfO2 films are absorption free for the range between 0.30 and 10 μm
[5]. For this HfO2 films, evaporation causes some dissociation and oxygen loss,

which can be recovered with a partial pressure of oxygen during reactive deposition

[20]. However, under the low energy evaporation conditions, such as low substrate

temperature or with excessive background pressure, the films grow with a porous

crystalline microstructure of low packing density and can exhibit index changes

when vented to moist air. It is recommended that high-energy deposition techniques

such as high substrate temperature are used to decrease the open void volume by

increasing the packing density of the microstructure [21, 22].

As compared with planar MOS devices, the double-gate devices exhibit smaller

subthreshold and gate leakage currents while offering stronger current drive. The

independent biasing of the front gate and back gate in the double-gate technologies

has been reported to enhance performance and reduce the chip area due to the

reduction of transistor count to implement a given logic function [23]. However,

the separate gate access allows for the simplification of circuit topologies and area

compactness, both lead to the power and speed improvement in addition to the

design flexibility [24–26].

In the symmetrical double-gate devices, very high body doping density with

poly-silicon gate or undoped body with near mid-gap metal gate material is used to

set the desired threshold voltage (Vth). For an asymmetrical n-type DG MOSFET,

the front gate and back gate consist of n+ poly-silicon and p+ poly-silicon, respec-

tively. For the asymmetrical p-type DG MOSFET, the opposite type of gate is

applied, that is, p+ poly-silicon for the front gate and n+ poly-silicon for the back

gate. The predominant front channel has a significantly lower threshold voltage

(Vth) and much larger drive current compared with the weak back channel [27–30],

which is also discussed in the next section [31]. The front channel can be modulated

by back-gate biasing through the gate-to-gate coupling. In the bulk and PD SOI
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devices, the effectiveness and operating frequency of the well/body bias are limited

by the distributed resistance and capacitance (R and C) of the well and body contact.
It also tends to degrade with the technology scaling due to the lower body factor in

the scaled devices.

Its adhesion is superb to metals such as aluminum and silver. It is an alternative

for ultrathin gate oxide in MOSFET due to its high dielectric constant and thermal

stability. HfO2 has a melting point of 2,812 �C so it can be used as a refractory

material in the insulation of such devices as thermocouples. In the following

section, the performance of HfO2 for switch as effective RON, attenuation, flat-

band capacitance, average dynamic power, and working efficiency at high temper-

ature are discussed.

The proposed MOSFET with the HfO2 is shown in Fig. 6.2a and the detailed

structure of the contact layers used in this design is presented in Fig. 6.2b.

6.3 Fabrication Process of HfO2-Based DG MOSFET

In the deposition of HfO2 films on Si, the HfO2 films have an interfacial layer of

either SiO2 or HfxSi(1�x)O2 that can substantially change the overall dielectric

property of the film. The crystallization of HfO2 occurs at 400–450
�
C causing

grain boundary leakage current and nonuniformity of the film thickness. As a result,

impurities such as Oxygen, Boron, and Phosphorous can penetrate the grain

boundaries during the high temperature postprocessing. It causes equivalent oxide

thickness scaling and reliability concerns when Hf-based high-k ultrathin gate

oxides are integrated into the high-temperature CMOS processes [23]. Nitrogen

introduction into the HfO2 films has significantly improved the electrical as well as

crystalline properties.

Fig. 6.2 Schematic of

the basic n-type MOSFET

(a) with HfO2 and (b) HfO2

film on Si-substrate

6.3 Fabrication Process of HfO2-Based DG MOSFET 147



We have already designed the SiO2-based DG MOSFET as shown in Fig. 3.1 in

Chap. 3. The HfO2 adhesion property is superb to metals such as aluminum and

silver. So, the aluminum is used in this discussion as shown in Fig. 6.3 with light

blue color and HfO2 region is shown with green color. Here we can sputtered the

Hf metal film on SiO2 upon a substrate wafer and then dipped it into the HNO3 to

form high-k HfO2. It is used for semiconductor devices as a gate dielectric and

forms the capacitor dielectric, so that the equivalent parasitic capacitance will

decrease for DG MOSFET which is a series combination, in view of gate-1 (G1)

and gate-2 (G2). Now, aluminum layer is metalized onto the surface of HfO2 for the

gate pattern. A change in the temperature directs to distinction in properties of

the bulk-Si and the Si–SiO2 interface which causes the variations in saturation

current [32]. This saturation current is a combination of electron which is generated

from interface states, tunneled through the thinner oxide, and the fractional electron

is trapped and de-trapped in the HfO2 layer.

As the temperature increases, the voltage drop across the insulator increases,

whereas across the depletion region it decreases [33]. However, the voltage drop

across the SiO2 layer is larger than that across the HfO2 layer. So the current

mechanism in HfO2 layer becomes important when temperature increases. How-

ever, HfO2 exhibits reduced channel nobilities and larger leakage currents relative

to pure SiO2 [34]. The bandgap, Eg, increased from 5.52 eV for Hf silicate with an

Hf/Si ratio of 3:1 to 6.61 eV for Hf silicate with an Hf/Si ratio of 1:3. The

characteristics for the SiO2 and HfO2 are given in Table 6.2.

Fig. 6.3 Schematic

of n-type DG MOSFET

with HfO2

Table 6.2 Dielectric

constant, bandgap, and

conduction band offset

on Si of the candidate gate

dielectrics

Material

Characteristics

K Bandgap (eV) Offset (eV)

Si 11.7 1.1 –

SiO2 3.9 9 3.2

Al2O3 9 8.8 2.8

HfO2 25 5.8 1.4
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6.4 Parameters of HfO2-Based MOSFET

There are various parameters for hafnium dioxide-based MOSFET. We have

discussed some of major parameters available in the device related to the trans-

ceiver switches.

6.4.1 Oxide Capacitance per Unit Area

It is a capacitance of oxide layer with high-k dielectric material. The value of Cox

determines the amount of electrical coupling that exists between the gate electrode

and the p-type silicon region. It is defined as follows:

COX ¼ εOX
tOX

(6.1)

For SiO2, εox ¼ 3.9εo and for HfO2, εox ¼ 25εo. So, using (6.1), we found that

the Cox value is 0.35 μF/cm2 for SiO2 and 2.21 μF/cm2 for HfO2. However,

sufficiently high value for hafnium dioxide makes it better in order to maintain

the high value of current due to accumulation of more charges in the channel.

6.4.2 Threshold Voltage

The value of gate-to-source voltage needed to cause surface inversion is called

the threshold voltage. At room temperature, for a given doping concentration, the

threshold voltage is given by:

Vth ¼ 1

Cox

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεN 2ϕð Þ

p
(6.2)

This threshold voltage is 0.63 V for n-type MOSFET and �1.54 V for p-type

MOSFET in case of silicon as a substrate and SiO2 as an oxide layer while for HfO2

these values are 0.58 V and 1.12 V, respectively. However, the lower value of

threshold voltage is advantageous for the high-speed switching applications.

6.4.3 Drain Currents

The bandgap of SiO2 is 9 eV, whereas for HfO2 it is 5.8 eV. Hence the mobility of

carriers is more in HfO2 as compared to SiO2. The current–voltage equations of the

n-channel MOSFET is given as follows:

Id ¼ 0, Vgs < Vth (6.3.a)

6.4 Parameters of HfO2-Based MOSFET 149



Id linð Þ ¼ μnCox

2

W

L
2 � Vgs � Vth

� �
Vds � V2

ds

� �
, Vds < Vgs � Vth (6.3.b)

Id satð Þ ¼ μnCox

2

W

L
Vgs � Vth

� �2
, Vds � Vgs � Vth (6.3.c)

However, the drain current in all conditions is directly proportional to the

mobility and oxide capacitance per unit area and as these values are larger for

HfO2 as compared to SiO2, large amount of current is achieved by using HfO2 for

the same applied voltages and aspect ratio.

