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ABSTRACT 

 

The continued CMOS scaling has led to the need for introduction of 3-D transistors such as 

multigate FETs for technology nodes at 22 nm and below replacing planar MOSFETs (Metal 

Oxide Semiconductor Field Effect Transistors). Of these novel devices, the nanowire (NW) 

devices have minimum short channel effects (SCE) and allow thicker gate insulator thereby 

reducing the leakage currents in the device. Further, in NW device family, the Vertical 

Nanowire FETs (VNWFET) have additional strong advantage of occupying least silicon area 

due to vertical pillar structure and possibility of stacking devices vertically. This has driven 

numerous researchers to work on vertical nanowire devices and its circuits. Although there 

have been studies reporting device level fabrication results for VNW FETs, but due to 

fabrication challenges and large cost involved in developing technologies, accurate VNW 

CMOS circuit performance evaluation has not been well demonstrated and thoroughly 

investigated. The use of TCAD in VNW CMOS development is of high importance, as TCAD 

can help to reduce design cycles as well as provide critical insight into VNW CMOS behavior 

and key performance factors. At extremely scaled dimensions, the device and layout parasitics 

also start to dominate and are of high importance in evaluating circuit performance. The 

vertical device architecture has several issues like: newer/different kind of parasitic 

components such as contact overlapping nanowire tip, increased parasitic due to cylindrical 

structure and asymmetry due to differences in top/bottom electrodes contacts. Thus, the impact 

of parasitic and electrode asymmetry on device and circuit performance with scaling are 

important design issues. In this thesis, we investigate the performance of VNW CMOS and its 

design issues using well calibrated 3D TCAD simulations at 15 nm technology node as test 

vehicle. The important results are compared with corresponding FinFET/planar devices and 

circuits. 

Using well-calibrated process and device parameters the scaling performance of VNWFET 

device is performed with respect to channel length (LG), S/D extension length (S/Dext), gate 

overlap/underlap length (LOV), gate dielectric thickness (TOX) and nanowire diameter (DNW). 

The LG scaling study shows that the VNWFET devices can be easily scaled down to 15 nm 

with a thicker dielectric of 2 nm as opposed to less than 1 nm dielectric thickness required in 

planar MOSFETs. From, the S/Dext scaling and S/D asymmetry we find that device drive 

current can be increased by decreasing S/Dext and source as the bottom electrode has better 

performance. The optimum device structure parameters for 15 nm node are: LOV = 2 nm, TOX = 

2 nm and DNW (NMOS/PMOS) = 10/15 nm. Also, it is shown that n
th

 power law can be used to 
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obtain device I-V characteristics matching to TCAD simulation results. Next, we develop 

models for parasitic series resistance and capacitance components which match well with 

simulation results. It is observed that gate to bottom electrode capacitance is a major 

contributor to device parasitic capacitance, while the contact and extension resistance are major 

contributors to device parasitic resistance. Further, the device performance with respect to LG, 

S/Dext and S/D asymmetry is explained with the help of modeled parasitic components. These 

parasitic models are later used in analyzing CMOS circuit performance. 

Finally, we study detailed digital and analog circuit performance of VNWFET CMOS. It is 

observed that due to better SCE, the VNWFET CMOS inverter voltage transfer characteristics 

(VTC) have sharper transition than planar MOSFET. Also, we note a gradient around the noise 

margin (NM) extraction point which is attributed to larger series resistance that can be 

minimized by reducing S/Dext. The CMOS inverter‘s dynamic performance is carried with 

respect to LG scaling and compared to reported FinFET and planar MOSFET inverters. It is 

found that VNWFET has the better delay, area and power performance when compared to 

planar or FinFET. The device S/D asymmetry leading to various possible CMOS layouts for a 

given circuit are investigated, we report new layout rule guidelines for VNWFET based circuit 

design. Further, it is shown that VNWFET based inverter delay can be improved by reducing 

S/Dext and by using device with source as bottom electrode provides best circuit performance. 

The CMOS inverter delay is modeled using the effective current method, which uses the 

parasitic capacitance model for delay prediction, and the delay model results match well with 

simulation results. This also explains the circuit performance with respect to S/Dext scaling and 

S/D asymmetry. Lastly, analog performance of VNWFET device is done and the intrinsic 

frequency response is compared to an equivalent FinFET. It is found that VNWFET has better 

gain, 3dB bandwidth and unity gain bandwidth (fT). Further, the impact of S/Dext length on 

common source (CS) amplifier is performed and it is seen that with lower source extension 

length the amplifier has better performance in terms of gain, 3dB bandwidth and fT.  

The overall results obtained in this study demonstrate that VNW CMOS has very high potential 

for use in CMOS based digital/analog circuits and offers best overall performance for CMOS 

technology nodes below 22 nm when compared to planar or FinFET. The study of 

digital/analog circuit design in this thesis highlight new circuit design methodologies and 

circuit layout rules, which addresses device asymmetry and parasitics. The parasitic models 

proposed through this work can be used to develop a compact SPICE model for VNWFET, 

with which circuit design and performance analysis on various standard cells, analog building 

blocks, SRAM cell and reliability study can be easily performed.  
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1 CHAPTER 

INTRODUCTION 

1.1 Introduction 

Moore‘s law [1] has been followed for more than 40 years while scaling down the device 

dimension of planar/bulk metal oxide semiconductor field effect transistor (MOSFET). To 

address the scaling related issues, new process technologies  such as: lightly doped drain, 

lateral non-uniformity in channel doping, junctionless device, strained silicon, high-κ 

dielectrics and metal gates have been introduced in complementary metal oxide semiconductor 

(CMOS) device architecture [2]–[9]. These improvements in fabrication processes have kept 

the technology in pace with international technology roadmap for semiconductors (ITRS) 

guidelines for future technology requirements [10]. However, for deca-nanometer and beyond 

technology nodes, the conventional MOSFET suffers severely from short channel effects (SCE) 

[2]. Thus the novel devices with multiple gates or 3D structures (Double Gate FET [11]–[13], 

Fin-FET [14]–[16], and Nanowire (NW) Gate-all-around (GAA) FET) are researched as 

potential replacements [2], [17]–[21]. These multiple gate devices have better scalability and 

electrostatic control over channel [22]–[26]. Recently, Intel corp. has reported introduction of 

22 nm FinFET (3D transistor) [27]–[30] in their microprocessors named Ivy Bridge, released in 

2013 [31], also Taiwan Semiconductor Manufacturing Corporation  has released its production 

details of 28 nm and below technology node planar MOSFET [32]. Other firms like IBM, 

Samsung are also planning to implement FinFET below 20 nm technology node. Further for 

sub-50 nm nodes NWFET has been reported by industrial researchers [33]. This underlies the 

importance and potential of the 3D/multigate or novel devices to extend existing MOSFET 

scaling limits. 

The evolution of MOSFET from single gate through multi-gate to gate all around (GAA) 

structure having improvement in electrostatic control is shown in Figure 1.1 [25]. In Figure 1.1, 

double gate FET has the following salient features 1) better SCE control when compared to 

single gate planar FET due of presence of two gates, 2) tight electrostatic coupling of the gate 

with the channel due to thin silicon film. These features provide the advantage of: 1) reduction 

in SCE, resulting in allowable channel length to be much shorter when compared to planar 

FET, 2) near ideal value of sub-threshold slope SS (~ 60 mV/dec when compared to > 80 
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mV/dec for planar FET), which allows gate overdrive to be large for the same off- state current 

and the same power supply and 3) better carrier transport is observed with reduced channel 

doping [2]. 

Among the important 3D or non-planar structure family, the FinFET is considered to be the 

first member. It is named so, as the silicon channel is etched into the wafer surface like a fin 

[2]. The fabrication of the FinFET device begins with the formation of a fin obtained by 

patterning and etching on an SOI/bulk substrate using a hard mask, which is retained 

throughout the fabrication process. The other derivative devices such as tri-gate, Pi-gate, Ω-

gate are similarly produced. It is reported that the drive current of FinFET devices rival those of 

best conventional planar devices [34]–[40]. Despite the non-planar/unconventional device 

structure and topology, the presence of more than a single gate leads to increase in electrostatic 

coupling of gate and channel, thus the minimum gate length achieved is among the shortest [2], 

[41]–[46].  

Due to multiple gates in GAA structure, this device architecture is the most effective for better 

electrostatic control of the channel charge and is resistant to SCEs [25]. One major problem 

with scaling of planar CMOS is the requirement to shrink gate oxide thickness, which causes 

increase in tunneling leakages. It is observed that, NW GAA FET can be scaled without 

proportionally reducing the gate dielectric thickness [47]. Thus, the NW GAA FET is the best 

device for deca-nanometer dimensions [48].  

 

Figure 1.1 Evolution of device structure from single-gated to GAA NWFET [25]. 

 

Nanowires can be obtained by two different fabrication approaches namely: the bottom–up 

approach and the top–down approach [25]. The bottom up approach is a non-lithographic 

method in which vapor-liquid-solid (VLS) mechanism is employed using a suitable catalyst and 

chemical vapor deposition process to produce nanowires. However, these nanowires are 
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randomly distributed and additional processing steps are necessary to assemble them into 

functional devices. The top-down approach is a CMOS compatible process and is 

lithographically used to define the orientation and location of nanowire with respect to wafer 

surface, thus resulting in two types of devices: 1) vertical pillar nanowires and 2) lateral 

nanowires  [25], [49]–[54]. 

Between the two types based on orientation of nanowire with respect to surface, the lateral 

nanowire type follows process steps similar to FinFET. But it employs an additional step after 

the Si fin formation, which is to convert the rectangular fin to a cylindrical wire structure. It is 

achieved by first etching away a part of the buried oxide or etching the dummy layer 

(introduced so that the fin can be released in air) and then oxidizing the fin. This is followed by 

an oxide etching to release the nanowire which is supported at its ends by the source/drain pads 

as shown in Figure 1.2.  

 

Figure 1.2 3D device structure of lateral nanowire supported by source/drain pads at its ends [55]. 

 

Vertical nanowire structure shown in Figure 1.3 follow different process steps than used for 

lateral nanowire device. The first step involves formation of vertical pillar structure by selective 

deep etching of silicon with hard mask resist dots [56]. In this device structure substrate acts as 

source, the nanowire tip acts as drain and channel in between them. Also source and drain 

electrodes can be interchanged. The gate around the nanowire channel is obtained by special 

processing steps, which will be presented in detail in next chapter.  

 

Figure 1.3 3D isometric view of Vertical Nanowire device [57]. 
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In this thesis, the studies on design and analysis of vertical silicon nanowire gate all around 

FET (NW GAAFET) devices and circuits are presented. The device structure used is a 

modified version of  VNW structure reported by Yang et al. [56]. 

