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ABSTRACT 
 

Analytical Modeling and TCAD Simulation of 
In2O5Sn Transparent Gate Electrode Recessed 

Channel MOSFET for High Performance 
Applications 

 

 

In this era of internet of things (IoT), the scaling of CMOS is playing a vital 

role. However, scaling of MOSFETs beyond sub-nm regime is extremely challenging 

for non-planar device architecture owing to rigorous criteria required for the transistor 

switching. The stringent scaling may lead to static power dissipation due to increase 

in OFF-state leakage current. Many solutions have been proposed to overcome CMOS 

scaling bottleneck with different device architectures such as FinFETs, gate all around 

silicon nanowire (GAA SiNW), recessed channel (RC) MOSFETs and many more. 

Although many device structures such as GAA SiNW MOSFETs results in 

suppression of SCEs, it is not easy to fabricate this due to its non-planar architecture. 

RC MSOFET offers best possible gate control leading to SCEs and fabrication 

feasibility for IC industries at very low fabrication cost owing to planar architecture. 

Different gate materials have been used to improve the gate controllability over the 

channel and among all; indium tin oxide (ITO) is found to be the most suitable gate 

material. ITO is very feasible for fabrication and has a very low cost. ITO has a very 

low resistivity (10-5 Ω-cm) with higher Hall mobility (53.5 cm2 V-1s-1). Due to these 

properties, ITO is frequently used in semiconductor devices and more commonly, for 

silicon-based MOSFET devices having technology less than 30 nm. 

In this thesis, Transparent Gate Recessed Channel (TGRC) MOSFET have 

been critically scrutinized and compared with the conventional structures using device 

simulations obtained using ATLAS 3D device simulator. The analysis exemplified 

that TGRC-MOSFET has overcome the drawbacks faced by the conventional 

structures and improves the device analog and RF performance owing to trench gate 
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and ITO metal gate.  The improved analog performance and architecture of the device 

makes it suitable for x-ray dosimeter and bio-sensing applications. 

 In the beginning, the analog and linearity performance of TGRC-MOSFET 

has been discussed along with the impact of trench depth [Negative Junction Depth 

(NJD)] and gate length (LG) with an aim to achieve a reliable and high performance 

transistor. Proposed device improves the analog performance in terms of 

transconductance, device efficiency, output resistance, and gain. The improved analog 

and linearity performance at 5 nm NJD and 20 nm LG of TGRC-MOSFET makes it 

suitable for low power linear RF amplifiers as a nano-scaled device.  

Further, the reliability issues of the proposed device have been explored by 

considering the effect of interface trap charges (both polarity and density) in terms of 

static, linearity and intermodulation distortion FOMs. It is found that with the 

amalgamation of ITO on conventional recessed channel (CRC) MOSFET, the 

proposed device exhibits improved immunity against interface trap charges. In 

addition, the influence of ambient temperature (150-300K) along with trap charges on 

TGRC MOSFET has also been explored with an aim to analyse at which temperature 

the device is more stable in the presence of interface defects (trap charges).  

Moreover, capacitance-voltage (C-V) analysis and frequency dependent 

capacitance have been analysed with an aim to examine the effectiveness of In2O5Sn 

as a gate material on parasitic capacitance. The capacitance dependent parameters 

such as Transconductance Frequency Product (TFP), Energy Delay Product (EDP) 

and Gain Bandwidth Product (GBP) have also been assessed and found that, TFP 

increases in comparison to metal gate RC MOSFET owing to a noticeable reduction 

in parasitic capacitance (Cgg=Cgs+Cgd), due to which EDP and GBP also improve 

considerably. In order to provide detailed insight to RF engineers for microwave 

applications, the small signal RF model has been studied in terms of microwave 

parameters such as S (scattering) parameters, Z (impedance) parameters, Y 

(admittance) parameters, and h (hybrid) parameters with an aim to analyse the 

behaviour of device at microwave frequency.  It has also been observed that the 
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transit (cut-off) frequency (fT) and maximum oscillator frequency (fMAX) enhances 

significantly owing to the remarkable reduction in intrinsic capacitances.  

After analysing the enhanced electrical properties of the proposed device, it 

has been explored for an X-Ray dosimeter as well as a biosensor. In the first 

application, TGRC-MOSFET has used as an x-ray dosimeter where x-ray radiation in 

the 0.5k to 10kRad dose range after irradiation has been considered. TCAD 

simulations for the same have been done to estimate threshold voltage shift in 

MOSFET with different radiation dosage. Models accounting for electron-hole pair 

generation and recombination are applied along with trap/de-trap model for insulator 

as well as interface charging. An improvement in radiation sensitivity has been found 

on increasing the oxide thickness from 2 nm to 6 nm. Along with signal amplification 

and processing circuit, this device can find enormous applicability in clinical and 

space environment. Further, the device applications have been extended and used for 

bio-sensing application. TGRC-MOSFET comprises a nano-gap cavity for the 

detection of biomolecules and transparent gate to enhance the overall current 

efficiency of RC-MOSFET. For the detection of neutral biomolecules, following 

electrical characteristics were studied: ION/IOFF, shift in threshold voltage, change in 

surface potential and hereafter, calculate the sensitivity of the biosensor. In addition, 

TGRC noise immunity has been evaluated in the presence of biomolecules.  

Thus, the high current switching ratio, lower IOFF, lower SS, superior RF 

performance, temperature robustness, and better reliability in terms of ITCs makes 

TGRC-MOSFET, a promising candidate for employing in a low power, high 

switching speed and high performance applications even at wide temperature range. 
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1 

CHAPTER 
  

Introduction 

 This chapter discusses the brief overview of Nanoscale Metal Oxide 
Semiconductor Field Effect Transistor (MOSFET) and the scaling of 
MOSFET. 

 Various adverse effects arise due to the scaling of dimensions and different 
engineering schemes to overcome the limitations; have been discussed in this 
chapter. 

 Moreover, the chapter describes the reliability issues of CMOS devices. In this 
respect, the origin of interface trap charges, that are inevitably present in any 
practical device are discussed and is followed by the discussion of the 
reliability of TGRC MOSFET. 

 Further, the chapter describes the research gaps that are found while 
literature survey and is followed by the several possible solutions to overcome 
these gaps.  

 In this regard, the chapter introduces Indium Tin Oxide (In2O5Sn) popularly 
known as ITO as a conducting gate material on to the recessed channel (RC) 
MOSFET. 

 Thereafter, the significant merits offered by TGRC MOSFET are discussed 
that is extended with the major challenges faced by the conventional RC 
MOSFET.  

 Thus, the chapter describes the primary objective of this thesis followed by an 
overview of all the chapters.   
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1.1 OVERVIEW OF NANOSCALE MOSFET 

Metal-Oxide Semiconductor Field-Effect Transistor (MOSFET) and bipolar junction 

transistor (BJT) are two major types of three-terminal semiconductor devices. 

Although both transistors offer unique features and areas of application, especially in 

the design of integrated circuits (ICs), MOSFET has become the most widely used 

electronic device and using this as the basic component, the entire circuits are 

fabricated on a single silicon chip. MOSFETs can be made quite small (requiring a 

small area on the silicon IC chip), and has simple manufacturing process and also 

requires very low power consumption as compared to BJT. The unrelenting ever 

increasing demand for high speed and dense ICs is the driving force for scaling down 

the CMOS technology to nanometer nodes that has resulted into transforming the state 

of art of designing the IC, by providing the stability of operation, low static power 

dissipation, and noise immunity to devices (Heyns & Tsai, 2009; Moore, 1975). These 

properties have made it possible on a single IC chip to implement very sophisticated, 

very-large-scale-integrated (VLSI) digital circuits.  

 
 

              
Figure 1.1: Schematic structure of Conventional MOSFET (Arora, 1993). 

From past four decades, progress in IC technology has become the driving 

power in revolution of Information Technology (IT), and marvelously changed the 

whole world and our lives too. The great triumph of the CMOS devices is necessarily 

offered by the enhanced drive current and the higher cut off frequency acquired by 

scaling down the CMOS devices. The scaling of the CMOS devices follows the well-
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known Moore’s law proposed by Gordon Moore (the co-founder of Intel Corporation) 

in 1960’s which predicts that the number of transistors per IC would double 

approximately every two years (Moore, 1975). Aggressive scaling of MOSFET down 

to nanometer regime is administered by the need of higher packing density, low 

operating power, and high switching speed. The constant scaling of MOSFET 

enhances its switching speed and also the cut-off frequency to Giga-Hertz regime and 

thus makes it appropriate for wireless and high-frequency applications.  

However, the aggressive scaling of MOSFET fallouts into several critical 

issues such as various short channel effects (SCEs) (Chaudhry & Kumar, 2004). 

These SCEs degrades the performance of MOSFET and also increases the 

subthreshold swing (SS) to a value greater than the fundamental limit of MOSFET, 

i.e., 60mV/decade. Moreover, the SCEs increases the leakage current, while the 

supply voltage can no longer be scaled down, both of which result in increased power 

consumption. Along with various SCEs, and reduced channel length, the passive 

power density approaches the active power density (in magnitude). To mitigate the 

standby power dissipation, lower OFF-state current (IOFF) is required. However, the 

leakage current increases exponentially because the SS of MOSFET has a minimum 

value of 60mV/decade at room temperature. To overcome these flaws, various novel 

device architectures and materials engineering have been proposed such as multi-gate 

architectures of MOSFET, new gate dielectric materials, asymmetric channel doping 

engineering, and much more (Ferain et al, 2011; Kranti et al, 2004). Since MOSFET 

is employed as a switch in digital applications; thus, the prime requirement for 

switching applications is steeper ON/OFF transitions, i.e., lower SS and higher 

current switching ratio, i.e., ION/IOFF ratio. The lower SS reduces the static power 

dissipation whereas, the higher ION/IOFF ratio determines the performance level of the 

device. However, the variously reported device architectures for MOSFET 

successfully enhances the ION/IOFF ratio, but the fundamental limit of MOSFET put 

constraints on SS and limit SS to 60mV/decade. Thus, the MOSFET has a 

fundamental limitation on SS to 60mV/decade at room temperature that is primarily 

offered by its current switching process, i.e., thermionic (temperature dependent) 

injection of electrons over the energy barrier. This fundamental limit on SS restricts 
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further scaling of supply voltage below 1V due to the increased leakage current and 

various SCEs (Abuelma’atti, 2013; Seabaugh & Zhang, 2010).  

1.2 SCALING OF MOSFET 

Reduction of cost per logic function and per stored bit, and simultaneously increasing 

the switching speed of logic gates is the key aim of the entire research and 

development efforts in VLSI electronics. Further, the aim has been achieved and 

resulted in new generations of microchips having a higher clock frequency than their 

predecessor and comprising more transistors. 

Scaling was first proposed by Dennard et al (Dennard et al, 1974) with the 

idea of reducing the device without affecting the voltage-current behavior of large 

devices. Rules of scaling given by him are known as constant field scaling. In 

constant field scaling, all the dimensions and voltages are reduced by a scaling factor 

κ(>1), that result constant electric field inside the device as those of an original device 

(Chatterjee et al, 1980; Majima et al, 2001).  

Constant voltage scaling and constant field scaling are the commonly used 

types of scaling. Constant field scaling requires a reduction in the power supply 

voltage as one decreases the minimum feature size. However, it yields the largest 

reduction in the power-delay product of a single transistor. Constant voltage scaling is 

a preferred scaling method since it provides voltage compatibility with older circuit 

technologies. Increase in electric field with the reduction in the minimum feature 

length is the disadvantage of constant voltage scaling and it leads to mobility 

degradation, velocity saturation, lower breakdown voltages, and increased leakage 

currents. There is another scaling theory, Brew’s scaling theory (Brews, 1979), 

according to which the channel doping concentration in bulk MOSFET’s should be 

increased to alleviate the short-channel effects. The channel length of the MOSFET 

was around 10 μm when it developed in 1960. Today most of the ICs utilize CMOS 

technology with channel length around 30 nm. 

Scaling-down has the following advantages: 
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• With shorter interconnects and smaller transistors, more circuits can be 

fabricated on to the each silicon wafer. This leads to reduction in cost of 

circuits. 

• Smaller transistors and shorter interconnects also lead to reduction in parasitic 

capacitances which increases the speed of ICs. 

• When transistor is scaled down, it leads to reduction in power supply voltages 

as well as power consumption. 
 

However, downscaling has its own problem at very short gate length (sub-nm range) 

(Hu et al, 2010). These are: 

• Static and dynamic power consumption. 

• Overheating and possible evaporation become major concerns. 

• Increased electric field within the oxide and increased leakage gate-current. 

1.3 SHORT CHANNEL EFFECTS (SCES) 

The channel length and width must be reduced for the future design of ULSI to realize 

high packing densities and cut-off frequencies. Reducing the channel length leads to 

SCEs, whereas reduction in current drive is obtained owing to sinking the channel 

width (Chau et al, 2004). To overcome such scaling limitations and realize high-

performance MOS transistors, several techniques have been proposed. MOSFET 

scaling results in increased SCEs, the most pronounced of which is threshold voltage 

(VT) roll-off, DIBL, hot carrier effect, mobility degradation and velocity overshoot. 

1.3.1 Threshold Voltage (Vth) Roll-off  

The key parameter that characterizes SCEs is the degradation of Vth with decrease in 

channel length. The change (decrease) in threshold voltage with change (reduction) in 

gate length is called the “Threshold voltage roll-off”. When the device is reduced to 

nanoscale regime, the charge distribution in the channel is influenced by the field 

originating from the source/drain. Thus, the value of threshold voltage in a short 

channel device decreases from the constant value maintained in a long channel 
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device. Mathematically, threshold voltage roll-off is the difference between the 

threshold voltage of a short channel MOSFET and that of a long channel MOSFET. 

1.3.2 Drain Induced Barrier Lowering (DIBL) 

In 1988, Kit Man Cham et al. (Cham et al, 2012) reported that drain induced barrier 

lowering (DIBL) results an increment in the leakage current in short channel devices 

as the drain to source voltage is increased (as shown in Figure 1.2). In a short channel 

MOSFETs, the potential barrier can be controlled by both the drain-to-source voltage 

(VDS) and the gate-to-source voltage (VGS). When VDS increases, potential barrier in 

the channel decreases which leads to DIBL. The reduction in the potential barrier 

eventually allows electron flow between the source and the drain, even if VGS is lower 

than the threshold voltage. The channel current that flows under these circumstances 

(VGS<VT) is called the sub-threshold current (Hu et al, 1985). 
 
 

 
Figure 1.2: Drain Induced Barrier Lowering (Al-Mistarihi et al, 2013). 

1.3.3  Hot Carrier Effects (HCEs) 

Since device voltages are difficult to scale to arbitrarily small values, electric fields 

tend to be increased at smaller geometries. Thus, short channel devices reflected 

various hot carrier effects as shown in Figure 1.3, and carrier multiplication and 

impact ionization may result owing to the reversed biased drain junction. Impact 

ionization breaks covalent bond and creates holes which contribute to substrate 

current and some of the holes move to the source, where they lower the source barrier 

that result in electron injected into p-region from source (Hu et al, 1985). 

http://link.springer.com/search?facet-author=%22Kit+Man+Cham%22


Introduction Chapter 1 

 

Ajay Kumar 7 

 

 
Figure 1.3: Cross-Sectional View of n-channel MOSFET showing Injection of Hot-Carriers due 

to shortening of channel length (Arora, 1993). 

Transport of the energetic electrons over (or tunneling through) the barrier into 

the oxide is another hot electron effect. These electrons become trapped in the oxide, 

resulting in the change in the threshold voltage and transfer characteristics of the 

device (Ogura et al, 1980).  

1.4  ENGINEERING SCHEMES TO OVERCOME SCES 

Since, SCEs hampered the device operation and reduce device performance; these 

SCEs should be minimized or eliminated, so that a physical short channel device can 

preserve the electrical long channel behaviour. There are numerous device 

engineering schemes (as shown in Figure 1.4) that have been reported in literature in 

last few years to get over these problems.  

 
Figure 1.4: Different schemes to alleviate SCEs in nano-scale MOSFET. 
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1.5  DEVICE CONCEPTS 

Continuous increase in the packaging density and the speed of operation of integrated 

circuits are the major concern for the researchers around the world. Eventually the 

classical or conventional MOSFET structures have disappeared and new class of 

devices with new structures using new innovative materials have been introduced. In 

addition, the recent scaling process has led to arise of novel design concepts for 

further increase in the integration density.  

These concepts span from strained-silicon MOS devices where the silicon 

channel is replaced by strained silicon to enhance the carrier mobility, to depleted-

substrate devices such as FinFETs, single-gate or double-gate silicon on insulator 

(SOI) devices (Hisamoto et al, 2000), vertical transistors, and even carbon nanotubes 

(CNTs) (Lin et al, 2011) which represent a completely new device structure. 

1.5.1 Silicon on Insulator (SOI) 

One can obtain significant reduction of SCEs by sandwiching a fully depleted SOI 

device (Choi et al, 1999) between the gate electrodes connected together as shown in 

Figure 1.5. The SOI technology dielectrically isolates components and in conjunction 

with the lateral isolation, reduces various parasitic circuit capacitances, and thus, 

eliminates the possibility of latch-up failures.  

 

 
Figure 1.5: Silicon-On-Insulator MOSFET(Choi et al, 1999). 
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SOI technology offers superior devices with excellent radiation hardness and 

high device density. In addition, for scaling devices into deep-submicron regime, SOI 

devices are more suitable with their steeper sub threshold slope which facilitates 

scaling of the threshold voltage for low-voltage low-power applications. 

1.5.2 Dual Gate MOSFET 

F. Balestra et.al in 1987 (Balestra et al, 1987) proposed a new structure the “Double-

Gate” which appears to be one of the most promising due to the shield-effect played 

by the double gate (Figure 1.6), which strongly reduces drain-induced barrier 

lowering and minimizes threshold sensitivity to channel length. The main idea of a 

Double Gate MOSFET is to control the Si channel very efficiently by choosing the Si 

channel width to be very small and by applying a gate contact to both sides of the 

channel. This concept helps to suppress short channel effects and leads to higher 

currents as compared to a MOSFET having only one gate. Main problem with this 

structure is fabrication, since it requires alignment of the two gates. 

 

 
Figure 1.6: Double-Gate MOSFET (Balestra et al, 1987). 

1.5.3 Fin FET  

FinFET is a three dimensional device in which the channel is built on top of the 

silicon substrate between the source and drain, called fin.   FinFET leads to enhance 

the current driving capability and reduced leakage current owing to its wrapped 

channel by gate electrode, so that there can be formed several gate electrodes on each 

side (Fossum et al, 2003). 

Fin-FET offers several advantages such as: 
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  Low wafer cost 

  Low defect density 

  No floating body effect 

  High heat transfer rate to substrate 

  Good process compatibility 
 

 
Figure 1.7: Schematic view of both planar MOSFET and FinFETs (Bohr & Mistry, 2011). 

 

1.5.4  Gate-All-Around (GAA) MOSFET  

The scaling-down of conventional MOSFET is approaching its limit owing to the 

SCEs. So, to overcome SCEs, multiple gate MOSFETs were introduced as a 

replacement. By using more than one gate and creating multiple gate MOSFETs 

which offers superior control over the channel, results to reduce SCEs and hence 

leakage current.  

 
Figure 1.8: Cross-sectional view of cylindrical gate MOSFET with the coordinate system (Jin et 

al, 2012). 
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In Gate all around (GAA) structure, channel is surrounded by gate which 

offers greater controllability over the channel that in turn diminishes the SCEs 

effectively. Further, GAA MOSFETs offer several advantages such as higher current 

drivability, mobility enhancement etc., over single gate MOSFET, and other multiple 

gate MOSFETs. However, GAA MOSFET is difficult to fabricate owing to its non-

planar structure which may increase the time and cost. Meanwhile, GAA MOSFETs 

can be considered as the candidate for future CMOS integration. 

1.6 RELIABILITY ISSUES OF CMOS DEVICES  

1.6.1 Interface Trap Charges 

 With strengthening in the complexity and density of VLSI chips, the assessment of 

the long-term reliability of CMOS devices becomes compulsory. The reliability of 

MOS devices is very much affected by the quality of interface of semiconductor and 

oxide. Precisely, the Si-SiO2 interface may be associated with four types of charges 

viz. fixed oxide charges, mobile oxide charges, oxide trapped charges and interface 

states. Moreover, these charges inevitably appear during the fabrication of the MOS 

devices. Although the number of such charges has been reduced significantly with 

continuous improvements in fabrication technology, still they cause a substantial 

degradation in the operation of the device due to the high packing density of 

transistors in microchips today.  

The origin of these interface states are primarily offered by the high electric 

field present in the channel region for the positive gate and drain bias, that is 

generated in MOS devices due to scaling of gate length. However, a small fraction of 

charge carriers gain even large energy (~ 3.2eV for electrons and 4.7eV for holes), 

that they may surmount the interface of Si-SiO2 and may penetrate inside the SiO2 and 

may constitute the gate leakage current. Among these penetrated charge carriers, few 

of them may remain trapped in the oxide and if they are still energetic enough, they 

may subsequently break some of the Si-H or similar weak bonds in the SiO2. This 

penetration may translate to a permanent modification of the characteristics of the 

device and thereby degrades the functioning of integrated circuits. Additionally, the 
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passage of ionizing radiation in the oxide may also turn to generate the trapped 

charges in the oxide layer. The electron-hole pair thereby created may recombine or 

move in the electric field of oxide; such that the generated holes move towards the 

metallic gate and the electron travels toward the interface of Si and SiO2. The holes 

moving towards the metallic gate may be trapped in the oxide and leads to generation 

of a positive charge in the oxide. Besides, the generation of trapped charges, the 

ionization radiation may produce new energy levels in the band-gap at Si-SiO2 

interface that may be occupied by the charge carriers depending on the Fermi level 

position at the interface and the oxide charge will be added/subtracted to the 

correspondingly charge value (Oldham & McLean, 2003). The most critical factors 

accountable for the device damage complications are: process induced damage 

(Poindexter, 1989), radiation-induced damage (Poindexter, 1989), stress-induced 

damage (Trabzon & Awadelkarim, 1998) and hot carrier induced damage (Naseh et 

al, 2006).  

In the era of sub-100nm, device designing plasma etching used for pattern 

transfer process may produce electrical and processing damage (falls under the 

category of stress-induced damage), and thereby damage the Si-oxide interface along 

with the oxide and consequently degrades the performance, yield, and reliability of 

the device. Mostly, the interface trap charges are of two types; viz. the acceptor type 

and donor type interface state. The acceptor type interface state behave as electrically 

neutral when it is empty, and it comes to be negatively charged when filled with an 

electron. Whereas, the donor type interface state behave electrically neutral when 

filled with an electron and turn into positively charged when it is empty (Kumar et al, 

2018). Apart from donor/acceptor, a specific interface state is also characterized by (i) 

the exact energy level in the band-gap i.e. measured in eV from the valence band 

edge, (ii) its spatial location in the device, for example distance from the source side 

and (iii) its density i.e. the number of states/cm2 for discrete states. The position of the 

Fermi level in the energy band gap accounts for the net charge quantitatively in the 

respective interface state (Neamen, 2003). It is reported (Neamen, 2003) that the 

acceptor (donor) states lie in the upper (lower) half of the energy band-gap. Moreover, 

these interface states act as a fixed positive/negative charge as if in Fermi level and so 
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the interface state will behave as a negative fixed charge. Similarly, a donor type 

interface trap acts as a positive fixed charge and thereby in this thesis, these interface 

traps are accounted as effective positive and negative fixed interface charges. 

1.7 RESEARCH GAPS 

After learning the literature review, we have found some research gaps that are 

listed below which we tried to fill through possible solutions. 

1. Ease of fabrication feasibility-a challenging point to obtain using non-planar 

devices. 

2. Need of innovative gate material which enhances the overall device 

performance. 

3. The fabrication processes may damage the gate oxide as well as the interface 

of the Si-SiO2 interface. These defects are the origin of interface trap charges 

and oxide charges that alters the ideal predicted characteristics. Thus, the 

device performance must be analyzed in the presence of these default traps to 

ensure the reliability. 

4. Design of RF CMOS circuits in real products remains a challenge due to the 

strong constraints on power consumption. In addition, the issue of noise is still 

an active area of investigation for amplifiers and receivers for RF 

communication.  

5. To run into the perpetual call of transistors with high and low-temperature 

tolerance desirable in aircraft, space, and automotive technology, temperature 

affectability over device performance must be analyzed. 

6. In addition, electronic device especially MOSFETs are used as a sensor, 

either as a bio-sensor, radiation sensor etc., owing to several advantages. As 

technology moves towards small devices, new FET based sensor for different 

specializations are required.  
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1.8 POSSIBLE SOLUTIONS 

1.8.1 Recessed Channel MOSFET  

Recessed Channel (RC) MOSFET is a possible way as it is feasible to fabricate in 

comparison to non-planar devices. 

Recessed Channel (RC) MOSFET is considered as a promising device for 

suppressing short channel effects (SCEs) and hot carrier effects (HCEs) since the 

shallow junctions or even negative junctions structure can be fabricated without any 

increase in the series resistance. These MOSFETs are, hence, good candidates for use 

in sub-nm regime as shown in Figure 1.9.  The potential barrier (corner effect) 

formed at each concave corner, is found to be responsible for suppressing the SCEs, 

HCEs, and punch-through. 

 

 

Figure 1.9: Schematic cross-sectional view of Conventional Recessed Channel MOSFET 

(Chaujar et al, 2008c). 

Threshold voltage of the device is increased due to higher potential barriers as 

the carriers needed high energy to surmount the potential barriers, and results in the 

carrier velocity degradation with the increase of the concave corner, that will bring 

about HCE immunity and driving capability degradation. These charge carriers not 

only surmount the potential barriers, but also have to change their direction when they 

are travelling from source to drain region and the electric field near the source is 

smaller in recessed channel. Therefore, the impact ionization generation rate in RC 

MOSFET is far smaller than that in conventional devices. Low impact ionization rate 
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brings small substrate and gate current consequentially, which means HCEs immunity 

in RC MOSFET devices (Chaujar et al, 2008a; b; c) is better than that in planar 

devices.  

Furthermore, it has been also observed that, the hot-carrier effect is strongly 

suppressed as the concave corner increases (corner effect). When charge carriers 

surmount the potential barriers, they lose more energy and hence their velocity 

becomes lower and therefore the HCE diminishes. As the recessed (or trench) depth 

increases, the potential barriers upsurge, and the channel potential becomes lower. 

Also, as the recessed depth increases, it shortens the flat portion of the channel. 

Hence, the path (where the carriers are accelerated) is shortened and the energy 

gained by the charge carriers is lowered, so the probability of hot carrier becomes 

smaller and improve HCEs immunity. Studies by Chaujar et.al (Chaujar et al, 2008c), 

Appenzeller et.al demonstrate that the capability of HCEs immunity in RC MOSFET 

is intensely influenced by geometric structure. Due to the device structure, corner 

effect and the electric field distribution in Recessed Channel MOSFETs are 

influenced strongly, so do the transportation of carriers and the HCEs immunity.  

In RC devices, the threshold voltage roll-off is eliminated with the shortness 

of channel length as of the emergence of corner effect even in sub-nm regions. By 

taking benefit of the corner effect, threshold voltage shift can be possibly eliminated 

against channel length variation. To adjust the threshold voltage in RC MOSFET 

numerous structural parameters, such as junction depths, the concave corner, concave 

sidewall structure, and the channel doping concentration can be used, while in 

conventional MOSFETs, only the channel doping concentration can be used. The gate 

length of the conventional MOSFET is longer than the effective channel length due to 

the lateral diffusion of the source/drain regions; however, the gate length of the RC 

MOSFET is shorter than the effective channel length because the junction depths are 

less than the groove depth. Therefore, RC structure lends itself to higher packing 

density. This MOSFET design, thus, proves its efficacy for high performance 

applications where device and hot carrier reliability is a major concern.  

The optimization of the structure and technology is, however, important to 

obtain better gate control and hence, high drain current. The geometry of the device 
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retained the scaling of MOSFET down to the sub-nm range, should not require too 

many additional and expensive process steps. This eliminates, for the moment, the 

novel structures such as gate-all-around transistors, though very good in term of short-

channel effects and current drive capabilities. 

A. Merits of RC-MOSFET  

☞ Suppress various SCEs such as Hot-carrier and Punchthrough 

☞ Less expensive fabrication process 

B. Demerits of RC-MOSFET 

☞ Carriers  in  the  channel  now  requires  more energy to surmount these 

barriers, which limits its carrier transport  efficiency  and  hence,  current  

driving  capability.. 

1.8.2 Novel Gate Materials 

The performance of semiconductor devices such as MOSFET is majorly dependent on 

its gate controllability over the channel and the gate controllability is dependent on 

device gate architecture and the material which is deposited on to the gate. 

Aluminium (Al) is the commonly used gate material in the semiconductor devices and 

it has some limitations in application perspective.  

A. Transparent Conducting Oxides (TCOs) 

To enhance the device performance and interdisciplinary applications, conventional 

gate material is replaced by amorphous transparent conducting oxides (TCOs) and 

TCOs are electrical conductive materials usually prepared with thin film technology. 

TCOs are used as transparent electrode for optoelectronic applications in 

optoelectronic devices such as flat panel display, opto-electrical interfaces, and 

circuitries. TCO thin films are practically used as transparent electrodes and exhibit 

average transmittance above 80% in visible region and having resistivity less than of 

the order of 10-3 Ω-cm with higher carrier concentration (in the order of 1020 cm-3) 
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and band gap (~3 eV).  Most of the TCO are impurity doped ZnOn, In2O3 and SnO2 

including some ternary compounds (Minami, 2005). Till now, different TCO thin 

films consisting of binary compounds (SnO2, In2O3, ZnO, CdO etc.) have been 

developed with impurity doped ZnO (ZnO:Al and ZnO:Ga), impurity-doped In2O3 

(In2O3:Sn, or ITO) and impurity-doped SnO2 (SnO2:Sb and SnO2:F) films. Some of 

the reported effective dopants along with their associated binary compound are listed 

in Table 1.1 (Minami, 2005). 

 

Table 1.1: TCO for thin film transparent electrodes (Minami, 2005). 

 
 

 
Figure 1.10: TCO semiconductors for thin film transparent electrodes (Minami, 2005). 
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Figure 1.11: Reported resistivity of impurity-doped binary compound TCO films (Minami, 

2005). 

In addition to binary compounds, ternary compounds such as CdSnO3, 

Cd2SnO4, Zn2 SnO4, MgIn2O4, CdIn2O4, In4Sn3O12 and CdSb2O6 have been 

developed (Chopra et al, 1983; Dawar & Joshi, 1984; Enoki et al, 1992; Minami et al, 

1997; Un'no et al, 1993; Yanagawa et al, 1994). These TCO films are easy to design 

owing to use of multicomponent oxide materials (shown in Figure 1.10) for 

specialized applications and can be controlled by altering the chemical composition 

(Sato et al, 1993b). 

B.  Indium Tin Oxide (ITO): In2O5Sn  

Obtaining lower resistivity of TCO is a major challenge. In recent years, some of the 

impurity doped binary compound TCO film has been reported with minimum 

resistivity as shown in Figure 1.11. From the reported work as shown in Figure 1.11, 

it is evident that, In2O3 doped TCO film i.e., indium tin oxide (ITO) has the lowest 

resistivity of the order of 10-5 Ω-cm as compared to ZnO doped and SnO2 doped. ITO 

(In2O5Sn) is a solid solution of indium oxide (In2O3; 90%) and tin oxide (SnO2; 10%), 

transparent and colorless thin film. ITO is the most widely used TCO owing to its 

electrical conductivity and optical transparency (Stadler, 2012). The electrical 

properties of ITO with a resistivity of 10-5 Ω-cm have been summarized in Table 1.2. 
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Table 1.2: Electrical properties if ITO with a resistivity of 10-5 Ω-cm (Minami, 2005). 

 
 

ITO and ZnO are the two promising transparent electrodes used in 

semiconductor devices. ITO is more stable than ZnO for oxidizing atmosphere at high 

temperature (Sato et al, 1993a). Some characteristics comparison of ITO and ZnO are 

summarized in Table 1.3.  

Table 1.3: Comparison of ITO and ZnO (Minami, 2005) 

 

1.9 OBJECTIVES OF THESIS 

CMOS scaling has been the driving machinery for the ever-increasing number of 

functionalities and significant miniaturization of the integrated circuits (ICs) enabling 
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this era of big data and internet of things (IoT). Therefore, there is a need to study 

comprehensively the physics and applications of new device structure which extend 

Moore’s Law. The present thesis mainly aims to replace the gate metal with 

transparent conducting material (ITO) that improves device efficiency and reduces 

short channel effects and hence, it has future in photovoltaic applications such as solar 

cell, flat panel display etc..  

In this thesis, all types of scaling issues mainly HCEs and DIBL of proposed 

device structure i.e., Transparent Gate Recessed Channel (TGRC) MOSFET have 

been critically scrutinized and compared with the conventional structures using device 

simulations obtained using ATLAS 3D device simulator. The analysis exemplified 

that this device structure has overcome the drawbacks faced by the conventional 

structures and improves the device performance. Further, a comprehensive 

examination comprising of RF gain analysis including main FOMs, S-parameters and 

Noise evaluation, small signal model, linearity and intermodulation, study of device 

reliability due to trap charges and also at different ambient temperatures. Further the 

device has been proposed for application as a biosensor and as an x-ray dosimeter. 

The entire work in the present thesis is divided into seven chapters based on 

the following objectives listed below: 

 

1. Analog and linearity performance of the proposed device have been discussed 

along with the impact of trench depth (Negative Junction Depth (NJD)) and gate 

length (LG) shrinking. The improved analog and linearity performance at 5 nm 

NJD and 20 nm LG of TGRC-MOSFET makes it suitable for low power linear RF 

amplifiers as a nano-scaled device.  

2. To investigate the reliability issues of the proposed device by considering the 

effect of interface trap charges (both polarity and density) in terms of static, 

linearity and intermodulation distortion FOMs. In addition, the influence of 

ambient temperature (150-300K) along with trap charges on TGRC MOSFET has 

also been explored with an aim to analyse at which temperature the device is 

more stable in the presence of interface defects (trap charges).  
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3. To examine the effectiveness of In2O5Sn (ITO) as a gate material on parasitic 

capacitance which prominently influences the current driving capability and thus, 

the switching performance? The capacitance dependent parameters such as 

Transconductance Frequency Product (TFP), Energy Delay Product (EDP) and 

Gain Bandwidth Product (GBP) are also assessed and reflect its effectiveness in 

RF amplifiers and receivers.  

4. To examine the high frequency performance of the device, the small signal 

modeling in terms of S (scattering) parameters, Z (impedance) parameters, Y 

(admittance) parameters, and h (hybrid) and to calculate RF FOMs [transit (cut-

off) frequency (fT) and maximum oscillator frequency (fMAX)] at microwave 

frequency has been done. It may provide detailed insight to RF engineers for 

microwave applications and testing of RF ports. 

5. Applications of the proposed device have been explored as an X-Ray dosimeter 

to detect harmful x-rays and improved its sensitivity in sub-30 nm regime. 

Thereafter, the device proposed has been used as a biosensor which can sense 

bio-molecules such as proteins, DNA, glucose or in cancer detection. Also, the 

main aim is to improve the sensitivity of the sensor compared to previously 

reported work. 

The purpose behind these objectives is to find a new planar device structure 

with substantially reduced short channel effects that provides an attractive design in 

view of a system on chip realization, where digital, mixed-signal base band and RF 

transceiver block would be integrated on a single chip. 

1.10  CONTRIBUTION OF THE RESEARCH WORK 

The main contribution of the research work listed below: 

• First time, In2O5Sn (ITO) has been introduced as a gate material on to the 

Recessed Channel MOSFET at sub-30 nm regime. 

• Device reliability has been investigated by considering the effect of interface trap 

charges (both polarity and density). In addition, the influence of ambient 

temperature (150-300K) along with trap charges has also been explored. 
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• Modeling of small signal parameters (S, Z, Y, and h) has been performed at 

microwave frequency. 

• First time, the device has been explored as an X-Ray dosimeter to detect harmful 

x-rays radiation. 

• The proposed device has also been explored as a biosensor which can sense bio-

molecules such as proteins, DNA, glucose or in cancer detection.  

1.11  ORGANIZATION OF THESIS 

This thesis is organized into seven chapters to accommodate all the research 

objectives. Each chapter is organized to be fundamentally self-contained.  
 

Chapter-1 describes the review of the MOSFET basics, scaling issues and 

short channel effects. The chapter progresses towards need for advanced MOSFET 

structures such as planer MOSFET and trench MOSFET to extend Moore’s and 

immunity against short channel effects. The architecture of TGRC MOSFET and the 

device physics considering the advantages of ITO is explained in detail along with the 

simulation approaches. Further, a detailed description of Gate Electrode Engineering 

Scheme and fabrication feasibility of RC-MOSFETs with different gate materials is 

presented and lastly the overall organization of the thesis along with the importance of 

the research work presented in this thesis. 
 

Chapter-2 explores the analog and linearity performance of Transparent Gate 

Recessed Channel (TGRC) MOSFET along with the impact of trench depth (Negative 

Junction Depth (NJD)) and gate length (LG) shrinking with an aim to achieve a 

reliable and high performance transistor. Proposed device improves the analog 

performance in terms of transconductance, device efficiency, output resistance, and 

gain. Moreover, linearity figure of merits are also enhanced at lower gate bias in 

TGRC MOSFET in comparison to conventional MOSFET and Conventional 

Recessed Channel (CRC) MOSFET due to reduced harmonic distortions (gm3). Thus, 

the improved analog and linearity performance at 5 nm NJD and 20 nm LG of TGRC-

MOSFET makes it suitable for low power linear RF amplifiers as a nano-scaled 
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device. Thus, these results would serve as a worthy design tool for low power and 

high performance CMOS circuits. 

Chapter-3 explores the reliability issues of the proposed device by 

considering the effect of interface trap charges (both polarity and density) in terms of 

static, linearity and intermodulation distortion FOMs. It is found that with the 

amalgamation of the transparent gate (ITO) on Conventional Recessed Channel 

(CRC) MOSFET, it exhibits improved immunity against interface trap charges. In 

addition, the influence of ambient temperature (150-300K) along with trap charges on 

TGRC MOSFET has also been explored with an aim to analyse at which temperature 

the device is more stable in the presence of interface defects (trap charges).  

Chapter-4 investigates the capacitance-voltage (C-V) analysis and frequency 

dependent capacitance of In2O5Sn (ITO) gate electrode Recessed Channel (TGRC) 

MOSFET with an aim to examine the effectiveness of In2O5Sn as a gate material on 

parasitic capacitance which prominently influences the current driving capability and 

thus, the switching performance. Moreover, capacitance dependent parameters such as 

Transconductance Frequency Product (TFP), Energy Delay Product (EDP) and Gain 

Bandwidth Product (GBP) are also assessed and found that, TFP increases in 

comparison to metal gate RC MOSFET owing to a noticeable reduction in parasitic 

capacitance (Cgg=Cgs+Cgd), due to which EDP and GBP also improve considerably 

and thus reflects its effectiveness in RF amplifiers and receivers. In addition, the 

effect of parameter variation such as gate length (Lg) and negative junction depth 

(NJD) of TGRC have also been observed in this chapter, and results reveal that with 

Lg=20nm and NJD=5nm, TGRC unveils outstanding switching performance which is 

desirable for low power ULSI applications. 

Chapter-5 examines the small signal RF model of Transparent Gate Recessed 

Channel (TGRC) MOSFET. Small signal model is studied in terms of microwave 

parameters such as S (scattering) parameters, Z (impedance) parameters, Y 

(admittance) parameters, and h (hybrid) parameters with an aim to analyse the 

behaviour of TGRC MOSFET at microwave frequency.  It has also been observed 

that the transit (cut-off) frequency (fT) and maximum oscillator frequency (fMAX) 

enhances significantly in TGRC MOSFET owing to the remarkable reduction in 
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intrinsic capacitances. Results reveal that the proposed device design improves the 

small signal behaviour and thus, may provide detailed insight to RF engineers for 

microwave applications and testing of RF ports. 

Chapter-6 explores the application of TGRC MOSFET as an X-Ray 

dosimeter as well as a biosensor. The first part this chapter reports response of N-

channel Transparent Gate Recessed Channel (TGRC) MOSFET to X-ray radiation in 

the 0.5k to 10kRad dose range after irradiation. TCAD simulations for the same have 

been done to estimate threshold voltage shift in MOSFET with different radiation 

dosage. An improvement in radiation sensitivity has been found on increasing the 

oxide thickness from 2nm to 6nm. Results suggest that TGRC-MOSFET can be 

effectively used as an X-ray dosimeter in the sub 30nm scale. Along with signal 

amplification and processing circuit, this device can find enormous applicability in 

clinical and space environment. 

In the second part, TGRC MOSFET has been used as a biosensor which 

comprises a nano-gap cavity for the detection of biomolecules and transparent gate to 

enhance the overall current efficiency of RC-MOSFET. For the detection of neutral 

biomolecules, following electrical characteristics were studied: Ion/Ioff, shift in 

threshold voltage, change in surface potential and hereafter, calculate the sensitivity 

of the biosensor. In addition, TGRC noise immunity has been evaluated in the 

presence of biomolecules. Furthermore, the modulation of cavity gap length has also 

been observed. Overall Analysis reveals that TGRC MOSFET as a bio-sensor exhibits 

high sensitivity at a very low drain bias. Thus, this proposed biosensor can be used for 

biosensor applications to diagnose various associated diseases which require lower 

noise, high speed, low power, and high density. 

Chapter-7 summarizes the overall research work illustrated in this thesis 

along with the concrete conclusions drawn from the results presented. This chapter 

also discusses about the future scope of the present work and how can be this work 

extended and used in future for further research directions. 
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2  

CHAPTER 
  

Analog and Linearity Performance of Transparent 
Gate Recessed Channel (TGRC) MOSFET for High 

Performance Applications 

 In this chapter, analog and linearity performance of Transparent Gate 

Recessed Channel (TGRC) MOSFET have been discussed along with the 

impact of trench depth (Negative Junction Depth (NJD)) and gate length (LG) 

shrinking with an aim to achieve a high performance transistor. 

  It is found that device enhances the ION by 38% and thereby improves the 

analog performance in terms of transconductance, device efficiency, output 

resistance, and gain.  

 Moreover, linearity figure of merits are also enhanced at lower gate bias in 

TGRC MOSFET in comparison to conventional devices due to reduced 

harmonic distortions (gm3).  

 Consequently, improved analog and linearity performance at 5 nm NJD and 

20 nm LG of TGRC-MOSFET makes it suitable for low power linear 

applications. Thus, these results would serve as a worthy design tool for low 

power and high performance CMOS circuits. 
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2.1 INTRODUCTION 

Continuous downscaling of MOSFET dimensions into sub-nm regime leads to 

undesirable effects such as Short channel effects (SCEs), leakage current, parasitic 

capacitances etc. resulting in poor device performance and loses the control over gate 

thereby affecting the analog performance of device such as transconductance, device 

efficiency, gain etc. Moreover, for RFIC designing and high-frequency applications, 

CMOS devices are required with high gain and low intermodulation distortion to 

sustain linear operations when working with a weak signal. In modern communication 

systems, a high linearity is desired so as to exhibit less distortion. Intermodulation 

(IM) may induce when the system gives nonlinearity performance and generate 

different frequency signal at outputs compared to input signal frequency. This kind of 

interference may fall into the band of interest and distorted the desired output (Razavi 

& Behzad, 1998). However, sub-nm MOSFET exhibit linear relation but short 

channel effects (SCEs) hinders its linearity.  

To overcome such scaling problems, various device engineering schemes 

(gate, channel and drain engineering, etc.) and numerous device structures such as 

multi-gate MOSFET by Barsan in 1981 (Barsan, 1981), SOI MOSFET by An et al. in 

2003 (An et al, 2003), Conventional Recessed Channel (CRC) MOSFET by Chaujar 

et al. in 2008 (Chaujar et al, 2008b), GAA MOSFET by Auth et al. in 1997 (Auth & 

Plummer, 1997), and Silicon Nanowire MOSFET by Gupta et al. in 2015 (Gupta et al, 

2015) etc., have already been reported in the literature. Among them, RC-MOSFET is 

most promising for extending the scaling limit of conventional CMOS technology due 

to tremendous gate controllability, lessened SCEs and most importantly the ease of 

fabrication feasibility (Veeraraghavan & Fossum, 1989). In CRC-MOSFET, two 

potential barrier are created at the two corners (Chaujar et al, 2008a) owing to higher 

field lines due to which electrons are now required more energy to cross these 

barriers. Consequently, these barriers bounds device transport efficiency and thus, 

current driving capability (Ion) reduced. Thus, there is a need of integration of 

engineering schemes onto RC MOSFET to enhance the current driving capability. 

Hence, gate metal engineering scheme is incorporated by some optically transparent 
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and electrically conducting oxides (TCO). TCO is used for different applications in 

electronic devices due to various properties such as conductivity, thermal stability, 

transparency, mechanical durability, chemical durability, cost and toxicity (D. J. 

Rogers, 2010). Among all the TCO, indium tin oxide (ITO) has the highest 

conductivity and very good transparency as well so; it can be used as electrode 

material in flat panel display.  

Therefore, in this work for the first time analog and linearity/harmonic 

distortions of TGRC-MOSFET has been studied and concurrently compared with 

CRC MOSFET in terms of Ion, transconductance, device efficiency, intrinsic gain and 

Linearity FOMs such as Voltage Intercept Point (VIP2, VIP3), IIP3, and Distortions 

(IMD3, HD3) using ATLAS 3D device simulator (SILVACO, 2011). In addition, 

effectiveness of geometry dependent parameters such as gate length (LG) and recessed 

channel length (NJD) are also examined with an aim to optimize the device 

parameters so that TGRC MOSFET can be used as highly linear amplifiers with low 

distortions in communication systems. 