6.4.4 Body Bias Effect

This effect occurs when the voltage Vsb exists between the source and bulk

terminals of a MOSFET. The body bias voltage increases to the threshold voltage

of the device. Hence, its low value is preferred. The body bias effect coefficient is

given by:

γ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qεNϕ

p
Cox

(6.4)

Its value is 0.053 for silicon and 0.02 for hafnium. Thus hafnium is preferred for

low bias effect.

6.4.5 Resistances

The drain-source resistance for a MOS is inversely proportional to the carrier

mobility and the oxide capacitance per unit area by the relation:

Rds ¼ 1

μCox
W
L

� �
Vdd � Vthð Þ (6.5)

Due to the higher value of Cox and μ, HfO2 offers lesser resistance to the current

flow as compared to SiO2.

6.4.6 Capacitances

MOSFET capacitances are given by the relation:

Cg ¼ CoxWL (6.6.a)
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Cgs ¼ Cgd ¼ Cg

2
(6.6.b)

For a chosen dimension of the device, Cg is around six times higher for HfO2

than SiO2; thus, it is providing better insulation to the gate from the channel

resulting in higher input impedance and hence suitable for high-gain amplifier

applications.

6.4.7 Figure of Merit

An indication of the frequency response may be obtained from the parameter ω0, as:

ω0 ¼ gm
Cg

¼ μ

L2
Vgs � Vth

� �
(6.7)

where gm is transconductance and Cg is the gate capacitance.

This reveals that the switching speed depends on gate voltage above the thresh-

old voltage as well as on the carrier mobility and inversely proportional to the

square of channel length. Thus, a fast circuit requires gm being as high as possible.

The higher value is achieved with the use of hafnium due to reduced value of

threshold voltage and higher mobility of carriers as compared to silicon.

6.5 Switching Characteristics of HfO2-Based MOSFET

In the previous sections we have designed the hafnium dioxide-based MOSFET and

their characteristics related to the switching operation are discussed as follows:

6.5.1 Fall Time

It is a time for a signal to fall from 90 % to 10 % of its magnitude; however,

sometimes, it may fall from 100 % to 0 %. For a given output capacitance, the fall

time is calculated by:

Tf ¼ 2:2 RnCload (6.8.a)

where Rn and Cload are the circuitry resistance and load capacitance, respectively,

for the fall time. As the value of the resistance is lesser for hafnium, low value of

fall time is attained. For an ideal switch, fall time should be zero.
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6.5.2 Rise Time

It is a time for a signal to rise from 10 % to 90 % of its magnitude; however,

sometimes it may rise from 0 % to 100 %. For a given output capacitance, the rise

time is calculated by:

Tr ¼ 2:2 RpCload (6.8.b)

where Rp and Cload are the circuitry resistance and load capacitance, respectively,

for the rise time. As the value of the resistance is lesser for hafnium, low value of

rise time is attained. Thus faster switching is achieved with Hf as substrate and

HfO2 as the oxide layer. For an ideal switch, rise time should be zero.

6.5.3 Maximum Signal Frequency

This is the largest frequency that can be applied to the gate and still allows the

output to settle to a definable state. This is calculated by:

Fmax ¼ 1

Tr þ Tfð Þ (6.8.c)

With lower values of Tr and Tf the value of Fmax increases to a greater extent and

hence the operating range using hafnium.

6.5.4 Propagation Delay

The simplest approach for calculating the propagation delay times is based on the

estimation of the average capacitive current during charging and discharging.

The digital devices with smaller delay times are better because it can operate at

higher frequencies which are essential in modern digital circuits. The propagation

delay is calculated from the expression:

Tp ¼ 0:35 Rn þ Rp

� �
Cload (6.8.d)

For a given output capacitance, the lower delay is achieved using hafnium due to

lower value of time constants.
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6.5.5 Power Dissipation

The total power dissipation in the MOSFET circuit is due to both static power and

dynamic power. As the high value of drain current is achieved in hafnium, the static

power dissipation is high and it is given by:

Pdc ¼ VddIddQ (6.9.a)

For a given supply voltage and output capacitance the dynamic power dissipa-

tion depends upon the frequency of operation by the relation:

Pdyn ¼ Vdd
2Cloadf (6.9.b)

This reveals that the fast circuit dissipates more power.

Above discussed parameters are summarized in Table 6.3. The numerical values

of the above parameters depend on the values taken into account for the

observations.

6.6 DP4T Switch Design with HfO2-Based DG MOSFET

The modulated signal is transmitted through a switch and the switch makes its way

to the antenna for releasing into space. This modulated signal is received by the

antenna and makes its way through the switching path to the receiver. A single-pole

double-throw (SPDT) is the fundamental switch that links between one antenna and

the transmitter/receiver. Due to the single operating frequency, this type of SPDT

Table 6.3 Comparison of parameters of HfO2-based MOSFET with the SiO2-based MOSFET

S. No. Parameters SiO2-based MOSFET HfO2-based MOSFET

1 Oxide capacitance 0.35 μF/cm2 2.21 μF/cm2

2 n-MOSFET threshold voltage 0.63 V 0.58 V

3 p-MOSFET threshold voltage �1.54 V �1.12 V

4 Drain to source current Less More

5 Mobility Less More

6 Body biasing effects 0.053 0.020

7 Resistance between drain and source Low High

8 Capacitance between drain and source C 6C

9 Figure of merit Low High

10 Rise time High Low

11 Fall time High Low

12 Maximum signal frequency Low High

13 Propagation delay High Low

14 Power dissipation Low High
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switch has a limited data transfer rate. Therefore, a proposed DP4T switch design is

useful to enhance the switch performance for MIMO applications. This DP4T

switch can send and receive two parallel data streams simultaneously [35, 36].

A symmetric DG MOSFET results when two gates have the same work function

and a single input voltage is applied to both gates. An asymmetric DG MOSFET

either has synchronized but different input voltages to two identical gates or has the

same input voltage to two gates that have distinct work functions [36]. To avoid the

application of these two gate and respective voltages, a DP4T RF CMOS switch is a

useful device.

A specification for the RF CMOS switch includes the maximum drain saturation

current, common-source forward transconductance, operating frequency, and out-

put power. According to the earlier reported literature [37], DP4T switch is a

fundamental switch for MIMO applications because parallel data streams can be

transmitted or received simultaneously using the multiple antennas. These switches

can be used with digital and baseband analog systems, which are controlled by

on-chip digital and analog signals in the design [38, 39]. This switch contains

CMOS in its architecture and needs only two control lines (V1, V2) of 1.2 V to control

the signal traffic between two antennas and four ports as shown in Fig. 6.4. Hence,

it improves the port isolation performance two times as compared to the double-

pole double-throw (DPDT) switch and reduces the signal distortion [25, 40, 41].

Moreover, the signal fading effects can be reduced because sending the identical

signals through multiple antennas will most likely result in a high-quality combined

signal at the receiver end. For the design of DP4T DG RF CMOS switch with

HfO2, we design an n-type DG MOSFET with HfO2 as shown in Fig. 6.3 and then

use this to design DP4T RF CMOS switch with HfO2 layered DG MOSFET as

shown in Fig. 6.4. Similarly, we can design p-type DG MOSFET. Since four

transistors are used for two antennas and by using the CMOS functionality, at a

time any one of transistor M1 (p-MOSFET) or M3 (n-MOSFET) will operate and in

Fig. 6.4 DP4T RF CMOS switch with HfO2-layered double-gate MOSFET
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the same fashion any one of transistor M2 (p-MOSFET) or M4 (n-MOSFET) will

operate. However, detailed working functionality is given in Table 6.4.