 

1.2 Motivation 

Among the different 3D device structures discussed in the previous section, the vertical NW 

GAA FET has the best SCEs performance due to multiple gate structure and also occupies the 

least silicon wafer area owing to its vertical architecture. Thus, ultra dense integrated circuits 

(IC) for high performance applications can be obtained using these devices.  

Further, the VNW GAA FET devices can be fabricated in vias, which is a step towards 

reconfigurable logic which can be widely used in field programmable gate arrays (FPGA) and 

can also be used to introduce logic functions in interconnects [58]. This improves performance 

in terms of area, delay and power. Furthermore, the VNWs also have good potential to realize 

high sensitivity chemical [59] or bio sensors [60]–[63], gas sensors [64] and solar cells [65].  

From the extensive literature survey presented in chapter 2, we find that the vertical nanowire 

device performance with respect to various device dimensions is necessary for optimization. 

The impact of device asymmetry and different layouts arising thereby are not yet studied. Also, 

the impact of parasitic on device and circuit performance needs to be quantified in terms of 

various parasitic components, which can be estimated by developing appropriate models.  

Thus, the literature gaps/issues and the advantages of VNW GAA FET listed above have 

motivated us in carrying out detailed device and circuit analysis in this work. The work has 

been extensively carried using 3D TCAD simulator i.e., Sentaurus (version 2009.10), which is 

the state of the art virtual fabrication and characterization software package supplied by 

Synopsys Inc. [66].  

The work presented in this thesis addresses optimization of VNW device and presents various 

circuit design issues when working with VNW devices. This can be used by device and circuit 

engineers in industry to take a leap forward in developing low power memory applications, 

digital logic and analog circuit design.  
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1.3 Objectives  

In this thesis, work has been carried out on device and circuit performance of vertical nanowire 

(VNW) silicon MOSFET compatible with CMOS technology. The study has the following 

objectives: 

1. Thorough analysis of vertical nanowire device in terms of performance parameters (ION/IOFF 

ratio, SS, drain induced barrier lowering - DIBL) at sub 45nm channel lengths, where the series 

source/drain resistance and parasitic capacitances are expected to affect the device performance 

significantly.  

2. To evaluate device performance and process variation, the impact of device parameters such 

as channel length, wire diameter, source/drain asymmetry and S/D extension region length 

(S/Dext) on device characteristics. 

3. A comprehensive parasitic model for resistance and capacitance, which can take into account 

the device asymmetry and cylindrical structure is developed for VNW device. Further, the 

device I-V modeling is realized with n
th

 power law [67].  

4. Finally, thorough circuit analysis is carried out, in order to demonstrate the better circuit 

performance potential of VNW devices. Firstly, performance of digital circuits [68], [69]with 

the help of CMOS inverter is investigated considering some of the device scaling parameters & 

the impact of source/drain asymmetry, and different layouts arising thereby. Secondly, the n
th

 

power law and parasitic capacitance models are used to analyze the delay trends. Finally, 

analog performance [70]of VNW device is analyzed using common-source (CS) amplifier to 

complete the study. We highlight the better performance of VNW CMOS by comparing and 

benchmarking the results with reported FinFET/planar technologies.  

 

1.4 Thesis Organization 

This thesis is organized into different chapters as below: 

Chapter 1: In this chapter, introduction is presented with brief highlights of technological 

advancements in the field of MOSFET devices to date. Further, the motivation arising out of 

technical gaps/issues and advantages of using VNW devices are presented. Finally the various 

objectives addressed through this thesis are pointed out along with thesis organization details.  
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Chapter 2: This chapter provides detailed literature review of MOSFET device evolution along 

with the need and advantages of VNW device. The technical gaps in the existing literature on 

VNW device performance, device modeling, digital and analog circuit performance are 

discussed. The chapter is concludes with a brief summary of technical gaps to be addressed in 

the thesis. 

Chapter 3:  In this chapter, TCAD details of implemented VNW MOS structures, simulation 

models and related tools are discussed. A well calibrated TCAD simulation setup is established. 

This is carried out by creating an equivalent structure of reported device [56] and [52] to match 

the I-V characteristics at low and high VDS. This also includes selection of appropriate physical 

models for carrier transport, velocity saturation, contact resistance, surface and bulk scatterings, 

along with quantization effects. Finally, the complete details of device and important model 

parameters, which are used in simulations carried in this thesis work is presented. This is 

followed by details of simulation setup such as DC sweep parameters, AC parameters for 

device analysis and transient parameters for circuit analysis.   

Chapter 4: This chapter deals with the VNW device performance in terms of ION, IOFF, ION/IOFF 

ratio, SS, DIBL with channel length scaling from 45 to 15nm, for both NMOS and PMOS. 

Important results, such as ION/IOFF > 10
4
, SS ~ 60 – 70 mV/dec and DIBL < 30 mV, highlight 

greater control of short channel effects due to surrounding gate architecture. For 15nm channel 

length devices, performance is analysed in terms of wire diameter variations, source/drain 

asymmetry and S/Dext length. This study highlights importance of achieving matched drive 

currents for NMOS and PMOS, which differ by a non integral factor (~ 1.4) with the help of 

single nanowire devices, as opposed to multi nanowire/fins required in lateral novel devices. 

Finally, the device I-V characteristics are modeled with nth power law, which will be employed 

later in circuit delay prediction. The chapter concludes with highlights of the important device 

performance parameters found.  

Chapter 5: This chapter focuses on modeling of parasitic resistance and capacitance present in 

VNW devices. In these models, the inherent device asymmetry and device structural topology 

such as the cylindrical gate, rectangular vias, gate extension and contact pad overlapping the tip 

of nanowire are considered. Further, the impact of device scaling on these parasitic components 

is thoroughly investigated, and emphasis is given on the major parasitic contributors. The 

results depicts that nearly 50% of the total series resistance is contributed by the metal 

semiconductor contacts and the total parasitic capacitance is nearly 1.5 to 2 times the channel 
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capacitance. This chapter ends with the highlights of the important aspects of parasitic 

modeling and its importance in compact modeling.  

Chapter 6: This chapter discusses the circuit performance of VNW devices in detail. The 

digital circuit performance is carried out with CMOS inverter circuit with device scaling and is 

benchmarked with existing literature for FinFET and planar CMOS inverters. The results show 

better performance of VNW based circuits and justify its usefulness in low power applications. 

For 15nm VNW devices, complete performance analysis of CMOS inverter is presented with 

respect to S/D extension length, S/D asymmetry and impact of different layouts arising thereby. 

The results show ~65% better delay performance by devices with drain at top as compared to 

devices with drain at bottom. Moreover, detailed insight into static characteristics of VNW 

CMOS inverter and the use of S/Dext as tuning parameter to obtain required gain and noise 

margin is presented provided.  

Further, analog performance of 15nm VNW device are analysed for intrinsic device and 

common-source amplifier in terms of performance metrics such as gain, 3dB bandwidth and 

unity gain bandwidth (fT), and are compared with FinFET technologies at same node. It is 

observed that VNW devices have nearly 40% higher gain and 66% higher fT when compared to 

equivalent FinFET device. In a VNW device the impact of extension length and number of 

nanowires over gain of intrinsic device and CS amplifier is studied. Also, the position of gate 

can be used to obtain VNW based amplifier with required gain and fT. The chapter ends with a 

summary of important circuit performance metrics and guidelines.  

Chapter 7: This chapter concludes the present study and results obtained. Further, 

recommended research directions for future investigations are also discussed. 
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2 CHAPTER 

LITERATURE SURVEY 

 

In the previous chapter, introduction to the thesis is presented with an emphasis on VNWFET. 

In this chapter the VNWFET literature is discussed, and research gaps which are investigated in 

this thesis are identified. The scaling theory of MOSFETs and best scaling performance of 

NWFETs are briefly described. It is followed by discussion on different fabrication approaches 

reported in literature for VNWFET. The various silicon data related to NWFET are presented 

from literature with comparison to state of the art FinFET and planar devices. Further, we 

briefly highlight different models proposed for NWFET current-voltage and capacitance-

voltage characteristics. We then present various circuit performance metrics reported in 

literature for VNWFET. Then we highlight the advantages of using vertical nanowire structures 

through various reported applications such as CMOS, tunnel FET, SONOS memory, etc. 

Finally, the chapter is concluded by identifying research gaps to be addressed through this 

thesis. 

 

2.1 Scaling Theory 

C.P. Auth et al., [71] have presented the scaling theory of GAA MOSFET considering 

cylindrical form of Poisson‘s equation, assuming a parabolic potential in radial direction. They 

have compared scaling theory of cylindrical MOSFET with the double gate (DG) MOSFET 

[72], and observed nearly 40% improvement in minimum effective channel length for 

cylindrical MOSFET. The scaling theory of cylindrical MOSFET as proposed by Auth et al., is 

as follows: 

A parabolic solution is assumed for the potential, Φ(r,z), in cylindrical co-ordinates as:  

∅ r, z = c0 z + c1 z r + c2 z r2      (2.1) 

to find the solution of Poisson‘s equation in cylindrical co-ordinates represented as 

1

r

∂

∂r
 r

∂

∂r
∅ r, z  +

∂2

∂z2 ∅ r, z =
qNa

εsi
     (2.2) 

where Na is the uniform channel doping. 
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The following three boundary conditions are necessary to obtain a solution: 

1) The center potential (Φc) is independent of radius term and varies as a function of z  

∅ 0, z = ∅c z = c0 z                       (2.3) 

2) Due to cylindrical geometry the electric field in the center of the nanowire is zero  

d

dr
∅ r, z |r=0 = 0 = c1 z                    (2.4) 

3) Using the gate potential (Φgs) and surface potential (Φs), the electric potential at Si/SiO2 

interface is given as 

𝑑

𝑑𝑟
∅ 𝑟, 𝑧 |

𝑟=
𝑡𝑠𝑖
2

=
𝜀𝑜𝑥

𝜀𝑠𝑖
  ∅𝑔𝑠 − ∅𝑠 𝑧   

𝑡𝑠𝑖

2
ln  1 +

2𝑡𝑜𝑥

𝑡𝑠𝑖
    = 𝑡𝑠𝑖𝑐2 𝑧     (2.5) 

The solution of potential after eliminating surface potential is given by  

∅ 𝑟, 𝑧 = ∅𝑐 𝑧 −   2𝜀𝑜𝑥𝑟
2 ∅𝑐 𝑧 − ∅𝑔𝑠   𝜀𝑠𝑖𝑡𝑠𝑖

2 ln  1 +
2𝑡𝑜𝑥

𝑡𝑠𝑖
 +

𝜀𝑜𝑥 𝑡𝑠𝑖
2

2
       (2.6) 

Using the above potential, solution of the Poisson‘s equation at the nanowire centre r = 0 is 

given by 

𝜕2

𝜕𝑧2 ∅𝑐 𝑧 −  ∅𝑐 𝑧 − ∅𝑔𝑠 𝜆2 = 𝑞𝑁𝑎 𝜀𝑠𝑖                   (2.7) 

where λ is known as the natural scale length and it governs the scaling limit of devices with 

better sub-threshold behavior and is given by  

𝜆 =   2𝜀𝑠𝑖𝑡𝑠𝑖
2 ln  1 + 2

𝑡𝑜𝑥

𝑡𝑠𝑖
 + 𝜀𝑜𝑥 𝑡𝑠𝑖

2  16𝜀𝑜𝑥                  (2.8) 

The minimum channel length obtained is given by Lmin= 2αλ. The scaling parameter α is kept 

constant to maintain constant SS and DIBL. For typical values of tox=1 nm and tSi=5 nm, the 

values of λ and Lmin for GAA, silicon on insulator (SOI) and DG SOI [73] devices are tabulated 

in Table 2.1. It is clear from the table that for given constraints i.e., gate dielectric thickness and 

silicon thickness, GAA or NW structure can achieve minimum channel length devices. 