2.2 DEVICE DESIGN AND ITS DESCRIPTION  

Figure 2.1 shows the simulated 3D device structure of TGRC-MOSFET. The source 
and drain region is highly doped with n-type impurity of 5×1019 cm-3, the substrate is 

 
Figure 2.1: 3-D device structure of TGRC-MOSFET (Kumar, 2017; Kumar et al, 2016). 
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doped with p-type impurity of 1×1017 cm-3 and thick oxide layer tox of 2.0 nm is 

embodied in it as shown in Figure 2.1. Negative Junction Depth (NJD) is taken as 10 

nm. Gate workfunction of TGRC-MOSFET (ΦITO) is 4.7eV and for CRC-MOSFET, 

it is 4.4eV. To equally analyze the device performances, both the devices (CRC and 

TGRC MOSFET) are optimized to have the similar threshold voltage, i.e., 0.3V by 

adjusting the substrate doping. For this analysis, all the junctions of the device 

structure are assumed to be abrupt; the doping profiles are uniform, and the biasing 

conditions are considered at room temperature (T=300K). Further, to obtain the 

numerical solutions, two numerical techniques Gummel and Newton have been 

considered (SILVACO, 2011) to obtain better convergence. Gate bias (Vgs) and drain 

bias is 0.7 V and 0.5V respectively in all cases unless stated otherwise. 

2.3 SIMULATION METHODOLOGY AND CALIBRATION 

As we were considering a nanoscale MOSFET, the size of mesh nearly 0.003 or 

0.004 units in the x and y-direction while 0.02 unit in z direction near the channel and 

in the active regions has been selected for more precise calculations (Rahimian & 

Orouji, 2013). The electron and hole currents are calculated by Poisson’s equation 

and the continuity equations. All the simulations are based on the inversion layer 

Lombardi CVT mobility model to permit one to take account of carrier-carrier 

scattering, carrier velocity saturation, the influence of the vertical electric field and 

carrier diffusion at the interface. Auger recombination model and Shockley-Read–

Hall (SRH) for minority carrier recombination were used. Further, the hydrodynamic 

energy transport model comprising of the continuity equations and momentum 

transport equations have also been used (SILVACO, 2011). The equations (from 2.1 

to 2.6) and models utilized are listed below. 

1. Poisson’s equation 
 

ρϕε −=∇ )(div                                                                                                          (2.1)  

Where ɛ is local permittivity; φ is electrostatic potential and ρ is local space 

charge density. 

2. Current continuity equation 
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     For Holes, 

 

                                         (2.2)                                            
 

    For Electrons, 

                                                                                         (2.3) 
 

Where, pJ


and nJ


hole and electron current density respectively; pG and nG  

are the generation rate for holes and electrons; pR and nR is the recombination rate for 

holes and electrons respectively. 
 

3. Recombination  
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Where, ETRAP, change between the trap energy level and the intrinsic Fermi 

level; τn and τp, and are the electron lifetime and hole lifetimes, respectively. 

         3.2 Auger recombination 
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AUGN and AUGP are user-definable and AUGN=8.3×10-32 cm6/s, AUGP=1.8×10-31 

cm6 /s. 
 

4. Parallel electric-field-dependent mobility 
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Here, E is the parallel electric field and µ0 is low-field mobility. The β 

parameter is user-definable in the mobility statement. 
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 Physical Model parameters which are used in device simulation have been 

calibrated according to the experimental results (Appenzeller et al, 2002). In order to 

authenticate the simulations results, the data has been drawn-out (Appenzeller et al, 

2002) for 36 nm groove MOSFET and then plotted as shown in Figure 2.2. It is 

evident from the figure that simulated results are in good agreement with the 

experimental results in sub-40 nm groove MOSFET thus validating the simulation 

models. 

  

 
Figure 2.2: Calibrated transfer characteristics of recessed channel MOSFET (36 nm gate length) 

with experimental (Appenzeller et al, 2002) and simulation data (Kumar, 2017; Kumar et al, 

2016). 

2.4 FABRICATION FEASIBILITY 

The fabrication feasibility of TGRC-MOSFET is shown in Figure 2.3. The groove 

MOSFET has already been fabricated (Appenzeller et al, 2002) with a 36nm groove 

gate and (Xiao-Hua et al, 2006) fabricated a 140 nm groove gate MOSFET. Thus, the 

TGRC MOSFET can be fabricated using the above device design schemes, in which 

the benefits of transparent gate engineering scheme have been combined with groove 

gate for accomplishing improved characteristics. 
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Figure 2.3: Process flow of TGRC MOSFET(Kumar, 2017). 

2.5 RESULTS AND DISCUSSION 

2.5.1 Analog Performance 

This subsection describes and subsequently compared the analog performance of 

TGRC, CRC, and conventional MOSFET. Performances are studied in terms of 

transfer characteristics (Ids/Vgs), transconductance (gm), device efficiency (gm/Ids) and 

intrinsic gain (gm/gd). Transfer characteristics of Conventional, CRC, and TGRC-

MOSFET, are shown in Figure 2.4(a) and it is depicted that the current driving 

capability of conventional and CRC-MOSFET is approximately same, but TGRC-

MOSFET shows higher current driving capability. 
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Figure 2.4: (a) Drain current variations for TGRC-MOSFET, CRC-MOSFET, and Conventional 

MOSFET. (b) Drain current at different LG. (c) Drain current variations at different NJDs as a 

function of applied Vgs (Kumar, 2017). 

This enhancement is due to the incorporation of ITO which reduces electric 

field near the drain side (Kumar et al, 2015) and thereby improves carrier efficiency 

resulting  in enhancement in drain current by 35%. In addition, the effect of 

technology variations of TGRC-MOSFET such as LG and NJD is also observed on 

transfer characteristics. It is found as the LG is scaled down from 40 nm to 20 nm, the 

drain current (ION) increases significantly as clearly shown in Figure 2.4(b). This 

increment is due to the reduction of the gate length and hence, now the charge carriers 

needed less time to reach drain from the source.  

Further, by varying the value of NJD, which greatly affects the performance of 

RC MOSFET (Chaujar et al, 2009), the current driving capability of TGRC is further 

improved due to the increment of charge carriers travelling from source to drain if 
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NJD reduces as shown in Figure 2.4(c). There is a limitation in the reduction of NJD 

and it should not be zero or less; if it is, then SCEs arises. Also, the transconductance 

increases with increase in gate voltage, and it is more prominent in TGRC-MOSFET 

as shown in Figure 2.5(a) due to TCO at the gate in place of metal which gives high 

linearity performance and linearity is proportional to transconductance (Kim et al, 

2004). The effect gate length variation on transconductance is also observed in 

TGRC-MOSFET and found that if the gate length shrinks from 40 nm to 30 nm, then  

 
Figure 2.5: (a) Variations of gm for TGRC-MOSFET, CRC-MOSFET, and Conventional 

MOSFET, (b) Variation of gm at different LG, (c) Variation of gm at various NJDs as a function of 

applied Vgs (Kumar, 2017). 

a very small reduction (by 7.1%) in transconductance is observed while, a major 

increment (by 23.37%) is observed when gate length reduces from 30 nm to 20 nm as 

evident from Figure 2.5(b). Figure 2.5(c) reflects the effect of technology variation 

on transconductance in terms of different NJDs and it is found that transconductance 
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is more prominent which gives high linearity performance at 5nm NJD while it 

degrades if NJD increases to  10 nm and 15 nm. Thus, improved analog performance 

of TGRC-MOSFET at scaled dimensions make it suitable for 22 nm node technology 

(Iwai, 2009) as per ITRS (International Technology Roadmap for Semiconductor) 

(Jeong & Kahng, 2009). 

 

 
Figure 2.6: (a) Variations of Device Efficiency for TGRC-MOSFET, CRC-MOSFET, and 

Conventional MOSFET. Inset: Output resistance. (b) Variation of Device Efficiency at different 

LG, (c) Variation of Device Efficiency at various NJDs as a function of applied Vgs  (Kumar, 

2017). 

The transconductance to the current ratio (gm/Id) or device efficiency and 

output resistance have been evaluated for three different devices (Conventional, CRC, 

and TGRC MOSFET) as depicted in Figure 2.6(a).  Device efficiency is an important 

parameter in the design of analog circuits, which offers the measure of efficiency to 
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convert power into speed. It is evident from Figure 2.6(a) that the device efficiency is 

higher in TGRC-MOSFET as compared to conventional and CRC MOSFETs due to 

increase in gm in comparison to Id, which overall enhances gm/Id. The output resistance 

(Ro) of a MOSFET is the inverse of the output conductance. Ro is low in active region 

while high in the saturation region in TGRC as compared to conventional counterparts 

(shown in Figure 2.6(a) inset). The device efficiency further increases by 63% and 

61.29% if the gate length shrinks from 40 nm to 30 nm and 30 nm to 20 nm 

respectively in TGRC-MOSFET, as shown in Figure 2.6(b). In addition, in 

technology variation, the effect of NJD variation on device efficiency is also 

perceived for TGRC-MOSFET (shown in Figure 2.6(c)). It is evident from Figure 

2.6(c) that the reduction in NJD enhances the device efficiency by 78.33% if NJD is 

scaled to 5 nm. 

  

 
Figure 2.7: Variations of Intrinsic Gain as a function of applied Vgs for TGRC-MOSFET, CRC-

MOSFET, and Conventional MOSFET (Kumar, 2017). 

Further, the intrinsic gain which is one of the important characteristic of 

MOSFET is defined as the ratio of transconductance (gm) to output conductance (gd) 

(Wang et al, 2007). For better performance, intrinsic gain should be as high as 

possible and it is evident from Figure 2.7 that the intrinsic gain is lower in  

subthreshold region (where device is off) and inactive region, and the intrinsic gain 

increases in TGRC architecture in comparison to conventional and CRC MOSFET. 

Thus, TGRC-MOSFET shows promising analog performance for ULSI in comparison 

to conventional and CRC MOSFET. 
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2.5.2 Intermodulation and Linearity Performance 

A.  Linearity Performance 

In this sub-section, the linearity of our proposed device is studied and simultaneously 

compared with its conventional counterparts. Thereafter, technology variations in 

terms of gate length and NJD have also been studied with an aim to analyze the 

linearity performance of TGRC at scaled dimensions. The performance metrics used 

in this analysis are VIP2, VIP3, IIP3, and 1-dB Compression Point. VIP represents the 

amplitude of the input signal at which the amplitude of the analysed harmonic is equal 

to the amplitude of the fundamental signal (Cerdeira et al, 2004). VIP2 defined as the 

extrapolated input voltage at which first and second-order harmonic voltages are 

equal, and VIP3 defined as the extrapolated input voltage at which first and third-

order harmonic voltages are equal. shown in equation (2.7) and (2.8) (Chaujar et al, 

2009). 

2
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Figure 2.8(a) reflects the variation of VIP2 w.r.t. the Vgs for TGRC-MOSFET 

and it is also compared with conventional MOSFET and CRC-MOSFET. For higher 

linearity and lower distortion operation the value of VIP2 should be higher. From 

Figure 2.8(a), it is analysed that the TGRC device resembles to a higher value of 

VIP2 by 22.3% and 8.49% as compared to the conventional and CRC designs 

respectively, which is only due to the incorporation of ITO as a TCO in the TGRC 

design. The variation of VIP2 w.r.t. applied gate to source voltage for three different 

gate lengths of TGRC-MOSFET as shown in Figure 2.8(b), and it is found that when 

the gate length shrinks from 40 nm to 30 nm and from 30 nm to 20 nm, then VIP2 

increases which reflect higher value at 20 nm gate lengths. Thus, 20nm TGRC 

architecture shows higher linearity performance. Similarly, by scaling down the NJD 
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to 5 nm, TGRC shows the higher value of VIP2 owing to reduce SCEs, improves gm 

and thus VIP2 as shown in Figure 2.8(c). 

 
Figure 2.8: (a) Variations of VIP2 for TGRC-MOSFET, CRC-MOSFET, and Conventional 

MOSFET. (b) Variation of VIP2 at different LG. (c) Variation of VIP2 at different NJDs as a 

function of applied Vgs (Kumar, 2017). 

Figure 2.9(a) reflects the variation of VIP3 w.r.t. the Vgs for TGRC, CRC, and 

conventional MOSFETs. VIP3 peak is perceived at low gate bias (0.45V) in TGRC 

architecture which is higher by 37.5%, 17.8% compared to conventional and CRC 

MOSFETs respectively, owing to ITO as a transparent gate design which enhances 

carrier velocity and thus transconductance. VIP3 peak is further enhanced by scaling 

down the gate length to 20 nm as clearly evident from Figure 2.9(b). This increase is 

due to higher gm (see Figure 2.5(b)). Similarly, if NJD is scaled down to 5 nm from 

15 nm, VIP3 peak increases significantly as reflected in Figure 2.9(c), thus, it 

signifies that scaled TGRC-MOSFET exhibit high linearity.  
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Figure 2.9: (a) Variations of VIP3 for TGRC-MOSFET, CRC-MOSFET, and Conventional 

MOSFET. (b) Variation of VIP3 at different LG. (c) Variation of VIP3 at various NJDs as a 

function of applied Vgs (Kumar, 2017). 

Figure 2.10(a) evidently reveals an improvement in IIP3 for the TGRC as 

compared to the conventional and CRC designs. This is due to the integration of the 

TGRC architecture, which is attributed to high transconductance and lower value of 

gm3, and thus results increase in the carrier transport efficiency causing an improved 

gate control over the channel. Moreover, the gate length and NJD variations w.r.t. the 

applied gate to source voltage are also shown in Figure 2.10(b) and Figure 2.10(c) 

which show increase in linearity of the device and, hence, desirable efficiency is 

observed.   
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Figure 2.10: (a) Variations of IIP3 for TGRC-MOSFET, CRC-MOSFET, and Conventional 

MOSFET. (b) Variation of IIP3 at different LG. (c) Variation of IIP3 at different NJDs as a 

function of applied Vgs  (Kumar, 2017). 

Moreover, there are two important FOMs which govern amplifier’s efficiency 

and linearity i.e. third-order intercept point (IIP3) and 1-dB compression point (1dB 

CP). Third-order intercept is a theoretical point at which the third-order distortion 

signal amplitudes equal the input signals, and it is useful in determining the linearity 

condition of an amplifier. 1-dB compression point is defined as the input power which 

causes the gain to drop by 1-dB. These two parameters are evaluated by equations 

(2.9) and (2.10) (Chaujar et al, 2009; Woerlee et al, 2001). 
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where RS=50 Ω for analog and RF applications. 
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Figure 2.11: (a) Variations of 1-dB Compression point for TGRC-MOSFET, CRC-MOSFET, 

and Conventional MOSFET. (b) Variation of 1-dB Compression point at different LG. (c) 

Variation of 1-dB Compression at different NJDs as a function of applied Vgs (Kumar, 2017). 

So, IIP3 can be enhanced by reducing the gate length (from 40 nm to 30 nm 

and from 30 nm to 20 nm) and decreasing the NJD (from 15 nm to 10 nm and from 10 

nm to 5 nm). The 1-dB compression point is essential to identify at what point 

compression occurs so that input levels can be limited to prevent distortion.  It is 

generally the input power that causes the gain to fall by 1 dB from the normal linear 

gain specification. This parameter signifies the maximum input power that the 

amplifier circuit can handle by providing a fixed amount of gain, and if the input 

power surpasses the compression point, the gain starts falling. Hence, it is desirable 

that a 1-dB compression point should be as high as possible for the highly linear 

amplifier.  
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Figure 2.11(a) shows peak value of 1-dB compression point in TGRC-

MOSFET rises in comparison to its conventional counterparts. This improvement is 

due to the enhanced current driving capability of the device owing to high 

conductivity and transparency of ITO. Further, the gate length variation is observed 

for TGRC-MOSFET in terms of 1-dB compression point, and it is found that with the 

tuning of gate length and NJD, 1-dB compression point is significantly improved as 

shown in Figure 2.11(b) and Figure 2.11(c) owing to improved current driving 

capability of TGRC-MOSFET that enhances gm and thus 1-dB compression point. 

B. Intermodulation Distortion 

The previous subsection discusses about the linearity of TGRC-MOSFET and how it 

can be improved if the device parameters scale down. In this subsection, distortion 

due to high order transconductance is studied to examine its efficacy on the 

performance of TGRC architecture. Figure 2.12(a) reflects the variations of third 

derivative of transconductance (gm3) w.r.t. the Vgs for conventional MOSFET, CRC-

MOSFET, and TGRC-MOSFET. It is examined from Figure 2.12(a) that the TGRC 

device has lower gm3 as compared to the CRC design; and due to this, lesser distortion 

is observed.  

Figure 2.12(b) displays the variations of gm3 w.r.t. the Vgs for three different 

gate lengths (20 nm, 30 nm, and 40 nm). It is found that the DC bias point moves 

towards higher Vgs with increase in LG as clearly indicated by Figure 2.12(b). This 

deviation is due to the amalgamation of ITO in TGRC-MOSFET. Further, the 

variations of gm3 w.r.t. Vgs for different NJDs have been observed, and it is analysed 

that, if NJD reduces then gm3 also reduces which indicates that when NJD is 5nm, 

TGRC-MOSFET shows minimum distortion as depicted in Figure 2.12(c). In 

addition, IMD3 and HD3 (Third-order harmonic distortion) are major issues in linear 

amplifiers that arise owing to the nonlinearity performance of the device (Gupta & 

Chaujar, 2016). IMD3 signifies the intermodulation current at which first and third 

order intermodulation harmonic currents are equal. IMD3 is analyzed considering the 

effect of the transparent gate. 
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Figure 2.12: (a) Variations of gm3 for TGRC-MOSFET, CRC-MOSFET, and Conventional 

MOSFET. (b) Variation of gm3 at different LG. (c) Variation of gm3 at various NJDs as a function 

of applied Vgs (Kumar, 2017). 

The distortion has been calculated with the help of integral function method 

(IFM) since this approach allows the distortion extraction from DC measurements 

without an AC characterization, dissimilar to Fourier-based methods (Cerdeira et al, 

2004; Doria et al, 2008). The approximate analytical expression for IMD3 and HD3 

are given as: 
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Where Va is the magnitude of AC signal and considered to be very small, of about 50 

mV for IFM analysis.  
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Figure 2.13: (a) Variations of IMD3 for TGRC-MOSFET, CRC-MOSFET and Conventional 

MOSFET. (b) Variation of HD3 for TGRC-MOSFET, CRC-MOSFET, and Conventional 

MOSFET. (c) Variations of IMD3 and HD3  at different LG. (d) Variation of IMD3 and HD3 at 

various NJDs as a function of applied Vgs  (Kumar, 2017). 

Figure 2.13(a)–(d) shows the variation of IMD3 and HD3 w.r.t. the applied 

gate to source voltage for the conventional, CRC and TGRC designs, for gate length 

variation, and for NJD variation, respectively. Degeneracy of signals in a wireless 

communication system is originated as IMD3 from the nonlinearity shown by the 

transistor static characteristics. By using a circuit with balanced topologies, even-

order harmonics can be reduced by 40–50 dB. Therefore, it is essential to diminish the 

third-order harmonics for decreasing the signal distortion (Ghosh et al, 2012). Figure 

2.13(a) shows that the performance of IMD3 degrades in TGRC-MOSFET owing to 

the high peak value of VIP3 which dominates the value of IMD3 less in comparison 

to gm3 (Figure 2.12(a)) as compared to its counterpart conventional and CRC-

MOSFET. Meanwhile, HD3 is also reduced in TGRC architecture as compared to its 
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conventional counterparts as shown in Figure 2.13(b). Further, both the third order 

distortions have been reduced for TGRC-MOSFET if the gate length is reduced to 20 

nm due to the reduction of gm3 as shown in Figure 2.13(c). Figure 2.13(d) also 

reflects the reduction in IMD3 and HD3 with reduced NJD. Thus, the scaling of the 

device architecture reduces the intermodulation and harmonic distortions, hence 

presenting TGRC-MOSFET as a favorable candidate for RFIC designing.  

2.6 SUMMARY 

A complete study of the analog, linearity and intermodulation distortion analysis of 

TGRC-MOSFET has been explored with the impact of trench gate and gate length 

miniaturization at sub-nano level. From the investigation, it is found that TGRC-

MOSFET achieves high current driving capability due to ITO as a gate material in 

comparison to conventional MOSFETs which results in high transconductance 

(increased by 32.1% and 35% compared to conventional MOSFET and CRC-

MOSFET respectively) and improved device efficiency. Further, it is also observed 

that TGRC exhibit significant enhancement in peak values of VIP2, VIP3, 1-dB 

compression point, IIP3 and lesser values of the IMD3 and HD3 in comparison to its 

counterparts at 5 nm NJD and 20 nm gate length. Therefore, TGRC-MOSFET 

delivered enriched analog and linearity performance in terms of superior input power 

and lesser signal distortion. Moreover, it is also analyzed that with the tuning of 

TGRC’s parameters such as LG and NJD, its analog and linearity performance 

enhances appreciably owing to enhanced current driving capability and reduced gm3 

(distortions). Therefore, the proposed TGRC-MOSFET is prominent for high scale 

integration, which can be developed for RFIC design and it is also a favorable 

candidate for ultra-low power, analog, and distortion-less application. After 

considering the analog and linearity behavior of TGRC MOSFET, reliability is of 

serious concern, owing to various process/stress/radiation damages that induce 

interface charges at the Si-SiO2 interface. Thus, to ensure the reliability of the device, 

it is essential to investigate the characteristics of the device in the presence of various 

ITCs that is the primary focusing area of the next chapter. 
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3  

CHAPTER  
 

Reliability Issues of In2O5Sn Gate Electrode 
Recessed Channel MOSFET: Impact of Interface 

Trap Charges and Temperature 

 Reliability issues of In2O5Sn Gate Recessed Channel MOSFET have been 
analysed by considering the effect of interface trap charges (both polarity and 
density) present at the Si/SiO2 interface.   

 Device characteristics are studied in terms of Static, Linearity and 
Intermodulation Distortion FOMs.  

 It is found that with amalgamation of the transparent gate (ITO) on 
Conventional Recessed Channel (CRC) MOSFET, it exhibits improved 
immunity against interface trap charges. 

 In addition, the influence of ambient temperature (150-300K) along with trap 
charges on TGRC MOSFET has also been explored with an aim to analyze the 
impact of temperature on the device stability in the presence of interface 
defects (trap charges).  

 Results so obtained revealed that TGRC MOSFET shows improved device 
performance at low temperature with trap charges being less influenced.  

 This study demonstrates that TGRC MOSFET can act as a promising 
candidate for low-power linear/analog applications where low temperature is 
desired. 
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3.1 INTRODUCTION 

As discussed in Chapter 1, during fabrication processes, various types of charges or 

traps are carelessly incorporated into the oxide and thus degrades the performance of 

the device (Arora, 1993).  Four different types of trap charges present in the thermally 

grown oxide, i.e., 1. Interface Trapped Charges. 2. Field Oxide Charges, 3. Mobile 

Ionic Charge and 4. Oxide Trapped Charge. Among them, the most important one to 

study is the interface trap charges owing to the wide-ranging and degrading effect on 

device characteristics. These charges are due to electronic energy levels situated at the 

interface of Si/SiO2 with energy states in the Si band gap that can change their charge 

state by capturing or emitting electrons (or holes). These electrons arise owing to 

incomplete bonds (dangling), adsorption of extraneous impurity atoms at the silicon 

surface, and other defects such as lattice mismatch at the interface, which triggered by 

either radiation or bond-breaking processes (Jo et al, 2017; Lho & Kim, 2005; 

Poindexter, 1989; Trabzon & Awadelkarim, 1998). These charges are also known as 

surface states or interface states (or traps) where the position of Fermi level decides 

the occupancy of interface trap charges under equilibrium state. In contrast to 

conduction and valence band, the interface trap charges have energy level situated in 

the forbidden gap.  

The trap charges (both electrons and holes) are present in this gap and cannot 

move quickly due to large space between the interfacial trivalent silicon atoms. The 

energy level of an acceptor interface trap charge (or negative trap charges) lies above 

the valence band and below Fermi energy level while the energy level of donor 

interface trap charge (or positive trap charges) lie below the conduction band and 

above the Fermi energy level (Arora, 1993). Moreover, the trap density is very subtle 

to even small process variation, which subsequently leads to mobility and threshold 

voltage degradation and thus results in a decrement in device transconductance. 

Hence, it is essential to examine the consequence of these trap charges on the 

performance of TGRC-MOSFET. 
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3.2 DEVICE DESIGN AND ITS DESCRIPTION  

 

 
Figure 3.1: Device design of TGRC-MOSFET (3D device) with interface traps charges (Kumar et 

al, 2017a; 2018). 

Figure 3.1 shows the schematic 3D view of TGRC-MOSFET which consists of 

interfaced trap charges at the interface of Si/SiO2 interface. The gate length (LG) is 

30nm while channel length (LCH) is 54nm (LG+2tox+2NJD), oxide thickness (tox) = 

2nm, negative junction depth (NJD) = 10nm, groove depth = 38nm, for both devices 

(CRC and TGRC MOSFETs). The source/drain region is heavily n+ doped 

(5×1020cm−3) whereas channel is p-doped (1×1017cm−3) for both CRC and TGRC 

MOSFETs. The gate material which plays a role in determining the current driving 

capability of MOSFET is taken In2O5Sn in the proposed device (TGRC-MOSFET) 

having workfunction of 4.7eV whereas, in CRC-MOSFET, aluminium (4.4eV) as gate 

metal is used. 
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3.3 SIMULATION METHODOLOGY AND CALIBRATION 

ATLAS is a powerful simulation tool which is used for extracting of reliability results 

and all figure of merits (FOMs) (SILVACO, 2011).  Various simulation models have 

been used during this analysis such as Lombardi CVT model to consider all the 

mobilities such as scattering mechanism which is caused by the parallel and 

perpendicular field applied on the device. For carrier generation-recombination, we 

have used Shockley-Read-Hall (SRH) Recombination. In order to consider the 

information about the low energy (temperature) of the carriers, we have used Energy 

Balance Transport (EBT) model (SILVACO, 2011). To validate the simulations 

results, the statistics have been drawn-out for 36 nm groove MOSFET (Appenzeller et 

al, 2002) and then plotted as evident in Figure 3.2. It is detected from the Figure 3.2 

that simulated results almost matched with the experimental results in 36 nm groove 

MOSFET thus validating the simulation models. In this analysis, the value of trap 

charge density at the interface is chosen as 1e12 cm-2 with uniform profiles according 

to previously published work (Chiang, 2011; Shabde et al, 1988).  

To explore the effect of trap charges on the sub-nm device, the total gate 

length is considered as a damaged region due to the high field in the channel region 

owing to scaling. 

 

 
Figure 3.2: Calibrated transfer characteristics of recessed channel MOSFET (36 nm gate length) 

with experimental (Appenzeller et al, 2002) and simulation data (Kumar et al, 2017a; 2018). 
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3.4 RESULTS AND DISCUSSION 

There are many parameters which influence the performance of a MOSFET. In this 

section, reliability is examined and calculated in terms of analog and linearity FOMs. 

In addition, the effect of low temperature is explored on reliability issues of TGRC-

MOSFET in the presence of trap charges (i.e., defects). 

3.4.1 Impact of Interface Trap Charges on Analog Performance 

 
Figure 3.3: (a) Potential, with respect to the distance along the channel for CRC and TGRC 

MOSFETs. (b) Contour plot CRC-MOSFET with impact of positive interface trap charge (c) 

Contour plot TGRC-MOSFET with impact of positive interface trap charge (Kumar et al, 2018). 

Trap charges (both positive and negative) present beneath the Si/SiO2 region is 

responsible for the change in flat band voltage, and it is given by (Chiang, 2011): 
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ox

f
fb C

qN
V =∆                                                                                 (3.1) 

Where ΔVfb is the change in flat band voltage, Nf is the charge density and Cox is gate 

oxide capacitance (shown in equation 3.1). Figure 3.3(a) shows the impact of 

interface trap charges (positive and negative) on the surface potential along the 

channel. The trap charges are considered along with the entire gate length (LG), and it 

is revealed from the figure that, the positive trap charges (donor type) enhances the 

potential while negative trap charges (acceptor type) reduces the potential in TGRC 

and CRC MOSFET. This enhancement (reduction) in potential is due to lowering 

(rising) of flat-band voltage which increases (decreases) the gate control over the 

channel and thus the surface potential. It is also found that surface potential enhances 

significantly in TGRC-MOSFET in comparison to CRC-MOSFET owing to the high 

conductivity of transparent gate as clearly reflected through 2D contour plots shown 

in Figure 3.3(b-c).  

It is observed from Figure 3.4(a) and Figure 3.4(b) that electric field in the 

channel region enhances appreciably in TGRC-MOSFET due to high surface potential 

in the channel region and owing to ITO as a gate metal having higher workfunction in 

comparison to the aluminium metal gate. Electric field near the drain end reduces and 

enhances near the source side as compared to CRC-MOSFET.  

 

 
Figure 3.4: (a) Electric field distribution along the channel for CRC-MOSFET and (b) for 

TGRC-MOSFET (Kumar et al, 2018). 
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The presence of positive (negative) trap charges increases (decreases) the 

electric field near the source end in comparison to drain end, owing to the creation of 

more (less) charges in the channel region and thus leads to more (less) number of 

charge-carriers being flow. However, from Figure 3.3 and Figure 3.4, it is clearly 

observed that influence of trap charges is less pronounced in TGRC in comparison to 

CRC-MOSFET. The impact of trap charges on transfer characteristics (Ids-Vgs) and 

output characteristics are also examined. Figure 3.5(a-b) indicates that the effect of 

trap charges is more prominent in the sub-threshold region than linear region. It is 

found that in the presence of positive (negative) trap charges, drain current increases 

(decreases) owing to high (low) field at the source end and enhanced (reduced) gate 

control. However, TGRC indicates nearly insignificant change in on-current profile 

due to interface traps/damage region when it worked in inversion region. 

 

 
Figure 3.5: (a) Transfer characteristics w.r.t. Vgs, (b) Output characteristics w.r.t. Vds; for CRC-

MOSFET and TGRC-MOSFET (Kumar et al, 2018). 

Electrical power is the “rate” at which energy is being consumed in a circuit. 

The impact of interface trap charges on the low-power performance parameter such as 

PDC (DC power) and PAC (AC power) has also been evaluated using the following 

equations 3.2 and 3.3: 

DCDCDC IVP ×=                                                                                                         (3.2) 

rmsrmsAC IVP ×=                                                                                                         (3.3) 
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Figure 3.6: (a) DC power (PDC) and (b) AC power (PAC) w.r.t. Vgs; for CRC-MOSFET and 

TGRC-MOSFET (Kumar et al, 2018). 

It is found that DC power starts increasing with increase in gate overdrive 

voltage and its value is numerically smaller in TGRC-MOSFET in comparison to 

CRC-MOSFET as evidently shown from Figure 3.6(a). Moreover, it is also observed 

that the effect of trap charges in TGRC-MOSFET shows lesser impact on DC power 

in comparison to CRC-MOSFET. This improvement is due to lower off current and 

improved current driving capability. In addition, AC power is also studied and is 

found that AC power in TGRC-MOSFET is more immune to interface trap charges in 

comparison to CRC-MOSFET as shown in Figure 3.6(b). Thus, it can be concluded 

that in the presence of trap charges, TGRC-MOSFET will be suitable for low power 

applications. 

Further, it is also analyzed that with the tuning of TGRC’s parameters such as 

LG (From 40nm to 20nm) and NJD (from 15nm to 5nm), its linearity performance 

enhances appreciably (Kumar, 2017) while power (PAC) degrades as clearly reflected 

in Table 3.1. Therefore, depending on the application, we may utilize the trade-off 

between improved linearity and improved PAC at a given device feature size.  

Table 3.1. PAC Variation with LG (Kumar et al, 2018). 

 
Moreover, due to enhancement in drain current, switching ratio (ION/IOFF) of 

TGRC enriches significantly as evident from Figure 3.7(a) and it is calculated by the 
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ratio of current at Vgs=0.7 V (ION) and current at Vgs=0 V (IOFF). In TGRC, the ratio is 

increased by 125%, 128%, and 166% for positive, negative, and neutral trap charges 

respectively as compared to CRC device, shown in Figure 3.7(a).  

 
Figure 3.7: Effect of interface trap charges on (a) switching ratio (b) threshold voltage (c) device 

efficiency and (d) output resistance, for CRC-MOSFET and TGRC-MOSFET (Kumar et al, 

2018). 

However, CRC-MOSFET shows a more significant influence of interface trap 

charges for switching ratio than TGRC-MOSFET. In addition, the threshold voltage 

(Vth) which is a significant parameter for analog applications, also improves in 

TGRC-MOSFET in comparison to CRC-MOSFET as shown in Figure 3.7(b). This 

increase is due to reduced leakage current owing to the transparent gate which results 

in reduced SCEs (Hot-carrier and DIBL) (Kumar et al, 2016a).  
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Vth is also affected by trap charges as reflected in Figure 3.7(b) but the effect 

is more in CRC in comparison to TGRC due to less change in flat band voltage. 

Influence of trap charges on transconductance to the current ratio (gm/Id) or device 

efficiency and output resistance have also been analyzed for both devices as depicted 

in Figure 3.7(c) and Figure 3.7(d). In the design of analog circuits, device efficiency 

is a vital factor which offers the measure of effectiveness to convert power into speed. 

It is evident from Figure 3.7(c) that the device efficiency is higher (lower) in TGRC-

MOSFET when positive (negative) trap charges are present in comparison to CRC-

MOSFET. It is also observed in Figure 3.7(c) that the impact of interface trap charges 

on device efficiency is less prominent in TGRC and thus signify superior efficiency in 

TGRC than CRC. The output resistance (Ro) is the transposed of the output 

conductance in a MOSFET and for high performance; Ro should be as small as 

possible. When positive (negative) trap charges have been taken into consideration, 

Ro is very less (high) while it is less prominent for negative and neutral trap charges in 

TGRC-MOSFET as compared to conventional counterpart as shown in Figure 3.7(d). 

Thus, recessed channel MOSFET with transparent gate material (ITO) shows reliable 

performance in the presence of interface trap charges as compared to CRC device. 

3.4.2 Impact of Interface Trap Charges on Linearity and Distortion 

Performance 

High linearity and lower intermodulation distortion are essential requirements for a 

CMOS device when working with weak signals. Nonlinearity introduces 

intermodulation distortion (IMD) and generates an undesired distorted signal in the 

output of different frequency signals compared to an input signal which results in 

degradation in device behavior (Razavi & Behzad, 1998).  For that reason, in this 

subsection, the influence of interface trap charges on linearity and intermodulation 

distortion of TGRC device are studied and results so obtained are simultaneously 

compared with CRC-MOSFET. The performance metrics used in this analysis are gm3 

(higher order transconductance coefficient), VIP3 (third order voltage intercept point), 

IIP3 (third order current intercept point), IMD3 (third order intermodulation 
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distortion), HD2 and HD3 (second and third order harmonic distortion). To assure 

higher linearity, higher order transconductance coefficient (gm3) must be minimal. 

From the dc parameters, VIP3 is used to evaluate the distortion characteristics. 

IIP3 and VIP3 should be high, but IMD3 and HD3 should be low for lower distortion. 

The device linearity FOMs are evaluated as shown in Equation (3.4) to (3.7) (Chaujar 

et al, 2009).                      
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where RS=50 Ω for analog and RF applications. Va is the amplitude of AC signal and 

considered about 50 mV (which is minuscule) for Integral Function Method (IFM) 

analysis. 

Ideally, gm3 should be as low as possible because gm3 decides the dc bias point 

for optimal device operation and determines the limits on the distortion. Figure 3.8(a) 



Chapter 3 Reliability Issues of In2O5Sn… 

  

66 Ajay Kumar 

 

illustrates the variation of gm3 w.r.t. Vgs for damaged (positive and negative traps) and 

undamaged region.  

 

 
Figure 3.8: : Effect of interface trap charges on (a) gm3, (b) VIP3, (c) IIP3, (d) IMD3, (e) HD2 and 

(f) HD3 for CRC-MOSFET and TGRC-MOSFET (Kumar et al, 2018).  
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gm3 is a higher-order derivative of transfer characteristics and it is observed 

that gm3 reduces (enhances) in case of TGRC in the presence of positive (negative) 

trap charges although this variation is very less in comparison to CRC-MOSFET. This 

is due to less dependency of trap charges on transfer characteristics and 

transconductance which reflects TGRC is more reliable in the presence of interface 

trap charges/damage. Figure 3.8(b) and Figure 3.8(c) reflect the influence of 

interface trap charges on VIP3 and IIP3 respectively. For low distortion and high 

linearity, the peak value of IIP3 and VIP3 should be high. VIP3 signifies extrapolated 

input voltage at which first and third order harmonics of drain current are equal and 

expressed as in Equation (4) while IIP3 is a theoretical point at which the third-order 

distortion signal amplitudes equal the input signals, and it is useful in determining the 

linearity condition of an amplifier (Gupta & Chaujar, 2016b). The amplitude of VIP3 

and IIP3 is high for TGRC-MOSFET as compared to CRC-MOSFET, and it also 

implies that the damaged device (in the presence of trap charges) shows less linearity 

in comparison with the undamaged device, but TGRC architecture shows better 

linearity and less distortion in comparison to CRC-MOSFET. This is due to the higher 

conductivity of ITO as compared to the metal gate that enhances current driving 

capability (Kumar et al, 2017b) and thus improves linearity performance in the 

presence of interface traps.  

In addition, IMD3, HD2 and HD3 are major issues in linear amplifiers that 

arise owing to the nonlinearity performance of the device (Gupta & Chaujar, 2016b) 

and stated in Equation (6) to (8). IMD3 represents the intermodulation current at 

which the first and the third order intermodulation harmonic currents are same. IMD3 

is analyzed considering the influence of interface trap charges on TGRC device. IFM 

is used for the calculation of the distortion since this approach is an authorizations for 

the extraction of distortion from DC measurements deprived of an AC 

characterization, dissimilar to Fourier-based methods (Cerdeira et al, 2004; Doria et 

al, 2008) as shown in equation (6) to (8). The output conductance of TGRC is 

negligible. Hence, device gains are improved (Kumar et al, 2016b; Van Langevelde & 

Klaassen, 1997a).  Figure 3.8(d) reveals that IMD3 reduces in TGRC-MOSFET 

owing to the reduced gm3 value in comparison to VIP3 which dominates the value of 
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IMD3 (Figure 3.8(a)) as compared to CRC-MOSFET. Meanwhile, it is also observed 

that TGRC reduces (increase) HD2 and HD3 when positive (negative) trap charges 

are considered and exhibit a very less effect of trap charges as compared to its 

conventional counterpart as shown in Figure 3.8(e) and Figure 3.8(f). Thus, TGRC 

exhibits improved linearity and distortion-less performance for ULSI in the presence 

of interface trap charges.       

3.4.3 Effect of Interface Trap Charges at Low Temperature on 

Analog, Linearity and Intermodulation Distortion 

This sub-section describes the effect of temperature on the above-mentioned 

parameters for TGRC-MOSFET in the occurrence of interface trap charges to analyze 

the reliability of TGRC-MOSFET at low temperatures (150-300K). Electrical 

behavior of CMOS devices changes with change- in temperature. As the temperature 

increase, the carrier mobility (Van Langevelde & Klaassen, 1997b) decreases as: 
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Where ‘n’ is an exponent, which varies from 1.6 to 2.4 (Sze & Ng, 2006). If 

mobility is decreased, then the output current also reduces, and hence with the 

increase in temperature, switching ratio decreases as shown in Figure 3.9(a). 

Moreover, change in ambient temperature also influences the trap charges created 

during the fabrication process. It is found that in the presence of positive (negative) 

trap charges, the number of charge carriers increased (decrease), due to which 

mobility reduced (enhance) and hence switching ratio and output resistance (inset) 

reduced (improves) as evident from Figure 3.9(a). Further, the threshold voltage (Vth) 

of the MOSFET is inversely proportional to the temperature (Groeseneken et al, 

1990) and it increases at low temperature due to the rise in Fermi potential (ϕF) and 

depletion charges (Elewa et al, 1990). In the absence of trap charges, Vth is 0.243V at 

room temperature. Figure 3.9(b) shows the variation of the threshold voltage, and it is 

observed that as the temperature rises from 150K to 300K, Vth reduced and it is higher 

(lower) for negative (positive) trap charges due to change in flat-band voltage and 
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mobility. Besides, both mobility and threshold voltage also influenced the drain to 

source current Ids (Gupta & Chaujar, 2016a) as: 

)]()[()( TVVTTI thgsds −∝ µ                                  (3.10) 

 

 
Figure 3.9: Effect of temperature on (a): switching ratio, Inset: output resistance, (b): threshold 

voltage and (c): device efficiency, in TGRC-MOSFET with interface trap charge density (Kumar 

et al, 2018). 

Figure 3.9(c) illustrates the higher device efficiency at a lower temperature, 

and in the presence of positive (negative) trap charges, device efficiency is more (less) 

with respect to neutral trap charges. Hence, TGRC-MOSFET shows better 

performance at low temperature owing to reduced fluctuations. Figure 3.10(a) shows 

higher order transconductance gm3 as a function of the gate to source voltage for 

different ambient temperatures in the presence of positive (donor), and negative 

(acceptor) interface trap charges. At T=150 K, positive (negative) trap charges exhibit 
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low (high) distortion owing to improved transconductance. Furthermore, at high 

temperature (>150 K), distortion is increased (low peaks are observed in gm3). 

 

 

Figure 3.10: Effect of temperature with interface trap charges on (a): gm3, (b): VIP3, (c): IIP3, 
(d): IMD3, (e): HD2 and (f): HD3 in TGRC-MOSFET (Kumar et al, 2018). 



Reliability Issues of In2O5Sn … Chapter 3 

 

Ajay Kumar 71 

 

Figure 3.10(b) and Figure 3.10(c) reflect the improved performance of 

TGRC-MOSFET at a lower temperature (< 300 K) in terms of VIP3 and IIP3 

respectively in the presence of trap charges. It is found that peak value of VIP3 and 

IIP3 is enhancing at a low temperature which indicates less distortion and high 

linearity when the device is working at lower temperatures. Besides, it is also 

observed that impact of interface trap charges on TGRC’s linearity performance at 

low temperature is less prominent as clearly indicated from Figure 3.10 (b-c). Thus, 

TGRC-MOSFET acts as a potential candidate for linear amplifiers working at low 

temperatures in CMOS ULSI. Harmonic distortion is an essential reliability issue 

which arises due to the non-linear performance of MOSFET. Thus, HD in terms of 

IMD3, HD2, and HD3 are examined as a function of both temperature and interface 

trap charges and are illustrated in Figure 3.10(d), Figure 3.10(e), and Figure 3.10(f) 

respectively. Change in ambient temperature plays a major role in amplifiers working 

in communication systems and sometimes it causes an undesirable change in signals 

and thus causes distortion in the band of interest.  This is due to random motion of 

electrons which results in thermal noise within the device and thus, degrades the 

device performance. At low temperatures (<300 K), harmonic distortions (IMD3, 

HD2 and HD3) is reduced in TGRC-MOSFET as evident from Figure 3.10(d), 

Figure 3.10(e) and Figure 3.10(f). It is also observed that in the presence of positive 

(negative) trap charges, gm3 lowers (increase) owing to improved (reduce) current 

driving capability and thus lowers (rise) the distortion. This effect is more at low 

temperatures in TGRC due to enhancement in transconductance and reduction in gm3 

[see Figure 3.10(a)]. 

3.4.4 Influence of Interface Trap Charge’s Polarity and Density 

The influence of ITCs polarity and density is observed on TGRC-MOSFET.  

It is observed From Figure 3.11(a-b) that, in the presence of positive trap charges, 

drain current enhances significantly due to the more (low) control of gate bias voltage. 

Drain current further increases (decreases) with an increase in positive (negative) trap 

charge density as shown in Fig 3.11(a-b). It is found that input and output 

characteristics are more prone to positive charges in comparison to negative charges. 

Figure 3.12(a-b) reflects the effect of trap charges polarity/density on linearity 
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FOMs. Figure 3.12(a) shows that the transconductance (gm) is high (low) for positive 

(negative) traps owing to reduced (enhanced) flat band voltage due to more (low) gate 

bias. To assure higher linearity, higher order transconductance coefficient (gm3) must 

be minimal because gm3 decides the dc bias point for optimal operation of the device 

and regulates the limits on the distortion. It is apparent from Figure 3.12(b) that in the 

existence of positive (negative) trap charges, gm3 peak reduces (enhances) appreciably 

and the effect of density variation is more (less) observed for positive (negative) trap 

charge density. Thus, signifies that TGRC-MOSFET is less prone to negative trap 

density. 

 
Figure 3.11: (a) Transfer characteristics w.r.t. source voltage (Vgs), (b) Output characteristics 

w.r.t. source voltage (Vds) for TGRC-MOSFET (Kumar et al, 2017a). 

 
Figure 3.12: Impact of interface trap charges for TGRC-MOSFET on (a) transconductance (gm1) 

and (b) gm3 (Kumar et al, 2017a). 
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Figure 3.13: Impact of interface trap charges for TGRC-MOSFET on (a) VIP3 and (b) IIP3 

(Kumar et al, 2017a). 

 
Figure 3.14: Impact of interface trap charges for TGRC-MOSFET on (a) IMD3, and (b) HD3 

(Kumar et al, 2017a). 

From the dc parameters, VIP3 is used to evaluate the distortion characteristics. 

Higher VIP3 and IIP3 but lower IMD3 and HD3 are required for lower distortion. The 

device linearity FOMs are evaluated from Equation (4) and (5) (Chaujar et al, 2009). 