For example, at an instance, the transmitted signal from power amplifier (PA) is

sent to the transmitter “A” which is shown in Fig. 6.4 named as “A_Tx” port and

travels to the ANT1 while the received signal will travel from the ANT2 to the

receiver “B” named as “B_Rx” port and passes onto the low-noise amplifier or any

other application. So it has two poles and four terminals for data transmitting and

receiving.

6.7 Characteristics of DP4T Switch with HfO2-Based

DG MOSFET

The presented compact model accounts for the charge quantization within the

channel, Fermi statistics, and non-static effects in the transport model. The main

theme of this compact switch model are as follows:

(a) The DIBL is minimized by the shielding effect of the DG MOSFET, which

allows reduction in the channel length from 45 nm.

(b) The device transconductance per unit width is maximized by the combination

of the DG MOSFET and by a strong velocity overshoot, which occurs in

response to the abrupt variation of the electric field at the source end of the

channel [42].

(c) Increase in the device transconductance per unit width can be further strength-

ened near the drain in view of the short device length.

As a result, the sustained electron velocity of nearly twice the saturation velocity

is possible. The following observations proved the potential performance

advantages of the double-gate device architecture as a switch. The various

parameters associated with the proposed design of a MOSFET are calculated for

making a comparison between SiO2 and HfO2 as an oxide material [23, 33]. After

the simulation of the device, we have analyzed the following parameters for this

DP4T switch:

Table 6.4 Working functionality of DP4T RF CMOS switch with HfO2 DG MOSFET

Supply voltages Transceiver A Transceiver B

V1 V2 M1 (p-MOS) M3 (n-MOS) M2 (p-MOS) M4 (n-MOS)

Low Low ON OFF ON OFF

Low High ON OFF OFF ON

High Low OFF ON ON OFF

High High OFF ON OFF ON
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6.7.1 Drain Current Analysis

For the proposed DP4T switch with HfO2-based DG MOSFET, the drain current is

described with the idea of Pao and Sah phenomena [43, 44] that includes both the

drift and diffusion transport tendencies in the silicon film, resulting in a current

description with flat transitions between the linear and saturation operating regions.

Under the approximation that the mobility is independent of the position in the

channel, the drain current Id for a MOSFET can be expressed as [43, 44]:

Id ¼ μ
W

L

Z Vds

0

QI dV (6.10)

where μ, W, and L are the effective electron mobility, channel width, and effective

channel length, respectively. QI is the total (integrated in the transverse direction)

inversion charge density inside the silicon film of a symmetric DG MOSFET. At a

given location x is defined as:

QI ¼ �2q

Z TSi

0

n� nið Þdx ¼ �2q

Z ϕs

ϕ0

n� ni
F

dϕ (6.11)

where F is the electric field. Since there is no fixed charge in the undoped body,

QI can be taken as being the total charge in the semiconductor [44]:

QI ¼ 2εsFs ¼ �2C VGF � ϕsð Þ (6.12)

where FS is the electric field at the surface, and the factor of 2 comes from the

symmetry of double-gate MOSFET. An equivalent to the Pao and Sah’s equation

[43, 44] for the SOI MOSFET may be obtained by substituting (6.12) into (6.11),

which yields the following generalized two integral formulations for drain

current [45]:

Id ¼ 2μ
W

L

Z Vds

0

Z ϕs

ϕ0

qn

F
dϕdV (6.13)

with n ¼ ni e
β(ϕ � V ). Hence, we can conclude that for the device under test, charge

QI in the single-gate (SG)MOSFET is double than the DGMOSFET. So the current

will be double in DG MOSFET as compared to the SG MOSFET.

6.7.2 ON/OFF Ratio and Insertion Loss

A single switch element is characterized for ON/OFF ratio and insertion loss. The

ON/OFF ratio of a single switch element is: 10 log(2πRON COFF f0) where RON,
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COFF, and f0 are ON-resistance, OFF capacitance, and the frequency, respectively.

So for the DG MOSFET switch at the high frequency (GHz range) this ratio is

higher, means once again switching become fast for the HfO2-based DP4T DG RF

CMOS switch. The insertion loss is given by:

RON þ 2Z0

2Z0

� �
(6.14)

where Z0 is a fixed characteristic impedance and taken as 50 Ω as shown in Fig. 6.5.

RON is the resistance of device at ON-state. For the DG MOSFET, ON-state

resistance becomes RON/2 (parallel combination of RON due to front gate and

back gate). So the insertion loss for the DP4T DG RF CMOS switch becomes

less as compared to SG MOSFET switch.

6.7.3 ON-Resistance (RON) and Attenuation

In the DP4T switch, an effective ON-state resistance RON is defined as:

RON ¼ 1

μCox
W
L Vgs � Vth

� � (6.15)

This RON should be less for a good RF switch and it is inversely proportional to

the intrinsic transconductance. This transconductance is higher in HfO2 compared

to SiO2, so it is better to use HfO2 for a DP4T switch. The level of attenuation

(ATT) is given by the following expression [46]:
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ATT ¼ 20 � log 1þ RON

2ZO

� �
(6.16)

where RON is the ON-state series resistance of the attenuator modeled using (6.15)

and Z0 is 50 Ω as shown in Figs. 6.6 and 6.7. This attenuation is directly propor-

tional to RON, so the attenuation improves by using HfO2-based DG MOSFET.
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6.7.4 Flat-Band Capacitance and Dynamic Power

Since the dielectric constant of HfO2 is 25 and for SiO2 it is 3.9, so for flat-band

condition, the flat-band capacitance is given as follows:

CFB ¼ COX � εSi:A=λD
COX þ εSi:A=λD

(6.17)

where λD is the extrinsic Debye length, oxide capacitance, COX, is 5.202 pF,

dielectric permittivity of the substrate material, εsi, is 11.7 � 8.85 � 10�14 Fcm�1,

and A is the gate area in cm2, so we obtained the value of λD 1.279 � 10�5 cm as

well as CFB 3.17 pF for Si and 4.72 pF for Hf. This high flat-band capacitance is

useful for DP4T switch. For the higher flat-band capacitance, at a fixed charge,

reduced gate voltage is required as compared to the lower flat-band capacitance.

So at low voltage, using the hafnium dioxide, we can transmit or receive data at

lower supply voltage.

For CMOS circuits where no DC current flows, average dynamic power, Pavg ¼
CL � VDD

2 � f, for HfO2 bandgap is 6.0 eV and for SiO2 it is 8.9 eV, so the average

dynamic power due to VDD for HfO2 will be less, which is better for a DP4T RF

CMOS switch. However, several problems arise when using hafnium dioxide or

hafnium silicate materials in the device. One of them is to find p-type and n-type gate

metals to match with the valence and conduction band edges of silicon [47]. This

problem can be rooted with the band alignment and its controlling mechanisms

between the materials in the gate stack.

6.7.5 Debye Length Calculation and Mobility

The Debye length is become significant in the modeling of solid state devices as

improvements in lithographic technologies have enabled smaller geometries. The

Debye length is given as follows [48]:

LD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
εSikBT

q2Nd

s
(6.18)

where εSi, kB, Nd, q, and T are the dielectric constant of the material used,

Boltzmann’s constant, density of donors in a substrate, electronic charge, and

absolute temperature, respectively. From Table 6.1, Si has dielectric constant of

3.9 and Hf has 25. So we found that LD(Si) < LD(Hf). It means a large distance, over

which significant charge separation can occur, is available with Hf compared to Si.

The mobility of carrier for this combination of HfO2 is given by:

μ Tð Þ ¼ μ0e
�βT (6.19)
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where μ0 and β are the carrier mobility and a constant describing the sensitivity

of mobility to temperature, respectively. The bandgap of SiO2 is 9.0 eV, whereas

for HfO2 it is 5.8 eV. So the mobility is more in HfO2 as compared to SiO2.