Hence, scaling theory justifies the ultimate scalability of NW devices and, thus it can address 

the scaling limitations posed by planar MOSFET.  
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Table 2.1 Natural scale length and minimum channel length of different devices. 

Device  Natural scale length (λ)  α  Lmin(nm) = 2αλ  

SOI [73]  
λ =  tSi tox

εSi

εOx
                         3.91 nm  5 39 

DGSOI [72]  
λ =  

∈Si

2∈Ox
 1 +

∈ox tSi

4∈Si tox
 tSi tox    3.28 nm  3 20 

GAA [71]  

λ =   
2∈Si tSi

2 ln  1+2
tox
tSi

 +∈ox tSi
2

16∈ox
    2.18 nm  2.3 10 

2.2 Device Fabrication 

GAA devices are classified into two, based on nanowire orientation: 1) Lateral nanowire type 

and 2) Vertical pillar type. Most of the reported data Singh et al. [74], Jiang et al. [33], Yeo et 

al. [75], Singh et al. [25], and Rustagi et al. [53] are for lateral NWFET with better raw 

materials and fine tuned process steps. Ultra short channel (sub 45nm) lateral NWFET devices 

have been reported by Yeo et al. [75] (Lg = 15nm), and Jiang et al. [33] (sub 10nm) with 

excellent device performance. The devices have exhibited ideal values for SS ~65 and ~70 

mV/dec for NMOS and PMOS, respectively. DIBL of less than 50 mV/V proves the minimal 

presence of SCE‘s. Also, the ION/IOFF of ~ 10
6
 to 10

7
 has been reported. These three device 

performance parameters satisfy the stringent SCE constraints suggested by Gnani et al. [47].  

Thus, it is possible to obtain deca-nanometer Vertical NWFET devices with excellent device 

performance by fabricating the device in epitaxial grown silicon layer and fine tuned process 

steps.  

Vertical NWFET occupies least silicon area due to its vertical architecture when compared to a 

lateral NWFET which occupies similar area as FinFET or double gate device. The vertical FET 

has been reported in 1991 by Takato et al. [76]. The proposed surrounding gate transistor 

(SGT) has been implemented using a 1-2 µm height pillar with effective channel length of 0.8 

µm and thickness 1 µm. The process steps (shown in Figure 2.1) involved are:  

 pillar formation by silicon etching  

 wet etching and sacrificial oxidation to remove surface damages  
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 20 nm gate oxide growth and polysilicon deposition and patterning 

 source/drain implantation and metallization 

Takato et. al. [76] reported that, due to vertical topology the device occupies ~ 40-50% lesser 

silicon area.  

 

Figure 2.1 Fabrication flow of SGT [76]. 

 

Another novel way of obtaining vertical NWFET has been reported by Jayanarayanan et al. 

[77] shown in Figure 2.2. A p type Si wafer is taken as substrate and then source, channel and 

drain layers were grown through chemical vapor deposition (CVD) process. Subsequently, a 

reactive ion etch process was used to define the mesa of the vertical MOSFET. Then a 10 nm 

silicon cap was grown by CVD before growing 4 nm gate oxide by wet oxidation at 750°C. 

This was followed by 100 nm polysilicon and ion implantation. The rest of steps are similar to 

planar MOSFET like isolation oxide deposition, contact etching and metallization. 

 

Figure 2.2 Process flow of vertical MOSFET [77]. 
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Figure 2.3 Process flow for pillar and transistor formation [78]. 

 

The process steps of [76] have been further refined by Yang et al. [78] as shown in Figure 2.3 

and are as follows: a) patterning circular resist dots of different diameters (from 160 to 600 nm) 

on the bulk Si wafer followed by 1-µm deep Si etch under hard mask. Oxidation of pillars is 

done at 1150°C to convert them into nanowires. After vertical nanowire formation the grown 

oxide is stripped. A high-density plasma (HDP) oxide of 250 nm thick is deposited, followed 

by wet chemical etch-back. Due to the non conformal deposition a thicker oxide at the bottom 

surface and thinner oxide along the nanowire sidewalls is obtained. A 150-nm thick oxide is 

retained covering the foot of vertical wire using wet etch back technique. This process step is 

done to seperate the gate electrode from source extension pad reducing the gate to source 

fringing capacitance. b) 5 nm thick gate oxide is thermally grown on the vertical wire surface, 

followed by 30-nm poly-Si deposition, to serve as the gate electrode. Then the gate pad is 

patterned and etched under resist mask which covers the nanowire and provide a extension 

region of poly-Si for gate contact. c) The process of HDP oxide deposition followed by wet 

etch back is repeated to access the polysilicon on top of nanowire while protecting the gate pad 

defined earlier. d) Poly-Si is then isotropically etched. e) This is followed by complete removal 

of oxide through wet etch process and Arsenic is implanted. Due to gate extension pad, 

shadowing effect is anticipated at the bottom of the pillar. It is found, however that a rapid 

thermal annealing at 1000°C/10 s is enough for dopants to diffuse across the shadowed region, 
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effectively eliminating the offset in the shadowed region. f) The fabrication process ends with 

standard metallization. The detailed structure can be observed in the scanning electron 

microscope (SEM) image shown in Figure 2.4. 

 

Figure 2.4 SEM image of vertical NWFET [78]. 

 

The methods reported by Takato et al.[76], and Yang et al.[78] result in device where the 

bottom nanowire extension (nanowire below the gate region) suffers due to the shadowing 

effect of gate extension during ion implantation. Thus the bottom extension is not optimally 

doped. This increases the series resistance and results in asymmetric device with respect to 

source/drain contacts. Also, the other source of asymmetric behavior is due to device parasitic 

capacitances. We have realized such a device in Sentaurus TCAD simulation tool and analyze 

the impact of device asymmetry on device and circuit performance. 

 

2.3 NW Circuit Performance 

The NWFET device performance rivals the present state of art FinFET and planar devices 

reported by Chiarella et al. [79], Datta et al. [80] and Hoffmann et al. [81], Pouydebasque et 

al.[82] respectively. 

Takato et al. [76] first reported long channel SGFET device performance parameters in 

comparison to planar MOSFET for similar device dimensions (W=4μm, L=1μm). The obtained 

I-V characteristics are close to each other. Further it is shown that the SS is 72 and 98 mV/dec 

for SGFET and planar respectively, with nearly equal threshold voltage. In SGFET it is also 
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shown that the device performance is not dependent on substrate bias, as observed in planar 

MOSFETs.   

Yang et al. [78] fabricated short channel (120-150nm) Vertical NWFET showing excellent 

transistor characteristics with large  drive current per wire, high Ion/Ioff ratio (~ 10
7
), good SS 

(~ 80mV/dec) and low DIBL (~ 25mV/ V) for both NMOS and PMOS. These devices showed 

excellent performance. The device asymmetry observed in I-V characteristics was attributed to 

be arising due to top contact on nanowire and bottom contact on active area acting as 

source/drain interchangeably.  

Le et al. [83] demonstrated inverter with vertical nanowire transistors for the first time. Device 

with channel length of 90nm and diameter ~30nm have been fabricated with high ION/IOFF ratio 

of > 10
6
, low SS ∼ 100 mV/dec (as the device is made out of polysilicon), and reasonable 

DIBL ∼50 mV/V. The inverter based on the poly-Si NWTFTs (with a dimension ratio between 

N- and P-NWFETs of 1:1) exhibits excellent performance even with reduced VDD ∼0.2 V, 

showing good transfer characteristics and low switching currents. 

 

2.4 NW Modeling 

Evaluation of circuit performance using device model requires current-voltage and capacitance-

voltage relations of nanowire device.  

Jiménez and Iñiguez group [84]–[89], and Yu et al. [90] reported current-voltage model for 

NWFETs, which are applicable for undoped or lightly doped channels. However, in practice 

NWFET always have a doped body structure due to technology requirements and due to 

unintentional doping during real fabrication process. Liu et al. [91] proposed an implicit model 

for long-channel SGMOSFETs with intrinsic channels to heavily doped bodies. These models 

[85], [87], [90], [91] fail to explain SS > 60 mV/dec (due to the presence of interface-trap 

charges) observed in practical devices. Yu et al. [92] proposed an implicit and continuous 

charge-control model for cylindrical doped n-channel NWFETs that included interface-trap 

charges. All these models are developed for the gate-channel region of a NWFET without 

considering the series Source/Drain resistance arising due to narrow nanowire extensions, 

contact resistance, gate topology, device asymmetry etc. 

The capacitance-voltage dependence is used to quantify the parasitic capacitance components 

(gate-source, gate-drain, and source-drain) present in a device. Two different methodologies 
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have been used to quantify the parasitic capacitance. Yu et al. [90] used charge based approach 

to model the capacitances. Zou et al. [93] proposed models based on 3-D electrostatic 

calculations for the gate to nanowire extension outer fringing component, the gate to 

source/drain pads, gate to source/drain sidewall capacitance, the overlap capacitance and the 

inner fringe component between the end of source/drain extension region and the inner surface 

of gate. Though these models are good in predicting parasitic device capacitance of NWFET, 

still they cannot be used for the VNW device which will be analysed in this thesis. This is due 

to model inability to consider cylindrical gate geometry and the capacitance components arising 

there by.  

 

2.5 Vertical NW Circuit Performance 

The circuit evaluation using vertical NWFET has been reported by many authors. Hamedi-

Hagh et al. [94] presented design and characterization of vertical nanowire based differential 

pair amplifier using BSIM-SOI equivalent model. The amplifier provides 5THz bandwidth with 

a voltage gain of 16 and a distortion better than 3%. Bindal et al. [95] used similar equivalent 

model of undoped vertical NWFET to analyze transient circuit performance, power dissipation 

and layout area of inverter, 2- and 3-input NAND, NOR, XOR gates, and full adder circuits. 