The peak amplitude of VIP3 and IIP3 is higher for higher trap density as compared to 

lower trap density, and it is also found that in the presence of positive trap charges, 

linearity performance improves owing to improved current driving capability but 

more reliable for negative trap charges as shown in Figure 3.13(a) and 3.13(b). In 

addition, IMD3 is also analyzed considering the influence of both interface trap 

density and polarity. IFM is used for the calculation of the distortion since this 

approach is an authorization for the extraction of distortion from DC measurements 

deprived of an AC characterization, dissimilar to Fourier-based methods (Cerdeira et 
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al, 2004) as shown in Equation (6) and (8). Figure 3.14(a) reveals that IMD3 reduces 

in TGRC-MOSFET owing to the reduced gm3 value in comparison to VIP3 which 

dominates the value of IMD3 (Figure 3.12(b)). Meanwhile, it is also observed that 

TGRC shows reduced (increase) HD3 when positive (negative) trap charges are 

considered with high density and exhibit a very little effect of traps charges as shown 

in Figure 3.14(b). TGRC exhibits improved linearity and distortion-less performance 

in the presence of negative trap charge density. Thus, TGRC is more reliable for 

negative traps as compared to positive traps. 

3.5 SUMMARY 

In this chapter, the influence of interface trap charges on the static, linearity, and 

distortion FOMs have been studied to explore the reliability issues of TGRC-

MOSFET. The performance of this device has also been compared with conventional 

recessed channel (CRC) MOSFET through extensive device simulation. The proposed 

device is suitable for high switching applications even in the presence of trap charges. 

It has been shown that the TGRC-MOSFET exhibit superior current driving 

capability, high linearity (VIP3 and IIP3) with low distortions. It has also been 

observed that TGRC-MOSFET is more immune to interface trap charges even in the 

density variation with different polarity (acceptor and donor). Likewise, it is also 

found that TGRC-MOSFET at low temperature (150K) in the presence of interface 

trap charges show negligible variation in device behavior in terms of Ids, gm, VIP3, 

IIP3, HD2, HD3, and IMD3. Thus, it signifies that TGRC-MOSFET is more reliable 

at low temperatures and serves as a promising candidate for analog and low power-

high linearity applications. 

Further, as downscaling of CMOS devices not only promises high integration 

but must also provide high switching performance with reduced parasitic 

capacitances. Additionally, the rising interest of high ULSI applications motivates to 

analyze the stray capacitance of nano scaled MOSFET and is the central point of 

discussion for the next chapter of this thesis. 
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4  

CHAPTER 
 

Investigation of Parasitic Capacitances of In2O5Sn 
Gate Electrode Recessed Channel MOSFET for 

ULSI Switching Applications 

 This chapter discusses the capacitance-voltage (C-V) analysis and frequency 
dependent capacitance of In2O5Sn gate electrode Recessed Channel (TGRC) 
MOSFET. 

  Here our aim is to examine the effectiveness of In2O5Sn as a gate material on 
parasitic capacitance which prominently influences the current driving 
capability and thus, the switching performance.  

 Moreover, capacitance dependent parameters such as Transconductance 
Frequency Product (TFP), Energy Delay Product (EDP) and Gain Bandwidth 
Product (GBP) are also assessed. 

 In addition, the effect of parameter variation such as gate length (LG) and 
negative junction depth (NJD) of TGRC is also observed.  

 Results reveal that with LG=20 nm and NJD=5 nm, TGRC unveils outstanding 
switching performance which is desirable for low power ULSI applications. 
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4.1 INTRODUCTION 

As discussed in Chapter 1, shrinking of device dimensions is the main driving force 

towards circuit miniaturization, low cost, and portability (Moore, 1975). As the 

dimensions of CMOS device reduces, scaling of silicon-based MOSFET devices for 

barrier potential, critical electric field, oxide thickness, the threshold voltage becomes 

tougher (Iwai, 2009). To overcome these limitations, numerous techniques are being 

proposed by researchers. Some of them include modification on the existing structure 

and technology; and on the other hand, incorporation of some new material instead of 

prevailing material (Woerlee et al, 2001). These include multi-gate MOSFET 

proposed by Barsan in 1981 (Barsan, 1981), SOI MOSFET by An et al. in 2003 (An 

et al, 2003), GAA MOSFET by Auth et al. in 1997 (Auth & Plummer, 1997), and 

Silicon Nanowire MOSFET by Hu et al. in 2002(Gupta et al, 2015; Hu et al, 2004; Hu 

et al, 2003) etc., to overcome the scaling problems at nano-regime. However, 

Recessed Channel (RC) MOSFET (Chaujar et al, 2008) comes in to the existence and 

appreciably eliminated short channel effects (SCEs) and hot carrier effects (HCEs) 

due to the existence of trench channel which separates the source and drain regions. 

Although RC-MOSFET has its own limitations that it hinders the current driving 

capability, to overcome this limitation, there is a need of integrating some engineering 

scheme onto RC-MOSFET. Therefore, In2O5Sn (Indium tin oxide) as a gate metal is 

amalgamated onto RC-MOSFET and as a result, TGRC-MOSFET (Kumar et al, 

2015; 2016a; b) comes into existence.  

As device dimensions go into sub-30 nm range, the parasitic capacitances 

become more protruding, which thus affects the device performance and makes the 

device unsuitable for switching and low power applications. As the channel length 

scales down, the gate control over the channel gets reduced due to the increased 

source/drain capacitances (Murali & Meindl, 2007). Therefore, there is a need to 

perform and study the capacitance-voltage (C-V) analysis which is more 

advantageous over current-voltage analysis (Steinke et al, 2012) to scrutinize the 

effects of parasitic capacitances on device performance.  

In this work, for the first time, a highly conductive and transparent material 
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(ITO) is used as a gate electrode in RC-MOSFET to analyse the effect of parasitic 

capacitances (both bias dependent and frequency dependent). ITO (In2O5Sn) is made 

of indium oxide (In2O3) and tin oxide (SnO2), and it needs lowest deposition 

temperature (Murali & Meindl, 2007; Singh et al, 2006). ITO has a high concentration 

of the order of 1021 cm-3 and a very low resistivity (10-5 Ω-cm) with higher Hall 

mobility (53.5 cm2 V-1s-1) (Minami, 2005). Due to these properties, ITO is frequently 

used in semiconductor devices, and today silicon-based MOSFET devices having 

technology less than 30 nm are common.  

Further, the bias-dependent parasitic capacitances of TGRC-MOSFET are 

extracted and found that parasitic capacitances are reduced appreciably due to the 

amalgamation of ITO as a gate electrode (in trenched gate) as compared to the 

aluminium electrode (CRC-MOSFET) at THz frequencies. Further, device 

comparison in terms of parasitic capacitances and figure of merits (FOMs) such as 

TFP, EDP, and GBP has been examined.  

4.2 DEVICE DESIGN AND ITS DESCRIPTION 

Figure 4.1: The schematic simulated structure of TGRC-MOSFET. (b). Cross view of TGRC-

MOSFET with parasitic capacitances (Kumar et al, 2017). 

A schematic simulated device i.e. TGRC-MOSFET is shown in Figure 4.1(a). Figure 

4.1(b) shows the cross-sectional view of TGRC-MOSFET with parasitic capacitances. 

The channel is doped uniformly to 1x1017 cm-3 (p-type) in both (TGRC and CRC 
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MOSFETs) the devices. The doping in the source and drain region is kept at 5x1019 

cm-3. The gate length is 30 nm, with the total channel length of 54 nm 

(LG+2tox+2NJD) and thickness of oxide is 2.0 nm as the default device structure 

parameters of TGRC and CRC MOSFETs are shown in Table 4.1. Figure 4.1(b) 

reflects the parasitic capacitances (Cgs, Cgd, and Cgg) at the gate-source interface, gate-

drain interface, and gate-gate interface in the cross-sectional view of TGRC-

MOSFET. 

Table 4.1: Default simulated structure parameters of TGRC and CRC MOSFETs (Kumar et al, 

2017). 

 

  

4.3 RESULTS AND DISCUSSION 

4.3.1 Impact of In2O5Sn on Parasitic Capacitances 

Figure 4.2(a) reflects the parasitic capacitances (Kumar et al, 2016b) in terms of gate-

source capacitance and gate-drain capacitance. As Vgs increases, the accumulation of 

charge carriers near the gate increases due to which gate-source capacitance and gate-

drain capacitance increases. With increase in Vds increases, the pinch-off point moves 
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towards source side, and it leads to accumulation of charges towards source side 

resulting in an increment of Cgs. To maintain the charge neutrality, the charges near 

the drain decreases and hence Cgd decreases as clearly evident from Figure 4.2(b).  

 

Figure 4.2: Cgs and Cgd as a function of (a) Vgs=1.0V at Vds=0.5V (b) Vds=1.0V at Vgs=0.5V (c) 

frequency at Vgs=1.0V, Vds=0.5V; of CRC and TGRC MOSFETs (Kumar et al, 2017). 

It is observed that the value of parasitic capacitances in TGRC device is very 

less as compared to CRC device as shown in Figure 4.2(a) due to the high 

conductivity of ITO which shows that applied voltage is a force to charge carriers in 

current conduction instead of accumulation near the gate (see Figure 4.2(a) and (b)) 

and the same trend follows in ref. (Kundu et al, 2014). So higher switching speed is 

obtained which also reduces the delay time, making it suitable for the digital 

applications hence, making TGRC device a promising candidate for switching 

applications. Further, the variation of Cgs and Cgd has also been observed with 

frequency, and it is clearly reflected from Figure 4.2(c) that when frequency increases 
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to the THz range, then both Cgs and Cgd reduces. The resultant value of Cgs and Cgd is 

very less in TGRC as compared to CRC-MOSFET due to the incorporation of ITO as 

a conducting oxide which indicates the efficacy of transparent material in 

semiconductor devices for switching applications. 

 

Figure 4.3: Gate Capacitance as a function of (a) Vgs=1.0V (Vds=0.5V) and Vds=1.0V (Vgs=0.5V) 

(b) frequency at Vgs=1.0V, Vds=0.5V; of CRC and TGRC MOSFETs (Kumar et al, 2017). 

Figure 4.3(a) shows the variation of gate capacitance as a function of Vgs and 

Vds. When Vgs increases, the accumulation of charges at the gate increases and thus 

increases the gate capacitance.  Moreover, when Vds is increased, the charge carriers 

near the gate moves towards source side and contributes in drain current thereby 

lowering the gate capacitance (Marjani & Hosseini, 2014) as can be clearly observed 

in Figure 4.3(a). It is also noted that, for very high frequency, the gate capacitance is 

also reduced (3.41%) in TGRC as shown in Figure 4.3(b). Thus, TGRC device is a 

suitable device for low power switching applications. 

A notable capacitance dependent FOM, transconductance frequency product 

(TFP) for high-frequency performance is given in equation (4.1). TFP is principally 

the product of device efficiency and fT  (Kumar et al, 2016a). It signifies a trade-off 

between bandwidth and power and is used for high-speed designs. Figure 4.4(a) 

shows that TFP is increasing as Vgs increases in sub-threshold region (below 0.4 V) 

and in inversion region, TFP attains a peak value of 650 GHz and with further 

increase in gate bias, i.e., as biasing go in deep inversion region, TFP falls 

significantly due to increment in Cgg [see Figure 4.3(a)].   
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Figure 4.4: (a) TFP, (b) EDP, (c) GBP; at Vgs=1.0V, Vds=0.5V as a function of gate to source 

voltage for CRC and TGRC MOSFETs (Kumar et al, 2017).  

It is observed that the peak value of TFP is higher in TGRC-MOSFET due to the high 

value of transconductance as reported earlier (Kumar et al, 2016b) and reduction in 

total gate capacitance (which is the sum of Cgs and Cgd) in the linear region [see 

Figure. 4.2(a)].  
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Further, energy-delay product (EDP) [given in equation (4.2)] is a valued 

parameter as far as circuit applications are concerned. It is a measure of energy and is 

defined by the product of the average energy (Eave) and the gate delay (τ). It calculates 

the energy consumed per switching event (such as in logic families). In TGRC, EDP 

improves at lower drain bias in comparison to CRC-MOSFET as evident from Figure 

4.4(b), due to a reduction in gate capacitance (Cgg) and enhancement in on-current 
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(Kumar et al, 2015). In addition, Figure 4.4(c) shows the Gain Bandwidth Product 

(GBP) [calculated by equation (4.3)] at different drain bias voltage and is a qualitative 

measure of both gain and bandwidth of a voltage amplifier. It is perceived that GBP 

improves at higher drain voltage in TGRC device due to a reduction in Cgd [see 

Figure 3(a)]. GBP peak value indicates the frequency at which the device attains 

maximum gain. 
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4.3.2 Impact of Gate Length (LG) Miniaturization 

Furthermore, the impact of parameter variation on the proposed device is studied in 

terms of the gate length. As evident from Figure 4.5(a) that, when gate length 

decreases, Cgs and Cgd decreases as a function of Vgs. The similar trend follows in ref. 

(Cho et al, 2011; Ghosh et al, 2015). When the gate length decreases from 40 nm to 

30 nm, Cgs decreases by 8.42% and Cgd decreases by 3.03%.  

Furthermore, when we reduce the gate length from 30 nm to 20 nm, then Cgs 

decreases by 9.31%, and Cgd decreases by 3.4%. Thus, shrinking the gate length 

reduces the parasitic capacitances in TGRC-MOSFET, which leads to increased 

circuit density in IC fabrication. As we know that, when Vds increases, the pinch-off 

point moves towards source side and the number of charge carriers accumulates 

towards source side. Hence Cgs increases and Cgd decreases as shown in Figure 

4.5(b). Thereafter, the gate length variation is observed, and it is clearly evident from 

the figure that as the gate length reduces Cgs and Cgd are also reduced. If we reduce the 

gate length from 40 nm to 30 nm, then 4% and 0.98% decrement is observed in Cgs 

and Cgd respectively.  
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Figure 4.5: Cgs and Cgd as a function of (a) Vgs=1.0V at Vds=0.5V (b) Vds=1.0V at Vgs=0.5V (c) 

frequency at Vgs=1.0V, Vds=0.5V; of TGRC-MOSFET for various gate lengths (Kumar et al, 

2017). 

When gate length further reduces from 30 nm to 20 nm, then 4.28% and 

1.59% reduction is observed in Cgs and Cgd respectively. Further, the impact of gate 

length variation on parasitic capacitances is observed for very high frequencies (at 

THz) as shown in Figure 4.5(c). When the frequency is increased in THz range, and 

gate length reduces from 40 nm to 30 nm, then Cgs and Cgd are reduced by 7.08% and 

2.8% respectively and further 8.2% and 3.5% when gate length varies from 30 nm to 

20 nm. Hence, the reduction in parasitic capacitances leads to a device for better 

switching performances of TGRC-MOSFET, as we scale-down the channel length. 

Figure 4.6(a) reflects the parameter variation of TGRC MOSFET in terms of 

the gate length. It is evident from figure that gate capacitance increases when Vgs is 

increased (Marjani & Hosseini, 2014), and Vds is decreased. As the gate length 

reduces, and then the gate capacitance is also decreased. If we scale-down the gate 

length of TGRC MOSFET from 40 nm to 30 nm, then 7.22% and 2.34% decrement is  
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Figure 4.6: Gate Capacitance as a function of (a) Vgs=1.0V (Vds=0.5V) and Vds=1.0V (Vgs=0.5V) 

(b) frequency at Vgs=1.0V, Vds=0.5V; of TGRC-MOSFET for various gate lengths (Kumar et al, 

2017). 

-observed in Cgg as a function of Vgs and Vds respectively. If we further scale-down 

the gate length from 30 nm to 20 nm, then 7.79% and 4% decrement is reflected in 

Cgg as a function of Vgs and Vds respectively.  

It is also evident from Figure 4.6(b) that, the gate capacitance is also reduced 

(lower the magnitude) by 6.61% and 7.79% when the gate length scales down from 40 

nm to 30 nm and 30 nm to 20 nm respectively at very high frequencies. Therefore, 20 

nm gate length device shows that, as we scale-down the device, the parasitic 

capacitances are reduced, thus making TGRC device a promising device for high-

frequency switching applications. Proposed device also leads to increased circuit 

density in IC fabrication. 

Likewise, by scaling down the gate length to 20 nm, TFP and GBP are 

increased while EDP reduces appreciably as is clear from Figure 4.7 (Park et al). This 

enhancement is due to a reduction in gate capacitance and increase in Ion [see Figure 

4.2 (a)]. EDP is further minimized if TGRC is biased in the linear region in 

comparison to saturation region owing to reduced supply voltage and capacitance 

coupling, whereas, in cut-off region EDP reduces appreciably as shown in Figure 

4.7(b). This is useful in the field of low power switching applications.    
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Figure 4.7: (a) TFP, (b) EDP, (c) GBP; as a function of Vgs=1.0V (Vds=0.5V) of TGRC-MOSFET 

for various gate lengths (Kumar et al, 2017). 

4.3.3 Impact of Variation of Negative Junction Depth (NJD) 

Effects of NJD variation on parasitic capacitances have also been observed in this 

section of the proposed device. When NJD is reduced, the number of charge carriers 

move quickly from source to drain because channel length gets reduced with the 

reduction of NJD and the switching time is also reduced making the device operation 

faster. Figure 4.8(a) shows that the decrease in Cgs and Cgd is reflected when NJD is 

reduced from 15 nm to 5 nm, and it is also observed that when Vgs increases, the 

reduction in Cgs is increased. If NJD is reduced from 15 nm to 10 nm, Cgs and Cgd is 

reduced by 7.27% and 1.6% respectively. Further, reduction in NJD from 10 nm to 5 

nm reduces Cgs and Cgd by 17.21% and 2.22% respectively. Similar kind of reduction 

in parasitic capacitances is observed when Vds is varied, as evident from Figure 

4.8(b). When NJD is reduced from 15 nm to 10 nm then, Cgs and Cgd are reduced by 
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4.4% and 3.1% respectively. At higher frequencies, Cgs and Cgd are reduced (by 12.3% 

and 8.97%) if NJD reduces (from 15 nm to 10 nm) as is reflected from Figure 4.8(c). 

 

Figure 4.8: Cgs and Cgd as a function of (a) Vgs=1.0V at Vds=0.5V (b) Vds=1.0V at Vgs=0.5V (c) 

frequency at Vgs=1.0V, Vds=0.5V; of TGRC-MOSFET at various NJDs (Kumar et al, 2017). 

 

 

Figure 4.9: Gate Capacitance as a function of (a) Vgs=1.0V (Vds=0.5V) and Vds=1.0V (Vgs=0.5V) 

(b) frequency at Vgs=1.0V, Vds=0.5V; of TGRC-MOSFET for various NJDs (Kumar et al, 2017). 
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Moreover, the gate capacitance is investigated at different NJDs, and it is 

observed when Vgs and Vds are applied as shown in Figure 4.9(a). When NJD is 

reduced from 15 nm to 10 nm then, Cgg is reduced by 4.63% and 4.0% w.r.t Vgs and 

Vds respectively. Further, NJD reduction from 10 nm to 5 nm reduces Cgg by 13.53% 

and 8% w.r.t. Vgs and Vds respectively as shown in Figure 4.9(a). Figure 4.9(b) 

shows a very high reduction in gate capacitance when NJD scales down at THz 

frequency range. In addition, a decrease in NJD to 5nm results in an enhancement in 

TFP and GBP while degrading EDP as shown in Figure 4.10 (Park et al). From 

Figure 4.10(b), it is observed that effect of transparent gate scheme strongly affects 

the EDP. GBP also improves by modulating NJD as is reflected in Figure 4.10(b). It 

has also been observed that GBP achieve higher value in saturation mode since Cgd is 

lower in saturation mode [see Figure 4.5 (Park et al)]. 

 

Figure 4.10: (a) Transconductance Frequency Product (TFP), (b) Energy Delay Product (EDP) , 

(c) Gain Bandwidth Product (GBP); as a function of Vgs=1.0V (Vds=0.5V) of TGRC-MOSFET for 

various NJDs (Kumar et al, 2017). 
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4.4 SUMMARY 

This chapter analyzes the capacitance–voltage characteristics of In2O5Sn gate 

electrode recessed channel MOSFET with 30 nm gate length to examine the parasitic 

capacitances. The simulated results are then used to isolate the parasitic capacitances. 

The effect of In2O5Sn gate electrode (as a transparent gate electrode) in recessed 

channel MOSFET has been studied in terms of bias and frequency-dependent 

parasitic capacitances and capacitance dependent FOMs such as TFP, EDP, and GBP 

for high switching performance. It is observed that with the amalgamation of In2O5Sn 

with RC MOSFET, parasitic capacitances decrease in comparison to aluminium gate 

metal (CRC MOSFET). When the gate length reduces to 20 nm, the parasitic 

capacitances get reduced, and the overall parasitic capacitances reduce in TGRC 

architecture by ~25%, making the device suitable at sub-20 nm regime. It is also 

found that with the variation in frequency, parasitic capacitance reduces due to the 

high current driving capability of TGRC MOSFET; thus, TGRC architecture proves 

to be a promising contender for high frequency/switching applications in 22 nm node 

technology.    

After achieving the superior switching performance with reduced parasitic 

capacitances, highly scaled MOSFET that promises the high integration must ensure 

the excellent RF performance. Thus, to ensure the superior RF/microwave 

performance and exhaustive understanding, a small signal mathematical modeling has 

been developed for TGRC-MOSFET, and the developed analytical small signal model 

is used to analyse various small signal parameters in terms of S (scattering) 

parameters, Z (impedance) parameters, Y (admittance) parameters, h (hybrid) 

parameters, and RF FOMs which is illustrated in the next chapter. 
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5  

CHAPTER 
 

RF and Small Signal Behaviour of In2O5Sn Gate 
Electrode Recessed Channel MOSFET 

 This chapter discusses the small signal RF model of Transparent Gate 
Recessed Channel (TGRC) MOSFET. 

  Small signal model is studied in terms of microwave parameters such as S 
(scattering) parameters, Z (impedance) parameters, Y (admittance) 
parameters, and h (hybrid) parameters with an aim to analyze the behavior of 
TGRC MOSFET at microwave frequency.   

 All the results of TGRC-MOSFET have been compared with Conventional 
Recessed Channel (CRC) MOSFET and modeled results have also been 
compared with simulation results and found in good agreement with the 3D- 
simulation results. 

  Moreover, it is perceived from the results that 99.4% enhancement in the 
input impedance of TGRC-MOSFET and input admittance is improved by 
32.9% in the proposed device in comparison to CRC-MOSFET.  

 It has also been observed that the transit (cut-off) frequency (fT) and maximum 
oscillator frequency (fMAX) enhances significantly by 42.85% and 123% 
respectively in TGRC MOSFET owing to the remarkable reduction in intrinsic 
capacitances.  

 Results reveal that the proposed device design improves the small signal 
behaviour and thus, may provide detailed insight to RF engineers for 
microwave applications and testing of RF ports. 
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5.1 INTRODUCTION 

From past few decades, MOSFETs are commercially used in the field of the 

microwave, HF applications owing to the fact that highly scaled MOSFETs achieve 

cut-off frequencies in the range of GHz making CMOS technology appropriate for the 

application of RF and wireless communications (Adhikari & Singh, 2015b; 

Kilchytska et al, 2003; Larson, 2003; Saito et al, 1998; Yang et al, 2002). On the 

contrary, scaling also results in the so-called short channel effects (SCEs), which 

hampers the device HF performance and make CMOS inapt for Microwave/Wireless 

applications (Ajayan et al, 2017; Chen, 2013). To overcome this problem, different 

device schemes have been introduced in recent years which have high immunity 

against SCEs such as multi-gate MOSFETs, -tapered/recessed channel MOSFET 

(Adhikari & Singh, 2018), nanowire MOSFET (Gupta & Chaujar, 2016; Gupta et al, 

2015a; b), etc. Therefore, there is a need for the new type of device design which 

overcomes the shortcomings that arise due to downscaling of device dimensions and 

also simultaneously improves the device’s fT and fMAX. 

In our recent work, we have reported that with the incorporation of ITO as a 

gate electrode onto Recessed Channel MOSFET considerably improves the overall 

device’s electrical performance (Kumar, 2017; Kumar et al, 2016a; b; Kumar et al) 

and RF performance (Kumar et al, 2016c). Also, the small signal (Adhikari & Singh, 

2015a)  modeling of TGRC MOSFET has already been studied in our previous work 

explaining the Y and Z-parameters (Kumar et al, 2017). Still, there is a need to 

evaluate all the essential microwave parameters which are essential in understanding 

the device physics at high frequency. Therefore, in this chapter, detailed explanation 

and modeling of small signal parameters, i.e., S-parameters (Sinnesbichler & Olbrich, 

2003; Taher et al, 2006), Y-parameters, Z-parameters, and h-parameters of TGRC-

MOSFET are extensively explored and compared with conventional RC MOSFET to 

study its effectiveness for RF field.  

This work is organized as follows: Section 2 describes the 3D device structure 

of TGRC-MOSFET. Physical transport models invoked during the simulation study 

(Wei & Lu, 2018) are discussed in Section 3 along with the calibration. Section 4 

describes the small signal modeling of TGRC-MOSFET in terms of scattering, 
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impedance, admittance, hybrid, and transmission parameters. In addition, fT, fMAX and 

capacitance is also observed in this section.  

5.2 DEVICE DESIGN AND ITS DESCRIPTION  

  

 

Figure 5.1: (a) Schematic structure and (b) conceptual depiction of the small signal equivalent of 

TGRC-MOSFET (Kumar et al, 2017; Kumar et al, 2018b). 

Figure 5.1(a) and 5.1(b) reflect the simulated 3D device design and conceptual 

depiction of the small signal equivalent of TGRC-MOSFET respectively. An n-type 

impurity of 1×1019 cm-3 is used in the highly doped Source/Drain region. The 

substrate is doped with a p-type impurity of 1×1017 cm-3, and thick oxide layer tox of 

2.0 nm is embodied in it as shown in Figure 5.1(a). Negative Junction Depth (NJD) is 

taken as 10 nm, gate bias (Vg) is  0.7 V and drain bias (Vd) is  0.5V. Gate 

workfunction of TGRC-MOSFET (ΦITO) is 4.7 eV, and for CRC-MOSFET, it is 

4.4eV. All the junctions in the device are assumed as abrupt in the simulation,  

uniform doping profiles and the biasing conditions are considered at room 

temperature (T=300K). Further, Gummel and Newton are the two numerical 

techniques which have been considered to obtain the solutions (SILVACO, 2011). 
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5.3 SIMULATION METHODOLOGY 

All the simulations have been performed using Silvaco TCAD (SILVACO, 2011). 

The simulation process includes the device structure and functionality. For 

comparison, we have kept all the parameters of both the devices same such as 

structural parameters. All simulation models used are same for both the devices. In 

order to consider the mobilities, scattering mechanism caused by lattice vibrations or 

phonons, Lombardi CVT model is used. Shockley-Read-Hall (SRH) Recombination 

model is used to consider all the carrier generation-recombination related 

phenomenon (SILVACO, 2011). A few other models have also been used to simulate 

the device precisely.          

5.4 RESULTS AND DISCUSSION 

5.4.1 Small Signal Behaviour Modeling   

For the extraction of RF small signal parameters of TGRC-MOSFET and CRC-

MOSFET, Non-quasi-static (NQS) small-signal equivalent circuit (as shown in 

Figure 5.2) of RC MOSFET is used which is operating in strong inversion region 

(Tsividis & McAndrew, 2011). Rs is the source resistance, Rg is the gate resistance and 

Rd is the drain resistance, intrinsic gate-to-drain conductance is denoted by gds 

whereas gm denotes transconductance.  
 

 
 

Figure 5.2: Non-quasi-static (NQS) model of the RF MOSFET (RC-MOSFET) (Kumar et al, 

2018b). 
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Rgs and Rgd have distributed channel resistance; intrinsic gate-to-drain capacitance is 

denoted by Cgd and Cgs denotes gate-to-source capacitance. τ is the time constant 

which represents the charge transport delay (Tsividis & McAndrew, 2011). For those 

networks which are operating at RF and microwave frequencies, small-signal 

parameters (Z, Y, S, and h) are commonly used, where admittances are more easily 

computed as compared to voltages and currents, since, at high frequency, it is 

challenging to estimate currents and voltages. 

A. Admittance (Y) Parameters 

A small-signal equivalent circuit can describe the transistor at high frequency where 

MOSFET can be converted in to its Y-parameter equivalent circuit consisting of all Y-

parameters (Y11, Y12, Y21 and Y22). Y-parameters are defined either at the input end or 

the output end under ac short-circuit conditions and the values depend on the 

operating frequency as well as dc bias conditions. AC voltages and currents can be 

easily measured at low frequencies, but the measurement of these parameters becomes 

exceptionally difficult at very high frequencies. Then, at such high frequencies, 

another set of parameters called scattering, or S-parameters can be used. However, the 

device physics and design are more related to Y-parameters and so S-parameters are 

again converted in to Y-parameters, and hence, the study of Y-parameters becomes 

necessary. By solving the small signal equivalent model (as shown in Figure 5.2), Y-

parameters are calculated as follows:  

Total current flowing at the input port,  

211 iiI +=                                                                                                 (5.1)   

Total current flowing at the output port,  

1432 iiiI −+=                      (5.2) 

Applying nodal analysis at input node,   
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By solving equation (5.3) and (5.4), and using approximations 

1 and  1  ,1 22222222 <<<<<< τωωω gdgdgsgs CRCR  
Short circuit input admittance is obtained as 

)()( 222
11 gdgsgdgdgsgs CCjCRCRY +++≅ ωω                           

)()(2
11 gdgs CCjY +++≅ ωβαω                             (5.5) 

 Where, 
22 , gdgdgsgs CRCR == βα  

Similarly, short circuit output admittance is found to be 

)(2
22 sdgdds CCjgY +++≅ ωβω                                    (5.6) 

Short circuit forward transfer admittance is as follows 
 

gdCjY ωωβ −−≅12                                                 (5.7) 

Short circuit reverse transfer admittance is as follows 

)1(2
21 τωβω ++−−≅ mgd gCjY                       (5.8) 

 
(a)                                                                                      (b) 

Figure 5.3: (a) Y-parameters (Y11) and (b) Y-parameters (Y22), w.r.t. frequency at Vgs=0.7 V and 

Vds=0.5 V for CRC and TGRC-MOSFET (Kumar et al, 2017; Kumar et al, 2018b). 
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(a)                                                                                  (b) 

Figure 5.4: (a) Y-parameters (Y12) and (b) Y-parameters (Y21), w.r.t. frequency at Vgs=0.7 V and 

Vds=0.5 V for CRC-MOSFET and TGRC-MOSFET (Kumar et al, 2017; Kumar et al, 2018b). 

Y11 and Y22 are called short-circuit input and output admittance respectively. These 

parameters have been evaluated for TGRC-MOSFET, and the modeled results are 

simultaneously compared with CRC-MOSFET. As shown in Figure 5.3(a) and 

5.3(b), Y11 and Y22 are low in TGRC as a comparison to CRC. Y11 and Y22 should 

below for better performance of the device in RF region. Y12 is called short-circuit 

forward transfer admittance, and Y21 is called short-circuit reverse transfer admittance. 

Y12 and Y21 are both higher in case of TGRC-MOSFET and smaller in CRC-MOSFET 

as shown in Figure 5.4(a) and 5.4(b). Enhancement in Y-parameters indicates a 

reduction in parasitic capacitances and enhancement in transconductance (Kumar et 

al, 2016d; Kumar et al, 2018a).        

B. Impedance (Z) Parameters              

For the synthesis of electronic filters, Impedance (Z) parameters are commonly used. 

Z-parameters can be useful in the design and analysis of power distribution networks 

and impedance-matching networks. Z11 is called open circuit input impedance, and Z22 

is called open circuit output impedance. These two parameters are basically used for 

impedance matching. Input impedance should be equal to output impedance for 

impedance matching, and it is a necessary condition for maximum power transfer 

from source to load. For high-frequency RF application, Z11 (input impedance) should 

be as high as possible. Input impedance (Z11) must be high and output impedance 

(Z22) should be low so that no-loading problem occurs in RF receiver.  
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From the equivalent circuit as shown in Figure 5.2, the Z-parameters can be 

analyzed as follows: 

Open circuit input impedance (driving point impedance) is found to be 

 

                   (5.9) 

                            

  

χ
ωβω )(2

11
sdgdds CCjg

Z
+++

≅                 (5.10) 

Open circuit output impedance (driving point impedance): 

 

        (5.11)
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Open circuit transfer impedance from input port to output port: 

  

   (5.13) 
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               (5.15) 

     

χ
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τ = Time constant, represents the charge transport delay
 Assume that 

1 and  1  ,1 22222222 <<<<<< τωωω gdgdgsgs CRCR  

 
(a)                                                                            (b) 

Figure 5.5: (a) Z-parameters (Z11) and (b) Z-parameters (Z22), w.r.t. frequency at Vgs=0.7 V and 

Vds=0.5 V for CRC and TGRC MOSFETs (Kumar et al, 2017; Kumar et al, 2018b). 

Figure 5.5(a) and 5.5(b) reflects the Z-parameters Z11 and Z22 respectively for 

both CRC and TGRC, and it is observed that Z11 and Z22 are higher at low frequency 

and decreases gradually w.r.t. frequency due to the dependency (inversely 

proportional) of Z11 and Z22 on ω. The modeled results are well calibrated with the 
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simulated data for TGRC-MOSFET and its counterpart. Figure 5.5(a) shows that 

input impedance is very high while output impedance is less (as shown in Figure 

5.5(b)). MOSFET has very high input impedance because of SiO2, but in TGRC-

MOSFET, input impedance also has been increased due to the incorporation of ITO in 

the grooved gate. If the input impedance of the device is high, it means the device is 

useful for RF-based receivers in communication systems. 

 
(a)                                                                               (b) 

Figure 5.6: (a) Z-parameters (Z12) and 7(b) Z-parameters (Z21), w.r.t. frequency at Vgs=0.7 V and 

Vds=0.5 V for CRC and TGRC MOSFETs (Kumar et al, 2017; Kumar et al, 2018b). 

Z12 and Z21 are called open circuit transfer impedance from the input port to 

output port and output to input port respectively. Z12 and Z21 are also called transfer 

impedances. These two impedance parameters should be high for better RF 

performance of the device.  Z12 and Z21 both are high in TGRC-MOSFET as compared 

to its conventional counterpart at hundreds of GHz frequency range, and the modeled 

data is well calibrated with simulated data as depicted in Figure 5.6(a) and 5.6(b) 

respectively. Z12 and Z21  are improved due to the reduction in parasitic capacitances 

(shown later in Figure 5.10) and also due to the incorporation of ITO as a gate metal, 

which enhances current driving capability, transconductance and hence, gains of the 

device as reported earlier (Kumar et al, 2016d). 
 

C. Scattering (S) parameters 

In order to examine the small signal behavior of MOSFET, extraction of S-parameters 

is the most appropriate method at high frequencies. The behaviour of any microwave 
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component such as circulator of coupler (3 port network), filter or amplifier (two port 

network), antenna or oscillator (one port network) etc. are characterised by S 

parameters.   Figure 5.7 shows the modeled and simulated S-parameters for the CRC 

and TGRC-MOSFET and the bias conditions are same as in Figure 5.2. Symbols are 

modeled value and solid lines are simulated ones up to 1.7 THz frequency range. S-

parameters are calculated using other small signal parameters such as Y-parameters 

and Z-parameters (Frickey, 1994). Here we have used Z-parameters for the calculation 

of S-parameters as described in equations (5.17) to (5.28). 

S-parameters, S11 is the input reflection coefficient at port-1 and S22 is the 

output reflection coefficient at port-2. Basically it is the measure of the quality of the 

match between the port and terminating impedance. These two parameters are 

obtained using equations (5.17) and (5.20) respectively by using the value of Z 

component from evaluated small signal parameters (from equation (9) to (16)) as 

required in equation (5.17) and (5.20) and obtained as follows- 
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Figure 5.7: Modeled and simulated S-parameters up to 1.7 THz frequency using extracted model 

parameters and small signal model for CRC and TGRC MOSFETs at Vgs=0.7 V and Vds=0.5 V 

(Kumar et al, 2018b). 

Figure 5.7 shows the Smith Chart plot of the real part and imaginary modeled 

and simulated results of S11 and S22 for both devices. From Figure 5.7, it is clear that 

both S11 and S22 reduce the frequency and reduction is more in reflection coefficient in 
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TGRC device as compared to its counterpart. Modeled and simulated results are 

matched as evident from Figure 5.7. Further, S12 (reverse isolation parameter) defines 

the measure of feedback from the output to the input of an amplifier (Adhikari & 

Singh, 2017; Pozar, 2009) whereas S21 (forward transmission coefficient) is called 

forward gain of two port device. Figure 5.7 reflects that S12 increases in the proposed 

device as compared to the conventional device. The enhancement in S12 is observed 

due to the higher value of Z12 as shown in Figure 5.6(a). The modeled data and 

simulated data have been evaluated for S21 and plotted in Smith chart up to 1.7 THz 

frequency for both the devices as shown in Figure 5.7.Similarly, S12 and S21 are 

evaluated as follows- 
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D. Hybrid (h) Parameters 

Hybrid parameters are based on the dependent variables and are known as so as they 

are a hybrid combination of current and voltage ratios. Hybrid parameters are very 

useful for describing transistors using equivalent small signal model. h-parameters are 

much easier than Z or Y parameters (Alexander & Sadiku, 2013) to measure 

experimentally for such devices. Further, h-parameters have been evaluated in terms 

of h11 (short circuit input impedance), h22 (open circuit output admittance), h12 (open 

circuit reverse voltage gain) and h21 (short circuit forward current gain); as h-

parameters deliver a quick estimate of the performance of transistor circuit. Transistor 

behaves as a linear device for AC small signals because the output AC signal is 

proportional to the input AC signal. Under such conditions, AC operation of the 

transistor can be described using h-parameters. Using Y-parameters, h- parameters can 

also be calculated as described in equations (5.29) to (5.32) (Alexander & Sadiku, 

2013). 

Short circuit input impedance is obtained from equation (5.5) as follows. 
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Similarly, open circuit output admittance 
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(a)                                                                                      (b) 

Figure 5.8: (a) h-parameter (h11) and (b) h-parameter (h22), w.r.t. frequency at Vgs=0.7 V and 

Vds=0.5 V for CRC and TGRC MOSFETs (Kumar et al, 2018b). 

The real part of h11 and h22 of TGRC-MOSFET have been compared with 

CRC-MOSFET as shown in Figure 5.8(a) and 5.8(b) respectively. It is evident that 

both h11 and h22 are less in TGRC as compared to the conventional device. The value 

of h11 is continuously decreased with frequency because h11 is inversely proportion to 

Y11 and also to ω2 as clearly evident from equation (5.29) while h22 increases with 

frequency due to the higher order value of ω as shown in equation (5.30). Figure 

5.9(a) and 5.9(b) reflects the real and imaginary part of h12 and h21 respectively for 

TGRC-MOSFET and CRC-MOSFET w.r.t. frequency. h12 is less in TGRC-MOSFET 

and increased when the frequency is increased while in CRC-MOSFET, it is reduced 
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with frequency. For TGRC-MOSFET, h21 is lower than CRC-MOSFET and when the 

frequency is increased, it is reduced due to increase in input impedance [shown in 

Figure 5.5(a)].  

 
(a)                                                                                           (b) 

Figure 5.9: (a) h-parameter (h12) and (b) h-parameter (h21), w.r.t. frequency at Vgs=0.7 V and 

Vds=0.5 V for CRC and TGRC MOSFETs (Kumar et al, 2018b). 

 
Figure 5.10: RF component (Cgs, Cgd and Csd) of the small signal equivalent circuit w.r.t. 

frequency at Vgs=0.7 V and Vds=0.5 V for CRC and TGRC MOSFETs (Kumar et al, 2019; 

Kumar et al, 2018b). 

ω/)Im( 22YCgd −=                        (5.33) 

ω/))Im()(Im( 1211 YYCgs +=                         (5.34) 

ω/))Im()(Im( 1222 YYCsd +=                     (5.35) 
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Furthermore, with the intensified growth of wireless communication market, 

CMOS devices must guarantee for the minimum parasitic capacitances and 

subsequently, the high speed. Thus, to ensure for the superior RF/microwave 

performance of TGRC-MOSFET, parasitic capacitances have been explored for very 

high frequency. Figure 5.10 shows the other bias dependent small signal modeled 

parameters for TGRC and CRC in terms of Cgs, Cgd and Csd and compared with 

simulated data. Cgs, Cgd and Csd are evaluated by using equations (5.33), (5.34), and 

(5.35) respectively. From Figure 5.10, it is reflected that Cgs, Cgd and Csd of TGRC-

MOSFET turned out to be smaller (in femto-Farad) than that of CRC-MOSFETs. 

From Figure 5.10, it is also found that the modeled data is approximately matched 

with the simulated data which reveals that the proposed device is suitable for high-

frequency (THz) applications. 

5.4.2 Extraction of RF FoMs  

RF FOMs are essential for basic building blocks of digital RF and analogue circuits. 

These FOMs do not require equivalent transistor circuit or compact model parameters 

and can directly be extracted from Y-parameters and also can be directly measured 

without any extrapolation involved (Hurkx et al, 2004). Using the simplified 

analytical expressions for the Y-parameters (from equation (5.5) to (5.8)), we can 

model analytically different RF FoMs which are very useful for circuit designing. 

A. Transit Frequency fT  

Transit frequency (fT)  (Chalkiadaki & Enz, 2015) also called as cut-off frequency 

(Sarkar & Jana, 2014) is defined as the frequency at which the magnitude of the 

current gain is equal to unity. It is a measure of maximum useful frequency of a 

transistor when it is used as an amplifier. fT of the device is an important design 

parameter for RF/microwave application, and can be calculate as given in equation 

(5.36).  

                                                                                    (5.36)                                           
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and 250 µS for TGRC) and parasitic capacitances are denoted by Cgd and Cgs.  

 
(a)                                                                                      (b) 

Figure 5.11: (a) Transit frequency. (b) Maximum oscillator frequency at Vgs=0.7 V and Vds=0.5 V 

for CRC-MOSFET and TGRC-MOSFET (Kumar et al, 2019; Kumar et al, 2018b).  

Results show that fT improves 42% in simulated data and 43.5% in modeled 

data (nearly matched) in TGRC-MOSFET as compared to CRC-MOSFET as reflected 

in Figure 5.11(a) due to reduction in Cgs and Cgd as reflected in Figure 5.10. From 

equation (5.36), we see that fT is directly proportion to gm and hence, higher fT is 

obtained due to higher gm (Kumar, 2017) in TGRC device.  

B. Maximum Oscillation Frequency fMAX  

For low-current forward transit time, fT is surely a good indicator. However, it does 

not include the effects of gate resistance (Rg) as a performance indicator, which is 

important in determining the transient response of a transistor. Therefore, an indicator 

called maximum oscillator frequency (fMAX) has been proposed including Rg effects. 

fMAX is also defined as the frequency at which the unilateral gain become equal to 

unity (Chalkiadaki & Enz, 2015) and by using small signal components, fMAX is given 

as in equation (5.37). 

 

                                  (5.37)  

In Figure 5.11(b) fMAX is displayed with extracted modeled value and 

compared with the simulated value for CRC and TGRC devices. Results show that 

( )gdTdsg

T
MAX CfgR
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fMAX improves 123% in simulated data and 130% in modeled data (nearly same) in 

TGRC-MOSFET as compared to CRC-MOSFET as reflected in Figure 5.11(b) due 

to the enhancement of carrier mobility which results in a reduction in gate resistance. 

From equation (5.37), we see that, since fMAX is directly proportioned to the fT, for the 

same reasons as explained for fT, so higher fT reflects higher fMAX (Kumar, 2017) in 

TGRC device than the previous published work (Adhikari & Singh, 2015a; Adhikari 

& Singh, 2017).  

5.5 SUMMARY  

This chapter discusses the small signal modeling of TGRC-MOSFET in terms of 

microwave and electrical parameters, i.e., impedance, admittance, and hybrid 

parameters. It is found that TGRC-MOSFET shows high input impedance and low 

output impedance owing to the ITO as a gate material which improves the current 

driving capability and thus the device HF performance in comparison to conventional 

RC MOSFET. Further, the transfer impedance also improves in TGRC device as 

compared to the conventional device due to reduced SCEs and high ON current which 

enhances the ultimate gain of the device and thus can be useful in wireless/millimeter 

wave applications. Moreover, the calculated model results of small signal parameters 

are in good agreement with the simulation results so obtained at the THz range and 

thereby validating the small signal model. Results show that the proposed device is 

best suited for superior RF/Microwave applications. 

After discussing the high switching and superior RF/Microwave applications, 

the capability of TGRC MOSFET is explained for sensing applications such as 

radiation sensor ( as a dosimeter) and biosensor in the next chapter with high 

sensitivity in sub-20 nm regime for use in medical diagnosis. 
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6  

CHAPTER 
 

In2O5Sn Gate Electrode Recessed Channel 
MOSFET for an X-Ray Dosimeter and Biosensing 

Application 

 This chapter reports the applications of In2O5Sn Gate Electrode Recessed Channel 
(TGRC) MOSFET as a dosimeter and biosensor. 

 In the first part, the response of N-channel TGRC MOSFET to X-ray radiation in the 
0.5k to 10kRad dose range after irradiation has been analysed.  

 TCAD simulations for the same have been done to estimate threshold voltage shift in 
MOSFET with different radiation dosage.  

 An improvement of 1.11mVolts/kRad in radiation sensitivity has been found on 
increasing the oxide thickness from 2nm to 6nm. 

 In the second part of this chapter, TGRC MOSFET as a biosensor has been proposed 
and electrical detection of neutral biomolecules has studied in terms of Ion/Ioff, shift in 
threshold voltage, change in surface potential and hereafter, calculates the sensitivity 
of the biosensor.  

 In addition, the noise immunity of TGRC device has been observed when the 
biomolecules are immobilized.  

 Furthermore, the modulation of cavity gap length (from 8nm to 20nm), has also been 
observed.  