6.7.6 Potential Barrier

The potential barrier exists between the metal and semiconductor layer when they

are in close contact, this stops the majority of charge carriers to pass from one layer

to the other layer. Only a few charge carriers have an adequate amount of energy to

pass through the barrier and cross to the other side of the material. Since the barrier

height is the property of a material, we try to use these materials for the CMOS in

application of RF, whose barrier height is small. Here is a possibility to create an

alloy between metal and semiconductor junction, at the time of annealing, which

lowers the barrier height [49, 50]. The probability of tunneling becomes high for

extremely thin barriers (in the tens of nanometers). By the heavy doping process

one can make the very thin barrier which approximately has a concentration of 1019

dopant atoms/cc or more. As the barrier height is closer to zero, the ohmic contact

increases. On the basis of Debye length as well as the mobility and potential barrier,

we found that HfO2 is a suitable material for the designing of DG MOSFET as an

application of DP4T RF CMOS switch. For Si-substrate, with Boron doping

concentration of 1019 atoms/cc, mobility is 70.90 cm2/V�sec and resistivity will

be 8.8 � 10�3 μΩ/cm.

6.8 Conclusions

The motivation to replace traditional SiO2 gate dielectrics with HfO2 is mainly for

the requirement of high-k dielectrics and latest development in Hf-based high-k

dielectrics which satisfies the process of DP4T RF CMOS switch. In order to

improve the integration and performance of CMOS devices, and its applications,

Hf-based gate layers are being integrated into DG MOSFET to achieve low

leakage current. Excellent gate transistors with improved performance based on

Hf-based gate dielectrics as the insulating layers are achieved. After designing the

DP4T RF CMOS switch with the structure of DG MOSFET, using HfO2, we

have analyzed the performance of the switch. It includes the basics of the circuit

elements parameter required for the radio-frequency subsystems of the integrated

circuits such as drain current, threshold voltage, ON/OFF ratio, insertion loss,

ON-resistances, attenuation, capacitances, dynamic power, Debye length, mobility

of carriers, barrier heights, and switching speed.

Moreover, an analytic threshold voltage model is presented for the SGMOSFET

and DG MOSFET. Device simulations are also done and the results obtained are

compared with the theoretical analysis for the model. For the purpose of RF switch,
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we achieve the process to minimize control voltage and resistance for the switch

ON condition and also we achieve the process to increase the Debye length and

mobility for the switch with the application of HfO2. Since the HfO2 has a melting

point of 2,812 �C, the designed DP4T switch can work sufficiently for high-power

switches, Jacket water temperature, and process temperature and also for broad-

band and carbon nanotube-based nonvolatile RAM, high-energy radiotherapy

applications, analog to digital converters, and GSM applications [51–53]. With

the increase of control voltage or gate voltage the drain current increases for the

CMOS circuit, designed with hafnium dioxide.
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Chapter 7

Testing of MOSFETs Surfaces

Using Image Acquisition

7.1 Introduction

The image processing is frequently used in the systems for monitoring and

controlling of the objects to support in an effective management of their resources

and safety. The practical systems for monitoring the rectangular objects, like

double-gate (DG) MOSFET, and cylindrical objects like cylindrical surrounding

double-gate (CSDG) MOSFET, which requires various vision sensors, recording

images that have to be transmitted to and processed in the central processing unit

[1]. One of the most challenging problems in such cases is the effective transmis-

sion and processing of huge amount of image data. To avoid overloading of

transmission channels and central unit, various already existing algorithms are

frequently performed at the sensors by an integrated low-level image processor.

As a result, the rough image data generated by the sensor can be compressed or

replaced by useful information extracted from the images. This approach signifi-

cantly improves the overall efficiency and the cost of the system. A complete vision

chip consisting of a photodetector array, which is effectively implemented on DG

MOSFET and CSDG MOSFET, is formed on the rectangular and cylindrical

substrate, respectively [2].

The earlier solutions of integrated vision chips have been mostly dedicated to a

specific image algorithm and could not be reconfigured. The next generations of

programmable vision chips designed in single instruction multiple data (SIMD)

architectures or multiple instruction multiple data (MIMD) architectures are able to

perform several image algorithms [3–6]. The latest chips have fully programmable

architectures with a parallel analog data processing, which significantly reduces the

time required for an image processing [7, 8].

However, most of the reported vision chips realize the convolution algorithms

based on a reduced kernel, where only four neighboring pixels (the top, bottom, left,

and right) from the full 3 � 3 kernel are taken into calculations. The consequence

of omitting the diagonal pixels is degradation of the resulting image, and some of

the reported implementations [9] have speed limitation resulting from the
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sequential manner of the instruction processing, which means that a typical convo-

lution algorithm requires several clock cycles to calculate the single data. In a

recently emerging 3-D integrated technology, several silicon-on-insulators (SOI)

with different circuits can be vertically stacked and interconnected through the 3-D

bias. This high-intensity integration strategy allows a vision sensor to separate

photosensitive devices with processing circuits on different tiers to achieve a high

fill factor. Earlier reported literatures [10, 11] have demonstrated the image sensors

designed and fabricated using this process. Blakiewicz [12] has proposed a matrix

multiplier for an integrated low-power and low-cost image sensor design as a better

alternative to known massively parallel architectures [13].

We have analyzed the image acquisition of the DG MOSFET and CSDG

MOSFET for the purpose of RF switch for the advanced wireless telecommunica-

tion systems. The proposed model is emphasized on the basics of the single image

sensor for 2-D images of 3-D devices, so that we can obtain a required device

parameter.

The DG MOSFET and CSDG MOSFET structure utilizes an undoped body

because the undoped MOSFET can avoid the dopant fluctuation effect, which

contributes to the variation of the threshold voltage and drive current. So this DG

MOSFET and CSDG MOSFET [14] can be used for the purpose of double-pole

four-throw (DP4T) RF CMOS switch design [15–17]. Also the undoped body can

enhance the carrier mobility owing to the absence of depletion charges, which

significantly contributes to the effective electric field and degrades the mobility

[18–20].

Here we have proposed a model for image acquisition [21] by which we validate

the surface smoothness of the DG MOSFET and CSDG MOSFET. If it is smooth,

then we proceed for the further testing; otherwise, the device fails. The design of the

proposed model has been studied to understand the effect of device geometry useful

when working as a switch. Each steps of the model are discussed separately for the

purpose of clarity of presentation and understanding the process for the devices

(DG MOSFET and CSDG MOSFET).

7.2 Proposed Model for the Image Acquisition

of MOSFETs

Recently, the CMOS image sensors are extensively used in the commercial and

scientific applications. CMOS standard processes, which are developed for the

digital and mixed-signal applications, are really attractive because of their low

power consumption and applicability for on-chip signal processing. Various

processes have been explored to improve the image sensor performance to a very

high level, and performance has been significantly enhanced with the use of CMOS

image sensor processes [22]. In addition to this, the use of aggressive technologies

and small MOS transistors (gate area of 1 nm2) in the pixel are required in order to
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maximize the pixel photosensitive area. This leads to an increase of MOS transistor

low-frequency noise impact [23–27]. In the digital image, pixel is a physical point

in a raster image which is the smallest addressable element in a display device.

In other words, we can say that the pixel is the smallest controllable element of a

picture represented on the screen. The address of a pixel corresponds to its physical

coordinates. However, each pixel is a sample of an original image, so large number

of pixel jointly provides more accurate representations of the original structure.

To observe the parameters of the devices, we have proposed a model using

image acquisition process as shown in Fig. 7.1. The details of the process steps

performed in the flow graph are as follows:

7.2.1 Preprocessing

First, we put the device on the base of the image sensor to capture the image using

the conveyor moving belt. This process can be performed by using the image

sensor. The speed of the conveyor belt is adjusted in such a manner that the

image sensor can sense the structure of the test device. Here we have to be careful

about the position of the test devices on the belt which means the devices should not

be overlapped to each other on the conveyor belt; otherwise, the image will be

ambiguous.