The inverter threshold is 410mV which is due to slightly higher drive current in NMOS 

devices. The worst case delay of an inverter with a load of 200aF is ~16ps.  Both [94] and [95] 

have verified their modeling results with Silvaco‘s ATLAS device design tool. 

 

2.6 VNWFET Other Applications 

Vertical nanowires are not only useful in obtaining a MOS based high density logic circuits, but 

it is also used to realize various other devices such as III-V vertical NWFET [96]–[108], tunnel 

FET [109]–[113], DRAM cell [114]–[117] and SONOS memory [118]–[122]. Chen et al. 

[110], and Gandhi et al. [109] proposed conversion of vertical NWFET to a Tunneling FET to 

obtain SS < 60mV/dec. Endoh et al. [117], and Goebel et al. [115] presented stacked SGFET 

architecture to realize DRAM memory cells which reduces the area requirement due to vertical 

stacking of devices. Sun et al. [123], and Chen et al. [118] have realized flash/SONOS memory 

cell using vertical Si nanowires.  
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Further, Sun et al. reported 2bit storage per memory cell. Huang et al. [124] experimentally 

demonstrated current mirrors based on vertical transistors. Gaillardon et al. [58] reported an 

innovative application of vertical nanowire transistors i.e., reconfigurable logic circuits such as 

FPGAs. In this they have embedded logic functionality in between metal lines, to reduce the 

routing overhead. Thus, an area saving of 46.2% and delay reduction of 42% are reported.  

  

2.7 Technical Gaps 

Based on the literature survey it is observed that the gate-all-around devices are promising 

devices for deca-nanometer technology nodes. Further, the VNW FET has the added advantage 

of occupying least Si area for a given functionality in various applications. Hence, it is 

necessary to carry out comprehensive scaling study to ascertain device and circuit performance 

using VNWFET. An equivalent model of the device needs to be obtained, which can be used to 

predict the circuit performance in a smaller amount of time. The following technical gaps are to 

be addressed: 

 Long channel vertical nanowire devices have been reported by many researchers [76], 

[78], [83]. The vertical nanowire device performance parameters (ION/IOFF ratio, SS, 

DIBL) at sub 45nm channel length where the series source/drain resistance is expected 

to affect the device performance significantly is not reported.  

 The impact of device parameters such as channel length, wire diameter variations, 

source/drain asymmetry and doping, length of S/D extension region on device 

performance is not studied extensively. 

 The impact of source/drain asymmetry, source/drain extension length and different 

layouts on circuit performance has not been reported.  

 Gate-all-around/nanowire device I-V models are reported [85], [87], [90]–[92] without 

considering the source and drain series resistances. The parasitic capacitance modeling 

of GAA devices considering circular gate is also lacking. Hence a comprehensive model 

which can take into account the asymmetric series resistance in case of device I-V 

model and parasitic capacitance considering circular gate and asymmetric source-

drain electrodes is needed.  

 Design and performance of VNWFET based SRAM cell and its comparison with 

FinFET or Planar technology is not reported. 

 Design and performance of VNWFET based analog circuits is not reported. 
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 Standard cell library consisting of inverter, NAND, NOR, and SRAM blocks for 

Vertical nanowire device is not available. 

Through this thesis we address most of the major research gaps identified above.  
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3 CHAPTER 

TCAD CALIBRATION 

 

In this chapter, the importance of carrying this study using Sentaurus Technology Computer 

Aided Design (TCAD) [66] tools is discussed. Then, a well calibrated TCAD simulation setup 

is established. This is achieved by simulating an equivalent structure of reported device [78] 

and  match the reported I-V characteristics. This also includes selection of appropriate physical 

models for carrier transport, velocity saturation, contact resistance and surface & bulk 

scatterings, along with quantization effects. Finally, the complete details of device and 

important model parameters, which are used in simulations related to the thesis work is 

presented, followed by a brief discussion on simulation setup for various device and circuit 

analysis techniques. 

 

3.1 Technology Computer Aided Design: TCAD 

Technology Computer-Aided Design (TCAD) software‘s are used for carrying out simulations 

on computer for development and optimization of semiconductor processing technologies and 

devices. TCAD simulation tools solve diffusion and transport equations with inclusion of 

various physical effects on device geometry discretized through meshing. The physical 

approach is the reason for accurate results through TCAD simulations and also matches well 

with actual fabricated device data.  

TCAD simulations can be therefore used for reducing the cost and time consumed in test wafer 

runs while developing or characterizing a new device or technology, speeds up the research and 

development process. Moreover, semiconductor companies use TCAD for integrated circuits 

(IC) process variation analysis, by monitoring, analyzing, and optimizing their IC process 

flows. 

TCAD simulations are of two types: process simulation and device simulation. 
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3.1.1    Process Simulation 

In process simulation, a flow of actual fabrication procedure is created with the processes like 

deposition, etching, oxidation, ion implantation, and thermal annealing [125]. These are then 

simulated based on the physical equations governing the respective process. Through meshing 

the simulated part is discretized and represented as a finite-element structure shown in Figure 

3.1. 

For example, in the simulation of ion implantation followed by annealing the ions are first 

implanted with specific energy which determines the dopants peak concentration position and 

dose which determines the peak concentration value. When the annealing process is performed 

the dopants diffuse and provide required dopant profile. In Figure 3.1 we show the doping 

profile of source region under the spacer.  

 

Figure 3.1 Finite element grid magnified at gate-drain corner of an NMOSFET [66]. 

 

Sentaurus TCAD has another attractive option to create device structures known as the 

structure editor. In this a device can be created in no time as there is no process steps actually 

involved. In this the user splits the device into multiple regions and each region is appropriately 

placed along with its material type. It is followed by definition of doping properties of each 

region using constant profile, analytical (Gaussian or error function) profile or user defined 

profile placement commands. Finally, the device structure is discretized using meshing 

commands and mesh engine. Figure 3.2 shows a SOI MOSFET device created using the 

structure editor [66]. 

file:///C:\Users\satish\Desktop\penDi\pendi_21Feb2014\IMP files\ebook\senTCAD\Sentaurus_D-S-I-SP-Training\intro\images\ov_sp_mesh.png
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Figure 3.2 2D SOI MOSFET obtained using structure editor [66]. 

3.1.2     Device Simulation 

Device simulations are like virtual measurements of the electrical characteristics of a device, 

such as a transistor or diode. The device is represented as a meshed finite-element structure. 

Each node of the device has properties associated with it, such as material type and doping 

concentration and the properties like the carrier concentration, current densities, electric field, 

carrier mobility, and so on are computed. Electrodes represent areas on which boundary 

conditions, such as voltage, contact resistance or workfunction are defined. In Figure 3.3 we 

show a simulated MOSFET device highlighting the current density in the device for given bias 

condition [66]. 

 

Figure 3.3 Current flow lines in a 0.13-μm NMOSFET at Vgs = 1.5 V and Vds = 3.0 V; shading represents 

current density [66]. 
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The device simulator solves the Poisson equation [66][126], which is: 

∇ ∙  ε∇∅ + P    =  −q p − n + ND − NA − ρtrap                 (3.1) 

where ε is electrical permittivity, 𝑃   is ferroelectric polarization, q is electronic charge, n and p 

are electron and hole densities, ND and NA are concentration of ionized donors and acceptors, 

ρtrap is the charge density of fixed charges and traps.  

The electron and hole densities are computed from electron and hole quasi-Fermi potentials 

[66][126]. If Fermi statistics is assumed, the formulas are: 

n = NcF1/2  EF,n − Ec kT                 (3.2) 

p = NvF1/2  Ev − EF,p kT                   (3.3) 

where NC and NV are effective densities of states, EF,n= -qΦn and EF,p= -qΦp are the quasi-Fermi 

energies for electron and holes, Φn and Φp are quasi-Fermi potentials of electron and holes and 

EC and EV are the conduction and valence band edges. F1/2 is the Fermi integral of order ½. k is 

Boltzman‘s constant and T is device temperature in °𝐾. 

The carrier continuity equations which include the carrier transport models [66][126] for 

semiconductors are: 

∇ ∙  𝐽𝑛     =  −𝑞𝑅𝑛𝑒𝑡 + 𝑞 𝜕𝑛 𝜕𝑡                  (3.4) 

−∇ ∙  Jp
     =  qRnet + q ∂p ∂t                  (3.5) 

where, Rnet is the net recombination rate, 𝐽𝑛     and 𝐽𝑝     are the electron and hole current densities.  

Based on requirement and device being considering one can choose from four transport models 

Drift-diffusion, Thermodynamic, Hydrodynamic and Monte Carlo. After solving the Poisson 

equation along with continuity equation with a particular transport model, the resulting 

electrical currents at the contacts are extracted as shown in Figure 3.4 [66]. 

Semiconductor devices can be simulated using Sentaurus device to do electrical, thermal and 

optical characterization. It is the leading device simulator and handles 1D, 2D, and 3D 

geometries, mixed-mode circuit simulation with compact models, and numeric devices. 

Sentaurus Device is used to evaluate and analyse how a device works, to optimize devices, and 

to extract SPICE models and statistical data early in the development cycle. Applications of 

Sentaurus Device include very deep submicron silicon, where Sentaurus Device has proven 
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accuracy to well below 100-nm technology; SOI devices, where Sentaurus Device is known for 

its robust convergence and accuracy; double-gate and FinFET devices, where quantum 

transport is a reality; SiGe; thin-film transistors; optoelectronics; heterojunction high electron 

mobility transistor (HEMTs) and heterojunction bipolar transistor (HBTs), and power and RF 

semiconductor devices. 

 

Figure 3.4 Drain current as function of drain voltage for a 50-nm NMOSFET at Vgs = 0.25, 0.5, 0.75, 1.0, 

and 1.25 V [66]. 

 

3.2 Calibrated Simulation Setup  

In this thesis work the VNWFET device are obtained using the Sentaurus structure editor as 

shown in Figure 3.5 and a sample of VNWFET structure code is given in Appendix A. First, 

device is created with reported device dimensions and process details (25 nm diameter NW, 5 

nm gate oxide, 150 nm channel length, 150 nm bottom extension and 500 nm top extension)as 

reported by Yang et.al. [5].  

  

Figure 3.5 3D isometric view of Vertical nanowire device [127]. 
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The following physics models are considered during the simulation: Drift-diffusion transport 

models as given below, is used along with Poisson and Fermi statistics. 

 𝐽𝑛    =  𝜇𝑛 𝑛∇𝐸𝑐 − 1.5𝑛𝑘𝑇 ∇𝑙𝑛𝑚𝑛 + 𝐷𝑛 ∇𝑛 − 𝑛 ∇𝑙𝑛𝛾𝑛      (3.6) 

𝐽𝑝    =  𝜇𝑝 𝑝∇𝐸𝑣 + 1.5𝑝𝑘𝑇 ∇𝑙𝑛𝑚𝑝 − 𝐷𝑝 ∇𝑝 − 𝑝 ∇𝑙𝑛𝛾𝑝     (3.7) 

where μn and μp are electron and hole mobilities, mn and mp are spatial variation of the effective 

masses, and γn and γp are obtained from Fermi statistics. The diffusivities Dn and Dp are 

obtained in terms of mobility using the Einstein relation, D = kTμ.  