 Thus, TGRC device can be used for biosensor applications to diagnose various 
associated diseases which require lower noise, high speed, low power, and high 
density. 
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6.1 INTRODUCTION 

As discussed in Chapter 1, semiconductor devices such as Field Effect Transistor 

(FET) and Metal Oxide Semiconductor Field Effect Transistor (MOSFET) are the 

most appropriate devices for sensing applications. MOSFETs are excessively used in 

radiation rich environments, such as space and military. When electronic circuits are 

exposed to various radiation environments, it becomes critical to define the behavior 

of the circuit undergoing irradiation. Various effects such as SEB (Single Event 

Burnout), SEGR (Single Event Gate Rupture), insulator charging and interface 

charging degrades the circuit performance and sometimes completely damage the 

device (Allenspach et al, 1996). To ensure safety and stability of such circuits in a 

harsh radiation environment, the incoming dose must be monitored to initiate specific 

repairs or replacement. In medical applications (Villani et al, 2013), an X-ray dose 

which is intended to kill cancerous cells will probably cause damage to normal tissues 

and hence, to minimize this damage, extremely precise dose adjustments are required 

which is facilitated if the sensor can be placed close to the site receiving radiation. 

MOSFET dosimeters are used to determine total dose absorbed due to their valuable 

property of linear dependence of threshold voltage on total ionizing dose over a finite 

range of doses.  

TGRC MOSFET has the ability to provide high packing density and hence, 

miniaturized sensors which are of utmost importance as exposure to ionizing radiation 

has to be tightly controlled in radiotherapy, nuclear waste management, high-energy 

physics experiments, and space missions to avoid health or technical safety risks 

(Seco et al, 2014). Moreover, the increased functionality and reduced cost of large 

variety of integrated circuits and systems has brought its own benefit to the end users 

and above all the semiconductor industry.  

Scaling of MOSFET leads to hot carrier injection (HCI) which causes excess 

of charge carriers flowing through gate oxide and thus degrades its performance and 

therefore to overcome this effect, recessed channel structure is used with 6nm oxide 

thickness. Also, recessed structure leads to low power dissipation which is of utmost 

importance for a dosimeter to show improved sensitivity at nano-level. TGRC 

MOSFET (Kumar, 2017; Kumar et al, 2016a; c; d; 2017a; Kumar et al, 2017b; 2018d) 
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is therefore preferred as it has ITO (Minami, 2005a) as gate electrode allowing easier 

energy transfer through the gate electrode thereby maximizing the absorbed dose 

leading to enhanced sensitivity and hence proving to be an ideal choice for dosimeter 

(Morgan et al, 1995; Schwank et al, 2008). As a result of the interaction of ionizing x-

ray radiation with TGRC MOSFET, holes are trapped inside the oxide-substrate 

interface layer, which causes a shift in the threshold voltage (Benedetto & Boesch, 

1986) of the device. To predict the electrical behavior of MOSFET device under the 

influence of ionizing radiation, it is necessary to determine the trapped hole density 

inside the oxide and energy imparted by the radiation to the material.  

When high energy photons strike the semiconductor lattice, they provide 

sufficient energy to generate electron-hole pair directly or indirectly via the lattice 

vibrations. Generating electron-hole pair in SiO2 layer requires energy, Ep = 17±1 eV 

(Ausman Jr & McLean, 1975). Using this value of Ep, we are able to calculate g0 = 

8.1 × 1012 pairs/cm3-Rad (Oldham & McLean, 2003) which is the theoretical number 

of electron-hole pairs generated, but this value is greatly reduced due to 

recombination process. In semiconductor region, as the mobility of electrons and 

holes doesn’t differ significantly, they can recombine very easily. However, in the 

case of gate oxide, being an insulator, the difference in mobility is significantly large. 

As a result, electrons move very quickly towards the gate electrode, and holes drift 

slowly towards the Si-SiO2 interface and finally getting trapped there. The trapped 

holes at the Si-SiO2 interface are relatively immobile causing a negative shift in 

threshold voltage on the electrical characteristics of MOSFET. Ultimately, the shift in 

threshold voltage can be used as a dosimetric parameter to evaluate incident radiation 

dosage.  

The second part of this chapter discusses the applicability of TGRC MOSFET 

for biosensing. With the aid of nanotechnology, various kind of biosensors has been 

developed for medical applications and disease diagnostics, to address its high 

performance. According to medical science, prompt detection of any disease mainly 

cancer is valuable for the survival of patients. Numerous methods have been 

developed for detection of the biomolecule, such as the enzyme-linked 

immunosorbent assay (Comini et al), Alzheimer’s disease, ovarian cancer, and 
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coronary artery disease. Though, many of them are complicated and time-consuming 

due to labeling practices (Lee et al, 2015), FET-based biosensors have gained a lot of 

attention from past few years owing to high scalability, high sensitivity, rapid 

electrical detection, low power consumption, direct electrical readouts, low-cost mass 

production as compared with other devices, including surface Plasmon resonance 

(Bergveld, 1986), microcantilevers (Sang et al, 2016), and an array of fluorescence 

sensors (Im et al, 2007). Low-cost, highly sensitive, reliable, user-friendly quick 

diagnostic bio-sensing devices are essential for different biological and biomedical 

applications (Vu et al, 2009). For biosensing applications, sensitivity is the key factor 

for a MOSFET. Time to time different structures such as nanowire Junctionless 

MOSFET (Ahangari, 2016) and Tunnel FET (Chandan et al, 2018; Kanungo et al, 

2016) have been introduced to enhance the sensitivity of FET based biosensor.  

Nanotechnology-based biosensor devices are used (Ahn et al, 2010; Azmi et al, 2014; 

Gao et al, 2011) to overcome the difficulties of conventional health diagnostic 

methods.  

Moreover, the development of semiconductor technology for medical 

applications advanced to shrink the device dimensions for the nanoscale regime in 

order to provide high packing density with the high-speed integrated circuit. 

However, in an ultra-scaled device, the influence of short channel effects (SCEs) 

deeply affect the device performance (Ahangari, 2016). To overcome SCEs, several 

device engineering schemes and modulation in device structures have been reported 

in the literature (Barsan, 1981; Chaujar et al, 2008b; Gupta & Chaujar, 2016a; Gupta 

& Chaujar, 2016b; Gupta & Chaujar, 2016c; Gupta et al, 2015). Recessed Channel 

(RC) MOSFET, is considered as the most promising one since it overcomes almost all 

the SCEs and is also feasible with recent CMOS technology (Chaujar et al, 2008a). 

Nowadays, numerous innovative gate materials have been explored to intensify the 

current driving capability of CMOS and also to enhance the overall device 

performance. In this proposed device (TGRC-MOSFET) as a biosensor, ITO has been 

used as a gate material due to its enhanced electrical properties which have been 

demonstrated in previous work (Kumar et al, 2016a; b; c; d; Kumar et al, 2018c; d). 
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ITO enhances significantly the on-current owing to its very low resistivity (10-5 Ω-cm) 

with high mobility (53.5 cm2 V-1s-1) (Minami, 2005b).  

Therefore, for the first time, the simulation study of TGRC-MOSFET as a 

biosensor has been introduced by taking into consideration the electrical properties of 

biomolecules. A biosensor is basically used to sense biological elements, attaching the 

sensitivity and binding specificity of biologics such as enzymes, proteins, nucleotides, 

and antibodies. In this proposed TGRC-MOSFET as a biosensor, the channel 

potential of the device is influenced by the electrical properties of biomolecules and 

thus can further be useful for the detection of biomolecules. In conventional 

MOSFET, the current flows in the channel when gate voltage exceeds the threshold 

voltage (VTH), and in biosensor, it can be modulated by the dielectric constant which 

is due to biomolecule immobilization below the gate electrode because threshold 

voltage depends upon gate capacitance. The electrical characteristics are altered due 

to absorption of biomolecules and due to which the sensitivity of sensor changes. 

 

6.2 IN2O5SN GATE ELECTRODE RECESSED CHANNEL 

MOSFET: AN X-RAY DOSIMETER 

6.2.1 Device Design and its Description  

For irradiated TGRC MOSFET device, threshold voltage, hole trap density, maximum 

on-current are usually the most relevant parameters. The radiation-induced changes 

are reported in this paper based on these parameters. Our device consists of the 

transparent gate made of indium tin oxide (ITO) as shown in Figure 6.1 and the 

design parameters are given in Table 6.1 (Kumar et al, 2018a). ITO is a wide band 

gap material that exhibits the special property of high optical transmittance (~90%) in 

the visible region of the spectrum combined with a high electrical conductivity 

(Morgan et al, 1995). As the radiation sensitivity is found to be dependent on the 

absorbed dose, ITO having high optical transmittance is expected to enhance the 

overall trapping of the incident radiation dose. 
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Figure 6.1: Simulated device structure of TGRC-MOSFET (Kumar et al, 2018a). 

 

Table 6.1: Design Parameters of TGRC MOSFET (Kumar et al, 2018a). 

 

This work is based on direct incident radiation for very short duration in the 

simulation process. The values are found immediately after irradiation and continuing 

irradiation for a long time period has been avoided for the device protection. Strict 

constraints are applied on the device dimensions as the intended application – 

implantable clinical dosimeter will require additional space for peripheral electronic 

components.  

Moreover, the power consumption is one of the major issues for a 

semiconductor device. It is found that DC power starts increasing with increase in 

gate voltage and its value is smaller in TGRC MOSFET in comparison to 

conventional MOSFET as shown from Figure 6.2. This improvement is due to lower 

off current and improved current driving capability. In addition, TGRC MOSFET is a 
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less AC power consumption device as compared to conventional MOSFET as shown 

in Figure 6.2. 

 

Figure 6.2:  AC power (PAC) and DC power (PDC) w.r.t. Vgs; for TGRC MOSFET and 

conventional MOSFET (Kumar et al, 2018a). 

6.2.2 Simulation Methodology and Calibration 

For TCAD simulations, various models have been taken into effect such as, for 

mobility of carriers under the influence of changing electric field, we have included 

Parallel Electric Field Dependence model which takes care of all the parameters 

affecting the mobility of carriers including velocity saturation effect (SILVACO, 

2011). To predict the behavior of the device undergoing radiation, it is extremely 

crucial to accurately model the movement of carriers so that simulated charge 

trapping is almost identical to practical device undergoing irradiation. For carrier 

generation-recombination, we have implemented concentration-dependent Klaassen 

Shockley-Read-Hall (klasrh) Recombination model as it can include concentration-

dependent lifetime of carriers (SILVACO, 2011).  

As electron-hole pair generation-recombination is a key phenomenon in 

predicting the behavior of MOSFET after irradiation, it can be most accurately 

modeled via klasrh model. To model the trap states of the carrier in oxide and 

interface region, we have included bound trap model as it allows us to specify energy 

level requirement of trapped states. The above-selected models account for almost the 

entire device physics associated with the MOSFET, thereby producing extremely 

accurate results. 
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Figure 6.3: (a) Experimental (Xiao-Hua et al, 2006) and simulation of Ids-Vgs characteristics of 

140 nm gate length grooved gate (recessed channel) MOSFET. (b) Modelled (Sreelal et al, 2002) 

and simulation of Ids-Vgs characteristics of 50.8 nm gate length recessed channel MOSFET. (c) 

Calibration of experimental (Berland et al, 1991) and simulation results with shift in threshold 

voltage (∆VTH) under irradiation up to 104 kRad (Kumar et al, 2018b). 

To validate the simulation models, both the experimental (Xiao-Hua et al, 

2006) and modeled data (Sreelal et al, 2002) have been extracted and calibrated as 

shown in Figure 6.3(a) and 6.3(b) respectively. The fabricated data (Xiao-Hua et al, 

2006) is extracted from a grooved gate trapezoidal like structure of 140 nm gate 

length which is similar to U-groove gate. The corner effect (error) (Chaujar et al, 

2008a) (∆ɛ/Leff) is less than 0.6%, which is almost negligible as depicted in Figure 

6.3(a).  Further to validate the results the simulated models have also been calibrated 

with modelled data (Sreelal et al, 2002) for 50.8 nm gate length (channel length 

(LG+2(NJD+tox))=85.8 nm) which is also in good agreement as evident from Figure 

6.3(b), thus reflecting the validity of simulation models. 
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Further, to show simulation validity of radiation dose, we have compared our 

simulation results [shown in Figure 6.3(c)] with those of experimentally obtained 

parameters by V. Berland, and A. Touboul (Berland et al, 1991). To compare the 

results, we have scaled our device dimensions similar to that of experimental device, 

by changing gate length to 20 µm and gate oxide thickness to 23 nm. Additionally 

buried oxide of thickness 380 nm is introduced to match with the experimental device. 

Simulations for radiation dose up to 104 kRad are done and change in threshold 

voltage is compared with our device as shown in Figure 6.3(c), which predicts almost 

similar results with a small margin of error. Thus, it validates the accuracy of 

simulation models after irradiation.    

6.2.3 Results and Discussion 

A. Impact of X-Ray Doses  

TCAD Simulation of TGRC MOSFET undergoing irradiation shows that a significant 

number of holes are trapped in the SiO2 gate oxide layer and the area of gate oxide as 

68nm2 (2nm × (2+30+2 nm)) is considered. As depicted in Figure 6.4, the trapped 

hole density is maximum (6×108 cm-2) near the oxide-substrate interface.  

 

Figure 6.4: Trapped hole density profile along the oxide substrate interface, having oxide 

thickness 2nm, and oxide area 68 nm2 (Kumar et al, 2018a). 

In our simulation, the maximum hole trap density is found out to be 6 × 108 

(Dnr/cm2) for a total ionizing dose of 10k rads. This accumulation of charge due to 

trapping of holes accounts for the maximum change in the electrical characteristics of  
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Figure 6.5: Contour plots of (a) Surface potential; (b) Hole concentration; (c) Electron 

concentration; (d) Electric field and (e) Conduction current density on TGRC-MOSFET 

(tox=2nm) with 1000 RadX-ray dose (Kumar et al, 2018a). 

-the device. The overall sensitivity of the dosimeter is dependent on trapped hole 

concentration in the oxide layer, and to maximize this, we needed strong electric field 

inside the oxide layer which can significantly reduce the electron-hole recombination 

thereby increasing the trapped hole concentration. This has been achieved with 

multiple simulations and with hit and trial approach, we were able to generate electric 

fields as high as 7 MV/cm in the oxide region as shown in Figure 6.5(d) and 

corresponding biasing which allowed such high field is depicted in Figure 6.5(a). To 
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illustrate the conduction channel which is formed, we've included detailed contours 

showing the charge carrier concentration in the device as shown in Figure 6.5(b) and 

6.5(c). 

In TGRC MOSFET, due to the accumulation of trapped holes near the oxide-

substrate interface, there is a negative shift in the threshold voltage of the device as 

shown in Figure 6.6. VTH is obtained using the single derivative method by analyzing 

the drain to source current (Ids) vs. gate to source voltage (Vgs) curve. The evaluated 

values of threshold voltage show a linear dependence on applied radiation dose and 

the threshold voltage shift being negative (shown in Figure 6.6). The threshold 

voltage shift (│VTH-SHIFT│) has been evaluated (as │(VT-VT0)│, where VT is the 

threshold voltage after irradiation (0.5k-10k Rad) and VT0 is the threshold voltage 

without irradiation and is plotted as shown in Figure 6.7. The radiation dose has been 

considered from 0.5kRad as in radiotherapy, daily doses could range from 50Rad up 

to 2500Rad. In some specific medical treatments such as lung cancer, specific doses 

are required for specific patient and it is also more important to analyse which x-ray 

doses are delivered to the organs (Nakamura et al, 2018). 
 

 
Figure 6.6: The impact of X-ray radiation damage on the current-voltage characteristics of 

TGRC MOSFET at tox=2nm (Kumar et al, 2018a). 

The proposed device having low operating voltages along with small drain to 

source current (Figure 6.8(a)) has extremely low power consumption (see Figure 

6.2) which enhances the overall usage time with limited power supply, hence 

increasing its applicability as an implantable dosimeter. In the conventional 
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MOSFET, hot carrier injection leads to impact ionization which causes excess of 

electrons to flow through gate oxide and thus leads to degradation in sensitivity and 

maximum drain current as shown in Figure 6.12 and Figure 6.8(b) respectively.  

 
      (a)                                                                                      (b) 

Figure 6.7: Threshold Voltage Shift due to radiation on (a): TGRC MOSFET and, (b): 

Conventional MOSFET (Kumar et al, 2018a). 

Trapped hole density is plotted for varying radiation doses along the oxide 

layer which confirms the theoretical prediction that maximum hole trapping is related 

linearly to the incident radiating dose (0.5k-10k Rad) as depicted in Figure 6.9. Due 

to increasing radiation dosage, more electron-hole pairs are generated which 

consequently enhances the number of trapped holes in the oxide-substrate interface 

region. 

 
                                               (a)                                                                                 (b) 
Figure 6.8: The impact of radiation dose on the maximum drain to source current for (a): TGRC 

MOSFET and, (b): Conventional MOSFET (Kumar et al, 2018a). 
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Figure 6.9: Trapped hole density profile along the oxide substrate interface (Kumar et al, 2018a). 

By increasing the radiation dosage (0.5k-10k Rad), we are increasing the 

trapped hole density in the Si/SiO2 interface region as shown in Figure 6.9 and 

Figure 6.10, thereby making it abundant in positive charge. Due to the accumulation 

of charge, the overall channel being formed is enriched with more attracted electrons. 

Due to increase in the attracted electrons at the surface, VTH decreases (│VTH-SHIFT│ 

increases) as shown in Figure 6.7. Ultimately, there is a significant change in 

threshold voltage in TGRC MOSFET as compared to conventional MOSFET upon  

 
Figure 6.10: The impact of varying radiation dosage on maximum hole trap density (Kumar et al, 

2018a). 

-application of radiation, and this change is uniform up to 10kRad dose as reflected in 

Figure 6.7(a) and 6.7(b) respectively. Hence, it can be used as a sensor for detecting 

X-ray radiation dose up to 10kRads. This particular range of measurement comes 

close to the amount of radiation being used in X-ray radiation therapy which is 

approximately few Rad of dose. Thus, the proposed device (TGRC MOSFET) can be 
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effectively used as a dosimeter in a situation where device dimensions are limited to 

few nanometers having sensitivity up to 1.11 mV/kRad (at 6 nm oxide thichness).  
 

B. Effects of Varying the Oxide Thickness on Radiation Sensitivity 

The electrical behavior of TGRC MOSFET during the process of irradiation is greatly 

influenced by the thickness of the gate oxide layer. As we increase or decrease the 

thickness of oxide layer, consequently the channel length (LCH(=LG+2(NJD+tox)) is 

also modified. Further, to validate TGRC MOSFET as a dosimeter, sensitivity of the 

device is compared with the conventional MOSFET (as shown in Figure 6.11) and it 

is found that, the conventional MOSFET (where gate length and the channel length is 

same (LG = LCH = 54 nm)) is less sensitive (0.652 mV/kRad) as compared to TGRC 

MOSFET (1.11 mV/kRad) owing to reduced current driving capability due to short 

channel effects which dominates at sub-30 nm gate length. These results show that 

TGRC MOSFET provides improved performance than conventional MOSFET.  

 
Figure 6.11: Dependency of Radiation Sensitivity on Oxide Thickness in TGRC MOSFET and, 

Conventional MOSFET (Kumar et al, 2018a). 

The effect of increasing the oxide thickness in our device has also been 

simulated, and observed this increase in oxide thickness, leading to increased 

threshold voltage VTH and decreased ON-current of the device as shown in Figure 

6.12 and Figure 6.13. As we gradually increase the oxide thickness from 2nm to 6nm, 

the overall volume of SiO2 receiving total ionization dose is greatly enhanced leading 

to greater number of electron-hole pair generation-recombination and ultimately 

increased trapped hole states in the oxide-substrate interface.  
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Figure 6.12: Variation of ON current with radiation dosage for different oxide thickness (Kumar 

et al, 2018a). 

To evaluate the radiation sensitivity of the device, we used the slope of the 

graph from Figure 6.6. With the decrease in thickness of gate oxide, radiation 

hardness improves (Benedetto & Boesch, 1986; Schwank et al, 2008). Thus, the shift 

in threshold voltage is more substantial in thicker oxide as depicted in Figure 6.13, 

which in turn points out that if we want to design highly sensitive dosimeter, thicker 

oxide is essential, but under dimensional constraints or space critical application, as in 

case of clinical dosimeter this reduced sensitivity can be mitigated by external 

amplifier circuits. 

Saks et al. (Saks et al, 1984) predicted that for oxide layer, the threshold 

voltage changes with radiation dose as the square of the oxide thickness (Radiation 

Sensitivity α (Oxide Thickness)2), suggesting the uniform distribution of generated 

electron-hole pair and trapped states throughout the oxide-substrate interface. For 

comparatively thinner oxides (less than 20nm), threshold voltage shifts show slightly 

less (tox)2 thickness dependence which can be easily inferred from the results shown in 

Figure 6.11 (sensitivity up to 1.11 mV/kRad at 6 nm oxide thichness) and Figure 

6.13. As the proposed device is optimized to generate threshold voltage shift which 

depends linearly on applied radiation dose, the simulations confirm that TGRC 
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MOSFET will generate almost linear results within 2 to 6 nm oxide thickness range. 

Thus, 6nm oxide thickness is the optimal oxide thickness for the TGRC as dosimeter.  

 
Figure 6.13: Threshold voltage shift with variation in radiation dosage for various oxide 

thicknesses (Kumar et al, 2018a). 

 

6.3 ULTRA-LOW POWER DIELECTRIC MODULATED NANO-

GAP EMBEDDED IN2O5SN GATE ELECTRODE RECESSED 

CHANNEL MOSFET FOR BIOSENSING APPLICATION 

6.3.1 Device Structure 

The 3D device structure of biosensor considered in this work is shown in Figure 6.14. 

For immobilization of biomolecules, a small nano-cavity is created in the gate 

insulator region, since it is the most important region in determining the behavior and 

characteristics of CMOS.  Here, Lgap is the length of Nano-gap cavity (8 nm), tox is the 

oxide thickness (2 nm), and LG, the gate length is taken 20 nm. The source and drain 

regions are highly doped with an n-type impurity of 5×1019 cm-3, and the substrate is 

doped with a p-type impurity of 1×1017 cm-3 as shown in Figure 6.14. Negative 

Junction Depth (NJD) is taken as 10 nm, Gate workfunction of ITO (ΦITO) is 4.7eV. 
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Gate bias (Vgs) is 0.7 V and Drain bias (Vds) is 0.2 V throughout the analysis unless 

stated otherwise.  

 

 

Figure 6.14: Schematic structure of TGRC-MOSFET as a biosensor (Kumar et al, 2018e). 

The absorption of different biomolecules is modeled by introducing insulator 

with dielectric constant same as that of a particular biomolecule in the Nano-gap 

cavity. The unfilled cavity (i.e. no bio-molecules is present) is modelled by using an 

insulator having dielectric constant k=1 and dielectric constant of different  

biomolecules as: streptavidin (k=2.1) (Busse et al, 2002), biotin (k=2.63) (Densmore 

et al, 2008), 3-aminoppropyltriethoxysilane (APTES) (k=3.57) and protein (k=8) 

(Kim et al, 2012). Streptavidin-biotin is used to detect Marek’s disease virus (MDV) 

using enzyme-linked immunosorbent assay (ELISA) method (Davidson et al, 1986) 

while APTES functions as a facilitator to immobilize biomolecules on the surface in 

the detection process of dengue virus (Zhang et al, 2010). 

6.3.2 Results and Discussion 

It can be observed from the transfer characteristics of a biosensor (Figure 6.15(a)), 

that when the neutral biomolecules are immobilized (k>1) in the cavity, ON-current 

enhances significantly in comparison to the absence of biomolecule (k=1) owing to 

increased value of dielectric constant which increases the transconductance as well 

(shown in Figure 6.15(b)). For the different biomolecules, ammeter indicates the 

different value of current by which the biomolecule can be identified (Im et al, 2007). 

 



Chapter 6 In2O5Sn Gate Electrode Recessed Channel… 

  

138 Ajay Kumar 

 

 
Figure 6.15: (a) Transfer characteristics and (b) Transconductance (gm); of Nano-gap embedded 

TGRC-MOSFET in the presence of biomolecules (Kumar et al, 2018e). 

Due to increase in ON-current, the switching ratio (ION/IOFF) also increases 

with a dielectric value as shown in Figure 6.16(a). Thus, the change in drain current, 

enhancement in ION and switching ratio for a particular biomolecule can be used as a 

key parameter to detect/sense the specific biomolecule. Further, sensitivity is one of 

the critical parameters for the proposal of a device as a biosensor. In this work, 

sensitivity (S) is defined as given in equation (6.1)- 

 
Figure 6.16: (a) Switching ratio (ION/IOFF) and (b)  Impact on sensitivity variation of the various 

biomolecules at 0.2V drain voltages for TGRC-MOSFET (Kumar et al, 2018e). 
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Figure 6.16(b) reflects the sensitivity of different biomolecules and it is 

clearly evident that the sensitivity of protein biomolecules (k=8) is higher as 
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compared to streptavidin, biotin, and APTES (2.1, 2.63, and 3.57 respectively) as the 

uniform dielectric indicates a specific biomolecule with 100% filled cavity. 
 

 
Figure 6.17: Threshold voltage shifts for different biomolecules in TGRC-MOSFET (Kumar et 

al, 2018e). 

The threshold voltage is used for detection purpose as a sensing parameter, and 

it is directly related to the dielectric constant. Threshold voltage defines the specific 

gate voltage at which drain current is equal to 10-7 (A/µm) in this work. The threshold 

voltage enhances as the related dielectric constant of the biomolecule is increased, and 

the same results are observed for TGRC-MOSFET in which threshold voltage 

increases with dielectric constant, as shown in Figure 6.17. The threshold voltage 

shift (∆VTH) of 3.5 mV, 5.3 mV, 8.2 mV and 17.2 mV is observed when dielectric 

constant changes from the unfilled cavity to the filled cavity with k=2.1, 2.63, 3.57, 

and 8; as reflected in Figure 6.17.  

Sometimes threshold voltage shift (∆VTH) is also called the sensitivity of the 

biosensor, and it is defined as ∆VTH = VTH (after absorption of the molecule) - VTH 

(air-filled cavity) (Choi et al, 2010; Kannan & Kumar, 2013). Threshold voltage shift 

is directly proportional to the permittivity of the absorbed neutral biomolecule and is 

given in equation (6.2).  

bioTH kV ∝∆                                                                        (6.2) 
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Figure 6.18: (a) Effect on surface potential in the presence of biomolecules along the channel 

from source to drain in TGRC-MOSFET. (b) Contour plot of surface potential in the presence of 

biomolecules (for k=1, 2.1, 2.63, 3.57 and 8) along the channel from source to drain in TGRC-

MOSFET (Kumar et al, 2018e). 

Thus, it can be said that higher the absolute value of ∆VTH, the better the 

sensitivity of biosensor as ∆VTH also represented the sensitivity of the device and the 

threshold voltage shift towards the higher gate voltage in the presence of biomolecule 

in the nano-gap cavity (Ahangari, 2016). In addition, the electrical performance of 

TGRC-MOSFET biosensor is also examined in terms of surface potential as shown in 

Figure 6.18(a). Under the cavity region, the deformation of potential appears 

(effectively at drain end). When biomolecules are immobilized in the cavity, the 

change in potential is observed due to change in dielectric constant of bio-molecules. 

Hence, the shift in potential can detect the presence of biomolecules in the cavity 

region. Contour plots of surface potential clearly show the change in potential when 

biomolecules are immobilized in the Nano-cavity as shown in Figure 6.18(b).      
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Figure 6.19: Effect on energy bands: (a) Conduction band and (b) Valence band along the 

channel in the presence of biomolecules in TGRC-MOSFET (Kumar et al, 2018e). 

Figure 6.19(a) and Figure 6.19(b) reflects the energy band profile (Abdi & 

Kumar, 2015) in terms of conduction band energy. When the biomolecules are 

immobilized in the Nano-gap cavity then, change in conduction band energy and 

valence band energy is clearly evident as shown in Figure 6.19(a) and 6.19(b). The 

shift in energy band is more prominent for those biomolecules having dielectric 

constant 3.57 while less prominent for protein, streptavidin and biotin molecules 

biomolecules in comparison to the case of absence (Kranti & Armstrong) of 

biomolecules as reflected in Figure 6.19(a) and 6.19(b). Thus, TGRC can also be 

used as a low power sensing device due to effective change in energy band profiles at 

low drain bias (0.2 V) for different biomolecules.  

Moreover, it is also observed from Figure 6.20(a) that, in the presence of 

various biomolecules (k=2.1 to k=8) the electron temperature decreases (~510K) due 

to high-k (biomolecules) dielectric in the nano cavity-gap, due to which the leakage 

currents such as hot electron injected gate current and impact ionization substrate 

current are almost eliminated, and thus ION (shown in Figure 6.15(a)) and sensitivity 

of the device enhances. Contours plot clearly represent how the temperature varies 

when the biomolecules come into the Nano-gap cavity, as shown in the Figure 

6.20(b). With the change in temperature, change in dielectric constant can 

detect/sense about which biomolecules are present.  
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Figure 6.20: (a) Effect on electron temperature along the channel from source to drain and (b) 

contour plot of electron temperature, in the presence of biomolecules in TGRC-MOSFET 

(Kumar et al, 2018e). 

 

 

Figure 6.21: Electron current density along the channel from source to drain in the presence of 

biomolecules in TGRC-MOSFET (Kumar et al, 2018e). 

Furthermore, electron current density (Stern et al, 2008) has been observed in 

the presence and absence of different biomolecules in the nano cavity-gap as shown in 

Figure 6.21. In the proposed biosensor, it is evident that the electron current density 

is very low when the nano cavity-gap is unfilled (for air, k=1) and when the nano 

cavity-gap is filled with the different biomolecules in increasing order of dielectric 

constant then, the electron current density is also increased. For higher current 

density, ION will be high due to which the switching ratio is also higher. Thus, the 

device will be more sensitive when the nano cavity-gap is filled with biomolecules 

and the sensitivity is higher for higher dielectric constant (as shown in Figure 
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6.16(b)). It has also been observed from Figure 6.21 that, electron current density is 

higher just below the nano cavity-gap due to higher gate controllability of TGRC-

MOSFET owing to ITO as a gate material.  

A. Effect on Parasitic Capacitances 

The presence of biomolecule can be easily observed with the change in stray 

capacitances because the stray (parasitic) capacitances of a field effect transistor are 

altered by changing the dielectric constant of gate oxide. From Figure 6.22(a) and 

Figure 6.22(b), it is observed that the gate to source capacitance (Cgs) and gate to 

drain capacitance (Cgd) is altered (increased) by changing (increasing) the 

corresponding dielectric constant of k=2.1, 2.63, 3.57 and 8 in comparison to unfilled 

cavity gap.  
 

 
Figure 6.22: (a) Effect on parasitic capacitances (a) Cgs (b) Cgd (c) Cgg; in the presence of 

biomolecules in TGRC-MOSFET (Kumar et al, 2018e).   



Chapter 6 In2O5Sn Gate Electrode Recessed Channel… 

  

144 Ajay Kumar 

 

When Vgs increases, the accumulation of charge carriers near the gate 

increases (Kumar et al) and as a result, gate-source capacitance and gate-drain 

capacitance increases. Similarly, gate capacitance (Cgg) is altered in the presence 

different dielectric constant and when Vgs increases, the accumulation of charges at 

the gate increases and thus increases the gate capacitance (Kumar et al) as shown in 

Figure 6.22(c). When the molecules having higher dielectric constant are 

immobilized, then the change in the capacitances is more prominent while less 

prominent for lower dielectric constant as evident from Figure 6.22(a), (b) and (c). 

Parasitic capacitances must be as low as possible in a semiconductor device for high-

performance applications. Here, all the parasitic capacitances (Cgs, Cgd and Cgg) which 

have been evaluated in the presence of different biomolecules, are quite low in the 

femtofarad scale. 

 

B. Noise Assessment  

In the presence of any external agent/biomolecules in the channel region of CMOS, 

the electrical behavior in terms of I-V characteristics gets altered. This shift in I-V 

characteristics and other electrical behavior used as a key parameter for the detection 

of biomolecules is clearly observed in previous sections. But on the contrary, these 

carriers or biomolecules sometimes leads to noise which also degrades the biosensor 

performance. Therefore, to examine the noise immunity of proposed biosensor, noise 

FOMs such as minimum noise figure, noise conductance, etc. has also been studied 

w.r.t. frequency (Gupta & Chaujar, 2016a). 

It is evidently shown in Figure 6.23(a) and Figure 6.23(b), as biomolecules 

are immobilized in the cavity, all the noise parameters (noise conductance and min 

noise figure respectively) improve significantly at high frequency. This observation is 

mainly attributed to the transparent conducting material (ITO) in the TGRC-MOSFET 

architecture because, in a transparent material, random motion of free electrons 

decreases. In transparent conducting material, the temperature rise is not much 

significant [shown in Figure 6.20(a)] when the concentration of charge carriers is 

increased, due to which noise immunity of TGRC biosensor in the presence of 

biomolecules improves. 
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Figure 6.23: (a) Noise conductance, (b) Minimum noise figure, and (c) Optimum source 

impedance; in the presence of biomolecules in TGRC-MOSFET at GHz frequency range (Kumar 

et al, 2018e). 

Furthermore, Figure 6.23(c) reflects another noise parameter called optimum 

source impedance (ZOPT=ROPT+jXOPT) with respect to frequency for different 

biomolecules and it is observed that optimum source impedance is nearly zero for 

higher frequency when the nano cavity-gap is empty and further, it is increased when 

the dielectric constant of the biomolecule is increased which reflects that the device 

exhibits less noise in the presence of biomolecules and thus the device is suitable for 

the bio-sensing applications. 

C. Effect of Nano-gap Cavity Length    

Moreover, the effect of cavity length (Lgap) (Abdi & Kumar, 2015) has also been 

observed in this work with an aim to investigate how much the sensitivity and thus the 

performance of biosensor vary with change in gap length.  
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Figure 6.24: (a) The impact of length of cavity gap variation on switching ratio, (b) The impact of 

length of cavity gap variation on Sensitivity, and (c)  The impact of length of cavity gap variation 

on Threshold voltage; for different biomolecules in TGRC-MOSFET (Kumar et al, 2018e). 

Figure 6.24(a) shows with an increase in cavity gap length, ION/IOFF ratio 

reduce evidently due to increase in OFF current owing to higher capacitance. 

Moreover, the sensitivity of TGRC-biosensor is also observed at different cavity gap 

length and it is found that sensitivity increases significantly with the increase in Lgap 

as shown in Figure 6.24(b). From the figure, it is also observed that the sensitivity 

increases from a lower value of k to a higher value of k (for each Lgap). Thus, with 

Lgap=20nm, nano-gap embedded TGRC-biosensor shows better sensitivity at k=8 

(protein) biomolecules in comparison to other biomolecules. Figure 6.24(c) displays 

the change in threshold voltage due to change in Lgap (from 8 nm to 20 nm) for 

different biomolecules and it is observed that more noticeable change in threshold 

voltage (due to change in dielectric constant) is used as one of the sensing parameters 

for detection of biomolecules. Thus, 20nm cavity-gap length of TGRC MOSFET 
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show optimum performance and hence, can be employed as a low power, high 

sensitive biosensor to diagnose various associated diseases.    

6.4 SUMMARY 

The first part of this chapter propopsed an x-ray dosimeter which is able to achieve 

radiation sensitivity up to 1.11 mV/kRad in TGRC MOSFET. In 1k to 10kRad dose 

range, the electrical characteristics of the MOSFET have shown an almost linear 

trend. Threshold voltage showed a linear negative shift and ON current, a linear 

positive shift. We further investigated the effects of varying the oxide thickness on 

radiation sensitivity, as oxide thickness is one of the most important factors 

responsible for threshold voltage shift, our dosimetric parameter. An increment of 

246% in sensitivity was observed when we increased oxide thickness from 4nm to 

6nm and decrement of 81 %, when we reduced oxide thickness from 4nm to 2nm. 

Hence, for TGRC MOSFET to be used as a dosimeter, thicker oxide is recommended, 

but under dimensional constraints: 2nm, 4nm, 6nm, oxide thickness generated 

acceptable threshold voltage shift, thus can be effectively used as a dosimeter. In 

future medical applications, the proposed device can be used as implantable dosimeter 

due to extremely small form factor (nano-scale dimensions) leading to accurate dose 

determination which is of utmost requirement in medical dosimetry.  

The second part of this chapter explores nano-gap embedded; ITO gated 

Recessed Channel MOSFET as a biosensor. For the detection of various 

biomolecules, electrical behavior was studied in terms of threshold voltage shift, 

sensitivity, switching ratio, surface potential, capacitance and noise FOMs. Results so 

obtained clearly revealed that due to ITO gate in the nano-gap cavity, the electrical 

performance of the TGRC biosensor enhances significantly and sensitivity of a 

biosensor is higher in case the high dielectric value of biomolecule. It is found that 

with protein biomolecule (k≈8), sensitivity is higher amongst the rest with higher 

noise immunity. Thus, TGRC-MOSFET biosensor proves to be a favorable device for 

the sensing applications owing to its high sensitivity and low power electrical 

detection property of different biomolecules. Further, the efficacy of cavity gap length 

is also examined for switching ratio, VTH, and sensitivity of proposed biosensor and 
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found that sensitivity increases with increase in cavity length but overall biosensor 

performance slightly degrades. Therefore, there is need to optimize the value of cavity 

gap length for better performance. As sub-20nm TGRC-MOSFET can be, thus 

employed at a low noise, high speed and high sensitive biosensor for the detection of 

various associated diseases.  
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7  

CHAPTER 
 

Conclusion and Future Scope 

 This chapter recapitulates the overall work carried out in this thesis.  

 In addition, the concrete conclusion drawn from the results obtained are also 
briefly highlighted.  

 Thereafter, this chapter describes the possible future scope of the work that 
could be done in future to extend the research.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 7 Conclusion and Future Scope 

  

156 Ajay Kumar 

 

7.1 CONCLUSION 

CMOS scaling has been the driving machinery for the ever-increasing number of 

functionalities and significant miniaturization of the integrated circuits (ICs) enabling 

this era of big data and internet of things (IoT). Therefore, there is a need to explore 

new device structure with innovative material which extends Moore’s Law. In this 

regard, a planar device structure called transparent gate recessed channel (TGRC) 

MOSFET has been proposed with In2O5Sn, a transparent conducting material which 

improves device efficiency and reduces short channel effects that could assist next-

generation logic transistor operational at less than 0.2 V. In this thesis, all types of 

scaling issues of proposed device structure, i.e., TGRC MOSFET have been critically 

scrutinized and compared with the conventional structures. The analysis exemplified 

that this device structure has overcome the drawbacks faced by conventional 

structures and provides an extremely high packing density with improved device 

performance. Moreover, to overcome various challenges during the fabrication of 

non-planar devices, In2O5Sn has been integrated on recessed channel MOSFET to 

acquire lower SS, higher ION, along with low leakage current. Furthermore, for the 

comprehensive study of the analog, linearity, and intermodulation distortion analysis 

of TGRC MOSFET has been explored in Chapter 2 with the impact of trench gate 

and gate length miniaturization at sub-30 nm regime. From the investigation, it has 

been found that TGRC MOSFET achieves high current driving capability due to ITO 

as a gate material in comparison to conventional MOSFETs which results in high 

transconductance (increased by 32.1% and 35% compared to conventional MOSFET 

and CRC-MOSFET respectively) and improved device efficiency. Further, it is also 

observed that TGRC exhibit a significant enhancement in peak values of VIP2, VIP3, 

1-dB compression point, IIP3 and lesser values of the IMD3 and HD3 in comparison 

to its counterparts at 5 nm NJD and 20 nm gate length. Therefore, TGRC-MOSFET 

delivered enriched analog and linearity performance in terms of superior input power 

and lesser signal distortion. Moreover, it is also analyzed that with the tuning of 

TGRC’s parameters such as LG and NJD, its analog and linearity performance 

enhances appreciably owing to enhanced current driving capability and reduced gm3 

(distortions). Therefore, the proposed TGRC-MOSFET is prominent for high scale 
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integration, which can be developed for RFIC design and it is also a favorable 

candidate for ultra-low power, analog, and distortion-less application.  

In addition, for sub-nm devices, reliability is of serious concern, owing to 

various process/stress/radiation damages that induce interface charges at the Si-SiO2 

interface. Ideally, the impact of interface defect along the Si-SiO2 interface is 

neglected in almost all the research articles. However, practically a large number of 

positive/negative charges are present along the Si-SiO2 interface and also ionic 

charges may be found within the SiO2 layer. These interface trap charges (ITC) may 

be reduced significantly by advanced fabrication techniques but can never be 

uprooted, and thus they appear inevitably in any fabricated transistor. Thus, to ensure 

the reliability of the device, it is essential to investigate the characteristics of the 

device in the presence of various ITCs that is a primary focus area in Chapter 3. 

Along with the influence of ITCs on the static, linearity, and distortion FOMs, 

low-temperature reliability has also been explored in the proposed device structure 

and has also been compared with conventional recessed channel (CRC) MOSFET 

through extensive device simulations. The proposed device is suitable for high 

switching applications even in the presence of trap charges. It has been shown that the 

TGRC MOSFET exhibit superior current driving capability, high linearity (VIP3 and 

IIP3) with low distortions. It has also been observed that TGRC MOSFET is more 

immune to ITC even in the density variation with different polarity (acceptor and 

donor). Likewise, it is also found that TGRC-MOSFET at low temperature (150K) in 

the presence of ITCs show negligible variation in device behavior in terms of Ids, gm, 

VIP3, IIP3, HD2, HD3, and IMD3. Thus, it signifies that TGRC-MOSFET is more 

reliable at low temperatures and serves as a promising candidate for analog and low 

power-high linearity applications.  

Moreover, highly scaled TGRC MOSFET that promises the high integration 

must ensure the excellent switching performance and must guarantee for the 

minimum parasitic capacitances. Thus, to ensure for the superior switching 

performance of the proposed device, i.e., TGRC MOSFET has been explored for 

various capacitance dependent Figure of Merits (FOMs) and is the central point of 
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discussion in Chapter 4. Thus, Chapter 4 analyzes the capacitance-voltage 

characteristics of In2O5Sn gate electrode recessed channel MOSFET with 30 nm gate 

length to examine the parasitic capacitances. The simulated results are then used to 

isolate the parasitic capacitances. The effect of In2O5Sn gate electrode (as a 

transparent gate electrode) in recessed channel MOSFET has been studied in terms of 

bias and frequency-dependent parasitic capacitances and capacitance dependent 

FOMs such as TFP, EDP, and GBP for high switching performance. It is observed 

that with the amalgamation of In2O5Sn with RC MOSFET, parasitic capacitances 

decrease in comparison to aluminium gate metal (CRC MOSFET). When the gate 

length reduces to 20 nm, then the parasitic capacitances get reduced, and the overall 

parasitic capacitances reduce in TGRC architecture by ~25%. Hence, the device is 

more suitable at the sub-20 nm regime. It is also found that with the variation in 

frequency, parasitic capacitance reduces due to the high current driving capability of 

TGRC MOSFET; thus, TGRC architecture proves to be a promising contender for 

high frequency/switching applications in 22 nm node technology.  

In addition to superior switching performance with reduced parasitic 

capacitances, highly scaled MOSFET that promises the high integration must ensure 

the excellent RF performance. Thus, to ensure for the superior RF/microwave 

performance, TGRC MOSFET has been explored in terms of small signal modeling 

and RF Figure of Merits (FOMs) in Chapter 5. Chapter 5 discusses the non-quasi-

static (NQS) small signal modeling of TGRC-MOSFET in terms of microwave and 

electrical parameters, i.e., impedance, admittance, and hybrid parameters. It is found 

that TGRC-MOSFET shows high input impedance and low output impedance owing 

to the transparent gate which improves the current driving capability and thus the 

device HF performance in comparison to conventional RC MOSFET. Further, the 

transfer impedance also improves in TGRC device as compared to the conventional 

device due to reduced SCEs and high ON current which enhances the ultimate gain of 

the device and thus can be useful in wireless/millimeter wave applications. Moreover, 

the calculated model results of small signal parameters are in good agreement with the 

simulation results so obtained at the THz range and thus validated the small signal 
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model. Results show that the proposed device is best suited for superior 

RF/Microwave applications. 

After discussing the high switching and superior RF performance of TGRC 

device, it is further used for sensing application such as radiation sensor (as a 

dosimeter) and biosensor in Chapter 6 with higher sensitivity in sub-20 nm regime. 

Chapter 6 is primarily divided into two parts; the first part of the chapter proposes 

the application of TGRC-MOSFET as an x-ray dosimeter which is able to achieve 

radiation sensitivity up to 1.11 mV/kRad. In 1k to 10kRad dose range, the electrical 

characteristics of the MOSFET have shown an almost linear trend. Threshold voltage 

showed a linear negative shift and ON current a linear positive shift. We further 

investigated the effects of varying the oxide thickness on radiation sensitivity, as 

oxide thickness is one of the most important factors responsible for threshold voltage 

shift, a dosimetric parameter. An increment of 246% in sensitivity was observed when 

we increased oxide thickness from 4 nm to 6 nm and decrement of 81 % when we 

reduced oxide thickness from 4 nm to 2 nm. Hence for TGRC MOSFET to be used as 

a dosimeter, the thicker oxide is recommended, but under dimensional constraints: 

2nm, 4nm, 6nm, oxide thickness generated acceptable threshold voltage shift. Thus it 

can be effectively used as a dosimeter. In future medical applications, the proposed 

device can be used as an implantable dosimeter due to extremely small form factor 

(nano-scale dimensions) leading to accurate dose determination which is the utmost 

requirement in medical dosimetry.  