7.2.2 Image Sensor

For the proposed model, we convert the DG MOSFET and CSDG MOSFET into

the images. For this purpose, we have to generate a 2-D image of the device which

means sensor should have displacement in X and Y direction between the sensor and

the area which have to be imaged. A negative film is mounted on the MOSFETs,

and a mechanical moment of MOSFET provides the displacement in one direction.

A sensor is mounted on the lead that provides motion in perpendicular direction

[28–30]. The preprocessing of images prior to image classification and change

detection is essential, which generally comprises a series of sequential operations,

including atmospheric correction or normalization, image registration, geometric

correction, and masking. The geometric rectification of the imagery resamples or

changes the pixel grid to fit that of a map projection or another reference image.

This becomes especially important when scene-to-scene comparisons of the indi-

vidual pixels in applications such as change detection are being sought. Before the

creation of the minimum images, preprocessing must occur. The preprocessing

procedure consists of collection, downloading, unzipping twice, executing the

preprocessing algorithms through the softwares [31], checking the final

preprocessed images, and executing the patch procedure.
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The preprocessing steps of a remotely sensed image generally performed before

the postprocessing enhancement, extraction, and analysis of information from the

image. Typically, it will be the data provider who will preprocess the image data

before delivery of the data to the customer or user. However, the preprocessing of

image data often will include radiometric correction and geometric correction.

7.2.3 Discrete Fourier Transform

With the image obtained from the above image sensor process, there may be some

reduction in the property of image, for example, contrast, brightness, and color.

To enhance the property of image, we use the process of discrete Fourier transform

(DFT) because this transform is an important tool in the area of digital signal

processing. The DFT is an equivalent of the Fourier transform for discrete data.

The DFT converts a finite list of equally spaced samples of a function into the list of

coefficients of a finite combination of complex sinusoids, ordered by their

frequencies, that has those same sample values. It can be said to convert the

sampled function from its original domain to the frequency domain. In image

processing, the samples can be the values of pixels along a row or column of a

raster image. The DFT of N data elements L ¼ [L1, . . ., LN] is defined as the list

F ¼ [F1, . . ., FN], such that:

Fk ¼
Xj¼N

j¼1

Lje
�2πi j�1ð Þ k�1ð Þ=N (7.1)

where k ¼ 1, 2, 3, . . ., N. Since the DFT requires intensive computation, so there is

fast DFT processors to meet real-time signal processing requirements [32].

7.2.4 Filter Function

We have passed the above DFT image through a filter which has the filter function

H (u, v). This filter function is set by the requirement for the image. However,

smoothing of the image is achieved in the frequency domain by dropping out the

high-frequency components which means using the low-pass filter function.

Sharpening, enhancing, or detecting the edges of the images is associated with

high frequency, a component which is achieved with the application of high-pass

filter. This filter function can be used as:

Y u; vð Þ ¼ H u; vð Þ � X u; vð Þ (7.2)

where X is the input function and Y is the output function of the filter.
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7.2.5 Inverse Discrete Fourier Transform

Finally, we compute the inverse DFT of the signal obtained from the F (u, v)
multiplied by a filter function H (u, v). So, we obtained the enhanced image.

7.2.6 Postprocessing

However, before analyzing the image, some degree of preprocessing is necessary to

correct any distortion inherent in the images due to the characteristics of imaging

system and conditions. Commonly used preprocessing procedures include the

radiometric correction and geometric correction. Once preprocessing is completed,

the image properties can be enhanced to improve the visual appearance of the

objects on the image. Generally used image enhancement techniques include image

reduction, image magnification, transect extraction, contrast adjustments, band

ratioing, spatial filtering, Fourier transformations, principal components analysis,

and texture transformation [33]. These are used to extract useful information that

assists in image interpretation. For visual image interpretation and digital image

processing, the availability of secondary data and knowledge of the analyst are

extremely important. The visual interpretation can be performed using various

viewing and interpretation devices. However, most commonly used elements of

visual analysis are tone, color, size, shape, texture, pattern, height, shadow, site,

and association of the object under investigation. The digital image processing relies

primarily on the radiance of image picture elements (pixels) for each band. The

radiance is then translated into digital numbers or grayscale intensity, for example,

from 0 (lowest intensity, or black) to 255 (highest intensity, or white). Digital

numbers for a specific band indicates the intensity of the radiance at that wavelength.

7.2.7 Image Enhancement

It is a process that changes the pixel’s intensity of the input image, so that the output

image contains all the property of the device under test (DUT) and interpretability

and perception of information contained in the image enhanced. The image

enhancement is used to provide a better input for other automated image processing

systems. One of the commonly used image enhancement methods is histogram

equalization [25, 26]. This equalization remaps the gray level of an image based on

the probability distribution of the input gray levels. It flattens and stretches the

dynamic range of the image’s histogram. So this results in an overall contrast

enhancement by changing the intensity level of the pixels based on the intensity

distribution of the input image. The subregion’s histogram equalization partitions

the image based on the smoothed intensity values, which have been obtained by
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convolving the input image with a Gaussian filter. With this, the transformation

function used by histogram equalization is not based on the intensity of the pixels

only, but the intensity values of the neighboring pixels are also taken into the

consideration [34, 35].

7.3 Image Analysis

However, after obtaining the parameter from the postprocessing, we compared the

parameters with the already stored parameter, which is required by the industry or

customer for the further device applications. If comparison of the parameter fails,

then the process will be repeated else it passes the parameter comparison, so we got

the pass device.

On the way of the above processing, we can get the image of a device of various

types as shown in Figs. 7.2 and 7.3. In these figures, we can compare the structure of

the device. If the image obtained from the postprocessing stage is different at any

Fig. 7.2 Various images which can be obtained from the image acquisition of DG MOSFET

7.3 Image Analysis 171



stage, we can remove the device. So the further design can be improved for the

suitable structure of the device as to be cylindrical and flat at the surfaces in this

particular stage. So we can improve the device structure using the image acquisition

phenomenon. As we take the rectangular device (DG MOSFET) and cylindrical

device (CSDGMOSFET), this process is also suitable for the other structures such as

omega, FinFET, GAA etc.

7.4 Conclusion

In this chapter, we have analyzed the image acquisition of the DG MOSFET and

CSDG MOSFETs for the purpose of RF switch for the application in the advanced

wireless telecommunication systems. The proposed model emphasized on the

basics of the single image sensor for 2-D images of 3-D devices, so that we can

Fig. 7.3 Various images which can be obtained from the image acquisition of CSDG MOSFET
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obtain the desired device parameter. However, using this technique we can validate

the basics of the circuit elements parameter required for the radio-frequency

subsystems of the integrated circuits such as capacitances, resistances, oxide

thickness, resistance of polysilicon, and number of bulk capacitors [36, 37]. The

model can be easily introduced in the circuit simulators.

However, beyond the proposed model in this book, it has some potential

challenges such as the accuracy of the device contact which is a challenging

process. Here we apparently restrict the analysis of the spherical devices because

it requires a number of image sensors to take the image of device from various

angles. As a consequence, the comparisons have been made in regard to the

available modes of the image sensor.
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Chapter 8

Conclusions and Future Scope

8.1 Conclusions

After modeling of the symmetrical double-gate (DG) MOSFET, we have drawn

the layout and simulate with the parameters available in the MOSFET. It includes

the basics of the circuit elements parameter required for the radio-frequency

subsystems of the integrated circuits such as drain current, output voltage, threshold

voltage, capacitances, resistances at switch ON-state condition, oxide thickness,

resistance of polysilicon, number of bulk capacitors, and power or voltage gain.

For the purpose of radio-frequency (RF)/microwave switch, we have explored the

methods to minimize the control voltage, resistance for the switching condition, and

the capacitances for isolation. However, double-pole four-throw (DP4T) CMOS

inverter switch has been designed with low insertion loss and low control voltage.