Further, self heating phenomenon is considered to account for heating in narrow nanowire 

channel, as it is surrounded by isolation oxide or due to absence of heat conduction path. 

Sentaurus device computes the spatially dependent lattice temperature where all the 

temperatures merge into its calculation.  

Bandgap narrowing is considered by activating the OldSlotboom [128]–[131] which is: 

∆Eg
0 = Eref  ln  

Ntot

Nreg
 +   ln

Ntot

Nref
 

2

+ 0.5         (3.8) 

where, Eref and Nref are material parameters.  

For calculation of carrier mobility various models are activated like Phumob [132] which 

considers majority and minority carrier bulk mobilities, the model takes into account screening 

of ionized impurities by charge carrier, electron-hole scattering, and clustering of impurities. In 

presence of high electric fields, the velocity saturates to a finite speed vsat as the carrier drift 

velocity is no longer proportional to the electric field. To consider the electric field 

perpendicular to semiconductor-insulator interface Enormal model is enabled.  

Recombination models such as doping dependent Shockley–Read–Hall and band2band 

tunneling are also enabled. At the material interface of semiconductor/gate-dielectric Fowler-

Nordheim tunneling and direct tunneling models [133] are enabled.   

When the device structure matching to reported VNWFET [5] is created using structure editor 

and simulated with the models presented earlier, it is observed that after tuning the gate 

workfunction to match the threshold voltage, a good match of ID-VGS characteristics is obtained 

as shown in Figure 3.6 [57]. 
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Figure 3.6 ID-VGS characteristics of VNWFET device with reported dimensions is found to match well with 

experimentally reported data [57]. 

 

As the focus of this thesis is on performance analysis of sub 45 nm VNWFET with nanowire 

diameter around 10 nm, the devices are expected to suffer from quantization effects and high 

contact resistance. To account for the contact resistance at the interface of metal-silicon a 

distributed resistance of 1×10
-8

 Ω.cm
2
 is considered [134]. The setup is further calibrated 

against reported short channel rectangular nanowire devices [135] NMOS (LG=35nm, NW 

width = 13.3 nm and height = 20.4 nm, TOX=1.8 nm) and PMOS (LG=25nm, NW width = 9 nm 

and height = 13.9 nm), where these devices are also expected to exhibit ballistic transport of 

carriers. A template of the advanced physics section used in device simulations is provided in 

Appendix B. 

The quantization effect is included as the device dimensions have reached quantum mechanical 

lengths and the wave nature of electron and holes cannot be neglected. In MOSFETs 

quantization leads to shift in threshold voltage and reduction of gate capacity. We have 

considered the van Dort quantization model [136]  which is a fast, robust and proven model 

[66]. The terminal current characteristics are well described by this model, though it does not 

give correct density distribution in channel. We have considered the quantization parameters 

which are reported to match with silicon data for electron [136] and hole [137].  

Further, Monte Carlo analysis of these devices is carried out following the procedure given in 

Sentaurus applications [66], [138] to find the carrier velocity under quasi-ballistic mode of 

transport. The surface scattering ratio is taken as 0.85 for the whole device and surface 

scattering ratio ballistic is taken as 0.85 for a ballistic window covering the channel and gate-
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dielectric regions. The carrier velocity thus obtained are used in velocity saturation model of 

the device simulation setup [138]. It is observed that NMOS devices with LG = 35 nm show 

ballistic velocity of 1.4×10
7
 cm/sec and PMOS devices with LG=25nm show ballistic velocity 

of 1.2×10
7
 cm/sec.  

The rectangular nanowire devices matching to reported device dimensions [135] are simulated 

with quantization, contact resistance, joule heating, modified effective saturation velocity along 

with earlier calibrated setup. It is found that the simulated characteristics of NMOS and PMOS 

match well with reported device characteristics as shown in Figure 3.7.  

  

 

Figure 3.7 ID-VGS characteristics of rectangular nanowire device with reported dimensions is found to 

match well with experimentally reported data [135]. 

 

These results prove that the simulation setup being considered for the analysis of VNWFET at 

sub 45 nm technology nodes is well calibrated to reproduce experimental results.   
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3.3 Device and Simulation Details 

In this thesis, VNWFET (shown in Figure 3.5) based device designs and circuit designs have 

following device dimensions: bottom active area of 3F×F, contact via of F×F, contact to 

contact spacing of F, variable channel length 45 nm – 15 nm, variable extension length 30 nm 

to 10 nm, nanowire diameter (DNW) is 10 nm/15 nm (NMOS/PMOS) and the gate workfunction 

of 4.4 eV/4.85 eV (NMOS/PMOS). The gate dielectric is considered to be SiO2 and of 

thickness 2 nm. F is the minimum feature size and is equal to LG. The contact resistivity of 

1×10
-8

 Ωcm
2
 is used in all devices for metal-silicon interface. The doping concentrations in 

different regions are p-substrate with constant doping of 1×10
16

 cm
-3

, heavily doped active 

region of fixed doping 1×10
20

 cm
-3

, constantly doped extension 1×10
19

 cm
-3

, and channel is 

1×10
16

 cm
-3

 doped [57], [127], [139]. We have tabulated important device structural parameters 

used in the thesis work in Table 3.1. 

Table 3.1 Device structural parameters used in the thesis. 

p-substrate doping = 1× 10
16

 cm
-3

 LG = 45 to 15nm 

active region doping =1× 10
20

 cm
-3

 Active area = 3F×F 

S/D extension doping = 1× 10
19

 cm
-3

  S/Dext = 30 to 10 nm  

Channel doping = 1 × 10
16

 cm
-3

 Contact via = F×F 

Contact resistivity = 1×10
-8

 Ω·cm
2
  Contact-contact spacing = F 

gate workfunction = 4.4/4.85 eV 

(NMOS/PMOS) 
DNW = 10/15 nm (NMOS/PMOS) 

Carrier saturation velocity = 1.8/1.5 × 10
7
 cm/sec (Electron/Hole) 

 

In this thesis work, for in depth analysis of VNWFET devices and circuits various simulations 

are performed such as: DC sweep simulations, AC simulations and transient simulations. The 

DC simulations are performed on device to find ID-VGS characteristics for VDS bias of 0.05 V, 

VDD V and VGS sweep from 0 V to VDD V. It is to be noted that VDD depends on channel length, 

and is equal to 1 V for 45 nm, 32 nm and 0.8 V for 22 nm, 15 nm devices. From ID-VGS 

characteristics device parameters such as ION (IDS when VGS=VDS=VDD), IOFF (VGS=0 V and 

VDS=VDD), SS and DIBL. The device ID-VDS characteristics are done for VGS bias of VDD/4, 

VDD/2, 3VDD/4 and VDD and VDS sweep from 0 V to VDD V. These characteristics will be 

modeled using the n
th

 power law [67]. Further, DC simulations are performed with CMOS 

inverter and common-source amplifier to obtain voltage transfer characteristics (VTC), where 

input voltage of inverter is swept from 0 V to VDD V. From the VTC one can extract gain and 

noise margin parameters. 
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The AC simulations are performed at a fixed frequency of 100 kHz on device to find inter-

electrode capacitances with respect to gate and drain voltages. For C-VGS characteristics VDS is 

biased at of 0 V, VDD V and VGS is swept from 0 V to VDD V and for C-VDS characteristics VGS 

is biased at of 0 V, VDD V and VDS is swept from 0 V to VDD V. The value of the inter-electrode 

capacitances at VGS=VDS=0 V correspond to parasitic capacitance. Further, AC simulations are 

performed on device and CS amplifier where VGS, VDS are biased to particular voltage values 

and frequency is swept from 1 Hz to 100 THz. From these simulation results we can obtain 

transconductance, output conductance and thus extract gain, 3db bandwidth and unity gain 

bandwidth (fT).  

Finally, the transient simulations are performed on CMOS inverter to find its delay response for 

various inverter layouts. In transient analysis a voltage pulse is applied at input node with a rise 

and fall time of 5 ps and load capacitance equivalent to inverter input capacitance or similar 

inverter is used as load. Further, from the inverter transient simulation we can extract input 

capacitance and output capacitance by integrating appropriate nodal currents (to obtain total 

charge) and divide it by voltage transition difference.  

The templates for various device and circuit simulations used in this thesis are provided in 

Appendix C. 
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4 CHAPTER 

DEVICE SCALING PERFORMANCE 

 

This chapter deals with the VNW device performance in terms of ION, IOFF, ION/IOFF ratio, SS, 

DIBL for both NMOS and PMOS for sub 45 nm channel length devices. Figure 4.1 shows 

structure of the vertical nanowire FET implemented in 3D device simulator [66], as presented 

in chapter 3 earlier. The following notation will be used for referring to device structure arising 

out of S/D asymmetry: the device is referred as source bottom (SB) if bottom electrode (B) acts 

as source and top electrode (T) acts as drain, and the device is referred as source top (ST) if top 

electrode (T) acts as source and bottom electrode (B) acts as drain. The scaling performance of 

VNW device is presented in this chapter with respect to S/Dext, DNW, Lov, and Tox which are 

marked on device structure in Figure 4.1. The nanowire devices are considered as replacement 

for existing planar devices for sub 22 nm technology nodes, thus this study is performed for 15 

nm channel length devices. For 15 nm channel length devices, performance is first analysed 

with respect to scaling of S/Dext as these devices are expected to suffer from large series 

resistance due to narrow nanowire extensions. Further, for 15 nm channel length devices with 

minimum possible extension length, we study the impact of wire diameter, gate 

overlap/underlap length and gate oxide thickness variations and the impact of source/drain 

asymmetry on device performance. The device I-V characteristics are modeled with n
th

 power 

law, which will be employed later in circuit delay prediction. 

 

Figure 4.1 Vertical Nanowire FET structure highlighting important physical dimensions. 
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4.1 Scaling of Channel Length: LG 

VNW device performance with respect to scaling of LG is shown in Figure 4.2. These devices 

have same S/Dext=30 nm, diameter of NMOS VNW is 10 nm and PMOS VNW is 15 nm and 

Tox of 2 nm. For 45 nm, 32 nm devices the VDD is set to 1V and for 22 nm, 15nm devices VDD 

is set to 0.8V. With decrease in LG from 45 nm to 32nm and 22 nm to 15 nm there is marginal 

increase in ION this is attributed to presence of high series resistance (S/Dext = 30 nm). The drop 

in ION when LG is scaled from 32 nm to 22 nm is due to lower VDD in 22 nm devices. It is 

observed that these devices show minimal presence of SCE even for 15 nm channel length, 

without even scaling the gate dielectric thickness. Further, we observe that ION/IOFF > 1×10
4
, SS 

< 80 mV/dec and DIBL < 50 mV/V. Thus, the VNW MOSFET can replace the existing planar 

MOSFET at sub 22 nm technology nodes which suffer from severe SCE. Hence, the following 

work is done for 15 nm channel length to prove that VNW MOSFET is the ideal device to 

replace planar MOSFET at sub 22 nm technology nodes. 