The second part of this chapter explores nano-gap embedded; ITO gated 

Recessed Channel MOSFET as a biosensor. For the detection of various 

biomolecules, electrical behavior was studied in terms of threshold voltage shift, 

sensitivity, switching ratio, surface potential, capacitance, and noise FOMs. Results so 

obtained clearly revealed that due to ITO gate in the nano-gap cavity, the electrical 

performance of the TGRC biosensor enhances significantly and sensitivity of a 

biosensor is higher in case of high dielectric value of biomolecule. It is found that 

with protein biomolecule (k≈8), sensitivity is higher amongst the rest with higher 

noise immunity. Thus, TGRC-MOSFET biosensor proves to be a favorable device for 
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the sensing applications owing to its high sensitivity and low power electrical 

detection property of different biomolecules. 

Further, the efficacy of cavity gap length is also examined for switching ratio, 

VTH, and sensitivity of proposed biosensor and found that sensitivity increases with an 

increase in cavity length, but overall biosensor performance slightly degrades. 

Therefore, there is a need to optimize the value of cavity gap length for better 

performance. Hence, sub-20nm TGRC-MOSFET can be employed at low noise, high 

speed and high sensitive biosensor for the detection of various associated diseases.  

By achieving these research objectives, we can give the design of an optimum 

device which can be used efficiently in analog/digital and sensing applications. Also, 

results so obtained can be served as a worthy design tool for design and process 

engineers in medical applications. 

7.2 FUTURE SCOPE 

The key encompassing objective of this thesis is to design an In2O5Sn gated recessed 

channel MOSFET which can overwhelm the major shortcomings of conventional 

MOSFET. Further, the proposed device design is also investigated for their reliability 

in terms of interface trap charges that are inevitably present along the interface of Si-

SiO2 in any practical device. Another objective of this research work is to examine the 

proposed device under a wide temperature range to check the temperature robustness 

while employing the device under a temperature sensitive environment. Additionally, 

the applicability of the device as an X-ray dosimeter and biosensor has also been 

investigated. Some of the objectives are accomplished through analytical modeling 

and extensive numerical simulations. However, given the above work, it would be 

interesting to explore and extend the following aspects as future aspects. 

1. This work can be further extended by performing quantum analytical 

modeling of TGRC MOSFET considering the effect of SCEs in terms of the 

threshold voltage, drain current, etc, to verify the simulated results. 
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2. The work done in this thesis accounts for only the fixed ITC, and the impact of 

mobile charges are ignored. Thus, to comprehend the reliability aspects in 

terms of defects, it is needed to analyze the device under both mobile and 

fixed ITC, and hence it could be taken up as future work. 

3. The work done has been accounted for only Si as a source, channel and drain 

material and chiefly the numerous engineering schemes have been explored 

for defeating the challenges faced by conventional MOSFETs. Thus, the 

device must be analyzed by employing various materials that essentially deals 

with the material engineering and could be addressed in the future. 

4. Further, the effect of the fringing field becomes prominent when gate stacking 

is used. Therefore, there is a need to consider this effect to accurately depict 

the device behavior at the sub-nm regime. 

5. The circuit response of the proposed TGRC MOSFET can also be done to 

employ it for digital circuit applications such as for CMOS inverters, RAM, 

and other gated logic designs.  

6. Moreover, the device design can be utilized as a gas sensor which can sense 

harmful gases.  
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Abstract— In this paper, reliability issues of In2O5Sn
(indium–tin oxide: a transparent material) transparent gate
recessed channel (TGRC)-MOSFET has been analyzed by
considering the effect of interface trap charges (both
positive and negative) present at the Si/SiO2 interface.
Following device, characteristics are studied in terms of
static, linearity, and intermodulation figure of merits. It is
found that with the amalgamation of the transparent gate
indium tin oxide on conventional recesses channel (CRC)
MOSFET, it exhibits improved immunity against interface
trap charges in comparison to CRC-MOSFET. In addition,
the influence of ambient temperature (150–300 K) along with
trap charges on TGRC-MOSFET has also been explored with
an aim to analyze at which temperature of the device is more
stable in the presence of interface defects (trap charges).
Results obtained reveal that TGRC shows improved device
performance at low temperature with trap charges being
less influenced. Thus, this paper demonstrates that TGRC
MOSFET can act as a promising candidate for low-power lin-
ear analog applications, where low temperature is required.

Index Terms— Conventional recesses channel (CRC)-
MOSFET, interface trap charges, indium tin oxide (ITO),
temperature, transparent gate recessed channel (TGRC)-
MOSFET.

I. INTRODUCTION

TODAY, most of the IC applications are based on CMOS
technology and subsequently it goes to subnanometer

node technology to enhance its performance in terms of
density, speediness, lower power ingesting, and cost. From
past few years, the high interest has been rising on device
reliability as it is always a major issue. This paper discusses
the reliability issues by considering the defects/impurities arise
due to oxide charges. During fabrication processes, various
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types of charges or traps being carelessly incorporated into the
oxide, and thus degrades the performance of the device [1].
Four different types of trap charges are present in the thermally
grown oxide, i.e., 1) interface trapped charges; 2) field oxide
charges; 3) mobile ionic charge; and 4) oxide trapped charge.
Among them, the most important one to study is the interface
trap charges owing to the wide-ranging and degrading effect on
device characteristics. These charges are due to the electronic
energy-levels situated at the interface of Si/SiO2 with energy
states in the Si band gap that can change their charge state
by capturing or emitting electrons (or holes). These electrons
arise owing to incomplete bonds (dangling), adsorption of
extraneous impurity atoms at the silicon surface, and other
defects, such as lattice mismatch at the interface, which is trig-
gered by either radiation or bond-breaking processes [2]–[5].
These charges are also known as surface states or interface
states (or traps) and the position of Fermi level decides the
occupancy of interface trap charges under equilibrium state.
In contrast to conduction and valence bands, the interface trap
charges have energy level situated in the forbidden gap. The
trap charges (both electrons and holes) are present in this
gap and cannot move quickly due to large space between
the interfacial trivalent silicon atoms. The energy level of an
acceptor interface trap charge (or negative trap charges) lies
above the valence band and below Fermi energy level, while
the energy level of donor interface trap charge (or positive trap
charges) lies below the conduction band and above the Fermi
energy level [1]. Moreover, the trap density is very subtle
to even small process variation, which subsequently leads to
mobility and threshold voltage degradation, and thus results
in a decrement in device transconductance. Hence, there is
essential to examine the consequence of these trap charges on
the analog behavior of the device.

From past few years, various innovative MOS structures and
gate materials have been emerged to overcome the scaling lim-
itations, i.e., short-channel effects (SCEs). It has been found
that trench gate (recessed channel) MOSFET prominently
overcome the SCEs [6] and also it is one of the promising
planar structure as it is extending the scaling limit of conven-
tional MOSFET. However, its carrier transport efficiency is
limited by two potential barriers created at two corners due to
which carriers need more energy to cross these high barriers,
and thus limits the current driving capability. Thus, In2Sn5O

0018-9383 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Device design of TGRC-MOSFET (3-D device) with interface
traps charges.

(indium–tin oxide) is used as gate material instead of con-
ventional metal gate owing to its high conductivity, thermal
stability, cost, and durability [7]–[9].

In this paper for the first time, the reliability issues of
indium tin oxide (ITO) gate recessed channel MOSFET in the
presence of uniform interface trap charges has been examined.
In addition, the influence of low temperature (150–300 K) is
also studied to find out at which temperature the device shows
improved reliability in the presence of defects.

II. DEVICE DESIGN AND IT’S DESCRIPTION

Fig. 1 shows the schematic 3-D view of transparent gate
recessed channel (TGRC)-MOSFET consists of interfaced
trap charges at the Si/SiO2 interface. The gate length (LG)
is 30 nm while channel length (LCH) is 54 nm [LG +
2tox + 2 negative junction depth (NJD)], oxide thickness
(tox) = 2 nm, NJD = 10 nm, and groove depth = 38 nm,
for both devices [conventional recesses channel (CRC)- and
TGRC-MOSFETs]. The source/drain region is heavily
n+-doped (5 × 1020 cm−3) whereas channel is p-doped
(1 × 1017 cm−3) for both CRC- and TGRC-MOSFETs.
The gate material which plays a role in determining the
current driving capability of MOSFET is taken In2O5Sn in
the proposed device (TGRC-MOSFET) having workfunction
of 4.7 eV, whereas, in CRC-MOSFET, aluminum (4.4 eV) is
used as gate metal.

III. SIMULATION METHODOLOGY AND CALIBRATION

ATLAS is a powerful simulation tool, which is used for
the extracting of reliability results and all figure of mer-
its (FOMs) [10]. Various simulation models have been used,
such as the Lombardi CVT model is used to consider all
the mobilities such as scattering mechanism that is caused
by the parallel and perpendicular fields applied on the device.
For carrier generation-recombination, we have used Shockley–
Read–Hall (SRH) recombination. Fermi–Dirac statistics is

Fig. 2. Calibrated transfer characteristics of recessed channel MOSFET
(36-nm gate length) with experimental and simulation data.

used in the case of very highly doped material. In order to
consider the information about the low energy (temperature) of
the carriers, we have used energy balance transport model [10].
The calibration of physical model parameters of the simulated
device with the experimental results, by Appenzeller et al.
in 2002 [11], is shown in Fig. 2. So as to validate the
simulations results, the statistics have been drawn-out [11]
for 36-nm groove MOSFET and then plotted as evident in
Fig. 2. It is detected from Fig. 2 that simulated results
almost matched with the experimental results in sub-40-nm
groove MOSFET thus validating the simulation models. In this
analysis, the value of trap charge density at the interface is
chosen 1e12 cm−2 with uniform profiles according to previ-
ously published work [12], [13].

To explore the effect of trap charges on the subnanometer
device, the total gate length is considered as the damaged
region due to the high field in the channel region owing to
scaling.

IV. RESULTS AND DISCUSSION

There are many parameters which influence the performance
of a MOSFET. In this section, reliability is examined and
calculated in terms of analog and linearity FOMs. In addition,
the effect of low temperature is explored on reliability issues of
TGRC-MOSFET in the presence of trap charges (i.e., defects).

A. Impact of Interface Trap Charges on Analog
Performance

Trap charges (both positive and negative) present beneath
the Si/SiO2 region are responsible for the change in flat-band
voltage, and it is given by [12]

�Vfb = q N f

Cox
(1)

where �Vfb is the change in flat-band voltage, N f is the charge
density, and Cox is gate oxide capacitance. Fig. 3(a) shows the
impact of interface trap charges (positive and negative) on the
surface potential along the channel.

The trap charges are considered along with the entire gate
length (LG), and it is revealed from the figure that, the pos-
itive trap charges (donor type) enhances the potential while
negative trap charges (acceptor type) reduces the potential in
TGRC- and CRC-MOSFETs. This enhancement (reduction) in
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Fig. 3. (a) Potential with respect to the distance along the channel for
CRC- and TGRC-MOSFETs. (b) Contour plot CRC-MOSFET with the
impact of positive interface trap charge. (c) Contour plot TGRC-MOSFET
with the impact of positive interface trap charge.

Fig. 4. Electric field distribution along the channel for (a) CRC-MOSFET
and (b) TGRC-MOSFET.

potential is due to lowering (rising) of flat-band voltage which
increases (decreases) the gate control over the channel and thus
the surface potential. It is also found that surface potential
enhances significantly in TGRC-MOSFET in comparison to
CRC-MOSFET owing to the high conductivity of transparent
gate as clearly reflected through 2-D contour plots shown in
Fig. 3(b) and (c). It is observed from Fig. 4(a) and (b) that
electric field in the channel region enhances appreciably in
TGRC-MOSFET due to high surface potential in the channel
region and owing to transparent gate metal having higher
workfunction in comparison to the aluminum metal gate.
Electric field near the drain end reduces and enhances near the
source side as compared with CRC-MOSFET. The presence
of positive (negative) trap charges increases (decreases) the
electric field near the source end in comparison to drain
end, owing to the creation of more (less) charges in the
channel region, and thus leads to more (less) number of
charge carriers being flow. However, from Figs. 3 and 4, it
is clearly observed that the influence of trap charges is less
pronounced in TGRC in comparison with CRC-MOSFET.

Fig. 5. (a) Transfer characteristics with respect to Vgs and (b) output
characteristics with respect to Vds, for CRC- and TGRC-MOSFETs.

Fig. 6. (a) dc power (Pdc) and (b) ac power (Pac) with respect to Vgs,
for CRC- and TGRC MOSFETs.

The impact of trap charges on transfer characteristics
(Ids–Vgs) and output characteristics is also examined.
Fig. 5(a) and (b) indicates that the effect of trap charges is
more prominent in the subthreshold region than linear region.
It is found that in the presence of positive (negative) trap
charges, drain current increases (decreases) owing to high
(low) field at the source end, and enhance (reduce) gate
control. However, TGRC indicates nearly insignificant change
in ON-current due to interface traps/damage region when it
worked in inversion region.

Electrical power is the “rate” at which energy is being
consumed in a circuit. The impact of interface trap charges
on the low-power performance parameter, such as Pdc (dc
power) and Pac (ac power), has also been evaluated using the
following:

PDC = VDC × IDC (2)

PAC = Vrms × Irms. (3)

It is found that dc power starts increasing with increase
in gate overdrive voltage and its value is numerically smaller
in TGRC-MOSFET in comparison to CRC-MOSFET, as evi-
dently shown from Fig. 6(a). Moreover, it is also observed that
the effect of trap charges in TGRC-MOSFET shows lesser
impact on dc power in comparison to CRC-MOSFET. This
improvement is due to lower OFF-current and improved current
driving capability. In addition, ac power is also studied and
is found that ac power in TGRC-MOSFET is more immune
to interface trap charges in comparison to CRC-MOSFET,
as shown in Fig. 6(b). Thus, it can be concluded that in the
presence of trap charges, TGRC-MOSFET will be suitable for
low-power applications.
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TABLE I
PAC VARIATION WITH LG

Fig. 7. Effect of interface trap charges on (a) switching ratio, (b) threshold
voltage, (c) device efficiency, and (d) output resistance, for CRC- and
TGRC MOSFETs.

Furthermore, it is also analyzed that with the tuning of
TGRC’s parameters, such as LG (from 40 to 20 nm) and NJD
(from 15 to 5 nm), its linearity performance enhances appre-
ciably [14] while power (Pac) degrades, as clearly reflected
in Table I. Therefore, depending on the application, we may
utilize the tradeoff between improved linearity or improved
Pac at a given device feature size.

Moreover, due to enhancement in drain current, switching
ratio (ION/IOFF) of TGRC enriches significantly as evident
from Fig. 7(a) and it is calculated by the ratio of current at
Vgs = 0.7 V (ION) and Vgs = 0 V (IOFF). In TGRC, the ratio
is enhanced by 125%, 128%, and 166% for positive, negative,
and neutral trap charges, respectively, as compared with CRC
device, shown in Fig. 7(a). However, CRC-MOSFET shows
a more significant influence of interface traps charges for
switching ratio than TGRC-MOSFET. In addition, the thresh-
old voltage (Vth) which is a significant parameter for analog
applications, also improves in TGRC-MOSFET in comparison
to CRC-MOSFET, as shown in Fig. 7(b). This improvement is
due to reduced leakage current owing to the transparent gate,
which results in reduced SCEs (hot-carrier and drain induced
barrier lowering) [15].

Vth is also affected by trap charges, as reflected in Fig. 7(b),
but the effect is more in CRC in comparison to TGRC due
to less change in flat-band voltage. Influence of trap charges
on transconductance to the current ratio (gm/Id ) or device

efficiency and output resistance have also been analyzed for
both devices, as shown in Fig. 7(c) and (d). In the design of
analog circuits, device efficiency is a vital factor, which offers
the measure of effectiveness to convert power into speed. It is
evident from Fig. 7(c) that the device efficiency is higher
(lower) in TGRC-MOSFET when positive (negative) trap
charges are present in comparison to CRC-MOSFET. It is also
observed in Fig. 7(c) that the impact of interface trap charges
on device efficiency is less prominent in TGRC, and thus
signify superior efficiency in TGRC than CRC. The output
resistance (Ro) is the transposed of the output conductance
in a MOSFET and for high performance; Ro should be as
small as possible. When positive (negative) trap charges have
been taken into consideration, Ro is very less (high) while
it is less prominent for negative and neutral trap charges in
TGRC-MOSFET as compared with conventional counterpart,
as shown in Fig. 7(d). Thus, recessed channel MOSFET with
transparent gate material (ITO) shows reliable performance in
the presence of interface trap charges as compared with CRC
device.

B. Impact of Interface Trap Charges on Linearity and
Distortion Performance

High linearity and lower intermodulation distortions (IMDs)
are essential requirements for a CMOS device when work-
ing with weak signals. Nonlinearity introduces IMD and
generates an undesired distorted signal in the output of
different frequency signals compared with an input signal,
which results in degradation in device behavior [16]. For
that reason, in this subsection, the influence of interface trap
charges on linearity and IMD of TGRC device are studied
and results obtained are simultaneously compared with CRC-
MOSFET. The performance metrics used in this analysis are
gm3 (higher order transconductance coefficient), third-order
voltage intercept point (VIP3), third-order current intercept
point (IIP3), third-order IMD (IMD3), and second- and third-
order harmonic distortions (HD2 and HD3). To assure higher
linearity, higher order transconductance coefficient (gm3) must
be minimal.

From the dc parameters, VIP3 is used to evaluate the
distortion characteristics. IIP3 and VIP3 should be high, but
IMD3 and HD3 should be low for lower distortion. The device
linearity FOMs are evaluated, as shown in (4)–(7) [17]

VIP3 = √
24 × gm1/gm3 (4)

where gm1 = (∂ Id/∂Vgs) and gm2 = (∂2 Id/∂V 2
gs). gm3 =

(∂3 Id/∂V 3
gs)

IIP3 = 2

3

gm1

gm3 × Rs
(5)

where RS = 50 � for analog and RF applications

IMD3 =
(

9

2
× (V I P3)3 × gm3

)2

× RS (6)

HD2 = 0.5Va

(
dgm1
dVGT

)

2gm1
(7)
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Fig. 8. Effect of interface trap charges on (a) gm3, (b) VIP3, (c) IIP3,
(d) IMD3, (e) HD2, and (f) HD3, for CRC- and TGRC MOSFETs.

HD3 = 0.25V 2
a

(
d2gm1

dV 2
GT

)

6gm1
(8)

where RS = 50 � for analog and RF applications. Va is the
amplitude of ac signal and considered about 50 mV (which is
minuscule) for integral function method (IFM) analysis.

Ideally, gm3 should be as low as possible because gm3
decides the dc bias point for optimal device operation and
determines the limits on the distortion. Fig. 8(a) illustrates the
variation of gm3 with respect to Vgs for damaged (positive
and negative traps) and undamaged region. gm3 is a higher
order derivative of transfer characteristics and it is observed
that gm3 reduces (enhances) in case of TGRC in the presence
of positive (negative) trap charges although this variation
is very less in comparison to CRC-MOSFET. This is due
to less dependence on trap charges on transfer character-
istics and transconductance, which reflects TGRC, is more
reliable in the presence of interface trap charges/damage.
Fig. 8(b) and (c) reflects the influence of interface trap
charges on VIP3 and IIP3, respectively. For low distortion
and high linearity, the peak value of IIP3 and VIP3 should
be high. VIP3 signifies extrapolated input voltage at which
first- and third-order harmonics of drain current are equal
and expressed as in (4), while IIP3 is a theoretical point at
which the third-order distortion signal amplitudes equal the

input signals, and it is useful in determining the linearity
condition of an amplifier [18]. The amplitude of VIP3 and
IIP3 is high for TGRC-MOSFET as compared with CRC-
MOSFET, and it also implies that the damaged device (in the
presence of trap charges) shows less linearity in comparison
with the undamaged device, but TGRC architecture shows
better linearity and less distortion in comparison to CRC-
MOSFET. This is due to the higher conductivity of ITO as
compared with the metal gate that enhances current driving
capability [19], and thus improves linearity performance in
the presence of interface traps. In addition, IMD3, HD2, and
HD3 are major issues in linear amplifiers that arise owing
to the nonlinearity performance of the device [18] and stated
in (6)–(8). IMD3 represents the intermodulation current at
which the first- and third-order intermodulation harmonic cur-
rents are the same. IMD3 is analyzed considering the influence
of interface trap charges on TGRC device. IFM is used for
the calculation of the distortion since this approach authoriza-
tions for the extraction of distortion from dc measurements
deprived of an ac characterization, dissimilar to Fourier-based
methods [20], [21] as shown in (6)–(8). The output conduc-
tance of TGRC is negligible. Hence, the device gains are
improved [22], [23]. Fig. 8(d) reveals that IMD3 reduces in
TGRC-MOSFET owing to the reduced gm3 value in compari-
son to VIP3, which dominates the value of IMD3 [Fig. 8(a)] as
compared with CRC-MOSFET. Meanwhile, it is also observed
that TGRC reduces (increase) HD2 and HD3 when positive
(negative) trap charges are considered and exhibit the very
less effect of traps charges as compared with its conventional
counterpart, as shown in Fig. 8(e) and (f). Thus, TGRC
exhibits improved linearity and distortion-less performance for
ultra large scale integration (ULSI) in the presence of interface
trap charges.

C. Effect of Interface Trap Charges at Low Temperature
on Analog, Linearity, and Intermodulation Distortion

This subsection describes the effect of temperature on
the above-mentioned parameters for TGRC-MOSFET in the
occurrence of interface trap charges to analyze the reliability of
TGRC-MOSFET at low temperatures (150–300 K). Electrical
behavior of CMOS devices changes with change in temper-
ature. As the temperature increases, the carrier mobility [24]
decreases as

μ(T ) = μ(T0)

(
T

T0

)−n

(9)

where “n” is an exponent, which varies from 1.6 to 2.4 [25].
If mobility is decreased, then the output current also reduces,
and hence with the increase in temperature, switching ratio
decreases, as shown in Fig. 9(a). Moreover, change in ambient
temperature also influences the traps charges created during
the fabrication process. It is found that in the presence of
positive (negative) trap charges, the number of charge carriers
increased (decrease), due to which mobility reduced (enhance)
and hence switching ratio and output resistance (inset) reduced
(improves), as evident from Fig. 9(a). Furthermore, the thresh-
old voltage (Vth) of the MOSFET is inversely proportional to
the temperature [26] and it increases at low temperature due
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Fig. 9. Effect of temperature on (a) switching ratio, inset: out-
put resistance, (b) threshold voltage, and (c) device efficiency, in
TGRC-MOSFET with interface trap charge density.

to the rise in Fermi potential (φF ) and depletion charges [27].
In the absence of trap charges Vth is 0.243 V at room
temperature. Fig. 9(b) shows the variation of the threshold
voltage, and it is observed that as the temperature rises from
150 to 300 K, Vth reduced and it is higher (lower) for negative
(positive) trap charges due to the change in flat-band voltage
and mobility. Besides, both mobility and threshold voltage also
influenced the drain to source current Ids [28] as

Ids(T ) ∝ μ(T )[Vgs − Vth(T )] (10)

Fig. 9(c) illustrates the higher device efficiency at a lower
temperature, and in the presence of positive (negative) trap
charges, device efficiency is more (less) with respect to
neutral trap charges. Hence, TGRC-MOSFET shows better
performance at low temperature owing to reduced fluctuations.
Fig. 10(a) shows higher order transconductance (gm3) as a
function of the gate to source voltage for different ambient
temperatures in the presence of positive (donor), and negative
(acceptor) interface trap charges. At T = 150 K, positive
(negative) trap charges exhibit low (high) distortion owing to
improved transconductance. Furthermore, at high temperature
(>150 K), distortion is increased (low peaks are observed in
gm3). Fig. 10(b) and (c) reflects the improved performance of
TGRC-MOSFET at a lower temperature (<300 K) in terms of
VIP3 and IIP3, respectively, in the presence of trap charges.
It is found that peak value of VIP3 and IIP3 is enhancing at
a low temperature which indicates less distortion and high
linearity, when the device is working at low temperature.
Besides, it is also observed that impact of interface trap
charges on TGRC’s linearity performance at low temperature
is less prominent, as clearly indicated from Fig.10(b) and (c).
Thus, TGRC-MOSFET acts as a potential candidate for linear
amplifiers working at low temperatures in CMOS ULSI.
Harmonic distortion is an essential reliability issue which

Fig. 10. Effect of temperature with interface trap charges on (a) gm�,
(b) VIP3, (c) IIP3, (d) IMD3, (e) HD2, and (f) HD3 in TGRC-MOSFET.

arises due to the nonlinear performance of MOSFET. Thus,
HD in terms of IMD3, HD2, and HD3 are examined as
a function of both temperature and interface trap charges
and are illustrated in Fig. 10(d)–(f), respectively. Change in
ambient temperature plays a major role in amplifiers work-
ing in communication systems and sometimes it causes an
undesirable change in signals and thus causes distortion in
the band of interest. This is due to the random motion of
electrons which results in thermal noise within the device, and
thus degrades the device performance. At low temperatures
(<300 K), harmonic distortions (IMD3, HD2, and HD3) are
reduced in TGRC-MOSFET, as evident from Fig. 10 (d)–(f).
It is also observed that in the presence of positive (negative)
trap charges, gm3 lowers (increase) owing to improved (reduce)
current driving capability, and thus lowers (rise) the distortion.
This effect is more at low temperatures in TGRC due to
enhancement in transconductance and reduction in gm3 [see
Fig. 10(a)].

V. CONCLUSION

This paper studies the influence of interface trap charges
on the static, linearity, and distortion FOMs to explore the
reliability issues of TGRC-MOSFET. The performance of
this device has also been compared with CRC-MOSFET
through extensive device simulation. The proposed device is
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suitable for high switching applications even in the presence
of trap charges. It has been shown that the TGRC-MOSFET
exhibits superior current driving capability, and high linearity
(VIP3 and IIP3) with low distortions. It has also been observed
that TGRC-MOSFET is more immune to interface trap charges
than CRC-MOSFET. Likewise, it is also found that TGRC-
MOSFET at low temperature (150 K) in the presence of
interface trap charges show negligible variation in device
behavior in terms of Ids, gm , VIP3, IIP3, HD2, HD3, and
IMD3. Thus, the TGRC-MOSFET is more reliable at low
temperatures and serves as a promising candidate for analog
and low-power high-linearity applications.
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Abstract— This paper reports the response of an
N-channel transparent gate recessed channel (TGRC)
metal–oxide–semiconductor field-effect transistor (MOS-
FET) to X-ray radiation in the 0.5-k–10-krad dose range
after irradiation. TCAD simulations for the same have been
done to estimate the threshold voltage shift in MOSFET
with different radiation dosages. Models accounting for
electron–hole pair generation and recombination are
applied along with the trap/detrap model for an insulator as
well as interface charging. An improvement of 1.11 mV/krad
in radiation sensitivity has been found in increasing the
oxide thickness from 2 to 6 nm. The results suggest that
TGRC-MOSFET can be effectively used as an X-ray dosime-
ter in the sub-30-nm scale. Along with a signal amplification
and processing circuit, this device can find an enormous
applicability in clinical and space environments.

Index Terms— Dose, dosimeter, radiation, total ionizing
dose (TID), transparent gate recessed channel (TGRC)
metal–oxide–semiconductor field-effect transistor
(MOSFET).

I. INTRODUCTION

METAL–OXIDE–SEMICONDUCTOR field-effect tran-
sistors (MOSFETs) are excessively used in radiation

rich environments, such as space and military. When elec-
tronic circuits are exposed to various radiation environments,
it becomes critical to define the behavior of the circuit under-
going irradiation. Various effects such as single-event burnout,
single-event gate rupture, insulator charging, and interface
charging degrade the circuit performance and sometimes com-
pletely damage the device [1]. To ensure safety and stability
of such circuits in a harsh radiation environment, the incoming
dose must be monitored to initiate specific repairs or replace-
ment. In medical applications [2], an X-ray dose which is
intended to kill cancerous cells will probably cause damage
to normal tissue, to minimize this damage, extremely precise
dose adjustments are required which are facilitated if the
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sensor can be placed close to the site receiving radiation.
MOSFET dosimeters are used to determine total dose absorbed
due to their valuable property of linear dependence of the
threshold voltage on total ionizing dose (TID) over a finite
range of doses.

Transparent gate recessed channel (TGRC) MOSFET has
the ability to provide the high packing density, and hence,
miniaturized sensors that are of utmost importance as expo-
sure to an ionizing radiation has to be tightly controlled in
radiotherapy, nuclear waste management, high-energy physics
experiments, and space missions to avoid health or technical
safety risks [3]. Moreover, the increased functionality and
reduced cost of a large variety of integrated circuits and sys-
tems have brought its own benefit to the end users and above
all the semiconductor industry.

Scaling of MOSFET leads to hot-carrier injection (HCI)
which causes an excess of charge carriers flowing through
gate oxide and thus degrades its performance, and therefore,
to overcome this effect, a recessed channel structure is used
with the 6-nm oxide thickness. Also, the recessed structure
leads to low power dissipation which is of utmost importance
for a dosimeter to show an improved sensitivity at the nano
level. TGRC-MOSFET [4]–[10] is therefore preferred as it
has indium tin oxide (ITO) [11] as the gate electrode allowing
easier energy transfer through the gate electrode, thereby max-
imizing the absorbed dose leading to enhanced sensitivity and,
hence, proving to be an ideal choice for a dosimeter [12], [13].
As a result of the interaction of ionizing X-ray radiation with
TGRC-MOSFET, holes are trapped inside the oxide–substrate
interface layer, which causes a shift in the threshold volt-
age [14] of the device. To predict the electrical behavior of
the MOSFET device under the influence of ionizing radiation,
it is necessary to determine the trapped hole density inside the
oxide and energy imparted by the radiation to the material.

When high-energy photons strike the semiconductor lattice,
they provide sufficient energy to generate an electron–hole
pair directly or indirectly via the lattice vibrations. Generating
an electron–hole pair in a SiO2 layer requires energy, E p =
17 ± 1 eV [15]. Using this value of E p , we are able to
calculate g0 = 8.1 × 1012 pairs/cm3 · rad [16] which is the
theoretical number of electron–hole pairs generated, but this
value is greatly reduced due to the recombination process.
In the semiconductor region as the mobility of electrons
and holes does not differ significantly, they can recombine
very easily. However, in the case of gate oxide, being an
insulator, the difference in mobility is significantly large.

0018-9383 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Simulated device structure of TGRC-MOSFET.

TABLE I
DESIGN PARAMETERS OF TGRC-MOSFET

As a result, electrons move very quickly toward the gate
electrode, and holes drift slowly toward the Si–SiO2 interface
and finally getting trapped there. The trapped holes at the
Si–SiO2 interface are relatively immobile causing a negative
shift in the threshold voltage on the electrical characteristics
of the MOSFET device. Ultimately, the shift in the threshold
voltage can be used as a dosimetric parameter to evaluate an
incident radiation dosage.

II. TGRC-MOSFET DEVICE STRUCTURE

For an irradiated TGRC-MOSFET device, the threshold
voltage, hole trap density, and maximum ON-current are
usually the most relevant parameters. The radiation-induced
changes are reported in this paper based on these parameters.

Our device consists of the transparent gate made of ITO
as shown in Fig. 1 and the design parameters are given in
Table I. ITO is a wide bandgap material that exhibits the
special property of high optical transmittance (∼90%) in the
visible region of the spectrum combined with a high electrical
conductivity [12]. As the radiation sensitivity is found to be
dependent on the absorbed dose, ITO having high optical
transmittance is expected to enhance the overall trapping of
the incident radiation dose. This paper is based on the direct
incident radiation for the very short duration in the simu-
lation process. The values that are found immediately after

Fig. 2. AC power (Pac) and dc power (Pdc) with respect to Vgs for
TGRC-MOSFET and the conventional MOSFET.

irradiation and continuing irradiation for a long-time period
have been avoided for the device protection. Strict con-
straints are applied to the device dimensions as the intended
application—implantable clinical dosimeter will require an
additional space for peripheral electronic components.

Moreover, the power consumption is one of the major issues
for a semiconductor device. It is found that dc power starts
increasing with an increase in the gate voltage and its value is
smaller in TGRC-MOSFET in comparison to the conventional
MOSFET as shown in Fig. 2. This improvement is due to the
lower OFF-current and improved current driving capability.
In addition, TGRC-MOSFET is less ac power consumed
device compared to the conventional MOSFET as shown in
Fig. 2. Thus, it can be concluded that TGRC-MOSFET is a
low power device.

III. SIMULATION METHODOLOGY AND CALIBRATION

For TCAD simulations, various models have been taken into
effect such as, for mobility of carriers under the influence
of changing the electric field, we have included the parallel
electric field dependence model that takes care of all the
parameters affecting the mobility of carriers including the
velocity saturation effect [17]. To predict the behavior of
the device undergoing radiation, it is extremely crucial to
accurately model the movement of carriers so that simulated
charge trapping is almost identical to practical device undergo-
ing irradiation. For carrier generation–recombination, we have
implemented the concentration-dependent Klaassen Shockley–
Read–Hall (KLASRH) Recombination model as it can include
the concentration-dependent lifetime of carriers [17].

As electron–hole pair generation–recombination is a
key phenomenon in predicting the behavior of MOSFET
after irradiation, it can be most accurately modeled via the
KLASRH model. To model the trap states of the carrier in the
oxide and interface region, we have included the bound trap
model as it allows us to specify the energy level requirement
of trapped states.

The above-selected models account for almost the entire
device physics associated with the MOSFET, thereby produc-
ing extremely accurate results.

To validate the simulation models, both the experimen-
tal [18] and modeled data [19] have been extracted and
calibrated as shown in Fig. 3(a) and (b), respectively. The
fabricated data [18] are extracted from a grooved gate
trapezoidal-like structure of 140-nm gate length which is
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Fig. 3. (a) Experimental and simulation of Ids–Vgs characteristics
of 140-nm gate length grooved gate (recessed channel) MOSFET.
(b) Modeled and simulation of Ids–Vgs characteristics of 50.8-nm gate
length recessed channel MOSFET. (c) Calibration of experimental and
simulation results with shift in threshold voltage (ΔVTH) under irradiation
up to 104krad.

similar to U-groove gate. The corner effect (error) [20]
(�ε/Leff) < 0.6%, which is almost negligible as depicted in
Fig. 3(a). Further to validate the results, the simulated models
have also been calibrated with the modeled data [19] for 50.8-
nm gate length [channel length (LG + 2(NJD + tox)) = 85.8
nm] which is also in good agreement as evident from Fig. 3(b),
thus reflecting the validity of simulation models.

Furthermore, to show the simulation validity of radiation
dose, we have compared our simulation results [shown in
Fig. 3(c)] with those of experimentally obtained parameters
by Berland et al. [21]. To compare the results, we have scaled
our device dimensions similar to that of the experimental
device, by changing the gate length to 20 μm and gate oxide
thickness to 23 nm. In addition, the buried oxide of thickness
380 nm is introduced to match with the experimental device.
Simulations for radiation dose up to 104 krad are done and
change in the threshold voltage is compared with our device as
shown in Fig. 3(c), which predicts almost similar results with
a small margin of the error. Thus, it validates the accuracy of
simulation models after irradiation.

IV. FABRICATION PROCESS OF TGRC-MOSFET

In the process of fabrication (shown in Fig. 4), first of all,
a silicon wafer (substrate) is taken, and then the diffusion
process is used for the creation of n-well region. Before drive-
in diffusion and gate oxidation process, the active region is
identified. Source–drain implantation and anneal process are
implemented before groove etching by the combination of
reactive ion etching and electron beam lithography, and then

Fig. 4. Fabrication process of TGRC-MOSFET.

Fig. 5. Trapped hole density profile along the oxide–substrate interface,
having oxide thickness 2 nm and oxide area 68 nm2.

the gate oxide is grown by thermal oxidation at the bottom of
the groove. Different oxide thicknesses will result in different
channel lengths [LCH = LG + 2(NJD + tox)]. Contact etches
and metal deposition (using electron beam evaporation fol-
lowed by liftoff) process is done in the last fabrication process.

Thus, the fabrication of TGRC-MOSFET can be done
by using the process flow of device design schemes. The
proposed device is the aids of the transparent gate engineering
scheme which has been combined with the groove gate for
accomplishing the improved characteristics.

V. RESULTS AND DISCUSSION

A. Impact of X-Ray Doses

TCAD simulation of TGRC-MOSFET undergoing irradia-
tion shows that a significant number of holes are trapped in
the SiO2 gate oxide layer and the area of gate oxide as 68 nm2

[2 nm× (2 +30 +2 nm)] is considered. As depicted in Fig. 5,
the trapped hole density is maximum (6 × 108cm−2) near the
oxide–substrate interface.

In our simulation, the maximum hole trap density is found
out to be 6 × 108 (dnr/cm2) for a TID of 10 krads. This
accumulation of charge due to trapping of holes accounts for
the maximum change in the electrical characteristics of the
device. The overall sensitivity of the dosimeter is dependent
on the trapped hole concentration in the oxide layer, and to
maximize this, we needed a strong electric field inside the
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Fig. 6. Contour plots of (a) surface potential, (b) hole concentration,
(c) electron concentration, (d) electric field, and (e) conduction current
density on TGRC-MOSFET (tox = 2 nm) with 1000-rad X-ray dose.

Fig. 7. Impact of an X-ray radiation damage on the current–voltage
characteristics of TGRC-MOSFET at tox = 2 nm.

oxide layer which can significantly reduce the electron–hole
recombination, thereby increasing the trapped hole concentra-
tion. This has been achieved with multiple simulations and
with hit and trial approach, we were able to generate electric
fields as high as 7 MV/cm in the oxide region as shown in
Fig. 6(d) and the corresponding biasing which allowed such
high field is depicted in Fig. 6(a). To illustrate the conduction
channel which is formed, we have included detailed contours
showing the charge carrier concentration in the device as
shown in Fig. 6(b) and (c).

In TGRC-MOSFET, due to the accumulation of trapped
holes near the oxide–substrate interface, there is a negative
shift in the threshold voltage of the device as shown in
Fig. 7. VTH is obtained using the single derivative method

Fig. 8. Threshold voltage shift due to radiation on (a) TGRC-MOSFET
and (b) conventional MOSFET.

Fig. 9. Impact of radiation dose on the maximum drain-to-source current
for (a) TGRC-MOSFET and (b) conventional MOSFET.

by analyzing the drain-to-source current (Ids) versus gate-to-
source voltage (Vgs) curve. The evaluated values of the thresh-
old voltage show a linear dependence on applied radiation
dose and the threshold voltage shift is negative (shown in
Fig. 7). The threshold voltage shift (|VTH−SHIFT|) has been
evaluated [by |(VT − VT0)|, where VT is the threshold voltage
after irradiation (0.5 k–10 krad) and VT0 is the threshold
voltage without irradiation] and plotted as shown in Fig. 8.
The radiation dose has been considered from 0.5 krad as in
radiotherapy, daily doses could range from 50 up to 2500
rad. In some specific medical treatments such as lung cancer,
specific doses are required for a specific patient and it is also
more important to analyze which X-ray doses are delivered to
the organs [22].

The proposed device having low operating voltages along
with small drain-to-source current [Fig. 9(a)] has extremely
low power consumption (see Fig. 2) which enhances the
overall usage time with the limited power supply, hence
increasing its applicability as an implantable dosimeter. In the
conventional MOSFET, HCI leads to impact ionization which
causes an excess of electrons to flow through gate oxide and
thus leads to degradation in sensitivity and the maximum drain
current as shown in Fig. 9(b).

The trapped hole density is plotted for varying radiation
doses along the oxide layer which confirms the theoreti-
cal prediction that the maximum hole trapping is related
linearly to the incident radiating dose (0.5 k–10 krad) as
depicted in Fig. 10. Due to increasing radiation dosage,
more electron–hole pairs are generated which consequently
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Fig. 10. Trapped hole density profile along the oxide–substrate interface.

Fig. 11. Impact of varying radiation dosage on maximum hole trap
density.

enhances the number of trapped holes in the oxide–substrate
interface region.

By increasing the radiation dosage (0.5 k–10 krad), we are
increasing the trapped hole density in the Si–SiO2 interface
region as shown in Figs. 10 and 11, thereby making it
abundant in the positive charge. Due to the accumulation of
charge, the overall channel being formed is enriched with more
attracted electrons. Due to an increase in the attracted electrons
at the surface, VTH decreases (|VTH−SHIFT| increases) as shown
in Fig. 8. Ultimately, there is a significant change in the thresh-
old voltage in TGRC-MOSFET compared to the conventional
MOSFET upon application of radiation, and this change is
uniform up to 10-krad dose as reflected in Fig. 8(a) and (b),
respectively. Hence, it can be used as a sensor for detecting
the X-ray radiation dose up to 10 krad. This particular range
of measurement comes close to the amount of radiation being
used in X-ray radiation therapy which is approximately few
rads of dose. Thus, the proposed device (TGRC-MOSFET) can
be effectively used as a dosimeter in a situation where device
dimensions are limited to few nanometers having sensitivity
up to 1.11 mV/krad (at 6-nm oxide thickness).

B. Effects of Varying the Oxide Thickness
on Radiation Sensitivity

The electrical behavior of TGRC-MOSFET during the
process of irradiation is greatly influenced by the thickness
of the gate oxide layer. As we increase or decrease the
thickness of the oxide layer, consequently the channel length
[LCH(= LG + 2(NJD + tox)] is also modified. Furthermore,
to validate TGRC-MOSFET as a dosimeter, sensitivity of

Fig. 12. Dependence of radiation sensitivity on oxide thickness in
TGRC-MOSFET and conventional MOSFET.

Fig. 13. Variation of ON-current with radiation dosage for different oxide
thicknesses.

the device is compared with the conventional MOSFET (as
shown in Fig. 12) and it is found that the conventional
MOSFET (where gate length and the channel length is the
same [LG = LCH = 54 nm)] is less sensitive (0.652 mV/krad)
compared to TGRC-MOSFET (1.11 mV/krad) owing to the
reduced current driving capability due to short-channel effects
which dominates at sub-30-nm gate length. These results show
that TGRC-MOSFET provides improved performance than the
conventional MOSFET. We have also simulated the effects of
increasing the oxide thickness in our device, and observed
this increase in oxide thickness, leading to decrease in ON

current of the device and increase in threshold voltage shift,
as shown in Figs. 13 and 14 respectively. As we gradually
increase the oxide thickness from 2 to 6 nm, the overall volume
of SiO2 receiving total ionization dose is greatly enhanced
leading to a greater number of electron–hole pair generation–
recombination and, ultimately, increased trapped hole states
in the oxide–substrate interface. To evaluate the radiation
sensitivity of the device, we used the slope of the graph from
Fig. 7. With the decrease in the thickness of the gate oxide,
radiation hardness improves [13], [14]. Thus, the shift in the
threshold voltage is more substantial in the thicker oxide as
depicted in Fig. 14, which in turn points out that if we want to
design highly sensitive dosimeter, a thicker oxide is essential,
but under dimensional constraints or space critical application,
as in the case of the clinical dosimeter, this reduced sensitivity
can be mitigated by external amplifier circuits.

Saks et al. [23] predicted that for an oxide layer, the thresh-
old voltage changes with radiation dose as the square of the
oxide thickness [radiation sensitivity α (oxide thickness)2],
suggesting the uniform distribution of generated electron–hole
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Fig. 14. Threshold voltage shift with variation in radiation dosage for
various oxide thicknesses.

pair and trapped states throughout the oxide–substrate inter-
face. For comparatively thinner oxides (less than 20 nm),
threshold voltage shifts show slightly less than (tox)

2 thickness
dependence which can be easily inferred from the results
shown in Fig. 12 (sensitivity up to 1.11 mV/krad at 6-nm
oxide thickness) and Fig. 14. As the proposed device is opti-
mized to generate the threshold voltage shift which depends
linearly on applied radiation dose, the simulations confirm that
TGRC-MOSFET will generate almost linear results within
the 2–6-nm oxide thickness range. Thus, the 6-nm oxide
thickness is the optimal oxide thickness for the TGRC as a
dosimeter.

VI. CONCLUSION

We were able to achieve radiation sensitivity up to
1.11 mV/krad with our device. In 1–10-krad dose range,
the electrical characteristics of the MOSFET have shown an
almost linear trend. The Threshold voltage showed a linear
negative shift and an ON-current linear positive shift. We fur-
ther investigated the effects of varying the oxide thickness
on radiation sensitivity, as oxide thickness is one of the
most important factors responsible for the threshold voltage
shift, our dosimetric parameter. An increment of 246% in
sensitivity was observed when we increased oxide thickness
from 4 to 6 nm and decrement of 81% when we reduced
oxide thickness from 4 to 2 nm. Hence, for TGRC-MOSFET
to be used as a dosimeter, a thicker oxide is recommended, but
under dimensional constraints: 2, 4, and 6 nm, oxide thickness
generated acceptable threshold voltage shift, thus can be
effectively used as a dosimeter. In future medical applications,
the proposed device can be used as an implantable dosimeter
due to extremely small form factor (nanoscale dimensions)
leading to an accurate dose determination which is the utmost
requirement in medical dosimetry.
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A B S T R A C T

This paper discusses the small signal RF model of Transparent Gate Recessed Channel (TGRC) MOSFET using a
3D TCAD device simulator. Small signal model is studied in terms of microwave parameters such as S (scattering)
parameters, Z (impedance) parameters, Y (admittance) parameters, and h (hybrid) parameters with an aim to
analyze the behavior of TGRC MOSFET at microwave frequency. All the results of TGRC-MOSFET have been
compared with Conventional Recessed Channel (CRC) MOSFET having aluminum as gate metal electrode.
Modeled results have also been compared with simulation results and found good agreement with the 3D-
simulation results. Moreover, it is perceived from the results that 99.4% enhancement in the input impedance of
TGRC-MOSFET and input admittance is improved by 32.9% in the proposed device (TGRC-MOSFET) in com-
parison to CRC-MOSFET. It has also been observed that the transit (cut-off) frequency (fT) and maximum os-
cillator frequency (fMAX) enhances significantly by 42.85% and 123% respectively in TGRC MOSFET owing to
the remarkable reduction in intrinsic capacitances. Results reveal that the proposed device design improves the
small signal behavior thus, may provide detailed insight to RF engineers for microwave applications and testing
of RF ports.