The DP4T RF CMOS switch has been designed using the independently controlled

double-gate, which has been discussed in detail, and the impact on the power

consumption with respect to ON-state resistance and current, propagation delay,

leakage behavior, as well as area of the device is presented. It shows that the

numbers of transistor are reduced with the application of DG MOSFET and also

the area can be significantly reduced for logic gates; therefore, the logic density per

area increases. The favorable condition for low-power circuit is that where both

transistor gates are on the same potential contribution even a reduced amount of the

leakage current. The proposed DP4T RF CMOS switch design with double-gate

transistors modifies the conventional analog switch circuit design to operate with

digital signals to achieve isolation buffering for bidirectional signals. High-density

packing of multiple buffer switches operating under single enable control in a single

package can also be achieved.

In the DG MOSFET, the bulk voltage is 0, so we achieved the higher

drain current. We have reported the attenuation of 0.005–0.016 dB for 45-nm

technology compared to the attenuation of 0.020–0.070 dB for 0.8-μm technology.

The off-isolation and switching speed are significantly improved in the dis-

cussed DP4T DG RF CMOS switch over the already existing CMOS switch.
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Moreover, the flat-band capacitance and power dissipation become half, and

threshold voltage as well as flat-band voltage is reduced as flat-band capacitance

becomes half for the discussed DP4T DG RF CMOS switch. The half power

dissipation has been discussed for the proposed DP4T DG RF CMOS switch, and

the results were compared with the already existing CMOS switches. The ultrathin

body silicon-on-insulator (SOI) FETs suggests a very thin silicon body to achieve

better control of the channel by the gate and, hence, reduces the leakage and short-

channel effects. With the use of the intrinsic or lightly doped body, in the DG

MOSFET, reduction in the threshold voltage occurs due to the random dopant

fluctuations, which enhances the mobility of the careers in the channel region, and

therefore increment in ON-state current occurs. By using the designed capacitive

model of the DP4T DG RF CMOS switch, the equivalent circuit of this model for

the switch and simulated S-parameters are presented. For the purpose of RF switch,

we have achieved the process to minimize the ON-state resistance and maximize

the parasitic capacitance and minimize the control voltage to control the isolation

and switching speed for the switch-ON condition with DP4T DG RF CMOS switch.

Since the operating frequencies of the RF switches are in the range of few MHz to

60 GHz, therefore, it is useful for modern broadband wireless communication

systems. The proposed DP4T DG RF CMOS switch results to the peak output

currents around 0.387 mA and switching speed of 36 ps. A device structure with a

double-gate contact shows a significant improvement in currents and switching

speed as compared to the single-gate structure.

For increasing the gate voltage, the drain current increases; hence, the contact

resistance decreases which increases the cutoff frequency. Therefore, for the

purpose of RF switch, control voltage should be low and then current flow will be

less. In the terms of contact resistance, it increases with the increase in the number

of gate fingers. So, in the application of RF switch, we have tried to increase the

gate finger. From the simulated result of DG MOSFET, we conclude that (for the

DG MOSFET, bulk voltage is 0) highest drain current can be easily achieved by

using higher gate fingers. Higher gate fingers, enhances the mobility of the charge

careers in the channel region as compared to the lower gate fingers due to intrinsic

or light doping, and therefore, increment in drain current occurs at higher gate

fingers.

We have analyzed the designing parameters of a cylindrical surrounding double-

gate (CSDG) MOSFET. The CSDG MOSFET device is operated in the microwave

frequency regime of the spectrum. For the purpose of RF or microwave switch, we

achieved the process to minimize control voltage, capacitances for isolation, and

the resistance for the switching condition and increased energy storage of a device.

From the discussions in previous chapters, we have achieved a better CSDG

MOSFET as compared with cylindrical surrounding single-gate (CSSG) MOSFET.

A CSDG MOSFET has been designed, and we have simulated the parameters

available in thismodel, by using the available tools. It includes the basics of the circuit

elements parameter required for the radio-frequency subsystems of the integrated

circuits such as drain current, output voltage, threshold voltage, capacitances, resis-

tances at switch-ON condition, oxide thickness, resistance of polysilicon, energy
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stored, cross talk, number of bulk capacitors, and power or voltage gain. For the

RF/microwave switch, we have achieved the process tominimize the control voltage,

capacitances for isolation, and the resistance for the switching condition and increased

energy storage of a device. The mobile charge density is calculated by using the

analytical expressions obtained from modeling the surface potential as well as the

difference of potentials at the surface and at the center of the silicon-doped layer. The

analytical expressions for the charge characteristics are presented as the function of

silicon layer impurity concentration, gate dielectric, and silicon layer thickness with

the variable mobility.

We extended this work with a replacement of SiO2 with HfO2 as a high

dielectric material. Hafnium dioxide (HfO2) is a high dielectric, low-absorption

material usable for coatings in UV (~250 nm) to IR (~10 μm) regions; its adhesion

is superb to metals such as aluminum and silver. In the presented work, CMOS

with pure SiO2 is adopted for DP4T DG MOSFET switch to detect the signals

to/from transceivers, and the performance of this DP4T DG RF CMOS switch at

45-nm technology was demonstrated. The performance of HfO2 for switch as

effective RON, attenuation, flat-band capacitance, average dynamic power, and

working efficiency at high temperature have been investigated. In the DP4T

switch, effective resistance RON should be less, and it is inversely proportional to

intrinsic transconductance (which is higher in HfO2 compare to SiO2), so it is

better to use HfO2 for a DP4T switch. Also, the attenuation is directly proportional

to RON, so it can be improved by using the HfO2.

After designing of the various devices as discussed in the previous chapters, we

have proposed a model to observe the smoothness of the device surfaces. We have

analyzed the image acquisition of the DG MOSFET and CSDG MOSFETs. The

proposed model emphasized on the basics of the single image sensor for

two-dimensional images of three-dimensional devices, so that we can obtained a

satisfactory device parameter. The model can be easily introduced in circuit

simulators. Beyond the proposed model in this book, it has some potential

challenges such as the accuracy of the device contact which is a challenging

process. Here we apparently restrict the analysis of the spherical devices because

it requires a number of image sensors to take the image of device from various

angles. As a consequence, the comparisons have been made in regard to the

available modes of the image sensor.

8.2 Future Scope

However, beyond the analyzed parameters in this work, the proposed CSDG

MOSFET has potential challenges such as the fabrication of this kind of devices

by a tricky process. In the presented work, we apparently restrict our comparative

analysis of the different devices to an applied high drain biasing [1]. As a conse-

quence, the comparisons have been made, particularly, in regard to the RF perfor-

mance and saturation regime, the most important of which is transit frequency,
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fT (subthreshold swing and OFF-state current), which is not covered in this work

that is imperative for the wireless applications [2]. Another decisive factor for the

microwave application is the hot carrier effect, which affects the device degradation

for high-power and high-frequency applications, which is a very interesting prob-

lem of research [3]. In general, the physical oxide thickness is determined by

ellipsometer, but its accuracy cannot be guaranteed for those of very thin oxides.

As a consequence of the power-supply voltage being reduced much less propor-

tionally to the channel length, the lateral electric field will be increased in the

device. The carriers which move from the source to the drain in such a turned-ON

transistor can get enough energy to cause impact ionization that generates

electron–hole pairs in silicon and surmount the interfacial energy barrier. The

energy of the hot carriers depends mainly on the electric field in the pinch-off

region. The carriers injected into a gate dielectric induce device degradation such as

threshold voltage (Vth) shift due to occupied traps in the oxide and reduced drain

current (Ids). The hot carriers can also generate traps at the silicon–oxide interface

leading to subthreshold swing deterioration and stress-induced drain leakage [4, 5].