 

 

Figure 4.2 (a) ION (VGS = VDS = VDD) and IOFF (VGS = 0V, VDS = VDD) of NMOS and PMOS VNW FET versus 

LG. (b) SS and DIBL of NMOS and PMOS VNWFET versus LG showing marginal presence of SCE when 

LG is scaled down to 15 nm. 
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4.2 Scaling of Extension Length: S/Dext  

VNW device performance for 15 nm gate length with respect to scaling of S/Dext is shown in 

Figure 4.3 for SB and ST device configuration. It is observed that gate-all-around architecture 

allows device scaling to LG=DNW with an appreciable value of ION/IOFF ratio > 10
4 

even when 

the device have relatively thicker gate oxide (Tox) of 2 nm. This is in contrast to what is 

required in planar and FinFET devices, where the requirement is to have gate oxide thickness 

less than 1 nm to control SCE. Thus, it highlights NW CMOS will have inherently low standby 

power as compared to other device technologies. It is also noted from Figure 4.3 (a) and (b) 

that the drive currents of NMOS and PMOS are nearly equal, which is due to thicker diameter 

of nanowire (DNW=14 nm).  

  

  

Figure 4.3  ION (VGS = VDS = 0.8 V) and IOFF (VGS = 0V, VDS = 0.8 V) of (a) n (DNW = 10 nm), (b) p (DNW = 14 

nm) VNW FET drive showing excellent scaling performance with S/Dext down to 10nm. SS and DIBL of (c) 

NMOS and (d) PMOS VNWFET showing marginal presence of SCE when S/Dext =10 nm. 
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due to small dimensions, series resistance is a strong function of S/Dext length.  From Figure 4.3 

(a)-(b), we note that SB device has greater ION (VG = VD = 0.8 V) compared to ST device. This 

can be explained by RT > RB, since ST configuration will have lower gate overdrive (VGS – 

RT×ID - VT) compared to SB. Thus, the circuit performance depends on whether an SB/ST device 

configuration is used. Further a significant increase in ION (50 - 60 %) with S/Dext scaling (from 

30 to 10 nm) shows the large impact of extension resistance on device performance. It is also 

observed that IOFF increases marginally when S/Dext is scaled, which indicates controllable SCE 

even when S/Dext is scaled down to 10 nm. From Figure 4.3 (c) and (d) we infer the same 

conclusion: that is controllable SCE when S/Dext is 10 nm. It is observed that SS increases from 

70 mV/dec by 0.5 mV/dec/nm decrease in S/Dext, and similarly DIBL increases from its value 

at S/Dext = 30 nm by 0.05mV/V/nm decrease in S/Dext.  

From, this analysis we can conclude that, for LG =15 nm devices the S/Dext can be scaled down 

to as low as 10 nm (< LG) without significant degradation in SCE.  

4.3 Scaling of Gate Overlap/Underlap Length: LOV 

For NMOS devices with LG = 15 nm, S/Dext =10 nm, TOX=2 nm, and DNW = 10 nm the impact 

of gate overlap/underlap is carried out. The overlap length is the amount by which gate 

overlaps the extension region and the underlap length is the distance by which the moderately 

doped extensions are formed away from gate edge. It is observed from Figure 4.4 that as the 

overlap length keeps on decreasing or as the underlap length keeps on increasing the ION 

current decreases. This is due to increase in series resistance, i.e., lesser overlap of gate with 

extension or increase in highly resistive lightly doped underlap region.  

 

Figure 4.4 ION,  IOFF variation with respect to gate overlap/underlap length. 
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It is to be observed that with increases in underlap length the IOFF current decrease drastically, 

this is due to high resistance of underlap regions. For the range of overlap/underlap lengths 

considered, it is found that SS ~ 65-70 mV/dec and DIBL ~ 20-30 mV/V, which are acceptable 

values highlighting minimal presence of short channel effects. For the devices used in this 

thesis work, LOV = 2 - 5 nm are used, as these devices have higher ION when compared to 

underlap devices with manageable IOFF. 

 

4.4 Scaling of Gate Dielectric: TOX  

For NMOS devices with LG = 15 nm, S/Dext =10 nm, LOV=2 nm, and DNW =10 nm the 

thickness of gate dielectric or gate oxide is varied from 1 nm to 2.5 nm. From Figure 4.5 we 

observe that, with TOX scaling ION increases linearly and IOFF decreases drastically for both 

SB/ST devices. For TOX scaling from 2.5 nm to 1 nm the device shows SS variation from 70 to 

65 mV/dec and DIBL variation from 30 to 10 mV/V. These results highlight the gate insulator 

scaling can be used for improvement in SCE and device performance.  

 

Figure 4.5 ION, IOFF variation with respect to gate dielectric thickness. 

We choose devices in this work with TOX=2 nm, because it minimizes the tunneling and gate 

leakage currents. Further, these devices have an acceptable value of IOFF current 1 nA and 

fractionally lower ION than that obtained at TOX = 1 nm. Moreover, the difference between ION 

for SB/ST devices is optimal when TOX = 2 nm, thus reducing the device asymmetry.   
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4.5 Scaling of Nanowire Diameter: DNW  

Finally the impact of nanowire diameter variation on device performance is carried for NMOS 

devices with LG = 15 nm, S/Dext =10 nm, LOV=2 nm, and TOX=2 nm. It can be observed from 

Figure 4.6 that as the diameter is increased from 8 to 12 nm there is a linear increase in ION. 

This is due to increase in width of device and decrease in series resistance as extension regions 

cross sectional area also increased. It is further observed that ION increases at rate of 1.45 μA 

per 1 nm increase in nanowire diameter. Thus, it can be used as width tuning technique to tune 

current drive in PMOS devices to match with that of NMOS. Further, IOFF current increases 

significantly from 0.2 nA to 4 nA. It is observed from device characteristics that the SS 

degrades from 65 to 75 mV/dec and DIBL increases from 15 to 50 mV/V, when diameter is 

increased. All these increases in device parameters highlight the presence of SCE in larger 

diameter device. Further, it can be noted that both SB/ST scale proportionately with diameter, 

which is due to similar change in series resistance.  

 

Figure 4.6 ION, IOFF variation with respect to nanowire diameter variation. 

 

In this work until and unless specified the diameter of nanowire in NMOS devices is 10 nm and 

PMOS devices is 14/15 nm. For these values of diameters the devices have matched ION and 

acceptable IOFF of 1 nA as shown in LG and S/Dext scaling sections.   

4.6 n
th

 Power Law Modeling 

Sakurai and Newton [67] have proposed a simple MOSFET model for device and circuit 

analysis, which is known as the n
th

 power law. The model consists of the following parameters 

Vt0, B, n, K, m and γ, which are extracted from the device I-V characteristics. The inverter 

0.0E+0

1.0E-9

2.0E-9

3.0E-9

4.0E-9

5.0E-9

0.0E+0

4.0E-6

8.0E-6

1.2E-5

1.6E-5

2.0E-5

7 9 11 13

I O
F

F
(A

)

I O
N

(A
)

DNW (nm)

Ion_Sb

Ion_St

Ioff_Sb

Ioff_St



 35 

delay can be modeled by using some of these parameters of n and p devices along with Cload 

(the total output node capacitance). The model equations given by Sakurai and Newton [67] are 

as follows: 

VTH = VT0 + γ  2∅F − VBS  −  2∅F         (4.1) 

where VT0, γ, φF describe threshold voltage and for VBS = 0, VTH = VT0 which is the case of 

NW devices . 

                VDSAT = K VGS  − VTH  m                                  (4.2) 

                IDSAT =
W

Leff
B VGS  − VTH  n           (4.3) 

where K, m control the linear region characteristics and B, n determine the saturated region 

characteristics. The drain current is then defined as: 

ID = ID5 = IDSAT  1 + λCLM VDS               VDS ≥  VDSAT ∶ Saturated region         (4.4) 

ID = ID3 = ID5  2 −  
VDS

VDSAT
    

VDS

VDSAT
       VDS <  VDSAT ∶ Linear region              (4.5)

 
where λCLM = λ0 - λ1VBS , λ0, λ1 are related to finite drain conductance in saturated region.

 

The model parameters are extracted from the device I-V characteristics using the following 

equations and the data points which are used for extraction are marked on device characteristics 

as shown in Figure 4.7. 

 

 

Figure 4.7 Selected points for model parameter extraction of n
th

 power law [67]. 
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λ0 =   ID,2 − ID,1  ID,1VDS ,2 − ID,2VDS ,1  

   

 (4.6) 

Iz3 =  ID,3  1 + λ0VDS ,3    Iz4 =  ID,4  1 + λ0VDS ,4          Iz5 =  ID,5  1 + λ0VDS ,5       (4.7) 

VT0 is obtained by obtaining the solution of the following equation:  

𝑓𝑣 𝑉𝑇0 = log  
𝐼𝑧3

𝐼𝑧4
 log  

 𝑉𝐺𝑆 ,4−𝑉𝑇0 

 𝑉𝐺𝑆 ,5−𝑉𝑇0 
 − log  

𝐼𝑧4

𝐼𝑧5
 log  

 𝑉𝐺𝑆 ,3−𝑉𝑇0 

 𝑉𝐺𝑆 ,4−𝑉𝑇0 
    (4.8) 

The solution for above function is obtained graphically by plotting fv (VT0) with respect to VT0. 

The other model parameters are obtained using the expression below: 

𝑛 = log 𝐼𝑧3 𝐼𝑧4  log  𝑉𝐺𝑆,3 − 𝑉𝑇0  𝑉𝐺𝑆,4 − 𝑉𝑇0        and      B = Iz3  VGS ,3 − VT0 
n

  (4.9) 

E6 = ID,6  B  VGS ,6 − VT0 
n
 1 + λ0VDS ,6         

 E7 = ID,7  B  VGS ,7 − VT0 
n
 1 + λ0VDS ,7               (4.10) 

VDSAT ,6 = VDS ,6  1 +  1 − E6 E6       VDSAT ,7 = VDS ,7  1 +  1 − E7 E7        (4.11) 

𝑚 = log 𝑉𝐷𝑆𝐴𝑇 ,6 𝑉𝐷𝑆𝐴𝑇 ,7  log  𝑉𝐺𝑆,6 − 𝑉𝑇0  𝑉𝐺𝑆,7 − 𝑉𝑇0     

K = Iz3  VGS ,6 − VT0 
m

        (4.12) 

The above procedure is followed to model the characteristics of VNWFET NMOS and PMOS 

as shown in Figure 4.8. It is observed that the model characteristics match well with the TCAD 

simulation results. For different dimensions the n
th

 power law model parameters are extracted 

and tabulated in Table 4.1. The model parameters thus obtained can be used in estimation of 

performance of circuits such as inverter, NAND and NOR gates. 