1. Introduction

From past few decades, MOSFETs are commercially used in the field
of the microwave, HF applications owing to the fact that highly scaled
MOSFETs achieve cut-off frequencies in the range of GHz making CMOS
technology appropriate for the application of RF and wireless com-
munications [1–5]. On the contrary, scaling also results in the so-called
short channel effects (SCEs), which hampers the device HF performance
and make CMOS inapt for Microwave/Wireless applications [6,7]. To
overcome this problem, different device schemes have been introduced
in recent years which have high immunity against SCEs such as multi-
gate MOSFETs, -tapered/recessed channel MOSFET [8], nanowire
MOSFET [9–11], etc. Therefore, there is a need for the new type of
device design which overcomes the shortcomings that arise due to
downscaling of device dimensions and also simultaneously improves
the device’s fT and fMAX.

In our recent work, we have reported that with the incorporation of
ITO as a gate electrode onto Recessed channel MOSFET considerably
improves the overall device’s electrical performance [12–15] and RF
performance [16]. Also, the small signal [17] modeling of TGRC
MOSFET has already being studied in our previous work explaining the

Y and Z-parameters [18]. Still, there is a need to evaluate all the es-
sential microwave parameters which are essential to understanding the
device physics at high frequency. Therefore, in this paper, detailed
explanation and modeling of small signal parameters, i.e., S-parameters
[19,20], Y-parameters, Z-parameters, and h-parameters of TGRC-
MOSFET are extensively explored and compared with conventional RC
MOSFET to study its effectiveness for RF field.

This work is organized as follows: Section 2 describes the 3D device
structure of TGRC-MOSFET. Physical transport models invoked during
the simulation study [21] are discussed in Section 3 along with the
calibration. Section 4 describes the small signal modeling of TGRC-
MOSFET in terms of scattering, impedance, admittance, hybrid and
transmission parameters. In addition, fT, fMAX and capacitance is also
observed in this section. At the end conclusion is discussed in Section 5.

2. Device design and it’s description

Fig. 1(a) and (b) reflect the simulated 3D device design and con-
ceptual depiction of the small signal equivalent of TGRC-MOSFET re-
spectively. An n-type impurity of 1× 1019 cm−3 is used in the highly
doped Source/Drain region. The substrate is doped with a p-type
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impurity of 1× 1017 cm−3, and thick oxide layer tox of 2.0 nm is em-
bodied in it as shown in Fig. 1(a). Negative Junction Depth (NJD) is
taken as 10 nm, gate bias (Vg) is 0.7 V and drain bias (Vd) is 0.5 V. Gate
workfunction of TGRC-MOSFET (ΦITO) is 4.7 eV, and for CRC-MOSFET,
it is 4.4 eV. All the junctions in the device are assumed as abrupt in the
simulation, uniform doping profiles and the biasing conditions are
considered at room temperature (T= 300 K). Further, Gummel and
Newton are the two numerical techniques which have been considered
to obtain the solutions [22].

3. Calibration and simulation methodology

To validate the simulation models of sub-40 nm groove MOSFET,
the experimental statistics have been drawn-out from Joerg Appenzeller
et al. in 2002 [23]. Joerg Appenzeller has fabricated a grooved MOSFET
[23] for 36 nm. Thus, the experimental data and simulated data is ca-
librated and plotted as evident in Fig. 2. For 36 nm gate length, the
simulated data almost matched with the experimental data as evident
from Fig. 2, thereby validating the simulation models.

All the simulations have been performed using Silvaco TCAD [22].
The simulation process includes the device structure and functionality.
For comparison, we have kept all the parameters of both the devices
same such as structural parameters. All simulation models used are
same for both the devices. In order to consider the mobilities, scattering
mechanism caused by lattice vibrations or phonons, Lombardi CVT

model is used. Shockley-Read-Hall (SRH) Recombination model is used
to consider all the carrier generation-recombination related phenom-
enon [22]. A few other models have also been used to simulate the
device precisely.

4. Fabrication process

In the process of fabrication (see Fig. 3), first of all, a silicon wafer
(substrate) is taken, and then the diffusion process is used for the
creation of n-well region. Before Drive-In diffusion and gate oxidation
process, active region is identified. Source-drain implantation and an-
neal process are implemented before groove etching by the combina-
tion of reactive ion etching and electron beam lithography, and then the
gate oxide is grown by thermal oxidation at the bottom of the groove.
Contact etches, and metal deposition (using electron beam evaporation
followed by lift-off) process is done in the last fabrication process. Thus,
the fabrication of TGRC-MOSFET can do by using the process flow of
device design schemes. The proposed device is the aids of the trans-
parent gate engineering scheme which has been combined with groove
gate for accomplishing the improved characteristics.

5. Small signal behavior modeling

For the extraction of RF small signal parameters of TGRC-MOSFET
and CRC-MOSFET, Non-quasi-static (NQS) small-signal equivalent cir-
cuit (as shown in Fig. 4) of RC MOSFET is used which is operating in
strong inversion region [24]. Rs is the source resistance, and Rd is the
drain resistance, intrinsic gate-to-drain conductance is denoted by gds
whereas gm denotes transconductance. Rgs and Rgd have distributed
channel resistance; intrinsic gate-to-drain capacitance is denoted by Cgd

and Cgs denotes gate-to-source capacitance. τ is the time constant which
represents the charge transport delay [24]. For those networks which

Fig. 1. (a) Schematic structure and (b) conceptual depiction of the small signal
equivalent of TGRC-MOSFET.

Fig. 2. Calibrated transfer characteristics of recessed channel MOSFET (36 nm
gate length) with experimental [23] and simulation data.

Fig. 3. Fabrication process flow of TGRC-MOSFET.

Fig. 4. Non-quasi-static (NQS) model of the RF MOSFET (RC-MOSFET).
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are operating at RF and microwave frequencies, small-signal para-
meters (Z, Y, S, and h) are commonly used, where admittances are more
easily computed as compared to voltages and currents, since, at high
frequency, it is challenging to estimate currents and voltages.

5.1. Admittance (Y) parameters

A small-signal equivalent circuit can describe the transistor at high
frequency where MOSFET can be converted in to its Y-parameter
equivalent circuit consisting of all Y-parameters (Y11, Y12, Y21 and Y22).
Y-parameters are defined either at the input end or the output end
under ac short-circuit conditions and the values depend on the oper-
ating frequency as well as dc bias conditions. AC voltages and currents
can be easily measured at low frequencies, but the measurement of
these parameters becomes exceptionally difficult at very high fre-
quencies. Then, at such high frequencies, another set of parameters
called scattering, or S-parameters can be used. However, the device
physics and design are more related to Y-parameters and so S-para-
meters are again converted in to Y-parameters, and hence, the study of
Y-parameters becomes necessary. By solving the small signal equivalent
model (as shown in Fig. 4), Y-parameters are calculated as follows:

Total current flowing at the input port,

= +I i i1 1 2 (1)

Total current flowing at the output port,

= + + −I i i i i2 3 4 5 1 (2)

Applying nodal analysis at input node,
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By solving Eqs. (3) and (4), and using approximations

< < < < < <ω R C ω R C ω τ1, 1 and 1gs gs gd gd
2 2 2 2 2 2 2 2

We get
Short circuit input admittance

≅ + + +Y ω R C R C jω C C( ) ( )gs gs gd gd gs gd11
2 2 2

≅ + + +Y ω α β jω C C( ) ( )gs gd11
2 (5)

where, = =α R C β R C,gs gs gd gd
2 2

Similarly, short circuit output admittance is found to be

≅ + + +Y g ω β jω C C( )ds gd sd22
2 (6)

Short circuit forward transfer admittance is as follows

≅ − −Y ωβ jωCgd12 (7)

Short circuit reverse transfer admittance is as follows

≅ − − + +Y ω β jωC g τ(1 )gd m21
2 (8)

Y11 and Y22 are called short-circuit input and output admittance
respectively. These parameters have been evaluated for TGRC-MOSFET,
and the modeled results are simultaneously compared with CRC-
MOSFET. As shown in Fig. 5(a) and (b), Y11 and Y22 are low in TGRC as
a comparison to CRC. Y11 and Y22 should be low for better performance
of the device in RF region. Y12 is called short-circuit forward transfer
admittance, and Y21 is called short-circuit reverse transfer admittance.
Y12 and Y21 are both higher in case of TGRC-MOSFET and smaller in
CRC-MOSFET as shown in Fig. 6(a) and (b). Improvement in Y-

parameters indicates a reduction in parasitic capacitances and im-
provement in transconductance [25,26].

5.2. Impedance (Z) parameters

For the synthesis of electronic filters, Impedance (Z) parameters are
commonly used. Z-parameters can be useful in the design and analysis
of power distribution networks and impedance-matching networks. Z11
is called open circuit input impedance, and Z22 is called open circuit
output impedance. These two parameters are basically used for im-
pedance matching. Input impedance should be equal to output im-
pedance for impedance matching, and it is necessary to condition for
maximum power transfer from source to load. For high-frequency RF
application, Z11 (input impedance) should be as high as possible. Input
impedance (Z11) must be high and output impedance (Z22) should be
low so that no-loading problem occurs in RF receiver.

From the equivalent circuit as shown in Fig. 4, the Z-parameters can
be analyzed as follows:

Open circuit input impedance (driving point impedance) is found to
be
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Open circuit transfer impedance from input port to output port:
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where
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Fig. 7(a) and (b) reflects the Z-parameters Z11 and Z22 respectively
for both CRC and TGRC, and it is observed that Z11 and Z22 are higher at
low frequency and decreases gradually w.r.t. frequency due to the de-
pendency (inversely proportional) of Z11 and Z22 on ω. The modeled
results are well calibrated with the simulated data for TGRC-MOSFET
and its counterpart. Fig. 7(a) shows that input impedance is very high
while output impedance is less (as shown in Fig. 7(b)). MOSFET has
very high input impedance because of SiO2, but in TGRC-MOSFET,
input impedance also has been enhanced due to the incorporation of
ITO in the grooved gate. If the input impedance of the device is high, it
means the device is useful for RF-based receivers in communication
systems.

Fig. 5. (a) Y-parameters (Y11) and (b) Y-parameters (Y22), w.r.t. frequency at Vg= 0.7 V and Vd= 0.5 V for CRC and TGRC-MOSFET.

Fig. 6. (a) Y-parameters (Y12) and (b) Y-parameters (Y21), w.r.t. frequency at Vg= 0.7 V and Vd=0.5 V for CRC-MOSFET and TGRC-MOSFET.
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Z12 and Z21 are called open circuit transfer impedance from the
input port to output port and output to input port respectively. Z12 and
Z21 are also called transfer impedances. These two impedance para-
meters should be high for better RF performance of the device. Z12 and
Z21 both are high in TGRC-MOSFET as compared to its conventional
counterpart at hundreds of GHz frequency range, and the modeled data
is well calibrated with simulated data as depicted in Fig. 8(a) and (b)
respectively. Z12 and Z21 are improved due to the reduction in parasitic
capacitances (shown later in Fig. 12) and also due to the incorporation
of ITO as a gate metal, which enhances current driving capability,
transconductance and hence gains of the device as reported earlier
[25].

5.3. Scattering (S) parameters

In order to examine the small signal behavior of MOSFET, extraction
of S-parameters is the most appropriate method at high frequencies.

Fig. 9 shows the modeled and simulated S-parameters for the CRC and
TGRC-MOSFET and the bias conditions are same as in Fig. 4. Symbols
are modeled value and solid lines are simulated ones up to 1.7 THz
frequency range. S-parameters are calculated using other small signal
parameters such as Y-parameters and Z-parameters [27]. Here we have
used Z-parameters for the calculation of S-parameters as described in
Eqs. (17)–(28).

S-parameters, S11 is the input reflection coefficient at port-1 and S22
is the output reflection coefficient at port-2. Basically it is the measure
of the quality of the match between the port and terminating im-
pedance. These two parameters are obtained using Eqs. (17) and (20)
respectively by using the value of Z component from evaluated small
signal parameters (from Eqs. (9)–(16)) as required in Eqs. (17) and (20)
and obtained as follows-

Fig. 9 shows the Smith Chart plot of the real part and imaginary
modeled and simulated results of S11 and S22 for both devices. From
Fig. 9 it is clear that both S11 and S22 reduce the frequency and

Fig. 7. (a) Z-parameters (Z11) and (b) Z-parameters (Z22), w.r.t. frequency at Vg=0.7 V and Vd= 0.5 V for CRC and TGRC-MOSFET.

Fig. 8. (a) Z-parameters (Z12) and 7(b) Z-parameters (Z21), w.r.t. frequency at Vg= 0.7 V and Vd=0.5 V for CRC and TGRC-MOSFET.
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reduction is more in reflection coefficient in TGRC device as compared
to its counterpart. Modeled and simulated results are matched as evi-
dent from Fig. 9.
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S12 (reverse isolation parameter) defines the measure of feedback
from the output to the input of an amplifier [28,29] whereas
S21 (forward transmission coefficient) is called forward gain of two port
device. Fig. 9 reflects that S12 increases in the proposed device as
compared to the conventional device. The enhancement in S12 is ob-
served due to the higher value of Z12 as shown in Fig. 8(a). The modeled
data and simulated data have been evaluated for S21 and plotted in
Smith chart up to 1.7 THz frequency for both the devices as shown in
Fig. 9.

Similarly, S12 and S21 are evaluated as follows-
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Fig. 9. Modeled and simulated S-parameters up to 1.7 THz frequency using
extracted model parameters and small signal model for CRC and TGRC-MOSFET
at Vg= 0.7 V and Vd= 0.5 V.

Fig. 10. (a) h-parameter (h11) and (b) h-parameter (h22), w.r.t. frequency at Vg=0.7 V and Vd= 0.5 V for CRC and TGRC-MOSFET.
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5.4. Hybrid (h) parameters

Hybrid parameters are based on the dependent variables and are
known as so as they are a hybrid combination of current and voltage
ratios. Hybrid parameters are very useful for describing transistors
using equivalent small signal model. h-parameters are much easier than
Z or Y parameters [30] to measure experimentally for such devices.
Further, h-parameters have been evaluated in terms of h11 (short circuit
input impedance), h22 (open circuit output admittance), h12 (open cir-
cuit reverse voltage gain) and h21 (short circuit forward current gain);
as h-parameters deliver a quick estimate of the performance of tran-
sistor circuit. Transistor behaves as a linear device for AC small signals
because the output AC signal is proportional to the input AC signal.
Under such conditions, AC operation of the transistor can be described
using h-parameters. Using Y-parameters, h- parameters can also be
calculated as described in Eqs. (29)–(32) [30].

Short circuit input impedance is obtained from Eq. (5) as follows.

≅ ≅
+ + +

h
Y ω α β jω C C
1 1

( ) ( )gs gd
11

11
2 (29)

Similarly, open circuit output admittance

≅ ≅

+ + +

+ + + + + +

+ − − +

+ +

+ + +
h Y

Y

jω C g C g C g τC g

jω αC βC C α β αβω ω αg

βg C C C C
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Δ
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22

11

3 4 2

2

2
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Fig. 11. (a) h-parameter (h12) and (b) h-parameter (h21), w.r.t. frequency at Vg=0.7 V and Vd= 0.5 V for CRC and TGRC-MOSFET.

Fig. 12. RF component (Cgs, Cgd and Csd) of the small signal equivalent circuit
w.r.t. frequency at Vg= 0.7 V and Vd= 0.5 V for CRC and TGRC-MOSFET.
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Short circuit forward current gain,
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The real part of h11 and h22 of TGRC-MOSFET have been compared
with CRC-MOSFET as shown in Fig. 10(a) and (b) respectively. It is
evident that both h11 and h22 are less in TGRC as compared to the
conventional device. The value of h11 is continuously decreased with
frequency because h11 is inversely proportion to the Y11 and also to the
ω2 as clearly evident from Eq. (29) while h22 increases with frequency
due to the higher order value of ω as shown in Eq. (30). Fig. 11(a) and
(b) reflects the real and imaginary part of h12 and h21 respectively for
TGRC-MOSFET and CRC-MOSFET w.r.t. frequency. h12 is less in TGRC-
MOSFET and increased when the frequency is increased while in CRC-
MOSFET, it is reduced with frequency. For TGRC-MOSFET, h21 is lower
than CRC-MOSFET and when the frequency is increased, it is reduced
due to increase in input impedance (shown in Fig. 7(a)).

Furthermore, Fig. 12 shows the other bias dependent small signal
modeled parameters for TGRC and CRC in terms of Cgs, Cgd and Csd and
compared with simulated data. Cgs, Cgd and Csd are evaluated by using
Eqs. (33), (34) and (35) respectively. From Fig. 12, it is reflected that
Cgs, Cgd and Csd of TGRC-MOSFET turned out to be smaller (in femto-
Farad) than that of CRC-MOSFETs. From Fig. 12 it is also found that the
modeled data is approximately matched with the simulated data which
reveals that the proposed device is suitable for high-frequency (THz)
applications.

= −C Y ωIm( )/gd 22 (33)

= +C Y Y ω(Im( ) Im( ))/gs 11 12 (34)

= +C Y Y ω(Im( ) Im( ))/sd 22 12 (35)

5.5. Extraction of RF FoMs

Using the simplified analytical expressions for the Y-parameters
(from Eqs. (5)–(8)), we can model analytically different RF FoMs which
are very useful for circuit designing.

5.5.1. Transit frequency fT
Transit frequency (fT) [31] also called cut-off frequency [32] is

defined as the frequency at which the magnitude of the current gain is
equal to unity and we can calculate fT as given in Eq. (36).

=
+

f
g

π C C2 ( )T
m

gs gd (36)

where transconductance is denoted by gm (200µS for CRC and 250 µS
for TGRC) and parasitic capacitances are denoted by Cgd and Cgs. Results
show that fT improves 42% in simulated data and 43.5% in modeled
data (nearly matched) in TGRC-MOSFET as compared to CRC-MOSFET
as reflected in Fig. 13(a) due to reduction Cgs and Cgd as reflected in
Fig. 12. From Eq. (36), we see that fT is directly proportion to the gm so
higher fT reflects due to higher gm [12] in TGRC device.

5.5.2. Maximum oscillation frequency fMAX

Further, the extraction of modeled maximum oscillator frequency
(fMAX) is shown in Fig. 13(b). fMAX is defined as the frequency at which
the unilateral gain become equal to unity [31] and by using small signal
components, fMAX is given as in Eq. (37).

=
+

f
f

R g πf C4 ( 2 )MAX
T

g ds T gd (37)

In Fig. 13(b) fMAX is displayed with modeled value and compared
with the simulated value for CRC and TGRC devices. Results show that

Fig. 13. (a) Transit frequency. (b) Maximum oscillator frequency at Vg=0.7 V and Vd= 0.5 V for CRC-MOSFET and TGRC-MOSFET.
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fMAX improves 123% in simulated data and 130% in modeled data
(nearly same) in TGRC-MOSFET as compared to CRC-MOSFET as re-
flected in Fig. 13(b) due to the enhancement of carrier mobility which
results in a reduction in gate resistance. From Eq. (37), we see that,
since fMAX is directly proportioned to the fT, for the same reasons as
explained for fT, so higher fT reflects higher fMAX [12] in TGRC device
than the previous published work [17,29].

6. Conclusion

This paper discusses the small signal modeling of TGRC-MOSFET in
terms of microwave and electrical parameters, i.e., impedance, ad-
mittance, and hybrid parameters. It is found that TGRC-MOSFET shows
high input impedance and low output impedance owing to the trans-
parent gate which improves the current driving capability and thus the
device HF performance in comparison to conventional RC MOSFET.
Further, the transfer impedance also improves in TGRC device as
compared to the conventional device due to reduced SCEs and high ON
current which enhances the ultimate gain of the device and thus can be
useful in wireless/millimeter wave applications. Moreover, the calcu-
lated model results of small signal parameters are in good agreement
with the simulation results so obtained at the THz range and thus va-
lidated the small signal model. Results show that the proposed device is
best suited for superior RF/Microwave applications.
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Abstract
This work examines a transparent gate recessed channel (TGRC) metal–oxide–semiconductor field-effect transistor (MOS-
FET) for biosensing, including a nanogap cavity for detection of biomolecules and a transparent gate to enhance the overall
current efficiency of the RC-MOSFET. For the detection of neutral biomolecules, electrical characteristics such as ION/IOFF,
shift in threshold voltage and change in surface potential have been studied and thereafter, sensitivity of has been evaluated. The
biosensor showed enhanced sensitivity for biomolecules with increase in their dielectric value, due to greater on-current owing
to the change in capacitances. The capacitances were therefore also evaluated. In addition, immobilization of biomolecules
degrades the noise immunity of MOSFET and thereby their overall biosensing performance, while the noise immunity of the
TGRC device was very high even in the presence of biomolecules. Furthermore, modulation of the cavity gap length was also
investigated, revealing that its increase (from 8 to 20 nm) significantly enhanced the sensitivity of the proposed biosensor.
Overall, the results of this analysis reveal that such TGRC-MOSFET biosensors can exhibit high sensitivity (1.45) at very
low drain bias (0.2 V), enabling their use for biosensor applications to diagnose various diseases which require lower noise,
high speed, low power, and high density.

Keywords Biosensor · Dielectric constant · ITO · Nanogap · Sensitivity · TGRC-MOSFET

1 Introduction

With the aid of nanotechnology, various kinds of biosensor
have been developed for use in medical applications and dis-
ease diagnostics,which require highperformance.According
to medical science, prompt detection of any disease, mainly
cancer, favors patient survival. Numerousmethods have been
developed for detection of biomolecules, e.g., the enzyme-
linked immunosorbent assay [1], for Alzheimer’s disease,
ovarian cancer, and coronary artery disease. However, many
of these approaches are complicated and time-consumingdue
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to the requirement for labeling techniques [2]. Field-effect
transistor (FET)-based biosensors have attracted much atten-
tion over recent years owing to their good scalability, high
sensitivity, rapid electrical detection, low power consump-
tion, direct electrical readout, and low-cost mass production
in comparison with other methods such as surface plasmon
resonance devices [3], microcantilevers [4], and arrays of
fluorescence sensors [5]. Low-cost, highly sensitive, reli-
able, user-friendly, and quick diagnostic biosensing devices
are essential for different biological and biomedical applica-
tions [6]. For biosensing applications, sensitivity is the key
factor for a MOSFET. Over time, various structures such as
the nanowire junctionless MOSFET [7] and tunnel FET [8,
9] have been introduced to enhance the sensitivity of FET-
based biosensors. Nanotechnology-based biosensor devices
have also been used [10–12] to overcome the difficulties of
conventional health diagnostic methods.

Moreover, advanced development of semiconductor tech-
nology for medical applications has shrunk device dimen-
sions to the nanoscale regime to provide high packing density
for high-speed integrated circuits. However, in such ultra-
scaled device, the influence of short-channel effects (SCEs)
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Fig. 1 Schematic structure of
the TGRC-MOSFET biosensor

deeply affects device performance [7]. To overcome SCEs,
several device engineering schemes and alternative device
structures have been reported in literature [13–18]. Among
these, the recessed channel (RC) MOSFET is considered to
be themost promising, since it overcomes almost all theSCEs
and is also compatible with recent complementarymetal–ox-
ide–semiconductor (CMOS) technology [19]. Numerous
innovative gate materials have been explored recently to
enhance the current driving capability of CMOS devices
while enhancing their overall performance. In the pro-
posed (TGRC-MOSFET) biosensor device, indium-doped
tin oxide (ITO) has been used as a gate material, due to
its enhanced electrical properties, as demonstrated in pre-
vious work [20–25]. Use of ITO significantly enhances the
on-current, due to its very low resistivity (10−5 � cm) and
high mobility (53.5 cm2 V−1 s−1) [26].

In the work presented herein, a TGRC-MOSFET for
use as a biosensor was simulated, considering the electri-
cal properties of various biomolecules. The main use of
biosensors is to sense biological elements, based on their
sensitivity to and binding specificity of biological species
such as enzymes, proteins, nucleotides, or antibodies. In
the proposed TGRC-MOSFET biosensor, the channel poten-
tial of the device is influenced by the electrical properties
of the biomolecules, enabling their detection. In a conven-
tional MOSFET, current flows in the channel when the gate
voltage exceeds a threshold voltage (VTH). In a biosensor,
this effect is modulated by the dielectric constant due to
immobilization of biomolecules below the gate electrode,
because the threshold voltage depends upon the gate capac-
itance. Absorption of biomolecules therefore affects the
electrical characteristics of the sensor, changing its sensi-
tivity.

2 Device structure, simulationmethodology,
and calibration

The three-dimensional (3D) structure of the considered
biosensor device is shown in Fig. 1. For immobilization
of biomolecules, a small nanocavity is created in the gate
insulator region, since this is the most important region
determining the behavior and characteristics of a CMOS
device. Here, Lgap is the length of the nanogap cavity (8 nm),
tox is the oxide thickness (2 nm), and the gate length LG is
taken to be 20 nm. The source and drain regions are highly
doped with n-type impurity to 5 × 1019 cm−3, while the
substrate is doped with p-type impurity to 1 × 1017 cm−3,
as shown in Fig. 1. The negative junction depth (NJD) is
taken to be 10 nm, while the gate workfunction of ITO
(ΦITO) is 4.7 eV. The gate bias (Vgs) is 0.7 V and the drain
bias (Vds) is 0.2 V throughout the analysis, unless otherwise
stated. Absorption of different biomolecules is modeled
by introduction of an insulator having the same dielectric
constant as a particular biomolecule into the nanogap cavity.
The unfilled cavity (i.e., with no biomolecules present) is
modeled by using an insulator with dielectric constant k �
1, while the dielectric constant of the different considered
biomolecules is as follows: streptavidin (k � 2.1) [27], biotin
(k � 2.63) [28], 3-aminopropyltriethoxysilane (APTES)
(k � 3.57), and protein (k � 8) [29]. Streptavidin–biotin
is used to detect Marek’s disease virus (MDV) using an
enzyme-linked immunosorbent assay (ELISA) method [30],
while APTES facilitates immobilization of biomolecules
onto the surface for detection of dengue virus [31].

ATLAS is a powerful simulation tool that can be used for
extraction of reliability results and figures of merit (FOMs)
[32]. Various simulation models were applied in this work,
including the Lombardi constant voltage and temperature
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Fig. 2 Calibrated a output and b
transfer characteristics of
experimental and simulation
data for a recessed channel
MOSFET (with 36 nm gate
length)

Fig. 3 Transfer characteristics of the nanogap-embedded TGRC-
MOSFET in the presence of different biomolecules

Fig. 4 Transconductance (gm) of the nanogap-embedded TGRC-
MOSFET in the presence of different biomolecules

(CVT) model to consider all the mobilities, e.g., due to
scattering caused by the parallel and perpendicular fields
applied on the device. For carrier generation–recombination,
we used Shockley–Read–Hall (SRH) recombination. Fer-
mi–Dirac statistics were used in case of very highly doped
material. To include information about the low energy (tem-
perature) of the carriers, we used the energy balance transport

Fig. 5 Switching ratio (Ion/Ioff) of the TGRC-MOSFET at drain voltage
of 0.2 V in the presence of different biomolecules

Fig. 6 Sensitivity of the TGRC-MOSFET at drain voltage of 0.2 V to
different biomolecules

(EBT) model [32]. Calibration of the physical model param-
eters of the simulated device against experimental results
by Appenzeller et al. [33] is shown in Fig. 2. To validate the
simulation results, output and transfer characteristic statistics
were extracted [33] for a 36-nm RC-MOSFET, as shown in
Fig. 2a and b, respectively. The simulation results in Fig. 2a,
b almost match with the experimental data for a sub-40-nm
RC MOSFET, thus validating the simulation model.
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Fig. 7 Threshold voltage shifts for the TGRC-MOSFET in the presence
of different biomolecules

3 Results and discussion

It can be observed from the transfer characteristics of the
biosensor (Fig. 3) that, when neutral biomolecules are immo-
bilized (k > 1) in the cavity, the on-current is significantly
enhanced compared with in their absence (k � 1), owing
to the increase in the dielectric constant and thus transcon-
ductance (Fig. 4). Different biomolecules can be detected
based on the measured current [5]. Due to the increase in the

on-current, the switching ratio (Ion/Ioff) also increases with
the dielectric value, as shown in Fig. 5. Thus, the change in
the drain current or the enhancement in Ion and the switch-
ing ratio for a particular biomolecule could be used as key
parameters for their detection/sensing. Furthermore, sensitiv-
ity is one of the critical parameters for the proposed biosensor
device. In this work, the sensitivity (S) is defined as

S � Ion(k > 1)

Ion(k � 1)
. (1)

Figure 6 presents the sensitivity for the different
biomolecules, clearly showing a higher value for protein
biomolecules (k � 8) compared with streptavidin, biotin, and
APTES (2.1, 2.63, and 3.57, respectively); note that the use
of a uniform dielectric value implies that the cavity is com-
pletely filled by the specific biomolecule.

The threshold voltage was used as a sensing parameter for
detection, being directly related to the dielectric constant; in
this work, the threshold voltage is defined as the gate volt-
age at which the drain current is equal to 10−7 A/µm. The
threshold voltage increases as the dielectric constant of the
biomolecule is increased, as shown for the TGRC-MOSFET
in Fig. 7. Threshold voltage shifts (�VTH) of 3.5mV, 5.3mV,
8.2 mV, and 17.2 mV are observed when the dielectric con-
stant changes from the unfilled cavity to a cavity filled with

Fig. 8 a Surface potential along
the channel from the source to
drain and b corresponding
contour plots of the
TGRC-MOSFET in the
presence of different
biomolecules with k � 1, 2.1,
2.63, 3.57, and 8
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Fig. 9 Effect on a conductionband andbvalence band along the channel
of the TGRC-MOSFET in the presence of different biomolecules

biomolecules having k � 2.1, 2.63, 3.57, and 8 (Fig. 7). The
threshold voltage shift (�VTH) can also be used to define the
sensitivity of the biosensor as �VTH � VTH(after absorp-
tion of the molecule) − VTH(air-filled cavity) [34, 35]. The

threshold voltage shift is directly proportional to the permit-
tivity of the absorbed neutral biomolecule, i.e.,

�VTH ∝ kbio. (2)

Thus, it can be said that, the higher the absolute value of
�VTH, the better the sensitivity of the biosensor, as �VTH

also represents the sensitivity of the device and the threshold
voltage shifts toward higher gate voltage in the presence of
biomolecules in the nanogap cavity [7].

In addition, the electrical performance of the TGRC-
MOSFET biosensor was also examined in terms of the
surface potential (Fig. 8a). Under the cavity region, defor-
mation of the potential occurs (especially at the drain end).
When biomolecules are immobilized in the cavity, a change
in potential is observeddue to the change in the dielectric con-
stant due to the biomolecules. This shift in potential can also
be used to detect the presence of biomolecules in the cavity
region. The contour plots of the surface potential in Fig. 8b
clearly reveal the change in potential when biomolecules are
immobilized in the nanocavity.

Figure 9a, b shows the energy band profile [36] in
terms of the conduction- and valence-band energies. When
biomolecules are immobilized in the nanogap cavity, these
values clearly change. The shift in the energy band is more
prominent for the biomolecule with dielectric constant of
3.57 but less prominent for protein, streptavidin, and biotin,
in comparison with the case of no biomolecules [37], as
reflected inFig. 9a, b.Thus, theTGRCdevice can alsobeused
as a low-power sensing device due to this effective change
in the energy band profiles at low drain bias (0.2 V) for
different biomolecules. Moreover, it is also observed from
Fig. 10a that, in the presence of various biomolecules (k �

Fig. 10 a Electron temperature along the channel from the source to drain and b corresponding contour plots for the TGRC-MOSFET in the presence
of different biomolecules
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Fig. 11 Electron current density along the channel from the source to
drain of the TGRC-MOSFET in the presence of different biomolecules

2.1 to k � 8), the electron temperature decreases (~510 K)
due to the high-k dielectric (biomolecules) in the nanocav-
ity gap, due to which leakage currents such as hot-electron
injected gate current and impact-ionization substrate current
are almost eliminated, thereby enhancing the Ion (shown
in Fig. 2) and sensitivity of the device. The contour plots

in Fig. 10b clearly show how the temperature varies when
biomolecules are introduced into the nanogap cavity. This
change in temperature with the dielectric constant can also
be used to detect/sense which biomolecules are present.

Furthermore, the electron current density [38] in the pres-
ence and absence of different biomolecules in the nanocavity
gap was also investigated (Fig. 11). For the proposed biosen-
sor, it is evident that the electron current density is very
low when the nanocavity gap is unfilled (for air, k � 1) but
increases when the nanocavity gap is filled with different
biomolecules, in increasing order of dielectric constant. For
higher current density, Ion will also be high, due to which the
switching ratio is increased. Thus, the device will be more
sensitivewhen the nanocavity gap is filledwith biomolecules,
and this effect will increase with their dielectric constant (as
shown in Fig. 6). It is also observed fromFig. 11 that the elec-
tron current density is higher just below the nanocavity gap.

3.1 Effect on parasitic capacitances

The presence of biomolecules can easily be observed via the
change in stray capacitances, as the stray (parasitic) capaci-

Fig. 12 Effect of different biomolecules on the parasitic capacitances a Cgs, b Cgd, and c Cgg of the TGRC-MOSFET
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tances of a field-effect transistor are altered when changing
the dielectric constant of the gate oxide. Figure 12a shows
that the gate-to-source capacitance (Cgs) and gate-to-drain
capacitance (Cgd) are altered (increased) when changing
(increasing) the dielectric constant to k � 2.1, 2.63, 3.57,
and 8, in comparison with the unfilled nanogap. When Vgs

increases, the accumulation of charge carriers near the gate
increases [39], and as a result, the gate-to-source capaci-
tance and gate-to-drain capacitance also increase. Similarly,
the gate capacitance (Cgg) is altered in the presence of
biomolecules with different dielectric constants, and when
Vgs increases, the accumulation of charges at the gate
increases, and thus so does the gate capacitance [39], as
shown in Fig. 12c. When molecules with higher dielectric
constant are immobilized, these changes in the capacitances
becomemore prominent, as is evident fromFig. 12a–c. These
parasitic capacitances must be as low as possible in semi-
conductor devices for use in high-performance applications.
According to these results, all the parasitic capacitances
(Cgs, Cgd, and Cgg) evaluated in the presence of different
biomolecules were very low (on femtofarad scale).

3.2 Noise assessment

In the presence of any external agent (e.g., biomolecules) in
the channel region of a CMOS device, the electrical behav-
ior in terms of the I–V characteristics is altered. Such shifts
in the I–V characteristics and other electrical behaviors can
be used as key parameters for detection of biomolecules, as
clearly shown above. However, the presence of such agents
can also sometimes lead to noise, which degrades biosensor
performance. Therefore, to examine the noise immunity of
the proposed biosensor, noise FOMs such as the minimum
noise figure, noise conductance, etc. were also evaluated
w.r.t. frequency [14]. As is clear from Figs. 13, 14, and 15,
when biomolecules are immobilized in the cavity, all the
noise parameters improved significantly at high frequency.
This observation can mainly be attributed to the transpar-
ent conducting material (ITO) used in the TGRC-MOSFET
architecture, because the random motion of free electrons
is decreased in such materials. In a transparent conducting
material, the temperature (Fig. 10) does not increase signifi-
cantly when the concentration of charge carriers is increased,
thereby improving the noise immunity of the TGRC biosen-
sor in the presence of biomolecules. Furthermore, Fig. 15
shows another noise parameter, called the optimum source
impedance (ZOPT �ROPT + jXOPT),with respect to frequency
for the different biomolecules, being nearly zero at higher
frequencies when the nanocavity gap is empty but increasing
with the dielectric constant of the biomolecule. This indi-
cates that the device exhibits very low noise in the presence
of biomolecules and is thus suitable for use in biosensing
applications.

Fig. 13 Noise conductance in the GHz frequency range for the TGRC-
MOSFET in the presence of different biomolecules

Fig. 14 Minimum noise figure in the GHz frequency range for the
TGRC-MOSFET in the presence of different biomolecules

3.3 Effect of the nanogap cavity length

Moreover, the length of the cavity (Lgap) [36]was also varied,
with the aim of determining its effect on the sensitivity and
thereby the performance of the biosensor. Figure 16 shows
that, with increase in the cavity gap length, the on/off ratio
was evidently reduced due to an increase in the off-current

Fig. 15 Optimum source impedance in the GHz frequency range for the
TGRC-MOSFET in the presence of different biomolecules
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Fig. 16 Effect of varying the cavity gap length in the TGRC-MOSFET
on the switching ratio for different biomolecules

Fig. 17 Effect of varying the cavity gap length in the TGRC-MOSFET
on the sensitivity for different biomolecules

resulting from higher capacitance. Moreover, the sensitivity
of the TGRC biosensor with different cavity gap lengths was
also evaluated, revealing that it increased significantly with
increase in Lgap (Fig. 17). From this figure, it is observed
that the sensitivity increased with k for given Lgap. Thus,
for Lgap � 20 nm, the nanogap-embedded TGRC biosensor
showed better sensitivity for protein (k � 8) in comparison
with the other biomolecules. Figure 18 shows the change in
the threshold voltage with Lgap (from 8 to 20 nm) for the dif-
ferent biomolecules; this noticeable change in the threshold
voltage with the dielectric constant can be used as one of the
sensing parameters for detection of biomolecules. Thus, the
TGRC-MOSFET with cavity gap length of 20 nm showed
optimum performance and hence could be employed as a
low-power, high-sensitivity biosensor for diagnosis of vari-
ous associated diseases.

4 Conclusions

The applicability of a nanogap-embedded ITO-gated
recessed channel MOSFET as a biosensor was investigated.

Fig. 18 Effect of varying the cavity gap length in the TGRC-MOSFET
on the threshold voltage for different biomolecules

For detection of various biomolecules, the electrical behavior
was studied in terms of the threshold voltage shift, sensitiv-
ity, switching ratio, surface potential, capacitance, and noise
FOMs. The results obtained clearly show that, due to the ITO
gate in the nanogap cavity, the electrical performance of the
TGRCbiosensorwas significantly enhanced, showing higher
sensitivity for biomolecules with high dielectric value. It was
found that the sensitivity was higher for detection of protein
(k ≈ 8) in comparison with the other biomolecules, with
higher noise immunity. Such TGRC-MOSFET biosensors
are therefore proved to be favorable devices for use in sensing
applications, due to their high sensitivity and low-power elec-
trical detection of different biomolecules. Furthermore, the
effects of the cavity gap length on the switching ratio, VTH,
and sensitivity of the proposed biosensor were also exam-
ined, revealing that the sensitivity increased with increase
in the cavity length while the overall biosensor performance
was slightly degraded. Therefore, the cavity gap length must
be optimized for better performance, which will enable use
of such sub-20-nm TGRC-MOSFETs as low-noise, high-
speed, high-sensitivity biosensors for detection of various
associated diseases.
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A B S T R A C T

This paper presents a technology computer-aided design (TCAD) analysis of an ultrasensitive In2O5Sn gate
(transparent gate) recessed channel (TGRC) metal-oxide-semiconductor field effect transistor (MOSFET) as a
biosensor for early-stage disease diagnostics. The key parameters such as sensitivity, switching ratio, and
threshold voltage shift have been compared with the conventional MOSFET. For immobilizing the protein
molecules, a cavity has been embedded in the gate insulator region due to which gate capacitance changes owing
to the accumulation of protein molecules which reflects the deviation in threshold voltage. Higher sensitivity
(1.542) is achieved for protein at a very low drain bias (0.2 V) in comparison to streptavidin and APTES ((3-
Aminopropyl) triethoxysilane). Moreover, the cavity gap variation (from 8 to 15 nm) and oxide thickness lim-
itation has also been observed for the device as a biosensor. All the results pave way for early detection tech-
niques of protein-related diseases such as Alzheimer's diseases, ovarian cancer and coronary artery disease with
the existing complementary metal oxide semiconductor (CMOS) technology.

1. Introduction

According to medical science, prompt detection of any disease
mainly cancer is valuable for the survival of patients. Numerous
methods have developed for detection of the biomolecule, such as the
enzyme-linked immunosorbent assay [1], Alzheimer's disease, ovarian
cancer, type 2 diabetes, and coronary artery disease. Though, many of
them are complicated and time-consuming due to labeling practices
[2]. Field effect transistor (FET) based biosensors have gained a lot of
attention since past few years owing to high-scalability, high sensitivity,
rapid electrical detection, low power consumption, direct electrical
readouts, low-cost mass production as compared with other devices,
including surface Plasmon resonance [3], microcantilevers [4], and an
array of fluorescence sensors [5]. Low-cost, highly sensitive, reliable,
user-friendly quick diagnostic bio-sensing devices are essential for dif-
ferent biological and biomedical applications [6]. To overcome the
difficulties of conventional health diagnostic methods, nanotechnology-
based biosensor devices are used [7–9].

Moreover, the development of semiconductor technology advanced
to shrink the MOSFET dimensions for the nanoscale regime to provide
high packing density with the high-speed integrated circuit. However,
in an ultra-scaled device, the influence of short channel effects (SCEs)
deeply affects the device performance [10]. Several device engineering

schemes and device structures have been reported in the literature
[11–13] to overcome SCEs. Recessed Channel (RC) MOSFET is con-
sidered as the most promising one since it overcomes almost all of the
SCEs and is also feasible with CMOS technology. It has been demon-
strated in previous work [14,15] when ITO (Indium Tin Oxide) [16,17]
is amalgamated onto RC MOSFET; gate controllability enhances sig-
nificantly owing to a very low resistivity (10-5Ω-cm) with high mobility
(53.5 cm2 V-1s -1) [17].

Therefore, in this paper, for the first time, TGRC-MOSFET is in-
troduced as a biosensor. A biosensor is used to sense biological ele-
ments, attaching the sensitivity and binding specificity of biologics such
as enzymes, proteins, nucleotides, and antibodies. In this proposed
TGRC-MOSFET as a protein biosensor, the channel potential of the
device is influenced by the electrical properties of biomolecules. The
proposed biosensor can also be used as APTES based sensor owing to
high sensitivity to diagnose early stage type 2 diabetes using alpha-
hydroxybutyrate (α-HB or ABH) detection [18]. In conventional
MOSFET, the current flows in the channel when gate voltage exceeds
the threshold voltage (VTH), and it can be modulated by the dielectric
constant which is due to biomolecule immobilization below the gate
electrode because threshold voltage depends upon gate capacitance. In
TGRC-MOSFET, in the gate insulator region, a nano-cavity is embedded
for immobilizing the biomolecules. The electrical characteristics are
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altered due to the absorption of biomolecules and due to which the
sensitivity of sensor changes. The biomolecules which are absorbed in
the Nano-cavity gap changes the dielectric constant (k) of the gap
which alters VTH of the device which then serves as a key parameter to
estimate the sensitivity of marker.

2. Device structure and its parameters

The device structure for TGRC-MOSFET considered in this work is
shown in Fig. 1. The difference between nano cavity-gap implanted
TGRC-MOSFET and TGRC-MOSFET involves the nano cavity-gap (Lgap)
at the edge of the gate dielectric where the biomolecules are accumu-
lating. Here, Lgap is the length of the Nano-gap cavity (8 nm), tox is the
oxide thickness (2 nm), and LG is the gate length (30 nm). The source
and drain regions are highly doped with an n-type impurity of
5× 1019 cm−3, and the substrate is doped with a p-type impurity of
1× 1017 cm−3 as shown in Fig. 1. Negative Junction Depth (NJD) is
taken as 10 nm, gate bias (Vgs) is 0.7 V and drain bias (Vds) is 0.2 V.
Gate workfunction of TGRC-MOSFET (ΦITO) is 4.7eV, and the thickness
of ITO is 38 nm. The absorption of different biomolecules is modeled by
introducing insulator with dielectric constant same as that of a parti-
cular biomolecule in the Nano-gap cavity. In this work, we have studied
the behavioural change in MOSFET's electrical characteristics when
biomolecule is absorbed in nanogap cavity. Since this analysis is based
on simulation, we have chosen dielectric constant without any impurity
same as that of particular biomolecule in real time environment. Hence,
any signal produced by the impurity of same dielectric constant as the
biomolecule theoretically has been ignored. Moreover, when this device
is used in medical applications, then the actual biomolecule is taken
instead of dielectric constant. Therefore, the signal produced would be
only due to absorption of biomolecules. This is the reason for not using
complex dielectric constant. Further, the unfilled cavity (i.e. no bio-
molecules is present) is modeled by using an insulator having dielectric
constant k= 1 and dielectric constant is taken greater than unity for

the detection of different biomolecules such as streptavidin (k=2.1)
[19], biotin (k= 2.63) [20], 3-aminoppropyltriethoxysilane (APTES)
(k=3.57) [18] and protein (His61) (k= 8) [21,22]. Streptavidin-
biotin is used to detect Marek's disease virus (MDV) using enzyme-
linked immunosorbent assay (ELISA) method [23] while APTES func-
tions as a facilitator to immobilize biomolecules on the surface in the
detection process of dengue virus [24].

3. Simulation methodology and calibration

For TCAD simulations, various models have been taken into effect
such as, for mobility of carriers under the influence of changing electric
field, we have included Parallel Electric Field Dependence (fldmob
model) [25]. The model takes care of all the parameters affecting the
mobility of carriers including velocity saturation effect. To predict the
behavior of the device undergoing immobilization, it is crucial to model
the movement of carriers accurately. For carrier generation-re-
combination, we have implemented (klasrh model) [25] concentration-
dependent Klaassen Shockley-Read-Hall Recombination model as it can
include a concentration-dependent lifetime of carriers [25]. The above-
selected models account for almost the entire device physics associated
with the MOSFET, thereby producing precise results. During the mea-
surement, gate bias is swept from 0 to 0.7 V.