Therefore, the hot carrier injection degradation significantly reduces the transistor

lifetime. The n-type MOSFET is more sensitive to hot carrier injection than the

p-type MOSFET transistor, since electrons become hotter than holes due to their

higher mobility and energy barrier is lower for electrons compared to holes at the

interface [6, 7]. However, to solve this issue, drain engineering is used to alleviate

the peak of the lateral electric field located close to the drain edge by modifying the

drain doping profile through introduction of source/drain extension implants by a

lower dose [8, 9].

In general, one may use a combination of two or more metals on a single Si-

substrate to achieve the work function requirements discussed in the previous

chapters. It must be noted that the integration of multiple metals on a single

wafer poses significant process integration challenges, and it would be highly

desirable to develop a single metal tunable work function gate CMOS process.

Such a process would allow for minimal process complexity and would be rela-

tively easy to integrate on a single Si-substrate [10]. Probably the most intuitive

approach to developing a metal gate CMOS process involves the use of two metals,

on serving as the n-type MOS gate and the other as the p-type MOS gate. Process

integration is however not very straightforward since two film deposition steps and

at least two etch steps would be involved [11]. The general process involves the

deposition of one metal over the entire substrate after active area definition and gate

dielectric deposition. Following the first deposition, a well lithography is performed

to expose both n-well or p-well regions, and the exposed metal is removed using a

wet etch chemistry. This can be extending in future works.

However, another approach is using high-resolution transmission electron

microscopy analysis. This method is more accurate but still suffers from high

cost and low throughput. In addition, the thickness measured with these methods

is physical thickness. It cannot be employed to determine the equivalent oxide

thickness of the high dielectric constant (high-k) materials, proposed for future
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ULSI CMOS applications, because dielectric constants of these materials are

different to that of oxide [12–17].

We have analyzed the image acquisition model for the DGMOSFET and CSDG

MOSFETs as to observe the smoothness of the device surfaces. Beyond the

proposed model in this book, it has some potential challenges such as the accuracy

of the device contact [18]. Here we apparently restrict the analysis of the spherical

devices because it requires a number of image sensors to take the image of device

from various angles [19–22]. As a consequence, the comparisons can be made in

regard to the various modes of the image sensor.
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Appendix A

List of Symbols

Symbols Explanation

1 dB 1 Decibel

2-D Two dimensional

3-D Three dimensional

A Gate area

AC Alternating current

Cbd Bulk-drain junction capacitance

Cbs Bulk-source junction capacitance

Cds Drain-source capacitance

CDG Capacitance of DG MOSFET

CdSi Drain to source intrinsic capacitance

CG Gate capacitance

Cgb Gate to bulk capacitance

Cgd Gate to drain capacitance

Cgs Gate to source capacitance

Cin Input capacitance

CMOS Complementary metal oxide semiconductor

Cout Output capacitance

Cp Capacitance value measured with parallel equivalent circuit model

Cs Capacitance value measured with series equivalent circuit model

DC Direct current

DIBL Drain-induced barrier lowering (short channel effect)

DUT Device under test

EC Conduction band

Eg Band gap of silicon, 1.12 ev at 300 K

ESD Electrostatic discharge

FD Fully depleted

FET Field effect transistor

Fmax Maximum frequency of oscillation

fT Cross-over frequency

GaAs Gallium arsenide

GHz Gigahertz
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(continued)

Symbols Explanation

HBM Human body model

IC Integrated circuit

Id Drain current

Idc Direct current electricity

Ids Drain to source current

IF Intermediate frequency

IL Insertion loss

ILD Inter layer dielectric

ISO Isolation loss

k Boltzmann constant

L Channel length

LNA Low noise amplifier

MEMS Micro electro mechanical system

MESFET Metal Semiconductor Field Effect Transistor

MMIC Monolithic microwave integrated circuit

MOS Metal oxide semiconductor

MOSFET Metal oxide semiconductor field effect transistor

n Concentration (density) of free electrons

NA Channel doping concentration of acceptors

ND/S Source/drain doping concentration

NF Number of parallel devices in a multi-finger layout

ni Intrinsic electron density in silicon, 1.45 � 1010 cm�3 at 300 K

nm Nanometer

NMOS N type MOS transistor

NQS Non-quasi-static

PA Power amplifier

PD Partially depleted

PIN P-type-Intrinsic-N-type

q Electron charge

q/(kT) 38.68 V�1 at 300 K

QB Bulk charge

QBD Bulk to drain junction charge

QBS Bulk to source junction charge

QD Drain charge

QGB Gate to bulk charge

QI Inversion charge

Qinv Inversion carrier sheet density

QS Source charge

QTH Inversion carrier sheet density under threshold conditions

R Resistance

Rb Bulk resistance

Rbd Substrate resistance between substrate drain node and bulk node

Rbs Substrate resistance between substrate source node and bulk node

Rd Drain resistance

Rdc Direct current resistance

RDG Resistance of DG MOSFET

(continued)
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(continued)

Symbols Explanation

Rds Parasitic drain to source resistance in parallel with the MOS channel

Rdsb Substrate resistance between internal bulk node and substrate node

RF Radio frequency

RFC Radio frequency chokes

Rg Gate resistance

Rin Input resistance

Rout Output resistance

Rp Equivalent parallel resistance measured with parallel

equivalent circuit model

Rs Equivalent series resistance measured with series

equivalent circuit model

s Laplace term

S Scattering parameters

SAW Surface acoustic wave

SOI Silicon on insulator

SOS Silicon on sapphire

T Absolute temperature

T/R Transmit/receive

tI Thickness of the gate dielectric (insulator) layer

tox Thickness of the gate oxide layer

tSi Thickness of silicon film (channel)

Vbd Body to drain voltage

VCO Voltage-controlled oscillator

Vdc Direct current voltage

Vdg Drain to gate voltage

Vds Drain to source voltage

VF,eff Effective front gate voltage

Vgs Gate to source voltage

Vgs,B Bottom (back) gate voltage

Vgs,F Front gate voltage

VH Higher effective gate voltage

Vin Input voltage

VL Lower effective gate voltage

Vout Output voltage

Vth Threshold voltage

VT Thermal voltage

W Channel width

WLAN Wireless local area networks

X Reactance

Y Admittance

Z Impedance

Z0 Reference impedance level (50 Ω in this book)

Zin Input impedance

Zout Output impedance

ε0 Dielectric constant of vacuum, 8.854*10�12 Fm�1

εI Permittivity (relative dielectric constant) of gate dielectric (insulator)

(continued)
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(continued)

Symbols Explanation

εSi Permittivity (relative dielectric constant) of silicon, 11.9

εSiO2 Relative dielectric constant of silicon dioxide (SiO2), 3.9

λDi Intrinsic Debye length, 48.49 μm at 300 K

φF Potential difference between Fermi level and quasi-Fermi level

Φi Work function of intrinsic silicon, 4.71 ev at 300 K

ΦM Work function of gate material

ΦMB Work function of bottom (back) gate material

ΦMF Work function of front gate material

ΦMS Work function difference between gate material and doped silicon

ΦMS,i Work function difference between gate material and intrinsic silicon

ω Angular frequency

ΔS11m Measurement error of S11 magnitude

ΔS12m Measurement error of S12 magnitude

ΔS21m Measurement error of S21 magnitude

ΔS22m Measurement error of S22 magnitude

μm Micrometer

186 Appendix A



Appendix B

List of Definitions

1 dB compression point The 1 dB gain compression point is the input

power level in dBm at which the overall gain of

amplifier is reduced by 1 dB from its maximum

value

Design for manufacturability

(DFM)

Design and verification methodology employed

to assure that production silicon yields a suitable

percentage of die, meeting the design

specifications

Design for performance (DFP) Design and verification methodology employed

to assure that production silicon meets the

performance objectives of the original circuit

design

Design for reliability (DFR) Design and verification methodology employed

to assure that the IC performance does not

substantially degrade over the anticipated

lifetime of the product

Design rule check (DRC) A check of physical layout using a foundry-

determined set of rules or more complex

computations to include the effect of nearby

lithographic patterns

Design rules Design rules are constraints poses by the

processing line in the form of minimum

allowable values for width, separation, extension

and overlap. The complexity of design rules

depends upon how well a process is

characterized
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Doped semiconductor To improve the conductivity, impurities are

added in intrinsic (pure) semiconductors.