 

Figure 4.8 I-V characteristics of NMOS and PMOS VNWFET (LG=45nm, S/Dext=30nm, Diameter=15nm) 

obtained from simulation (solid lines) and obtained from n
th

 power law model (dotted lines) [57]. 
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Table 4.1 Extracted n
th

 power model parameters for various VNWFET devices. 

 
n-VNWFET (Dia=15nm) p-VNWFET (Dia=15nm) 

L(nm) VT0 K m B n λ0 VT0 K m B n λ0 

250 0.288 0.728 0.728 2.2E-5 1.21 0.14 -0.271 1.366 0.905 1.03E-5 1.38 0.066 

45 0.305 0.623 0.576 2.6E-5 0.86 0.21 -0.336 1.254 0.548 1.33E-5 0.76 0.362 

32 0.305 0.608 0.270 2.6E-5 0.80 0.18 -0.342 1.184 0.471 1.32E-5 0.68 0.401 

22 0.300 0.568 0.478 2.5E-5 0.75 0.22 -0.339 0.966 0.391 1.36E-5 0.62 0.398 

 

4.7 Summary 

From the scaling study we observe that S/Dext can be scaled down to 10 nm (< LG =15nm) with 

marginal SCE. The other optimum device dimensions which are obtained from the scaling 

study are LOV=2 nm, TOX=2 nm and DNW(NMOS/PMOS) = 10/15 nm. For the mentioned 

device dimensions the devices shows good performance such as ION/IOFF > 10
4
, SS ~ 60 – 70 

mV/dec and DIBL < 50 mV, which highlight the better control of short channel effects due to 

surrounding gate architecture. Further, this study highlights the advantage of achieving 

matched drive currents for NMOS and PMOS, which differ by a non integral factor (~ 1.4 – 

1.5) with the help of single nanowire devices, as opposed to multi nanowire/Fins required in 

lateral devices. Finally, it is shown that n
th

 power law can be used to obtain device I-V 

characteristics, and the model parameters will be used in circuit performance prediction.  
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5 CHAPTER 

PARASITIC MODELING 

 

As we scale down the device dimensions the parasitic start to dominate. These parasitic play an 

important role in determining the device performance as presented in chapter 4. This chapter 

focuses on modeling of parasitic resistance and capacitance present in VNW devices 

considering cylindrical gate and structural asymmetry. Their impact on circuit performance will 

be presented in chapter 6. In these models, the inherent device asymmetry and device structural 

topology such as the cylindrical gate, rectangular vias, gate extension and contact pad 

overlapping the tip of nanowire are considered. Further, the impact of device scaling on these 

parasitic is thoroughly investigated and emphasis is given on the major parasitic contributors. 

These parasitic models will help in estimation of circuit performance (to be presented in next 

chapter) without actually performing time consuming TCAD simulations.  

For device shown in Figure 5.1 a tradeoff between series resistance and capacitance exists, 

needing optimized S/Dext and also highlights the structural asymmetry in the device, which 

results in asymmetric parasitics.  

 

Figure 5.1  VNW FET 3-D isometric view. 

5.1 Capacitance Modeling 

Figure 5.2 shows various inter-electrode components of device capacitance. It is apparent that 

the overlap of gate with bottom electrode is large due to the gate extension, while the overlap of 

cylindrical gate with top electrode is small. Hence, the gate to top electrode (CGT) and gate to 
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bottom (CGB) electrode capacitances are different. It is important to model these parasitic for 

accurate evaluation of circuit performance having SB or ST configurations. As shown in Figure 

5.2, CGB/CGT comprises of parallel plate (pp), gate-extension fringe (gex), gate-overlap (ov), 

gate-inner fringe (if), gate-outer fringe (of, Figure 5.3 (a)) components and gate-channel 

capacitance (GC).  

 

Figure 5.2 VNWFET 2-D view marked with parasitic capacitance components. 

Some of the important parameters that will be used in the capacitance models are listed in 

Table 5.1. 

Table 5.1 Parameters used in standard capacitance components. 

LG = Channel 

Length 

Tox = Gate oxide thickness DNW=Nanowire diameter 

Lov=Gate-S/D 

overlap  

ViaThk = Metal via 

thickness 

GaExtWid= Gate Extension width 

T1, T2, T3, L3, L4, P1, P2, P3 and P4 are identified in Figure 5.2 

The standard components in Figure 5.2 like GC, ov, if and of are modeled by appropriately 

modifying existing models available in literature to account for VNW device geometry.  

The GC capacitance is modelled by standard cylindrical capacitance incorporating inversion 

layer quantisation effect in the model. Thus, the model given below has effective gate insulator 

thickness TOX_qn in place of TOX.   
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   𝐶𝐺𝐶 = 2𝜋𝜀𝑜𝑥𝐿𝐺 𝑙𝑛 1 + 2 𝑇𝑜𝑥 _𝑞𝑛 𝐷𝑛𝑤       (5.1) 

The ov capacitance component is also modeled using the standard cylindrical capacitance 

formula and is given as (5.2), where LOV denotes overlap length. 

 𝐶𝐺𝐵𝑜𝑣 = 𝐶𝐺𝑇𝑜𝑣 = 2𝜋𝜀𝑜𝑥𝐿𝑂𝑉 ln 1 + 2 𝑇𝑜𝑥 _𝑞𝑛 𝐷𝑛𝑤                   (5.2) 

The inner fringe capacitance component if model can be obtained from an equivalent model 

proposed for lateral nanowire by Zou et al., [93] and is given as below. 

  𝐶𝐺𝐵𝑖𝑓 = 𝐶𝐺𝑇𝑖𝑓 = 2𝜀𝑆𝑖𝐷𝑁𝑊 ln 1 + 𝐷𝑁𝑊𝑛 4𝑇𝑂𝑋           (5.3) 

Parallel plate capacitance component ppB between gate bottom surface – active top surface and 

gate sidewall – bottom electrode via is given by 

CppB = ϵOX  
P2×ViaThk

T1
+

P3×ViaThk

T2
+

 GaExtWid ×L3−π DNW +TOX  2 

T3
   (5.4) 

The component gex needs to be derived for cylindrical electrodes, and is very important as it 

modulates the resistance of extension region. The gexT is modeled depending on S/Dext 

dimension as shown in Figure 5.3. Following the approach in [93], [140], to obtain gexT 

component for structure with cylindrical features, we consider ds1 and ds2 as two differential 

area elements on the gate and extension regions. The effective area dseff, in terms of ds1 and ds2 

elements is defined as   .where; 12121  dsdsdsdsdsdseff   

Case 1: When P1 ≤  T3 - Tox
 
(Figure 5.3(a)) 

S1 = π  P1 + 0.5DNW + TOX  2 −  0.5DNW + TOX  2  

S2 = π DNW P1   and   ɳ = 𝜖𝑂𝑋 𝐷𝑁𝑊  𝑃1 + 𝐷𝑁𝑊 + 2𝑇𝑂𝑋   

Modifying expression for capacitance between plates at an angle π/2 [140], the capacitance is 

modeled as,  

CgexT =  dC = 4ɳP1    where    𝑑𝐶 =
2ɳ

𝜋
ln 1 + 𝑑𝑥 𝑥  .  𝑥𝑑𝜑   (5.5) 

and the integral is performed over surface S1 with limits as:    

𝜑 ∶ 0 𝑡𝑜 2 𝜋    𝑎𝑛𝑑    𝑥:  0.5𝐷𝑁𝑊 + 𝑇𝑂𝑋  𝑡𝑜  𝑃1 + 0.5𝐷𝑁𝑊 + 𝑇𝑂𝑋  

Case 2: When P1 ≥  T3 - Tox (Figure 5.3 (b)) 

ɳ = ϵOX  DNW  T3 + DNW + 2TOX      and    CgexT = 4ɳ T3 − Tox         (5.6) 
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Similarly the gexB component has two cases. Case 1 (P1 < T3 – Tox) a square area of gate 

bottom is considered excluding a part of gate extension. The model [93] for rectangular gate 

and cylindrical extension is modified for square gate by replacing height and width of gate by 

L4 (shown in Figure 5.2), thus resulting in (5.7). For case 2, (P1 > T3 – Tox) the capacitance 

component is similar to that of Figure 5.3 (b) with the model given by (5.6). 

Case 1: When (P1 < T3 – Tox) 

                        CgexB =  
16

π
ϵOX   0.5L4 − 0.5DNW − TOX   3 − 1  2     

×   πDNW  L4  2 − 0.5DNW − TOX    L4
2 − π 0.5DNW + TOX  2         (5.7) 

Case 2: When (P1 > T3 – Tox) 

CgexB = 4ϵox  T3 − TOX   DNW  DNW + TOX + T3            (5.8) 

 

                

Figure 5.3 GTof  and gexT components are identified for (a) Extension length > gate thickness (b) Extension 

Length < gate thickness [139]. 

 

The model of GTof capacitance component is obtained by using modified Suzuki model [141], 

by taking into account that the metal B/G vias lying on either side of nanowire terminate 50% 

of the field lines emanating from gate outer surface.  

 CGTof = 0.5DNW εOX ln  1 +
T3−TOX −P1

TOX −P1
    (5.9) 

The model for GBof capacitance component is obtained by modifying the model reported in 

[141], [142], it consists of two components: one between gate extension and active region and 

the other between gate extension and bottom electrode.  

ds1

ds2

T3
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CGBof =   ϵOX π   2 ∙ GaExtWid − ViaThk + 2 ∙ L3 × ln  K2 − 1   K2  K2 − 1   K2
   +            

 ϵOX π  GaExtWid × ln  M2 − 1   M2  M2 − 1   M2
       (5.10) 

where K = 1 + P3/T3 and M = (P4 - L3)/T3. 

The individual components given by (5.1) - (5.10) can be further simplified by replacing the 

physical dimensions such as LG, ViaThk, GaExtWid, L3, L4, P4 etc., in terms of minimum 

feature size F. These capacitance components are then used to obtain the total bottom and top 

parasitic capacitances as: 

CGB = CGBOV + CGBif + CppB+ β CgexB + β CGBof        (5.11) 
 

CGT = CGTOV + CGTif + β CgexT + β CGTof                         (5.12) 

where β is a geometric correction factor for non-parallel plates capacitance components and is 

same for both GT and GB due to similar structures involved in capacitance components. For 

example considering Figure 5.3 (a)-(b) if T3 = P1+Tox, then the field lines defining CgexT will be 

circular (β = 1) and if T3 ≠ P1+Tox non-circular field lines exists thus β < 1 as reported earlier by 

[142].  