To validate the simulation models, both the experimental statistics
[26] and modeled data [27] have been drawn-out. Thus, the experi-
mental data [26] and simulated data is calibrated and plotted as evident
in Fig. 3(a) for 140 nm gate length. Hence, we have approximated the
corner effect [28] and find out that the error (Δɛ/Leff) < 0.6% which is
negligible as depicted in Fig. 2(a). Moreover, the simulated models have
been calibrated with modeled data [27] which is almost matched as
evident from Fig. 2(b), thus reflecting the validity of simulation models.

Fig. 1. Schematic structure of TGRC-MOSFET as a biosensor.

Fig. 2. (a) Experimental and simulation of Ids-Vgs characteristics of 140 nm gate length grooved gate (recessed channel) MOSFET. (b) Modeled and simulation of Ids-
Vgs characteristics of 50.8 nm gate length recessed channel MOSFET.
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4. Results and discussion

It can be observed from Fig. 3(a), when the biomolecules are im-
mobilized (k > 1) in the Nano-gap cavity, ON-current (shown in inset)
rises significantly (at Vgs= 0.7 V) in comparison to the absence of
biomolecule (k= 1) owing to an increased dielectric constant which
increases the gate control. Therefore, the switching ratio (ION/IOFF) also
increases with a dielectric constant (streptavidin, APTES, and protein
respectively) as compared to air (unfilled) in the proposed device as
compared to conventional MOSFET due to amalgamation of ITO as a
gate material (shown in Fig. 3(b)). Thus, the change in drain current,
enhancement in ION and switching ratio for a particular biomolecule
can be used as a key parameter to detect/sense the specific biomolecule.
The threshold voltage is used for detection purpose as a sensing para-
meter, and it is directly related to the dielectric constant. Threshold
voltage defines the specific gate voltage at which drain current is equal
to 10−7 (A/μm) in this work. The threshold voltage enhances as the
related dielectric constant of the biomolecule is increased, and the same
results are observed for TGRC-MOSFET in which threshold voltage in-
creases with dielectric constant, as shown in Fig. 4.

High threshold voltage shift (ΔVTH) of 9.7mV, 21.3 mV, and
34.1 mV is observed in TGRC device while low ΔVTH; 2mV, 5mV, and
9mV is observed in conventional MOSFET when streptavidin, APTES,
and protein respectively are immobilized in the Nano-gap cavity in
comparison to unfilled Nano-gap cavity as reflected in Fig. 4.

In this work, the sensitivity (S) parameter is defined as the ration of
ION when the biomolecule is present to the ION when biomolecule is
absent-

=
>
=

S I k
I k

( 1)
( 1)

ON

ON (1)

Fig. 5(a) shows the sensitivity [29] of TGRC-MOSFET and conven-
tional MOSFET. It is evaluated that the sensitivity of TGRC-MOSFET
enhanced by 19.85%, 27.9% and 32.93% for streptavidin, APTES, and
protein respectively as compared to conventional MOSFET. The en-
hancement in sensitivity is due to the increment in ON current as well
as switching ratio (shown in Fig. 3(a) and (b)).

Fig. 5(b) showed the sensitivity of protein and compared with
streptavidin and APTES on different drain bias in TGRC-MOSFET bio-
sensor. It is indicated in Fig. 5 that this device is highly sensitive to low
drain bias and less sensitive to higher drain bias. From the figure, it is
also evident that the sensitivity is comparatively higher for the protein
biomolecules owing to a high dielectric constant at lower drain bias
(0.2 V at constant Vgs= 0.7 V) as compared to streptavidin and APTES.
Thus, TGRC-MOSFET is also applicable for low power ultra-sensing
applications in Alzheimer's disease, ovarian cancer, and coronary artery
disease diagnosis.

Also, the electrical performance of TGRC-MOSFET biosensor is also
examined in terms of surface potential as shown in Fig. 6(a). Under the
cavity region, the deformation of potential appears (effectively at drain
end). When biomolecules are immobilized in the cavity, the change in
potential is observed due to the change in dielectric constant of bio-
molecules. Hence, the shift in potential can detect the presence of
biomolecules in the cavity region. Contour plots of surface potential
clearly show the change in potential when biomolecules are im-
mobilized in the Nano-cavity as shown in Fig. 6(b).

Fig. 7 reflects the energy band profile in terms of conduction band
energy, valence band energy and electron Quasi-Fermi level (QFL).
When the biomolecules are immobilized in the Nano-gap cavity, then
the change in conduction band energy and valence band energy is
evident as shown in Fig. 7(a) and (b). The shift in energy band is more
prominent for protein (k=8) while less prominent for streptavidin and
biotin biomolecules in comparison to the case of absence [30] of bio-
molecules as reflected in Fig. 7(a) and (b). Contour plots of QFL in the
presence of biomolecule are shown in Fig. 7(c). The change in QFL can
be observed in the contours plot, by which it can be detected the kind of
biomolecule present in the Nano-gap cavity of TGRC-MOSFET. Thus,
TGRC can also be used as a low power sensing device due to effective
change in energy band profiles at low drain bias (0.2 V) for protein
biosensor to diagnose the Alzheimer's disease, ovarian cancer, and
coronary artery diseases.

Moreover, it is also observed in Fig. 8(a) that, the electron tem-
perature is high when the protein molecules are immobilizing, and the
change in temperature is more prominent for protein while less pro-
minent for streptavidin and APTES molecules as evident from Fig. 6(a).
Contours plot represent how the temperature varies when the biomo-
lecules come into the Nano-gap cavity, as shown in Fig. 8(b). With the

Fig. 3. (a) Transfer characteristics, Inset: ON-current of Nano-gap embedded TGRC-MOSFET and (b) Switching ratio (ION/IOFF) of Nano-gap embedded TGRC-
MOSFET and conventional MOSFET in the presence of biomolecules.

Fig. 4. Threshold voltage shifts for different biomolecules in TGRC-MOSFET
and conventional MOSFET.
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change in temperature, change in dielectric constant can detect/sense
about which biomolecules are present. Thus, TGRC-MOSFET is a pro-
mising candidate as a protein biosensor which can be detect the asso-
ciated protein diseases and provides more efficient therapies (such as
Alzheimer and ovarian cancer therapy).

4.1. Effect of parasitic capacitances

The presence of biomolecule can be easily observed by the change in
stray capacitances because the stray (parasitic) capacitances of a field
effect transistor are altered by changing the dielectric constant. From

Fig. 9(a), it is observed that the gate to source capacitance (Cgs) is al-
tered (increased) by altering (increasing) the corresponding dielectric
constant of streptavidin, APTES, and protein in comparison to air. Si-
milarly, the gate to drain capacitance (Cgd) and gate capacitance (Cgg)
are altered in the presence of air, streptavidin, APTES, and protein as
shown in Fig. 9(b) and (c). When the protein molecules are im-
mobilizing, then the change in capacitance is more prominent for
protein while less prominent for streptavidin and APTES molecules as
compared to air as evident from Fig. 9(a), (b) and (c).

Fig. 5. (a) Comparative study of sensitivity between TGRC-MOSFET and conventional MOSFET for various biomolecules. (b) Impact on sensitivity variation of the
various biomolecules at different drain voltages for TGRC-MOSFET.

Fig. 6. (a) Effect on surface potential in the presence of biomolecules along the channel from source to drain in TGRC-MOSFET. (b) Contour plot of surface potential
in the presence of biomolecules (for k=1, 2.1, 3.57 and 8) along the channel from source to drain in TGRC-MOSFET.

Fig. 7. Effect on energy bands: (a) Conduction band, (b) Valence band and (c) contour plot of electron Quasi-Fermi Level (QFL) in eV, along with the channel in the
presence of biomolecules in TGRC-MOSFET.
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4.2. Effect of nano-gap cavity length

Moreover, the effect of cavity length (Lgap) has also been observed in
this work with an aim to investigate the sensitivity at different Lgap of
the biosensor. Fig. 10(a) shows the impact of Lgap variation on ION, and
it is observed that ION increases for streptavidin, APTES, and protein as
compared to air for a particular Lgap (8 nm, 10 nm, and 15 nm) but ION
reduces when Lgap increases from 8 nm to 15 nm.

Similarly, the switching ratio is increased for streptavidin, APTES,
and protein respectively as compared to air for a particular Lgap re-
flected in Fig. 10(b). Fig. 10(c) shows the change (reduces) in threshold
voltage due to change in Lgap (from 8 nm to 15 nm) for air, streptavidin,
APTES, and protein respectively. Thus, more prominent change in
threshold voltage (due to change in dielectric constant) is used as a
sensing parameter for detection of protein molecules. Moreover, the
sensitivity of TGRC-MOSFET is also observed with change in Lgap, and it

Fig. 8. (a) Effect on electron temperature along the channel from source to drain and (b) contour plot of electron temperature, in the presence of biomolecules in
TGRC-MOSFET.

Fig. 9. (a) Effect on parasitic capacitances (a) Cgs (b) Cgd (c) Cgg; in the presence of biomolecules in TGRC-MOSFET.
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is found that sensitivity of the device is enhanced significantly with the
increase in Lgap as shown in Fig. 10(d). From the figure, it is also ob-
served that the sensitivity increases from streptavidin to APTES and
APTES to protein (for each Lgap). Thus, with Lgap= 15 nm, Nano-gap
embedded TGRC-MOSFET shows better sensitivity for protein biomo-
lecules in comparison to other biomolecules. Thus, 15 nm cavity-gap
length of TGRC MOSFET show optimum performance and hence can be
used as a low power, high sensitive biosensor to diagnose various as-
sociated diseases.

4.3. Impact of Oxide-thickness: Limit of Detection

In this section, the impact of oxide-thickness (tox) variation in order
to determine the limit of detection has been observed in terms of on-
current, switching ratio, threshold voltage and sensitivity in TGRC-
MOSFET. In this section, the cavity gap is fixed at 8 nm because; the
device gives high performance at 8 nm Lgap as a biosensor. Fig. 11(a)
shows the impact of tox variation on ION, and it is observed that ION
increases for streptavidin, APTES, and protein as compared to air for a
particular tox (2 nm, 4 nm, and 6 nm) but ION reduces when tox increases
from 2 nm to 6 nm due to higher tox, gate capacitance (stray capaci-
tance) will be high and thus ION is reduced.

In the same way, the switching ratio is increased for streptavidin,
APTES, and protein respectively as compared to air for a particular tox
reflected in Fig. 11(b). Fig. 11(c) shows the change (reduced) in
threshold voltage due to change in tox (from 2 nm to 6 nm) for air,
streptavidin, APTES, and protein respectively. Thus, more prominent
change in threshold voltage (due to change in dielectric constant) is
used as a sensing parameter for detection of biomolecules. Moreover,
the sensitivity of the proposed device is also observed for different tox,

and it is observed that the sensitivity of the device is reduced with the
increase in tox as shown in Fig. 11(d) and maximum at 2 nm tox due to
higher ION. Thus, 2 nm oxide-thickness of TGRC device show optimum
performance and hence can be used as a low power, high sensitive
biosensor. From the results, it is also concluded that there is a detection
limit of up to 4 nm oxide thickness; and beyond this limit, the device is
not suitable for bio-sensing applications due to higher reduction in ION
and sensitivity.

5. Conclusion

This work investigated the performance metric of highly sensitive
ultra-low power TGRC-MOSFET as a biosensor. The working principle
of TGRC-MOSFET based biosensor for electrical detection of biomole-
cules has also been investigated in terms of energy band, threshold
voltage, electron-QFL, electric field, surface potential, and drain cur-
rent. The sensitivity factor is improved by 32.93% as compared to
conventional MOSFET at low drain bias voltage (0.2 V). Due to higher
sensitivity at low drain bias, all the parameters have been investigated
at 0.2 V drain voltage for protein molecules and simultaneously com-
pared with other biomolecules such as streptavidin, APTES and also in
the absence of molecules (air). Further, the efficacy of cavity gap length
and oxide thickness variation is also examined in terms of ION,
switching ratio, VTH, and sensitivity of the proposed biosensor. Thus,
TGRC-MOSFET biosensor proves to be a favorable device for the sen-
sing applications as compared to conventional MOSFET based biosensor
owing to its high sensitivity and low power electrical detection property
which is useful for early diagnosis of deadly diseases and could improve
the health of at-risk populations worldwide.

Fig. 10. The impact of length of cavity gap variation on (a) ION, (b) ION/IOFF, (c) Threshold voltage, and (d) Sensitivity, for different biomolecules in TGRC-MOSFET.
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1  Introduction

From past few periods, shrinking of device dimensions 
is the main driving force towards circuit miniaturization, 
low cost, and portability (Moore 1975). As the dimensions 
of CMOS device reduces, scaling of silicon-based MOS-
FET devices for barrier potential, critical electric field, 
oxide thickness, the threshold voltage becomes tougher 
(Iwai 2009). To overcome these limitations, numerous 
techniques are being proposed by researchers. Some of 
them include modification on the existing structure and 
technology; and on the other hand, incorporation of some 
new material instead of prevailing material (Woerlee et al. 
2001). These includes multi-gate MOSFET proposed 
by (Barsan 1981), SOI MOSFET by (An et  al. 2003), 
GAA MOSFET by (Auth and Plummer 1997), and Sili-
con Nanowire MOSFET by (Hu et al. 2003, 2004; Gupta 
et  al. 2016) etc., to overcome the scaling problems at 
nano-regime. However, Recessed Channel (RC) MOSFET 
(Chaujar et al. 2008) comes into the existence and appre-
ciably eliminated SCEs and HCEs due to the existence 
of trench channel which separates the source and drain 
regions. Although RC MOSFET has its own limitations 
that it hinders the current driving capability, to overcome 
this limitation, there is need of integrating some engi-
neering scheme onto RC MOSFET. Therefore, In2O5Sn 
(Indium tin oxide) as a gate metal is amalgamated onto RC 
MOSFET and then TGRC MOSFET (Kumar et al. 2016a, 
b, c) comes into existence.

As device dimensions go into sub-30  nm range, the 
parasitic capacitances become more protruding, which 
thus affects the device performance and makes the device 
unsuitable for switching and low power applications. As 
the channel length scales down, the gate control over the 
channel gets reduced due to the increased source/drain 

Abstract  This work discusses the capacitance–voltage 
(C–V) analysis and frequency dependent capacitance of 
In2O5Sn (Tin Oxide) gate electrode Recessed Channel 
(TGRC) MOSFET with an aim to examine the effective-
ness of In2O5Sn (Transparent) as a gate material on para-
sitic capacitance which prominently influences the current 
driving capability and thus, the switching performance. 
Moreover, capacitance dependent parameters such as 
Transconductance Frequency Product (TFP), Energy Delay 
Product (EDP) and Gain Bandwidth Product (GBP) are 
also assessed and found that, TFP increases to 6.33 times in 
comparison to metal gate RC MOSFET owing to a notice-
able reduction in parasitic capacitance (Cgg = Cgs + Cgd), 
due to which EDP and GBP also improve considerably and 
thus reflects its effectiveness in RF amplifiers and receivers. 
In addition, the effect of parameter variation such as gate 
length (Lg) and negative junction depth (NJD) of TGRC is 
also observed, and results reveal that with Lg = 20 nm and 
NJD = 5 nm, TGRC unveils outstanding switching perfor-
mance which is desirable for low power ULSI applications.
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capacitances (Murali and Meindl 2007). Therefore, there is 
a need to perform and study the capacitance–voltage (C–V) 
analysis which is more advantageous over current–volt-
age analysis (Steinke et  al. 2012) to scrutinize the effects 
of parasitic capacitances on device performance. In this 
work, for the first time, a highly conducive and transpar-
ent material (ITO) is used as a gate electrode in RC MOS-
FET to analyses the effect of parasitic capacitances (both 
bias dependent and frequency dependent). ITO (In2O5Sn) 
is made of indium oxide (In2O3) and  tin oxide (SnO2), 
and it needs lowest deposition temperature (Murali and 
Meindl 2007; Singh et  al. 2006). ITO has a high concen-
tration in the order of 1021 cm−3 and a very low resistivity 
(10−5 Ω-cm) with higher Hall mobility (53.5 cm2 V−1 s−1) 
(Minami 2005). Due to these properties, ITO is frequently 
used in semiconductor devices, and today silicon-based 
MOSFET devices having technology less than 30  nm are 
common. In this work, the bias-dependent parasitic capaci-
tances of TGRC MOSFET are extracted and found that 
parasitic capacitances are reduced appreciably due to the 
amalgamation of ITO as a gate electrode (in trenched gate) 
as compared to the aluminum electrode (CRC MOSFET) at 
THz frequencies.

Furthermore, the impact of gate length variation and 
NJD variation has also been observed. The paper is organ-
ized as follows: Sect. 2 describes the 3D device structure; 
and briefs about the simulation models. In Sect. 3, simu-
lation methodology is discussed along with calibration of 
simulated models. Further, Sect. 4 focused on device com-
parison in terms of parasitic capacitances and FOMs such 
as TFP, EDP, and GBP. Also, the effect of gate length and 
NJD variation on parasitic capacitances of TGRC-MOS-
FET is examined. Finally, Sect. 5 presents conclusion and 
its application.

2 � Device design and its description

A schematic simulated device i.e. TGRC MOSFET is shown 
in Fig. 1a. Figure 1b shows the cross-sectional view of TGRC 
MOSFET with parasitic capacitances. The channel is doped 
uniformly to 1 ×  1017  cm−3 (p-type) in both (TGRC and 
CRC) the devices. The doping in the source and drain region 
is kept at 5 × 1019 cm−3. The gate length is 30 nm, although 
total channel length is 54 nm (LG + 2tox + 2NJD) and thick-
ness of oxide is 2.0 nm as the default device structure param-
eters of TGRC and CRC MOSFET is shown in Table 1. Fig-
ure 1b reflects the parasitic capacitances (Cgs, Cgd, and Cgg) at 
the gate-source interface, gate-drain interface, and gate–gate 
interface in the cross-sectional view of TGRC MOSFET. 

3 � Simulation methodology and calibration

All the results and figure of merits (FOMs) are extracted 
using ATLAS, a device simulation tool from (Silvaco 
2011). The electron and hole currents are calculated by 
Poisson’s equation and the continuity equations. For the 
simulations, inversion layer Lombardi CVT mobility 
model has been used due to consideration of temperature 
variation with accurate results and to allow one to take 
into account the carrier–carrier scattering, carrier veloc-
ity saturation, the influence of the vertical electric field 
and carrier diffusion at the interface. For minority carrier, 
Auger recombination model and Shockley–Read–Hall 
(SRH) recombination are used. In addition, the hydrody-
namic energy transport model comprising of the continu-
ity equations and energy balance transport (EBT) model 
are used to account for non-local transport effects such as 

Fig. 1   a The schematic simulated structure of TGRC MOSFET. b Cross view of THRC MOSFET with parasitic capacitances
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diffusion associated with the carrier temperature, velocity 
overshoot, and the dependence of impact ionization rates 
on carrier energy distributions (Silvaco 2011). Equations 
and models used are shown in Table 2.

Where ɛ = local permittivity; Φ = electrostatic poten-
tial; ρ = local space charge density. p = hole concentra-
tion; 

→
Jp and 

→
Jn hole and electron current density respec-

tively. Gp and Gn, are the generation rate for holes and 
electrons respectively. Rn and Rp are the recombination 
rate for electrons and holes respectively. q, is the mag-
nitude of the charge on an electron. n/p is the electron/
hole concentration. ETRAP is the difference between the 
trap energy level and the intrinsic Fermi level. τn and 
τp, and are the electron and hole lifetimes, respectively. 
AUGN = 8.3 × 10−32 cm6/s AUGP = 1.8 × 10−31 cm6/s. 
µ0 is the low-field mobility; υsat, is the saturation velocity.

In order to authenticate the simulations, the data has 
been extended (Xiao-Hua et al. 2006) and then plotted as 
shown in Fig. 2. Model parameters which are used in the 
simulation have been calibrated according to the experi-
mental results by (Xiao-Hua et al. 2006).

4 � Results and discussion

4.1 � Impact of In2O5Sn on parasitic capacitances

Figure 3a reflects the parasitic capacitances (Kumar et  al. 
2016c) in terms of gate-source capacitance and gate-drain 
capacitance. When Vgs increases, the accumulation of 
charge carriers near the gate increases. As a result, the gate-
source capacitance and gate-drain capacitance increases. 
As Vds increases, the pinch-off point moves towards source 
side, and it leads to accumulation of charges towards 
source side resulting in an increment of Cgs. To maintain 
the charge neutrality, the charges near the drain decreases 
and hence Cgd decreases as clearly evident from Fig.  3b. 
It is observed that the value of parasitic capacitances in 
TGRC device is very less as compared to CRC device as 
shown in Fig. 3a due to the high conductivity of ITO which 
shows that applied voltage is a force to charge carriers in 
current conduction instead of accumulation near the gate 
(see Fig. 3a, b) and the same trend follows in ref. (Kundu 
et al. 2014). So higher switching speed is obtained which 

Table 1   Default simulated structure parameters of TGRC and CRC 
MOSFE

Device TGRC CRC

Parameters

 Gate length (LG) 30 nm

 Length of the source and the drain 
region

30 nm

 Device width (W) 200 nm

 Groove depth 38 nm

 Negative junction depth (NJD) 10 nm

 Substrate doping (NA) 1 × 1017 cm−3

 Source/drain doping (ND
+) 5 × 1019 cm−3

 Physical oxide thickness (tox) 2 nm

 Work function 4.7 eV (ITO) 4.2 eV (Al)

Table 2   Used model 
parameters and equations in 
simulation (Silvaco 2011; 
Rahimian and Orouji 2013)

Model Equation

Poisson’s equation div(ε∇φ) = −ρ

Hole current continuity equation ∂p
∂t

= 1

q
div�Jp + Gp − Rp

Electron current continuity equation ∂n
∂t

= 1

q
div�Jn + Gn − Rn

SRH recombination
RSRH =

pn−n2ie
τp[n+niee

(−(ETRAP/kTL ))]+τn[p+niee
(−(ETRAP/kTL ))]

Auger recombination RAuger = AUGN(pn2 − nn2ie)+ AUGP(np2 − pn2ie)

Parallel electric-field-dependent mobility
µ(E) = µ0

[

1

1+(µ0E/υsat )
β

]1/β

Fig. 2   Experimental and simulation of Id–Vgs characteristics of 
140 nm gate length recessed channel MOSFET
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also reduces the delay time, making it suitable for the digi-
tal applications hence, making TGRC device a promising 
candidate for switching applications.

Further, the variation of Cgs and Cgd has also been 
observed with frequency, and it is clearly reflected from 
Fig.  3c that when frequency increases to the THz range, 
then both Cgs and Cgd reduces. The resultant value of Cgs 
and Cgd is very less in TGRC as compared to CRC MOS-
FET due to the incorporation of ITO as a conducting oxide 
which indicates the efficacy of transparent material in sem-
iconductor devices for switching applications.

Figure 4a shows the variation of gate capacitance as a 
function of Vgs and Vds. When Vgs increases, the accumu-
lation of charges at the gate increases and thus increases 
the gate capacitance. Moreover, when Vds is increased, 
the charge carriers near the gate moves towards source 
side and contributes in drain current thereby lowering 
the gate capacitance (Marjani and Hosseini 2014) as can 
be clearly observed in Fig.  4a. It is also noted that, for 
very high frequency, the gate capacitance is also reduced 
(3.41%) in TGRC as shown in Fig.  4b. Thus, TGRC 
device is a suitable device for low power switching 
applications.

A notable capacitance dependent FOM, transconduct-
ance frequency product (TFP) for high-frequency perfor-
mance is given in Eq.  (1). TFP is principally the prod-
uct of device efficiency and fT (Kumar et  al. 2016b). It 
signifies a trade-off between bandwidth and power and is 
used for high-speed designs. Figure  5a shows that TFP 
is increasing as Vgs increases in sub-threshold region 
(below 0.4 V) and in inversion region, TFP attains a peak 
value of 650 GHz and with further increase in gate bias, 
i.e., as biasing go in deep inversion region, TFP falls 
significantly due to increment in Cgg (see Fig.  4a). It is 
observed that the peak value of TFP is higher in TGRC 
MOSFET due to the high value of transconductance as 
reported earlier (Kumar et  al. 2016c) and reduction in 
total gate capacitance (which is the sum of Cgs and Cgd) 
in the linear region (see Fig. 3a).

Further, energy-delay product (EDP) [given in Eq. (2)] 
is a valued parameter as far as circuit applications are 
concerned. It is a measure of energy and is defined by the 
product of the average energy (Eave) and the gate delay 

(1)TFP =

(

gm

Id

)

×

(

gm

2πCgg

)

.

Fig. 3   Cgs and Cgd as a function of a Vgs = 1.0 V at Vds = 0.5 V b Vds = 1.0 V at Vgs = 0.5 V c frequency at Vgs = 1.0 V, Vds = 0.5 V; of CRC 
and TGRC MOSFET

Fig. 4   Gate Capacitance as 
a function of a Vgs = 1.0 V 
(Vds = 0.5 V) and Vds = 1.0 V 
(Vgs = 0.5 V) b frequency at 
Vgs = 1.0 V, Vds = 0.5 V; of 
CRC and TGRC MOSFET
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(τ). It calculates the energy consumed per switching 
event (such as in logic families). In TGRC, EDP improves 
at lower drain bias in comparison to CRC MOSFET as 
evident from Fig.  5b, due to a reduction in gate capaci-
tance (Cgg) and improvement in on-current (Kumar et al. 
2016a). In addition, Fig.  5c shows the Gain Bandwidth 
Product (GBP) [calculated by Eq.  (3)] at different drain 
bias voltage and is a qualitative measure of both gain and 
bandwidth of a voltage amplifier. It is perceived that GBP 
improves at higher drain voltage in TGRC device due to a 
reduction in Cgd (see Fig. 3a). GBP peak value indicates 
the frequency at which the device attains maximum gain.

4.2 � Impact of gate length (LG) miniaturization

Furthermore, the impact of parameter variation on the 
proposed device is studied in terms of the gate length. As 

(2)EDP =
(

CggV
2
d

)

×

(

CggVd

Ion

)

(3)GBP =
gm

2π × 10× Cgd

.

evident from Fig. 6a that, when gate length decreases, Cgs 
and Cgd decreases as a function of Vgs. The similar trend 
follows in ref. (Cho et al. 2011; Ghosh et al. 2015). When 
the gate length decreases from 40 to 30 nm, Cgs decreases 
by 8.42% and Cgd decreases by 3.03%.

Furthermore, when we reduce the gate length from 30 
to 20 nm, then Cgs decreases by 9.31%, and Cgd decreases 
by 3.4%. Thus, shrinking the gate length reduces the par-
asitic capacitances in TGRC MOSFET, which leads to 
increased circuit density in IC fabrication. As we know 
that, when Vds increases, the pinch-off point moves towards 
source side and the number of charge carriers accumulates 
towards source side. Hence Cgs increases and Cgd decreases 
as shown in Fig. 6b. Thereafter, the gate length variation is 
observed, and it is clearly evident from the figure that as 
the gate length reduces then, Cgs and Cgd are also reduced. 
If we reduce the gate length from 40 to 30 nm, then 4 and 
0.98% decrement is observed in Cgs and Cgd, respectively.

When gate length further reduces from 30 to 20  nm, 
then 4.28 and 1.59% reduction is observed in Cgs and Cgd, 
respectively. Further, the impact of gate length variation on 
parasitic capacitances is observed for very high frequencies 

Fig. 5   a TFP, b EDP, c GBP; at Vgs = 1.0 V, Vds = 0.5 V as a function of gate to source voltage for CRC and TGRC MOSFET

Fig. 6   Cgs and Cgd as a function of a Vgs = 1.0 V at Vds = 0.5 V b Vds = 1.0 V at Vgs = 0.5 V c frequency at Vgs = 1.0 V, Vds = 0.5 V; of TGRC 
MOSFET for various gate lengths
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(at THz) as shown in Fig.  6c. When the frequency is 
increased in THz range, and gate length reduces from 40 
to 30 nm, then Cgs and Cgd are reduced by 7.08 and 2.8%, 
respectively and further 8.2 and 3.5% when gate length var-
ies from 30 to 20  nm. So it is that reduction in parasitic 
capacitances leads to a device for better switching perfor-
mances of TGRC MOSFET, as we scale-down the channel 
length.

Figure  7a reflects the parameter variation of TGRC 
MOSFET in terms of the gate length. It is evident from fig-
ure that gate capacitance increases when Vgs is increased 
(Marjani and Hosseini 2014), and Vds is decreased. As 
the gate length reduces, and then the gate capacitance is 
also decreased. If we scale-down the gate length of TGRC 
MOSFET from 40 to 30  nm, then 7.22 and 2.34% dec-
rement is observed in Cgg as a function of Vgs and Vds, 
respectively. If we further scale-down the gate length from 
30 to 20 nm, then 7.79 and 4% decrement is reflected in 
Cgg as a function of Vgs and Vds respectively. It is also 
evident from Fig.  7b that, the gate capacitance is also 
reduced (lower the magnitude) by 6.61 and 7.79% when 
the gate length scales down from 40 to 30 nm and 30 to 
20  nm, respectively at very high frequencies. Therefore, 

20 nm gate length device shows that, as we scale-down the 
device, the parasitic capacitances are reduced, thus mak-
ing TGRC device a promising device for high-frequency 
switching applications. Hence, proposed device also leads 
to increased circuit density in IC fabrication.

Likewise, by scaling down the gate length to 20  nm, 
TFP and GBP are enhanced while EDP reduces appre-
ciably as is clear from Fig.  8 (Park et  al. 1998). This 
enhancement is due to a reduction in gate capacitance 
and improvement in Ion (see Fig. 3a). EDP is further min-
imized if TGRC is biased in the linear region in compar-
ison to saturation region owing to reduced supply volt-
age and capacitance coupling. Whereas in cut-off region, 
EDP reduces appreciably, as shown in Fig.  8b. This is 
useful in the field of low power switching applications.

4.3 � Impact of variation of negative junction depth 
(NJD)

Effects of NJD variation on parasitic capacitances have 
been observed in this section of the proposed device. When 
NJD is reduced, the number of charge carriers move quickly 
from source to drain because channel length gets reduced 

Fig. 7   Gate Capacitance as 
a function of a Vgs = 1.0 V 
(Vds = 0.5 V) and Vds = 1.0 V 
(Vgs = 0.5 V) b frequency at 
Vgs = 1.0 V, Vds = 0.5 V; of 
TGRC MOSFET for various 
gate lengths

Fig. 8   a TFP, b EDP, c GBP; as a function of Vgs = 1.0 V (Vds = 0.5 V) of TGRC MOSFET for various gate lengths
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with the reduction of NJD and the switching time is also 
reduced making the device operation faster. Figure 9a shows 
that the decrease in Cgs and Cgd is reflected when NJD is 
reduced from 15 to 5 nm, and it is also observed that when 
Vgs increases, the reduction in Cgs is enhanced. If NJD is 
reduced from 15 nm to 10 nm, Cgs and Cgd is reduced by 
7.27 and 1.6%, respectively. Further, reduction in NJD from 
10 to 5 nm reduces Cgs and Cgd by 17.21 and 2.22%, respec-
tively. Similar kind of reduction in parasitic capacitances 
is observed when Vds is applied, as evident from Fig.  9b. 
When NJD is reduced from 15 to 10 nm then, Cgs and Cgd 
are reduced by 4.4 and 3.1%, respectively. At higher fre-
quencies, Cgs and Cgd are reduced (by 12.3 and 8.97%) if 
NJD reduces (from 15 to 10 nm) as reflected from Fig. 9c.

Moreover, the gate capacitance is investigated at dif-
ferent NJDs, and it is observed when Vgs and Vds are 
applied as shown in Fig. 10a. When NJD is reduced from 
15 to 10  nm then, Cgg is reduced by 4.63 and 4.0% w.r.t 
Vgs and Vds, respectively. Further, NJD reduction from 10 
to 5  nm reduces Cgg by 13.53 and 8% w.r.t. Vgs and Vds, 
respectively as shown in Fig. 10a. Figure 10b shows a very 
high reduction in gate capacitance when NJD scales down 
at THz frequency range. In addition, a decrease in NJD to 
5  nm results in an enhancement in TFP and GBP while 
degrading EDP as shown in Fig.  11 (Park et  al. 1998). 

From Fig. 11b, it is observed that effect of transparent gate 
scheme strongly affects the EDP. GBP also improves by 
modulating NJD as reflected in Fig.  11b. It is also found 
that GBP achieve higher value in saturation mode since Cgd 
is lower in saturation mode [see Fig. 6 (Park et al. 1998)].

5 � Conclusion

This work analyzes the capacitance–voltage characteris-
tics of In2O5Sn gate electrode recessed channel MOSFET 
with 30  nm gate length to examine the parasitic capaci-
tances. The simulated results are then used to isolate the 
parasitic capacitances. The effect of In2O5Sn gate elec-
trode (as a transparent gate electrode) in recessed channel 
MOSFET has been studied in terms of bias and frequency-
dependent parasitic capacitances and capacitance depend-
ent FOMs such as TFP, EDP, and GBP for high switching 
performance. It is observed that with the amalgamation of 
In2O5Sn with RC MOSFET, parasitic capacitances decrease 
in comparison to aluminum gate metal (CRC MOSFET). 
When the gate length reduces to 20 nm, then the parasitic 
capacitances gets reduced, and the overall parasitic capaci-
tances reduce in TGRC architecture by ~25%. Hence, the 
device is more suitable at sub-20  nm regime. It is also 

Fig. 9   Cgs and Cgd as a function of a Vgs = 1.0 V at Vds = 0.5 V b Vds = 1.0 V at Vgs = 0.5 V c frequency at Vgs = 1.0 V, Vds = 0.5 V; of TGRC 
MOSFET at various NJDs

Fig. 10   Gate Capacitance as 
a function of a Vgs = 1.0 V 
(Vds = 0.5 V) and Vds = 1.0 V 
(Vgs = 0.5 V) b frequency at 
Vgs = 1.0 V, Vds = 0.5 V; of 
TGRC MOSFET for various 
NJDs
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found that with the variation in frequency, parasitic capaci-
tance reduces due to the high current driving capability of 
TGRC MOSFET; thus, TGRC architecture proves a prom-
ising contender for high frequency/switching applications 
in 22 nm node technology.
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a b s t r a c t

This paper discusses the impact of trench depth (Negative Junction Depth (NJD)) and gate
length (LG) shrinking on analog and linearity performance of Transparent Gate Recessed
Channel (TGRC) MOSFET with an aim to achieve a reliable and high performance transistor.
It is found that device enhances the ION by 38% and thereby improves the analog perfor-
mance in terms of transconductance, device efficiency, output resistance, and gain.
Moreover, linearity figure of merits are also enhanced at lower gate bias in TGRC MOSFET
in comparison to conventional and Conventional Recessed Channel (CRC) MOSFET due to
reduced harmonic distortions (gm3). Thus, the improved analog and linearity performance
at 5 nm NJD and 20 nm LG of TGRC-MOSFET makes it suitable for low power linear RF
amplifiers as a nano-scaled device. Thus, these results would serve as a worthy design tool
for low power and high performance CMOS circuits.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

For RFIC designing and high-frequency applications, CMOS devices are required with low intermodulation distortion to
sustain linear operations whenworking with a weak signal. In modern communication systems, a high linearity is desired so
as to exhibit less distortion. Intermodulation (IM) may induce when the system gives nonlinearity performance and generate
different frequency signal at outputs compared to input signal frequency. This kind of interference may fall into the band of
interest and distorted the desired output [1]. However, sub-nm MOSFET exhibit linear relation but short channel effects
(SCEs) hinders its linearity. As the dimensions of the device are reduced, scaling the silicon-based MOSFET devices for barrier
potential, critical electric field, oxide thickness, threshold voltage, etc., are becoming hardly increased [2]. To overwhelmed
such scaling problems, various device engineering schemes (gate, channel and drain engineering, etc.) and numerous device
structures such as multi-gate MOSFET by Barsan in 1981 [3], SOI MOSFET by An et al., in 2003 [4], Conventional Recessed
Channel (CRC) MOSFET by Chaujar et al., in 2008 [5], GAAMOSFET by Auth et al., in 1997 [6], and Silicon NanowireMOSFET by
Gupta et al., in 2015 [7] etc., have already been reported in the literature. Among them, RC-MOSFET is most promising for
extending the scaling limit of conventional CMOS technology due to tremendous gate controllability, lessened SCEs and ease
of fabrication feasibility of RC MOSFET [8]. In CRC-MOSFET, two potential barrier are created at the two corners [9] owing to
higher field lines due to which electrons are now required more energy to cross these barriers. Consequently, these barriers
bounds device transport efficiency and thus, current driving capability (Ion) reduced. To overwhelm this limitation, there is a
need of integration of engineering schemes onto RC MOSFET. Therefore, to enhance the current driving capability and
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improve the device performance for ULSI industry, gate metal engineering scheme is incorporated by some optically
transparent and electrically conducting oxides (TCO). TCO is used for different applications in electronic devices due to
various properties such as conductivity, thermal stability, transparency, mechanical durability, chemical durability, cost and
toxicity [10]. Among all the TCO, indium tin oxide (ITO) has the highest conductivity and very good transparency as well so; it
can be used as electrode material in flat panel display. ITO is a compound of In2O3 and SnO2 and it needs lowest deposition
temperature as well [11,12]. ITO has a high concentration in the order of 1021 cm�3 and a very low resistivity (10�5U-cm) with
higher Hall mobility (53.5 cm2 V�1s�1) [13]. Due to these properties, ITO is frequently used in semiconductor devices and
today silicon-basedMOSFET devices having technology less than 30 nm are common. Shrinking the device sizes is the driving
force towards circuit reduction, low cost, and portability [14]. It is found that the proposed design enhances the device
performance in terms of electrical [15,16] and RF performances [17,18].

Therefore, in this work for the first time linearity and harmonic distortions of TGRC-MOSFET has been studied and
concurrently compared with CRC MOSFET in terms of Voltage Intercept Point (VIP2, VIP3), IIP3, Distortions (IMD3, HD3) and
transconductance and its higher order term (gm1, gm3) using ATLAS 3D device simulator [19]. In addition, effectiveness of
geometry dependent parameters such as gate length (LG) and recessed channel length (NJD) are also examined with an aim to
optimize the device parameters so that TGRC MOSFET can be used as highly linear amplifiers with low distortions in
communication systems.

2. Device designing and its description

Fig. 1 shows the simulated 3D device structure of TGRC-MOSFET. The source and drain region is highly doped with an n-
type impurity of 5 � 1019 cm�3 and the substrate is doped with p-type impurity of 1 �1017 cm�3 and thick oxide layer tox of
2.0 nm is embodied in it as shown in Fig. 1. Negative Junction Depth (NJD) is taken as 10 nm, gate bias (Vgs) is 0.7 V and drain
bias (Vds) is 0.5 V. Gate workfunction of TGRC-MOSFET (FITO) is 4.7eV and for CRC-MOSFET, it is 4.4eV. To equally analyze the
device performances, both the devices (CRC and TGRCMOSFET) are optimized to have the similar threshold voltage, i.e., 0.3 V
by adjusting the substrate doping. For this analysis, all the junctions of the device structure are assumed to be abrupt; the
doping profiles are uniform, and the biasing conditions are considered at room temperature (T¼ 300 K). Further, to obtain the
numerical solutions two numerical techniques Gummel and Newton have been considered [19] to obtain better convergence.

3. Simulation methodology and calibration

As we were considering a nanoscale MOSFET, the size of mesh nearly 0.003 or 0.004 units in the x and y-direction while
0.02 unit in z direction near the channel and in the active regions has been selected for more precise calculations [20]. The
electron and hole currents are calculated by Poisson’s equation and the continuity equations. All the simulations are based on
the inversion layer Lombardi CVT mobility model to permit one to take account of carrier-carrier scattering, carrier velocity
saturation, the influence of the vertical electric field and carrier diffusion at the interface. Auger recombination model and
Shockley-ReadeHall (SRH) for minority carrier recombinationwere used. Further, the hydrodynamic energy transport model
comprising of the continuity equations and momentum transport equations have also been used [19]. The equations and
models utilized are listed below.
Fig. 1. 3-D device structure of TGRC-MOSFET.
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1. Poisson’s equation

divðεVfÞ ¼ �r (1)

Where 3is local permittivity; 4 is electrostatic potential and r is local space charge density.

2. Current continuity equation

For Holes,

vp
vt

¼ 1
q
div J

!
p þ Gp � Rp (2)
For Electrons,

vn
vt

¼ 1
q
div J

!
n þ Gn � Rn (3)

! !

Where, J p and J n hole and electron current density respectively; Gp and Gn are the generation rate for holes and elec-
trons;Rp andRn is the recombination rate for holes and electrons respectively.

3 Recombination

3.1 SRH (Shockley Read Hall)

2

RSRH ¼ pn� nie

tp
�
nþ nieeð�ðETRAP=kTLÞÞ�þ tn

�
pþ nieeð�ðETRAP=kTLÞÞ� (4)

ere, ETRAP, change between the trap energy level and the intrinsic Fermi level; tn and tp, and are the electron lifetime and
Wh
hole lifetimes, respectively.

3.2 Auger recombination� � � �

RAuger ¼ AUGN pn2 � nn2ie þ AUGP np2 � pn2ie (5)
Fig. 2. Experimental and simulation of Id-Vgs characteristics of 36 nm gate length recessed channel MOSFET.



Table 1
Process flow [21,22,32] of TGRC MOSFET.
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AUGN and AUGP are user-definable and AUGN ¼ 8.3 � 10�32 cm6/s, AUGP ¼ 1.8 � 10�31 cm6/s.

4 Parallel electric-field-dependent mobility

mðEÞ ¼ m0

"
1

1þ ðm0E=ysatÞb

#1=b
(6)
PhysicalModel parameters which are used in device simulation have been calibrated according to the experimental results
by Joerg Appenzeller et al., in 2002 [21]. In order to authenticate the simulations results, the data has been drawn-out [21] for
36 nm groove MOSFET and then plotted as shown in Fig. 2. It is evident from the figure that simulated results are in good
agreement with the experimental results in sub-40 nm groove MOSFET thus validating the simulation models.

4. Fabrication feasibility of TGRC-MOSFET

The fabrication feasibility of TGRC-MOSFET is shown in Table 1. Moreover, the groove MOSFET has already been fabricated
by different researchers such as Joerg Appenzeller et al., in 2002 [21] fabricated 36 nm groove gate and M. Xiao-Hua et al., in
2006 [22] fabricated 140 nm groove gate MOSFET. Thus, the TGRC MOSFET can be fabricated using the above device design
schemes, in which the benefits of transparent gate engineering scheme have been combined with groove gate for accom-
plishing improved characteristics.
(a)                                                                                              

         (b)                                                                                      (c)

Fig. 3. (a) Drain current variations for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET. (b) Drain current at different LG. (c) Drain current variations at
different NJDs as a function of applied Vgs.
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5. Results and discussion

5.1. Analog performance

This subsection describes and subsequently compared the analog performance of TGRC, CRC, and conventional MOSFET.
Performances are studied in terms of transfer characteristics (Ids/Vgs), transconductance (gm), device efficiency (gm/Ids) and
intrinsic gain (gm/gd). Transfer characteristics of Conventional, CRC, and TGRC-MOSFET, are shown in Fig. 3(a) and it is
depicted that the current driving capability of conventional and CRC-MOSFET is approximately same, but TGRC-MOSFET
shows higher current driving capability. This improvement is due to the incorporation of ITO which reduces electric field
in drain side [15] and thereby improves carrier efficiency resulting in improvement in drain current (by 35%).

In addition, the effect of technology variations of TGRC-MOSFET such as LG and NJD is also observed in the transfer
characteristics. It is found as the LG is scaled down from 40 nm to 20 nm, the drain current (ION) enhances as clearly shown in
Fig. 3(b). This enhancement is due to the reduction of the gate length. Hence, charge carriers needed less time to reach drain
from the source. Further, by varying the value of NJD, which greatly affects the performance of RC MOSFET [23], the current
driving capability of TGRC is further improved due to the increment of charge carriers travelling from source to drain if NJD
reduces as shown in Fig. 3(c). There is a limitation in the reduction of NJD and it should not be zero or less; if it is, then SCEs
arises. Also, the transconductance increases with increase in gate voltage, and it is more prominent in TGRC-MOSFET as
shown in Fig. 4(a) due to TCO at the gate in place of metal which gives high linearity performance because linearity is
proportional to transconductance [24]. Further, the effect of variation of gate length on transconductance is observed in TGRC-
MOSFET and found that if the gate length shrinks from 40 nm to 30 nm, then very small reduction (by 7.1%) in trans-
conductance is observed while, major enhancement (by 23.37%) is observed when gate length reduces from 30 nm to 20 nm
as evident from Fig. 4(b). Fig. 4(c) reflects the effect of technology variation on transconductance in terms of different NJDs
(a)

 (b)                                                                                                (c)

Fig. 4. (a) Variations of gm for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET, (b) Variation of gm at different LG, (c) Variation of gm at various NJDs as a
function of applied Vgs.



(a)

                        (b)                                                                                           (c)

Fig. 5. (a) Variations of Device Efficiency for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET. Inset: Output resistance. (b) Variation of Device Efficiency at
different LG, (c) Variation of Device Efficiency at various NJDs as a function of applied Vgs.

Fig. 6. Variations of Intrinsic Gain as a function of applied Vgs for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET.
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and it is found that transconductance is more prominent which gives high linearity performance at 5 nm NJD while it de-
grades if NJD increases to 10 nm and 15 nm. Thus, improved analog performance of TGRC-MOSFET as such scaled dimensions
make it suitable for 22 nm node technology [2] as per ITRS (International Technology Roadmap for Semiconductor) [25].