To increase the number of electrons Arsenic or

Phosphorous is added into Si. It has five

electrons in its outer shell. Four of these five

electrons bond with adjacent silicon atoms, but

the fifth electron cannot form a bond

Drain-induced barrier lowering

(DIBL)

The effect of drain field reaching through the

channel and lowering the source-channel energy

barrier, thereby resulting in reductions in

threshold and increases in output conductance

with drain voltage

Fabrication steps These steps are Wafer processing, Mask making,

Photolithography, Oxidation, Diffusion,

Etching, Poly-gate formation, and Metallization

Figure-of-merit (FOM) A normalized quantity calculated based on

several analog circuit performance parameters

that enable a comparison of the quality of circuits

having different performance parameters

Finite difference method

(FDM)

The FDM subdivides the simulation domain into

small discrete segments separated by nodal

points. The method is based on defining

unknown variable only on these nodal points

assuming linear variation in between

Gain-bandwidth product

(GBW)

Gain-bandwidth is defined simply as gm ¼ Cox

and is used here for the purpose of determining

how GBW varies, rather than a numerical value

High dielectric constant

(High-K)

Term used in nanoscale technology nodes

referring to gate materials that have higher

dielectric constants than oxynitrde, such as

hafnium and zirconium

Hot carrier injection (HCI) Carrier injection into the channel or gate

insulator produced by impact ionization near the

drain end of the channel creating interface and

oxide trap damage

Low dielectric-constant

material

The material having lower dielectric constant

than the SiO2 used prior to nanoscale technology

nodes

Low-power process (LP)

device

Low-power incorporate thicker oxides than the

high-performance to reduce logic power using

higher thresholds and lower leakages. LP have

higher saturation voltages, lower

transconductance, higher output conductance,

and significantly lower gain-bandwidths
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Maximum excess overdrive

supply voltage (VCC,EOD)

The maximum drain-to-source voltage for

devices with drain voltage waveforms that allow

safe operation at voltages above VCC,OD

Maximum overdrive supply

voltage (VCC,OD)

The maximum drain-to-source voltage for core

devices that are not operated at high drive

currents

Maximum supply voltage

(VCC,MAX)

The maximum gates to source drain to source, or

source to bulk voltage for simulation purposes

Metal–insulator–metal

capacitor (MIM)

It is a technology using a thin insulator between

intermediate interconnect metal and an added

metal to create a precise capacitor in an analog

process

Minimum-gate-length

feature size

Minimum gate feature size in the physical layout

Negative bias temperature

instability (NBTI)

Threshold voltage instability in p-MOS devices

that is dependent on temperature and device

geometry

Overdrive (OD) An operating condition permitted by design

rules where some devices, such as core devices,

may exceed normal operating parameters such

as voltages

Power amplifier (PA) A power amplifier is a component of transmitter

frontend, used to amplify the RF signal to very

high levels for transmission from the external

antenna

Scaling of device It refers to ordered reduction in dimensions of

the MOSFET and other VLSI features. It allows

the same decision to be made using less power

and area and thus drives the electronic

revolution

System-on-chip (SOC) Technology that enables integration of all

necessary electronic circuits for a complete

system on a single integrated circuit

Technology based computer-

aided design (TCAD)

It is used to define the physical configuration of

devices within the silicon and then determines

device (or simple circuit) performance using

physical models of carrier propagation

Threshold voltage The voltage on gate required to create inversion

layer is called threshold voltage
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Appendix C

Outcomes of the Book

1. Each gate controls one half of the device and its operation is completely

independent of the other

2. Two independent MOSFETs on a single chip whose operations are independent

of the other

3. Board component count and hence total cost decreases

4. The total current through the device should be the sum of the currents through

the separate devices

5. The performance of the symmetrical version of the DG MOSFET is further

increased by higher channel mobility compared to a bulk MOSFET

6. The average electric field in the channel is lower, which reduces interface

roughness scattering according to the universal mobility model

7. One of the major advantages of using DG MOSFET is the lower leakage

current and smaller subthreshold voltage

8. For single gate MOSFET, at ON condition of a transistor, increasing Csb and

Cdb tends to more signal being coupled with the substrate and dissipated in the

substrate resistance (Rb), so the design would like that no signal being coupled

with the substrate and dissipated in the substrate resistance

9. The isolation is better in DG MOSFET compared to that in the single-gate

MOSFET in terms of drain-to-source capacitance (CDG > CSG)

10. ON-state resistance is low, which shows that the current flows from source-to-

drain in a MOSFET (RDG < RSG)

11. For appropriate working of a switch and to reduce the insertion loss, we have

achieved the reduction in ON-state resistance with selecting transistor with

large μ, increasing W/L, keeping Vgs � Vth large

12. Bulk capacitors are not taken into account for the design

13. Highest drain current can be easily achieved by using the higher number of

fingers

14. Reduction in the threshold voltage occurs due to the random dopant

fluctuations (by the use of intrinsic or lightly doped body, in the DG MOSFET)
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15. Due to the single operating frequency, SPDT type of switch has a limited data

transfer rate. Therefore, a Double-Pole Double-Throw (DPDT) switch is

designed to solve the problem

16. The DPDT switch has dual antenna and dual ports, one port for transmitting and

the other for receiving, which is not sufficient for MIMO systems. Hence, we

design a DP4T switch to enhance the switch performance for MIMO

applications

17. A traditional DP4T n-MOS switch uses n-MOS as transistors in its main

architecture and requires a control voltage of 5.0 V, while the proposed device

has low control voltage

18. The switch is designed to be part of the microwave applications for switching

system between the transmitting and receiving modes

19. The isolation of switch is improved by grounding RF signals on the side which

is turned OFF

20. With scaling device dimensions and increasing short channel effects, multiple

gate transistors can be investigated to obtain an improved gate control

21. Achieving high isolation in the OFF-state and low insertion loss in the ON-state

for wideband applications is quite a challenge for switch designers

22. The channel resistance of a switch must be limited to less than about 6 Ω to

achieve a low frequency insertion loss of less than 0.5 dB on a line with 50 Ω
matched impedances at the source and load

23. More than 50 % of footprint saving are achieved as compared to two single-

gate MOFETs, less pick and place effort

24. Energy stored is greater than 1.4 times for CSDGMOSFET compared to CSSG

MOSFET

25. Replacement of traditional SiO2 gate dielectrics with HfO2 is mainly for

requirement of high-k dielectrics

26. To improve the integration and performance of CMOS devices, and its

applications, Hf-based gate layers are being integrated into DG MOSFET to

achieve low leakage current

27. Excellent gate transistors with improved performance based on Hf-based gate

dielectrics as the insulating layers are achieved

28. For the purpose of RF switch, we have achieved the process to minimize

control voltage and minimization of the resistance for the switch-ON condition

29. Since the HfO2 has melting point 2,812 �C, the designed DP4T switch can work

sufficiently for high-power switches, Jacket water temperature, and process

temperature and also for broadband and carbon nanotube-based nonvolatile

RAM

30. Image acquisitions are used to observe the edges of the rectangular and

cylindrical devices

31. The proposed model emphasized on the basics of the single image sensor for

two-dimensional images of three-dimensional devices

32. Using image acquisitions technique, we can verify the basics of the circuit

elements parameter required for the radio frequency subsystems of the

integrated circuits
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