The transconductance to the current ratio (gm/Id) or device efficiency and output resistance have been evaluated for three
different devices (Conventional, CRC, and TGRCMOSFET) as depicted in Fig. 5(a). Device efficiency is an important parameter
in the design of analog circuits, which offers themeasure of efficiency to convert power into speed. It is evident from Fig. 5(a)
that the device efficiency is higher in TGRC-MOSFET as compared to conventional MOSFET and CRC-MOSFET due to
improvement in gm in comparison to Id, which overall enhances gm/Id. The output resistance (Ro) of a MOSFET is the inverse
of the output conductance. The most important characteristics of Ro in the circuit design is maximum Ro which decides the
maximum available power gain for the device. Ro is low in active regionwhile high in the saturation region in TGRC-MOSFET
as compared to conventional counterparts (shown in Fig. 5(a) inset). The device efficiency further increases by 63% and
61.29% if the gate length shrinks from 40 nm to 30 nm and 30 nme20 nm respectively in TGRC-MOSFET, as shown in
Fig. 5(b).

In addition, in technology variation, the effect of NJD variation on device efficiency is also perceived for TGRC-MOSFET
(shown in Fig. 5(c)). It is evident from Fig. 5(c) that the reduction in NJD enhances the device efficiency by 78.33% if NJD is
scaled to 5 nm. Intrinsic gain one of the important characteristic of MOSFET which is defined as the ratio of transconductance
(gm) to output conductance (gd) [26]. For better performance, intrinsic gain should be as high as possible and it is evident from
Fig. 6 that the intrinsic gain is lower in subthreshold region (where device is off) and inactive region, and the intrinsic gain
increases in TGRC architecture in comparison to conventional and CRC MOSFET. Thus TGRC-MOSFET shows promising analog
performance for ULSI in comparison to conventional and CRC MOSFET.
             (a)

    (b)                                                                                     (c)

Fig. 7. (a) Variations of VIP2 for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET. (b) Variation of VIP2 at different LG. (c) Variation of VIP2 at different
NJDs as a function of applied Vgs.
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5.2. Intermodulation and linearity performance

5.2.1. Linearity performance
In this sub-section, the linearity of our proposed device is studied and simultaneously compared with its conventional

counterparts. Thereafter, technology variations in terms of gate length and NJD have also been studied with an aim to analyze
the linearity performance of TGRC at scaled dimensions. The performancemetrics used in this analysis are VIP2, VIP3, IIP3 and
1-dB Compression Point. The generalized input voltage (VIP2 and VIP3) represents input voltage at which first order har-
monics and third order harmonics are same as shown in equations (7) and (8) [23].

VIP2 ¼ 4
gm1

gm2
(7)

VIP3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
24� gm1=gm3

q
(8)

Where gm1 ¼ vId
vVgs

andgm2 ¼ v2Id
vV2

gs
.gm3 ¼ v3Id

vV3
gs

Fig. 7(a) reflects the variation of VIP2 w.r.t. the Vgs for TGRC-MOSFET and it is also compared with conventional MOSFET
and CRC-MOSFET. For higher linearity and lower distortion operation the value of VIP2 should be higher. From Fig. 7(a), it is
analyzed that the TGRC device resembles to a higher value of VIP2 by 22.3% and 8.49% as compared to the conventional and
CRC designs respectively, which is only due to the incorporation of ITO as a TCO in the TGRC design. The variation of VIP2 w.r.t.
applied gate to source voltage for three different gate lengths of TGRC-MOSFETas shown in Fig. 7(b), and it is found that when
the gate length shrinks from 40 nm to 30 nm and from 30 nm to 20 nm, then VIP2 increases which reflect higher value at
(a)                                                                    

 (b)                                                                                  (c)

Fig. 8. (a) Variations of VIP3 for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET. (b) Variation of VIP3 at different LG. (c) Variation of VIP3 at various NJDs
as a function of applied Vgs.



(a)                                                                  

                                                            (b)                                                                                     (c)

Fig. 9. (a) Variations of IIP3 for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET. (b) Variation of IIP3 at different LG. (c) Variation of IIP3 at different NJDs
as a function of applied Vgs.
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20 nm gate length. Thus, 20 nm TGRC architecture shows higher linearity performance. Similarly, by scaling down the NJD to
5 nm, TGRC shows the higher value of VIP2 owing to reduce SCEs, improves gm and thus VIP2 as shown in Fig. 7(c).

Fig. 8(a) reflects the variation of VIP3 w.r.t. the Vgs for TGRC-MOSFET, CRC-MOSFET, and conventional MOSFET. VIP3
peak is perceived at low gate bias (i.e., 0.45 V) in TGRC architecture which is higher by 37.5%, 17.8% compared to con-
ventional MOSFET and CRC MOSFET respectively, owing to ITO as a transparent gate design which enhances carrier ve-
locity and thus transconductance. VIP3 peak is further enhanced by scaling down the gate length to 20 nm as clearly
evident from Fig. 8(b). This enhancement is due to higher gm (see Fig. 4(b)). Similarly, if NJD is scaled down to 5 nm from
15 nm, VIP3 peak increases significantly, reflected in Fig. 8(c), thus, signifies that scaled TGRC-MOSFET exhibit high
linearity.

Moreover, there are two important FOMs which govern amplifier’s efficiency and linearity i.e. third-order intercept point
(IIP3) and 1-dB compression point (1 dB CP). In general forMOS based amplifiers, higher the output at the intercept, better the
linearity. Third-order intercept is a theoretical point at which the third-order distortion signal amplitudes equal the input
signals, and it is useful in determining the linearity condition of an amplifier. These two parameters are evaluated by
equations (9) and (10) [23,27].

IIP3 ¼ 2
3

gm1

gm3 � Rs
(9)

1� dB Compression Point ¼ 0:22�
ffiffiffiffiffiffiffiffi
gm1

gm3

r
(10)

where RS ¼ 50 U for analog and RF applications.



(a)                                                                                 

(b)                                                                              (c)

Fig. 10. (a) Variations of 1-dB Compression point for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET. (b) Variation of 1-dB Compression point at different
LG. (c) Variation of 1-dB Compression at different NJDs as a function of applied Vgs.

A. Kumar / Superlattices and Microstructures 109 (2017) 626e640636
Fig. 9(a) evidently reveals an improvement in IIP3 for the TGRC as compared to the conventional and CRC designs; this is
due to the integration of the TGRC architecture, which is attributed to the high transconductance and lower value of gm3, thus
results in an enhancement in the carrier transport efficiency for well gate control over the channel. Moreover, the gate length
and NJD variations w.r.t. the applied gate to source voltage are also shown in Fig. 9(b) and (c) and show enhancement in
linearity of the device and, hence, desirable efficiency is observed. So, IIP3 can be enhanced by reducing the gate length (from
40 nm to 30 nm and from 30 nm to 20 nm) and decreasing the NJD (from 15 nm to 10 nm and from 10 nm to 5 nm). The 1-dB
compression point is essential to identify at what point compression occurs so that input levels can be limited to prevent
distortion. It is generally the input power that causes the gain to fall by 1 dB from the normal linear gain specification. This
parameter signifies themaximum input power that the amplifier circuit can handle by providing a fixed amount of gain, and if
the input power surpasses the compression point, the gain starts falling. Hence, it is desirable that a 1-dB compression point
should be as high as possible for the high linear amplifier.

Fig. 10(a) shows peak value of 1-dB compression point in TGRC-MOSFET rises in comparison to its conventional coun-
terparts. This improvement is due to the enhanced current driving capability of the device owing to high conductivity and
transparency of ITO. Further, the gate length variation is observed for TGRC-MOSFET in terms of 1-dB compression point, and
it is found that with the tuning of gate length and NJD, 1-dB compression point is significantly improved as shown in
Fig. 10(b) and (c) owing to improved current driving capability of TGRC-MOSFET that enhances gm and thus 1-dB
compression point.

5.2.2. Intermodulation distortion
The previous subsection discusses linearity of TGRC-MOSFET and how its linearity improves if the device parameters

scale down. In this subsection, distortion due to high order transconductance is studied to examine its efficacy on the
performance of TGRC architecture. Fig. 11(a) reflects the variations of third derivative of transconductance (gm3) w.r.t. the
Vgs for conventional MOSFET, CRC-MOSFET, and TGRC-MOSFET. It is examined from Fig. 11(a) that the TGRC device has
lower gm3 as compared to the CRC design; due to this lesser distortion is observed. Fig. 11(b) displays the variations of gm3



(a)                                                                   

       (b)                                                                  (c)

Fig. 11. (a) Variations of gm3 for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET. (b) Variation of gm3 at different LG. (c) Variation of gm3 at various NJDs as
a function of applied Vgs.
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w.r.t. the Vgs for three different gate lengths (20 nm, 30 nm, and 40 nm). It is found that the DC bias point moves towards
higher Vgs with increase in LG as clearly indicated by Fig. 11(b). This deviation is due to the amalgamation of ITO in TGRC-
MOSFET.

Further, the variations of gm3 w.r.t. Vgs for different NJDs have been observed, and it is analyzed that, if NJD reduces
then gm3 also reduces which indicates that when NJD is 5 nm, TGRC-MOSFET shows minimum distortion as depicted in
Fig. 11(c).

In addition, IMD3 and HD3 (Third-order harmonic distortion) are major issues in linear amplifiers that arise owing to the
nonlinearity performance of the device [28]. IMD3 signifies the intermodulation current at which first and third order
intermodulation harmonic currents are equal. IMD3 is analyzed considering the effect of the transparent gate. The distortion
has been calculated with the help of integral function method (IFM) since this approach allows the distortion extraction from
DC measurements without an AC characterization, dissimilar to Fourier-based methods [29,30]. The approximate analytical
expression for IMD3 and HD3 are given as:

IMD3 ¼
�
9
2
� ðVIPÞ3 � gm3

�2

� Rs (11)

HD3 ¼ 0:25V2
a

�
d2gm1

dV2
GT

�
6gm1

(12)

Where Va is the magnitude of AC signal and considered to be very small, of about 50 mV for IFM analysis. Fig. 12(a)e(d)
shows the variation of IMD3 and HD3 w.r.t. the applied gate to source voltage for the conventional, CRC and TGRC



(a)                                                      (b)

(c)                                                                                       (d)

Fig. 12. (a) Variations of IMD3 for TGRC-MOSFET, CRC-MOSFET and Conventional MOSFET. (b) Variation of HD3 for TGRC-MOSFET, CRC-MOSFET, and Conventional MOSFET. (c) Variations of IMD3 and HD3 at different LG.
(d) Variation of IMD3 and HD3 at various NJDs as a function of applied Vgs.
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designs, for gate length variation, and for NJD variation, respectively. Degeneracy of signals in a wireless communication
system is originated as IMD3 from the nonlinearity shown by the transistor static characteristics. By using a circuit with
balanced topologies even-order harmonics can be reduced by 40e50 dB. Therefore, it is essential to diminish the third-
order harmonics for decreasing the signal distortion [31]. Fig. 12(a) shows that the performance of IMD3 degrades in
TGRC-MOSFET owing to the high peak value of VIP3 which dominates the value of IMD3 less in comparison to gm3
(Fig. 11(a)) as compared to its counterpart conventional and CRC-MOSFET. Meanwhile, HD3 is also reduced in TGRC ar-
chitecture as compared to its conventional counterparts as shown in Fig. 12(b). Further, both the third order distortions
have been reduced for TGRC-MOSFET if the gate length is reduced to 20 nm due to the reduction of gm3 as shown in
Fig. 12(c). Fig. 12(d) also reflects the reduction in IMD3 and HD3 with reduced NJD. Thus, the scaling of the device ar-
chitecture reduces the intermodulation and harmonic distortions, hence presenting TGRC-MOSFET as a favorable
candidate for RFIC designing.

6. Conclusion

A complete study of the analog, linearity and intermodulation distortion analysis of TGRC-MOSFET has been exploredwith
the impact of trench gate and gate length miniaturization at sub-nano level. From the investigation, it is found that TGRC-
MOSFET is more linear device than its counterparts conventional MOSFET and CRC-MOSFET, due to the incorporation of
the ITO as a transparent gate in TGRC design. It is found that TGRC-MOSFET reveals greater values of gm (enhanced by 32.1%
and 35% compared to conventional MOSFET and CRC-MOSFET respectively), lower gm3, improved device efficiency and
noteworthy improvement in peak values of VIP2, VIP3,1-dB compression point, IIP3 and lesser values of the IMD3 and HD3 in
comparison to its counterparts at 5 nm NJD and 20 nm gate length. Thus, TGRC-MOSFET delivered enriched analog and
linearity performance in terms of superior input power and lesser signal distortion. Moreover, it is also analyzed that with the
tuning of TGRC’s parameters such as LG and NJD, its linearity performance enhances appreciably owing to enhanced current
driving capability and reduced gm3 (distortions). Therefore, the proposed TGRC-MOSFET is prominent for high scale inte-
gration, which can be developed for RFIC design and it is also a favorable candidate for ultra-low power, analog, and
distortion-less application.
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A B S T R A C T

In this paper, RF noise modeling of Black Phosphorus Junctionless Trench (BP-JL-T) MOSFET has
been investigated in strong inversion region. The simulated and modeled results are simulta-
neously compared with Conventional Trench (CT) MOSFET at THz frequency range. By using
analytical expressions from RF equivalent schematic, few RF figure-of-merits (FOMs) have been
evaluated. It is found that RF noise parameters such as noise resistance (Rn), minimum noise
figure (NFmin), optimum source susceptance (Bopt) and conductance (Gopt) are reduced to more
than 200%. Modeled results reveal that BP-JL-T-MOSFET minimizes RF noise thus, providing the
detailed insight to RF engineers for microwave applications/RFIC design.

1. Introduction

Low power wireless applications such as the Internet of Things (IoT) and wireless sensor network are setting severe constrain on
power consumption [1] at RF. Highly scaled CMOS may enhance RF FOMs, along with a higher cut-off frequency (THz range) which
makes it appropriate for microwave and RF applications [2–5] in the sub-20 nm regime. Material plays the vital role in deciding how
long the device RF performance enhances in THz frequency range [3,4,6,7]. For high-performance transistor application, black
phosphorus is frequently used due to higher mobility at room temperature (∼1000 cm2V−1s−1) and its layered structure. BP has
tunable band gap from 0.3 eV (bulk) to 1.0–1.5 eV (a single layer) [8–11]. Due to many more electrical properties, it is the most
appropriate material for transistor applications [12,13]. To augment the RF performance of the CT-MOSFET, the gate material is
replaced by black phosphorus, the junctions are eliminated from the device, and thus a low power, less noisy and highly RF efficient
BP-JL-T-MOSFET is proposed in this work. RF noise is the major concern to make a MOS device for microwave, and RF applications.
The RF model should be capable enough to predict the RF noise characteristics for a realistic RF design [1]. For higher frequencies
(THz range), the channel generated thermal noise is the dominant noise source. The random motion of charge carriers is responsible
for thermal noise in the channel and the induced gate noise generated due to potential fluctuations in the channel owing to the
coupling of the gate through gate-oxide capacitance.

This work presents a timely and desirous RF noise modeling of a nanoscale MOSFET in strong inversion region. In Section 2,
device design has been explored with the respective design parameters. In Section 3, simulation methodology and model calibration
has been explained with used equations. In Section 4, we show the equivalent small signal model of a nanoscale MOSFET for RF noise
evaluation where we have extracted RF FOM such as fT, fMAX, H21, and U and then RF noise analysis has been performed step by step
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in terms of Rn, NFmin, Gopt and Bopt with derived analytical expressions.

2. Device design of BP-JL-T-MOSFET

The BP-JL-T-MOSFET device structure is shown in Fig. 1 and its parameters are indicated in Table 1. In this proposed device; black
phosphorus is amalgamated in the trench region. Source and drain regions are heavily doped while the substrate is lightly doped. The
device has 20 nm gate length (Channel Length (Lg + 2(tox + NJD)) = 44 nm), and sub-20 nm gate length improves the density of ICs
(Integrated Circuits).

3. Methodology and calibration

For the RF noise and RF FOMs extraction, the direct extraction methodology is used by the small signal model. For TCAD
simulations, we have included Parallel Electric Field Dependence (fldmob model). This model takes care of all the parameters
affecting the mobility of carriers including velocity saturation effect. For carrier generation-recombination, we have implemented
(klasrh model) concentration-dependent Klaassen Shockley-Read-Hall Recombination model as it can include a concentration-de-
pendent lifetime of carriers [14]. The following equations [14] and models are used in the simulation.

1. Poisson's equation

∇ = −div ε ϕ ρ( ) (1)

Where ɛ, φ and ρ represents the permittivity, potential, and space charge density respectively.

2. Continuity equations of current

For Holes,

∂
∂

=
→

+ −
p
t q

divJ G R1
p p p

(2)

For Electrons,

Fig. 1. The device structure of the proposed device (BP-JL-T-MOSFET).

Table 1
BP-JL-T and CT MOSFETs design parameters.

Device Parameters BP-JL-T-MOSFET CT-MOSFET

Gate Length (Lg) 20 nm 20 nm
Channel Length (Lch) 44 nm 44 nm
Source and the Drain region Length 30 nm 30 nm
Width of the Device (W) 200 nm 200 nm
Groove Depth 38 nm 38 nm
Negative Junction Depth (NJD) 10 nm 10 nm
Substrate Doping 5×1016 cm−3 (ND

+) 1× 1017 cm−3 (NA)
Source/Drain Doping (ND

+) 5×1016 cm−3 (ND
+) 1× 1019 cm−3 (NA)

Physical Oxide Thickness (tox) 2 nm 2 nm
Metal work function (Φ) 5.16 eV 4.4 eV
Gate to source voltage (Vgs) 1.5 V 1.5 V
Drain to source voltage (Vds) 0.2 V 0.2 V
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∂
∂

=
→

+ −n
t q

divJ G R1
n n n

(3)

Where,
→
Jpand

→
Jn are current density; the generation rate represented by Gp andGn; recombination rate Rp and Rn for holes and

electrons respectively.

3 Recombination
(a) SRH (Shockley Read Hall)

=
−

+ + +− −[ ] [ ]
R

pn n
τ n n e τ p n eSRH

ie

p ie
E kT

n ie
E kT

2

( ( / )) ( ( / ))TRAP L TRAP L (4)

Where, ETRAP is a change in the intrinsic Fermi level and the trap energy level; τn and τp, are the electron and hole lifetimes,
respectively.

(b) Auger recombination

= − + −R AUGN pn nn AUGP np pn( ) ( )Auger ie ie
2 2 2 2 (5)

AUGN=8.3× 10−32 cm6/s, AUGP=1.8×10−31 cm6/s (user-definable).
4.Parallel electric-field-dependent mobility

=
+

μ E μ
μ E υ

( ) [ 1
1 ( / )

]
sat

β
β

0
0

1/

(6)

Further, the simulation models have been validated and calibrated with experimental data [15]. The experimental data is
drawn out from fabricated grooved MOSFET of 36 nm [15] and plotted against simulated results for same device dimensions
as reflected in Fig. 2(a) and (b). Fig. 2(a) reflects the calibrated output characteristics and (b) represents calibrated transfer
characteristics. It is evident from Fig. 2 that the simulated result nearly matched with the experimental results which signify
the validation of simulation models.

4. Small signal RF MOSFET modeling

Fig. 3(a) reflects the equivalent circuit which used BP-JL-T-MOSFET device and has good accuracy and computing efficiency. The
circuit consists of an intrinsic and parasitic component that affects the device behavior at RF, namely, the substrate resistance RB, gate
resistance RG, the source/drain resistance RS, RD, and the extrinsic capacitances CGSe, CGDe, and CGBe. For RF measurement, source and
bulk are grounded (VS = VB = 0V) in the two-port configuration of MOSFET. In the saturation region, MOSFET usually operates for
RF applications. Here, the small signal parameters are evaluated from Fig. 3(b) for the calculation of RF FOMs [16] and noise
parameters. Voltage control-voltage sources (VCVSs) generated the currents and calculated by Ref. [17]:

Fig. 2. Calibration of simulated and experimental data: (a) Output characteristics and (b) Transfer characteristics; of 36 nm Trench MOSFET.
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= −I Y V Gi V Bi. [ ( ) ( )]m m (7)

= −I Y V Si V Bi. [ ( ) ( )]ms ms (8)

Where = −Y G jωC.m m mis the gate transmittance and = −Y G jωC.ms ms ms is the source transmittance. Gm and Gms are the gate and
source transmittance while Cm and Cms are transcapacitances (for gate and source respectively) [17]. For RF analysis from equivalent
circuit (Fig. 3(b)), using the assumption (equation (9)) the higher order terms are neglected

+ + + − < <ω C R R C R C R ω R C C C( (2 )) ( ) 1BB B G GB B GG G G GB BB GG
2 2 2 2 2 4 2 2 2 2 2 (9)

and it is valid for few THz operating frequency. In the saturation region, Y-parameters can be derived as

≅ + +Y ω R C R C jωC( )B GB G GG GG11
2 2 2 (10)

≅ + − + + + + +Y G ω C R C C C C R C C jω C C( ( ) ( )) ( )GS DB B DB m ms GD G GD m DB GD22
2 (11)

≅ − −Y ω R C C R C C jωC( )B GB DB G GG GD GD12
2 (12)

≅ + − + − + − +Y G ω C R C C C C R C C jω C C( ( ) ( )) ( )m eff GB B DB m ms GG G GD m GD m21 ,
2 (13)

with total capacitance CGG (CGS + CGD + CGB). The capacitances are calculated using equation (14)–(17) as

= +C Y Y ω(Im( ) Im( ))/GS 11 12 (14)

= −C Y ωIm( )/GD 12 (15)

= =G YRe( )|DS ω22 0 (16)

= +C Y Y ω(Im( ) Im( ))/DB SD( ) 22 12 (17)

In the calculation of Y-parametrs, RS and RD can be neglected for higher frequencies [18] and the effective gate and source
transconductance (in saturation) [17] are =G G D/m eff m, and = +G G G D( )/ms eff ms DS, with ≈ +D G R1 ms S.

4.1. Extraction of RF FoMs

RF FoMs (useful for circuit designing) is analytically modeled with the help of methodical expressions of Y-parameters and
expressed from equation (10)–(13).

4.1.1. Transit frequency fT and maximum oscillation frequency fMAX

fT is also known as cut-off frequency [5]. fT can be calculated at unity magnitude of current gain and represented as given in
equation (18). However, maximum oscillator frequency (fMAX) is calculated when unilateral gain becomes unity [1,19,20], and with
the help of small signal components, fMAX can be represented as given in equation (19). Results show that fT and fMAX improve four
times and eight times respectively in simulated data and similar improvement is observed in modeled data (which are nearly mat-
ched) in BP-JL-T device as compared to CT device as reflected in Fig. 4(a) and (b) respectively. fT enhances due to a reduction in stray
capacitances and fMAX improves due to improved fT (shown in equation (19)).

=
+

f
G

π C C2 ( )T
m eff

GS GD

,

(18)

(a)                                                                                                           (b)   

Fig. 3. (a) RF equivalent sub-circuit with BP-JL-T-MOSFET, and (b) Small-signal equivalent circuit in strong inversion region of an RF BP-JL-
MOSFET.
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=
+

f
f

R G πf C4 ( 2 )MAX
T

G DS T GD (19)

4.1.2. Current gain (H21) and unilateral gain (U)
The current gain is defined as equation (20)

= =H I
I

Y
Y21

2

1

21

11 (20)

Using equations (10) and (13), the complex expression for H21 is calculated and found as

≈
− −

H
G jω C C

jωC
( )m eff GD m

GG
21

,

(21)

Unilateral gain, also called Mason's gain, is calculated by equation (22)

= −
−

U Y Y
Y Y Y Y

| |
4.(Re{ }Re{ } Re{ }Re{ })

21 12
2

11 22 12 21 (22)

Fig. 5(a) and (b) reflects that H21 and U enhance by 7.5% and 20% respectively in BP-JL-T as compared to CT device owing to
lower stray capacitances, and the simulated data is matched with modeled data at THz frequency range.

4.2. RF noise analysis

Noise sources of a MOSFET are shown in Fig. 6 where the noise current sources are parallel to the resistance generated thermal
noise. In the device, thermal noise and induced gate noise is modeled by noise current sources InD and InG respectively. All the noise
parameters are derived using the RF equivalent circuit (shown in Fig. 6) and the expressions are obtained as shown in equations
(23)–(25). From the simplified expressions, it is observed that Rn only depends (through the parameter χnD) on channel thermal noise,
however, Fmin and Yopt depends on channel thermal noise and induced gate noise [21]. Fig. 7(a) and (b) reflected that NFmin and Rn

reduce by four and five times respectively in BP-JL-T device as compared to CT device and the modeled results have good agreement
with the simulated results. Further, for the extraction of aN and bN from Bopt and Gopt (for Yopt), two intermediate steps (equation (32)
and (33)) are required, and Fmin can also be used for direct extraction of bN, but sometimes it has more complexity. χnD is the thermal
noise access and represents how much noise is generated at the drain and is given in equation (29).

Moreover, optimum source susceptance (Bopt) and optimum source conductance (Gopt) are determined by differentiating equation
(24) and expressed as noise [20] paramters which is reflected in Fig. 8(a) and (b) respectively for BP-JL-T and CT MOSFETs. It is
observed that Gopt and Bopt are reduced owing to BP as a gate material, which in turn reduces χnD and stray capacitances in BP-JL-T

Fig. 4. (a) fT and (b) fMAX, at Vds= 0.2 V and Vgs= 1.5 V for CT and BP-JL-T-MOSFETs.
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device as compared to CT device by three times and two times respectively and the modeled results are matched with the simulated
results.

= +R
χ

G
Rn

nD

m eff
G

, (23)

= + =
+

+ +
Y G jB

ω b jc G
d ω R C C

( )
2( ( ) )opt opt opt

N N m eff

N BD GDB

,
2 2 (24)

= + +
+ + +

F ω b
Y

ω
R G C C C G R C ω e R

G
1

| |
2 ( ( ))N B m eff GD BD GD m eff G GD N G

m eff
min

21,int
2

2 , ,
2

,
2

(25)

=a c C C δ χ2N g GG m nG nD (26)

Fig. 5. (a) Current gain and (b) Unilateral gain at Vds= 0.2 V and Vgs= 1.5 V for CT and BP-JL-T-MOSFETs.

Fig. 6. Small-signal equivalent circuit with the noise sources of a MOSFET.
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=
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b
d G ω e R C G C χ a C C Y δ c G

G
2 [2 ( ( )) | | ]

N
N m eff N B GG m eff GG nD N GG m nG N m eff

m eff

,
2

, 21,int
2 2

,
3

, (27)

= − = + = − − +c a χ C d G χ Y R e C C C C C C2 , | | , ( ( ))N N nD GG N m eff nD G N BD GG GD GD GG m, 21,int
2 2 (28)

= −χ G R R( )nD m eff n G, (29)

Fig. 7. (a) NFmin and (b) Rn, at Vds= 0.2 V and Vgs= 1.5 V for CT and BP-JL-T-MOSFETs.

Fig. 8. (a) Gopt, and (b) Bopt at Vds= 0.2 V and Vgs= 1.5 V for CT and BP-JL-T-MOSFETs.
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5. Conclusion

This paper discusses the RF noise analytical modeling of the RF FOMs and noise parameters of a nanoscale BP-JL-T-MOSFET in
strong inversion region. Simple and generic RF small signal equivalent circuit is demonstrated, and the results show a fine calibration
of modeled and simulated data. It is found that RF FOMs such as H21, U, fT and fMAX improved by 7.4%, 20%, four times and eight
times respectively for BP-JL-T MOSFET. Further, a significant reduction in the RF noise parameters such as NFmin, Rn, Gopt and Bopt is
obtained in BP-JL-T-MOSFET edifying its effectiveness in RFIC and LNA design.
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In this work, a comprehensive analog and RF performance of a novel Black Phosphorus-
Junctionless-Recessed Channel (BP-JL-RC) MOSFET has been explored at 45 nm technol-
ogy node (Gate length¼ 20 nm). The integration of black phosphorus with junctionless
recessed channel MOSFET, leads to higher drain current of about 0.3mA and excellent
switching ratio (of the order of 1011) due to reduced off-current which leads to
improvement in sub-threshold slope (SS) (67mV/dec). Further, RF performance metrics
have also been studied with an aim to analyze high-frequency performance. The following
FOMs have been evaluated: cut-off frequency (fT), maximum oscillator frequency (fMAX),
stern stability factor, various power gains and parasitic capacitances at THz frequency
range. Thus, in addition to the high packing density offered by RC MOSFET, the proposed
design finds numerous application at THz frequency making it a promising candidate at
wafer scale integration level.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Continuous scaling of MOSFET in sub-20 nm gate length develops opportunities for high speed and low power applica-
tions. Several THz cut-off frequencies can be achieved in highly scaled MOSFETs, making CMOS technology appropriate for RF
application [1e4]. In sub-20 nm gate length, source/drain capacitances called parasitic capacitances increases and hence, gate
control over the channel reduces [5]. Short channel effects (SCEs) also arises due to the scaling down of device dimensions
which is not suitable for analog and RF applications [6]. The problems associated with SCEs are threshold voltage roll-off [7],
hot carrier effects (HCEs) [8], drain induced barrier lowering (DIBL) [9,10], punch through and gate tunneling current [11].
These effects can be eliminated (reduced) by changing the gate material as well as doping profile of the MOSFET. To reduce
these effects and for high-performance transistor application, a new class of material called black phosphorus is used in a
recessed structure [12]. Black phosphorus is one of the promising material due to very high mobility (~1000 cm2V�1s�1 at
room temperature) and a layered structure which can be realized at sub-1nm thick channel [13]. From bulk (0.3 eV) to single
layer (1.0e1.5 eV), black phosphorus has tunable band gap [14e16]. Due to these properties, black phosphorus is the most
suitable 2D material in comparison to graphene and transition metal dichalcogenides while graphene has high mobility but
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band gap is zero [17], and transition metal dichalcogenides have low mobility (~10e250 cm2V�1s�1) but large band gap
(1e2 eV) [18e20]. Black phosphorus is frequently used in MOSFET for high-performance transistor applications [21,22], but
SCEs [23] are the main disadvantages of conventional MOSFET at sub-20 nm gate length. To enhance the performance of the
recessed channel MOSFET, black phosphorus is used as a 2D gatematerial, and the doping profile of source, drain, and channel
is uniform tomake it as a junctionless transistor. The physics and basic properties of the junctionless transistor are introduced
by JP Colinge [24], and it is observed that the sub-threshold swing, DIBL and switching ratio is improved due to the junc-
tionless phenomenon.

For high-performance analog and RF applications, we have combined two techniques, namely recessed gate technique and
junctionless technique in this work. In the recessed gate, few layers of black phosphorus are amalgamated as black phos-
phorus is a most attractive 2Dmaterial and the symmetric doping is done to eliminate the junction from the device. BP-JL-RC-
MOSFET is a novel device in which the electrical characteristics of a transistor are enhanced due to the tremendous value of
switching ratio (due to the lower value of IOFF). Such a high ION and low IOFF makes black phosphorus a promising material for
digital electronics applications [17]. BP JL-RC MOSFET is a highly scaled device, and the gate length is 20 nmwhich increases
the packing density of the integrated circuits (ICs).

2. Device design and its parameters

Fig. 1 shows the simulated 20 nm device structure of BP JL-RC MOSFET. All the design parameters are given in Table 1, and
the biasings are applied at room temperature (T¼ 300 K).

3. Simulation methodology and calibration

ATLAS is a powerful simulation tool which is used for the extraction of reliability results and all Figure of Merits (FOM) [25].
Various simulation models have been used such as Lombardi CVT model to consider all the mobilities such as scattering
mechanism which is caused by the parallel and perpendicular field applied on the device. For carrier generation-
recombination, we have used Shockley-Read-Hall (SRH) Recombination. Fermi-Dirac statistics is used in case of very high-
ly doped material. To consider the information about the low energy (temperature) of the carriers, we have used Energy
Balance Transport (EBT) model [25]. Further, to obtain the numerical solutions, two numerical techniques such as Gummel
and Newton have been considered [25] to obtain better convergence.

The calibration of Physical Model parameters of the simulated device with the experimental data by Joerg Appenzeller
et al. in 2002 [26] is shown in Fig. 2. To validate the simulation results, the statistics have been drawn-out [26] for 36 nm
grooveMOSFET and then plotted as evident in Fig. 2. It is detected from Fig. 2 that simulated results almost matched with the
experimental data in sub-40 nm groove MOSFET, thus validating the simulation models.

4. Fabrication feasibility of BP-JL-RC-MOSFET

The fabrication feasibility of BP-JL-RC-MOSFET is shown in Fig. 3. Moreover, the groove MOSFET has been fabricated by
different researchers such as Joerg Appenzeller et al., in 2002 [26], fabricated 36 nm groove gate and M. Xiao-Hua et al., in
2006 [27], fabricated 140 nm groove gate MOSFET. First of all, a p-type silicon substrate wafer is taken and then n-well region
is created by a diffusion process. The active region is then identified and Drive-In diffusion and gate oxidation process is
carried out.

Source-drain implantation and anneal process are done before groove etching by a combination of electron beam
lithography and reactive ion etching; and then SiO2 implant at the bottom of the groove is done. In the groove region, black
Fig. 1. Schematic structure of BP-JL-RC-MOSFET.



Table 1
Design parameters of BP-JL-RC-MOSFET and CRC-MOSFET.

Device Parameters BP-JL-RC-MOSFET CRC-MOSFET

Gate Length (Lg) 20 nm 20 nm
Channel Length (Lch) 44 nm 44 nm
Source and the Drain region 30 nm 30 nm
Length Width of the Device (W) 200 nm 200 nm
Groove Depth 38 nm 38 nm
Negative Junction Depth (NJD) 10 nm 10 nm
Substrate Doping 5� 1016 cm�3 (ND

þ) 1� 1017 cm�3 (NA)
Source/Drain Doping (ND

þ) 5� 1016 cm�3 (ND
þ) 1� 1019 cm�3 (ND

þ)
Physical Oxide Thickness (tox) 2 nm 2 nm
Metal work function (F) 5.16 eV 4.4 eV
Gate to source voltage (Vgs) 1.5 V 1.5 V
Drain to source voltage (Vds) 0.2 V 0.2 V

Fig. 2. Experimental and simulation of Ids-Vgs characteristics of 36 nm gate length recessed channel MOSFET.
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phosphorus is exfoliated, then aligned and transferred to the gate using a PDMS (polydimethylsiloxane) stamping method
(PDMS stamps are pieces of polydimethylsiloxane, a silicone, that have usually been patterned against a master to form a
relief pattern used in soft lithography) [21]. PMMA (Poly (methyl methacrylate)) was immediately spin-coated (acting as a
temporary passivation layer) to minimize the black phosphorus degradation. At last, contact etches and metal deposition
(using electron beam evaporation followed by lift-off) process is done. Thus, the BP-JL-RC-MOSFETcan be fabricated using the
above device design schemes, in which the benefits of the transparent gate engineering scheme have been combined with
groove gate for accomplishing improved characteristics.
Fig. 3. Fabrication flowchart of BP-JL-RC-MOSFET.



(a) (b)

Fig. 4. (a): Transfer characteristics and (b): Transconductance; of CRC-MOSFET and BP-JL-RC-MOSFET.
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5. Results and discussions

5.1. Analysis of analog performance

In order to investigate the impact of the Junctionless phenomenon in which black phosphorus is used as gate material on
drain current, CRC and BP-JL-RC-MOSFET were simulated using ATLAS 3D device simulator [25]. Fig. 4(aeb) reflects the
transfer characteristics and transconductance profile respectively, for BP-JL-RC and CRC devices. Drain current improves in the
proposed device as shown in Fig. 4(a) and due to the improvement in drain current, Fig. 4(b) reflects the enhanced trans-
conductance in BP-JL-RC-MOSFET as compared to CRC-MOSFET. It is clearly observed that large difference in off-currents
(10�6 A and 10�11 A) is observed while on-currents (1.89�10�3 A and 3�10�4 A) are nearly equal between CRC and BP-
JL-RC devices due to which the switching ratio of the proposed device is much higher than conventional one as shown in
Fig. 5. Reduction in off-current is observed due to the presence of Junctionless phenomenon as well as amalgamation of black
phosphorus in the groove (recessed) gate of BP-JL-RC-MOSFET. Black phosphorus improves the gate controllability and hence,
shrinks HCEs and SCEs in BP-JL-RC-MOSFET. The switching capability and gate controllability in BP-JL-RC-MOSFET are ach-
ieved at a very low drain bias (0.2 V), and gate biasing is ramped from 0 to 1.5 V due to which BP-JL-RC device emerged as an
ultra-low power device for analog applications. Fig. 5 also reflects the reduced sub-threshold slope in BP-JL-RC-MOSFET (67.2
mV/dec) as compared to the conventional device (151 mV/dec). The low sub-threshold slope is also responsible for higher
switching performance of the device.

Fig. 6(a) and (b) shows the potential and contour plot along the channel for CRC and BP-JL-RC-MOSFET, and it is observed
that the potential is higher in the channel region for BP-JL-RC-MOSFET as compared to the conventional device due to the
incorporation of black phosphorus on to the recessed gate. Proposed device reflects the lowering of barrier potential at source
side which indicates a reduction in DIBL andmore pronounced in conventional MOSFETmainly due to the absence of junction
in the BP-JL-RC-MOSFET. To evaluate analog parameters in BP-JL-RC-MOSFET and CRC-MOSFET, electric field and electron
mobility are two important parameters. It is evident from Fig. 7(a) that, the channel electric field is enhanced by three-times
in BP-JL-RC-MOSFET (9�105 V/cm) as compared to CRC-MOSFET (3�105 V/cm). Enhancement in channel electric field is due
to the higher electronmobility of black phosphorus (shown in Fig. 7(b)) as well as junctionless profile of the BP-JL-RC-MOSFET
Fig. 5. Switching ratio and sub-threshold slope of BP-JL-RC-MOSFET and CRC-MOSFET.



(a) (b)

Fig. 6. (a) Potential, with respect to the distance along the channel for CRC and BP-JL-RC-MOSFET. (b) Contour plot CRC and BP-JL-RC-MOSFET.

(a) (b)

Fig. 7. (a) Electric field and (b) Electron mobility; with respect to the distance along the channel for CRC and BP-JL-RC-MOSFET.
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in which electrons feel negligible resistance to reach from drain to source and hence, mobility of the charge carriers (present
in channel region) is more at the source side as compared to drain side as shown in Fig. 7(b). Higher electron mobility is also
one of the reason due to which the switching ratio is very high in BP-JL-RC-MOSFET (shown in Fig. 5).

Further, electron velocity and electron temperature have been evaluated for both the devices and it is found that electron
velocity (shown in Fig. 8(a)) has enhanced significantly for BP-JL-RC-MOSFET as compared to the conventional device due to
the enhancement in electric field as the electric field has a direct impact on the electron velocity. Due to the higher electron
velocity, which is doubled in BP-JL-RC-MOSFETas compared to CRC-MOSFET, switching ratio is also high thus; BP-JL-RC device
is a suitable candidate for higher switching applications. Fig. 8(b) reflects the variation of electron temperature for BP-JL-RC-
MOSFET and CRC-MOSFET along the channel, and it is evident that electron temperature is varied from source to drain. First,
the electron temperature of BP-JL-RC is high (470 K) as compared to CRC (350 K) at the source side but reduces in the channel
region for BP-JL-RC (550 K) as compared to CRC (680 K) and it is very low (less varying) throughout the channel for BP-JL-RC-
MOSFET. The electron temperature should be as low as possible for eliminating (minimizing) the leakage currents such as hot
electron injected gate current and impact ionization substrate current for building it suitable for switching and ultra-low
power applications. Low electron temperature is observed for BP-JL-RC due to Junctionless phenomenon and higher elec-
tron mobility of the device as well as gate material (black phosphorus) used in the recessed region.
5.2. Analysis of RF performance

Moreover, power gains are significant in the designing of RF amplifiers, but for the designing of low-noise amplifiers (LNA),
stability is one of the primary standards. For the designing of an amplifier for very high frequency, oscillation should be
avoided. Stability of an amplifier, also evaluated as Stern stability factor (K), ia found to have a value of K usually greater than
one at high frequency and less than one at low frequency [28,29]. By using equation (1) [30,31], K can be defined as-



(a) (b)

Fig. 8. (a) Electron temperature and (b) Electron velocity; with respect to the distance along the channel for CRC and BP-JL-RC-MOSFET.
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K ¼ 1þ jDj2 � jS11j2 � jS22j2
2:jS12:,S21j

(1)
where S11 and S22 represent the reflection coefficients and S12 and S21 are transmission coefficients, and s-matrix D is defined
as

D ¼ S11 � S22 � S12 � S21 (2)
K has been evaluated for both the devices as shown in Fig. 9. At high frequency, K is greater than one for the conventional
device, and at very low frequencies, it is less than onewhile for the proposed device, it is ~1 (slightly> 1 at a higher frequency
and <1 at low frequency) which is suitable for designing of RF amplifiers as shown in Fig. 9.

For RF applications, cut-off frequency, fT [32] is considered when comparing transistors. fT is a measurement of speed and
swing for high-speed digital applications, and it is defined as given in equation (3) [33e35]:

fT ¼ gm

2p
�
Cgs þ Cgd

� (3)
where transconductance is denoted by gm and parasitic capacitances are denoted by Cgd and Cgs. fT is evaluated when the
current gain is unity [36]. Results show that fT improves 3.88 times in BP-JL-RC-MOSFETas compared to CRC-MOSFETwhich is
reflected in Fig. 9 due to enhanced ON current and transconductance (shown in Fig. 4(a) and (b)). Further, the analysis of
maximum oscillator frequency (fMAX) is more important for high switching and high speed of CMOS device. fMAX should be as
high as possible, and it is defined as given in equation (4) [36,37]:
Fig. 9. Stern stability factor and Current gain (to find cut-off frequency) for CRC and BP-JL-RC-MOSFET.



Fig. 10. Unilateral power gain (to find maximum oscillator frequency) and Maximum transducer power gain for CRC and BP-JL-RC-MOSFET.
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fMAX ¼ fTffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4Rg

�
gds þ 2pfTCgd

�r (4)
Sometimes fMAX is also evaluated when the unilateral power gain is unity [32]. Fig. 10 reflects ~8 times higher fMAX in BP-JL-
RC-MOSFET due to the enhancement in carrier mobility (shown in Fig. 7(b)) which reduces gate resistance and hence im-
proves fMAX, as fMAX is directly proportional to transconductance and inversely related to gate resistance [32]. A higher value of
fT and fMAX show the ability of BP-JL-RC-MOSFET for RF applications.

Moreover, the device comparison of BP-JL-RC and CRC-MOSFET have been performed in terms of other RF metrics such as
Gma (maximum available power gain) and Gms (maximum stable power gain). Fig. 11 shows the improved maximum
theoretical power gain in BP-JL-RC-MOSFET as compared to the conventional device as required for high-frequency appli-
cations. In a two-port network, Gma is defined by the ratio of maximum power available at load to the maximum power
available at the source, and it is given as in equation (5). For high frequency (THz) applications, Gma and Gms should be large
for the device and thus; BP-JL-RC device shows a significant enhancement due to the useful electrical property of black
phosphorus.

Gma¼
Pload;max

Psource;max
(5)
Further, the parasitic capacitances have been evaluated as for the high performance of the device; parasitic capacitances
should be as small as possible due to the dependency of speed of a transistor on parasitic capacitances [38,39], which causes a
delay in logic-cell. Rise and fall times of a digital device may increase at the input and output side due to the parasitic ca-
pacitances as we know that, the maximum speed of a digital switching circuit mainly affects the rise time and fall time [40].
Fig. 11. Gma (Maximum Available Power Gain) and Gms (Maximum Stable Power Gain) for CRC and BP-JL-RC-MOSFET.



                                                                                       (a)

                             (b)                                                                                              (c)

Fig. 12. (a): Cgg, (b) Cgs and (c) Cgd for CRC and BP-JL-RC-MOSFET.
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Thus, for RF applications, the investigation of parasitic capacitances is necessary. Many RF amplifiers may have low gain, and
sometimes oscillation occurs in the amplifier due to these parasitic losses (parasitic capacitances). In this section, parasitic
capacitances have been evaluated in terms of gate capacitance (Cgg), the gate to source capacitance (Cgs) and gate to drain
capacitance (Cgd) shown in Fig. 12(a), (b) and (c) respectively for BP-JL-RC and CRC-MOSFET. Results show that BP-JL-RC-
MOSFET exhibits very small Cgg, Cgs and Cgd as compared to CRC-MOSFET when frequency increases from few Hz to THz
range due to the high carrier mobility across the channel (shown in Fig .7(b)) and junctionless phenomenon in BP-JL-RC-
MOSFET. Thus, BP-JL-RC-MOSFET shows enhanced analog and RF FOMs as compared to CRC-MOSFET (see Table 2) which
makes it for low power analog and RF applications.
Table 2
Summary of analog and RF FOMs.

Device/Parameters BP-JL-RC-MOSFET CRC-MOSFET

gm (mS) 1600 500
Ion/Ioff 3� 1011 1.9� 103

Subthreshold slope (mV/dec) 67.2 151
Electric field (V/cm) 9� 105 3� 105

Electron mobility (cm2V�1s�1) 900 650
Electron temperature (K) 550 680
fT (THz) 0.21 0.0536
fMAX (THz) 0.85 0.107
Cgs (ff) 0.15 0.75
Cgd (ff) 0.15 0.7
Cgg (ff) 0.3 1.5
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6. Conclusion

This analysis examines the effectiveness of black phosphorus, a new class of material as a gate metal and a junctionless
technology on to the RC MOSFET. This study is done in terms of analog and RF FOMs at room temperature (300 K). Results so
obtained reveals that black phosphorus significantly enhances the ON-current, whereas junctionless scheme reduces OFF-
current remarkably which thus improves the switching ratio and thus, the analog performance of RC MOSFET at a low
bias voltage. Moreover, it is observed that parasitic capacitances which hamper the device performance at high frequency are
greatly reduced in BP-JL-RC-MOSFET in comparison to the conventional counterpart. Also, fT (3.88 times) and fMAX (~8 times)
is enhanced significantly, which makes BP-JL-RC-MOSFET a potential candidate for low power analog and RF applications.
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