                  

Figure 5.4 Inter electrode capacitances versus VG for NMOS and PMOS VNWFET (LG=15 nm, S/Dext = 30 

nm and DNW=10/15 nm). 

 

The simulation result of typical variation of inter-electrode capacitance with gate bias 

(VD=VS=0V) is shown in Figure 5.4 and highlights that CGB is larger than CGT [127], which is 

due to larger overlap of gate bottom with active area. The value of capacitance at VG=0V is 

considered as the value of parasitic capacitance.  
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For NMOS (DNW=10nm), the extracted capacitance (VG=0V) and model (5.11), (5.12) parasitic 

capacitances with varying LG (S/Dext = 30nm) and S/Dext (LG=15nm) lengths are shown in 

Figure 5.5 (a)-(b). Figure 5.5 (c)-(d) shows components of the gate capacitance, in which, in 

addition to other components, top/bottom electrode parasitic capacitances (sum of pp, of, gex 

components) are labeled CparaT/CparaB respectively. It is observed that with β=0.8 (value is 

consistent with existing literature [142], the models are found to match well with the simulation 

results as shown in Figure 5.5. It is seen that parasitic capacitance CGB is about 0.8 to 1.5 times 

the intrinsic gate capacitance (CGC), while CGT is about 0.2-0.5 times the CGC.  

     

 

  

Figure 5.5 NMOS (DNW=10nm) simulated (symbol) and  modeled (line) parasitic off state capacitances 

versus (a) LG (S/Dext=30nm) and (b) S/Dex (LG=15nm) and individual components contributing to CGG versus 

(c) LG and (d) S/Dext. 

 

Thus total parasitic capacitance is about 1.5 to 2 times CGC, highlighting its importance and role 

in determining circuit performance. Further, similar behavior and model matching with varying 

LG and S/Dext for PMOS (with DNW=15nm is shown in Figure 5.6) is obtained verifying the 
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inclusion of DNW dependence in model. It is observed that the use of larger DNW in PMOS 

results in higher capacitance than NMOS. 

  

 

  

Figure 5.6 PMOS (DNW=14/15nm) simulated (symbol) and  modeled (line) parasitic off state capacitances 

versus (a) LG (S/Dext=30nm) and (b) S/Dex (LG=15nm) and individual components contributing to CGG versus 

(c) LG and (d) S/Dext. 

 

Figure 5.5 and Figure 5.6 (a), (c) show that with LG scaling, CGC decreases significantly, while 

CGT/CparaT capacitance is nearly constant. This is due to fact that, the device structure above 

gate does not change for varying LG. However, with LG scaling, CGB/CparaB capacitance 

decreases significantly. This can be explained as other device dimensions such as gate 

extension width/length (GaExtWid, P4 identified in Figure 5.2), via size and active area 

dimension are also scaled, resulting in reduced overlap area for ppB and of components 
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Figure 5.2). Therefore, we see a nearly 20% increase in CGB/CparaB as shown in Figure 5.5 and 

Figure 5.6 (b), (d). On the other hand, a slight reduction in CGT/CparaT is obtained, which is 

attributed to a reduction in gate-top electrode overlap (gexT component, Figure 5.2). It is 

observed that for both LG and S/Dext scaling, the total gate parasitic capacitance (CGG) trend is 

dominated by the CGB/CparaB component and if, ov components contribution remains same as 

the structures defining them do not change. 

Other than conventional capacitances (Cov, Cif, Cgex), gate extension to active area capacitance 

(CppB) is significant contributor to parasitic capacitance making CGB much higher (up to three 

times) than CGT. Thus for similar dimensions the VNW MOSFET will have lower total 

parasitic capacitance than the planar MOSFET, whose total equivalent parasitic capacitance 

will be 2×CGB. Hence, the VNW’s asymmetric capacitance has an important role in 

determining the circuit performance of SB and ST configurations. Modeling of these 

capacitances through (5.1) - (5.12), enables better understanding in designing and calculating 

performance of VNW based digital (e.g., inverter with (SB/ST) configurations and sizing) and 

analog circuits. 

 

5.2 Series Resistance Modeling 

The series resistance (RT/B) affects the drive current by reducing gate source overdrive and 

drain-source voltage. The effect of series resistance is expected to be more significant because 

of the reduced cross-sectional areas in nanowire devices.  

 
 

Figure 5.7 VNW FET 3-D isometric view with individual resistance components identified. 
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Hence, it is important to analyze the contribution of these resistances and their impact on circuit 

performance. The individual resistance components of top/bottom series resistance (RT/RB) are 

highlighted in Figure 5.7, these include: metal-semiconductor contact (Rmsc), spreading (Rsp), 

sheet (Rsh) and extension (Rext) resistances. 

The definition of some of the physical parameters used in modeling of parasitic resistance 

components are tabulated in Table 5.2. 

Table 5.2 Parameters used in standard resistance components. 

contOL=contact 

overlap with nanowire 

 

contW=contact width  DNW=Nanowire diameter 

Lext=S/Dext length

 

Lov=Gate-S/D overlap

 

Tsub=Active area thickness

 ρext=Extension 

resistivity

 

ρsub=Substrate resistivity

 

ρc=Contact resistivity

 

The bottom via-semiconductor contact resistance bmsc component is modeled using the 

standard contact resistance formula. With LG scaling the contact area reduces leading to 

increase in resistance.  

𝑅𝑏𝑚𝑠𝑐 =   𝜌𝑠𝑢𝑏𝜌𝑐 𝑐𝑜𝑛𝑡𝑊  coth 𝑐𝑜𝑛𝑡𝑊 𝜌𝑠𝑢𝑏 𝜌𝑐     (5.13) 

Substrate sheet resistance component sh between via and nanowire, which is of length F 

(minimum feature size) and area contW×Tsub is given by standard sheet resistance formula. 

Rsh = ρsub × F  contW × Tsub         (5.14) 

The extension region series resistance component ext is obtained by using resistance formula 

for a cylindrical structure. Due to the narrow circular-cross section it is the highest contributor 

towards series resistance which will be shown later. The effect of fringe gate field on extension 

is included as model parameter in (5.20) below.  

Rext = 4ρext  Lext − Lov  πDNW
2          (5.15) 

Spreading resistance component sp1 arising due to carriers flowing from active area to narrow 

nanowire extension is modeled by modifying the model for planar MOSFET [143]  to 

cylindrical structure. The junction depth is replaced by Tsub, channel thickness is equal to 0.5 

DNW and current flow width is equal to π DNW. 

Rsp 1 =  2ρsub  π × πDNW    × ln 0.75 Tsub 0.5 DNW      (5.16) 

Similarly, the spreading resistance component sp2 arising due to carriers flowing from 

nanowire extension into channel, which is present on both bottom and top of the channel is 
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modeled by considering junction depth equal to 0.5 DNW, accumulation layer thickness Xc equal 

to 2.5/3.2nm for NMOS/PMOS (obtained  from TCAD simulation results).  

𝑅𝑠𝑝2 =  2𝜌𝑒𝑥𝑡  𝜋 × 𝜋𝐷𝑁𝑊   × ln 0.75 𝐷𝑁𝑊 2 𝑋𝐶           (5.17) 

As shown in Figure 5.5, metal-nanowire top contact resistance (Rtsmc) can be divided into two 

parallel resistance components: top (Rtsmc1) and cylindrical surfaces of nanowire (Rtmsc2). The 

model for Rtmsc1 can be obtained from Rbmsc by letting the dimension of current flow as 

DNW×DNW: 

𝑅𝑡𝑚𝑠𝑐 1 =   𝜌𝑒𝑥𝑡 𝜌𝑐 𝐷𝑁𝑊  × coth 𝐷𝑁𝑊 𝜌𝑒𝑥𝑡 𝜌𝑐                (5.18)             

The model for Rtmsc2 can be obtained by modifying definition of transfer length (LT) to consider 

100% overlap of metal over nanowire, instead of 75% considered in [144] as (5.19), where LT = 

√(ρc DNW / 4ρext). 

𝑅𝑡𝑚𝑠𝑐 2 =  4𝜌𝑒𝑥𝑡 𝐿𝑇  𝜋𝐷𝑁𝑊
2    × coth 𝑐𝑜𝑛𝑡𝑂𝐿 𝐿𝑇      (5.19)

 
It is also noted that, the structure with overlap of top metal with top nanowire, as opposed to 

non-overlap structure, has a lower contact resistance due to larger circular contact area. So, the 

overlap structure is a better option in order to reduce the top resistance and decrease the 

difference with bottom resistance. Using the individual components (5.13) - (5.19), the top and 

bottom resistances are given by,  

  

RB = βbmsc Rbmsc + βsh Rsh + Rsp1 + βext Rext + Rsp2   (5.20)            

 

   
RT = (Rtmsc1 Rtmsc2)/(Rtmsc1+Rtmsc2) + Rext + Rsp2   (5.21)

 

where a fitting parameters βbmsc accounts for the carrier density modulation at metal via-

semiconductor interface due to gate fringing field, βsh accounts for the effect of gate fringing 

field on active region carrier concentration, and α, βext (unequal due to asymmetric structure) 

are used to consider the dependence of Rext on gate structure and gate voltage. It is observed 

that the value of βext is smaller than α, as the bottom extension experiences much larger gate 

fringing field due to the longer gate extension at bottom. The introduction of fitting parameters 

to account for gate voltage dependent modulation is justified, as seen in the case of carrier 

density in the device simulations, for with and without isolation oxide in Figure 5.8.  
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Figure 5.8 Electron (e) density profile in the device cross section through nanowire centre shown at VG=VDD 

and VD=0.05V to highlight the impact of isolation oxide. 

 

We see that the electron density in extension is increased (highlighted by black dotted circle) in 

presence of isolation oxide, which has enhanced gate field. Similarly, the mobility is reduced in 

presence of isolation oxide, accounted by gate dependent mobility degradation coefficient (θ) 

[145]. Thus the actual contribution of Rext, Rsh and Rbmsc towards total resistance needs to be 

parameterized to consider the effect of gate fringing field.  

Device resistance RON is calculated as ION/VDD (where ION = ID at VDS=VGS=VDD) and S/D series 

resistance RTB (RT+RB) is extracted by extrapolating the curve of R=VDS/IDS (VDS=50mV) versus 

(VGS – Vth –VDS/2)
-1

 and finding the R intercept as shown in Figure 5.9.  

 

Figure 5.9 RTB extraction methodology shown for NMOS VNW for LG = 45 nm and 15 nm, S/Dext = 30nm. 

Further, the R-intercept corresponds to the value θslope + RTB. The value of θ is obtained from 

simulations of large diameter NW MOSFETs with no extensions, which diminishes extension 

resistance. Following the same procedure as earlier, the intercept now obtained is only θslope 
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and independent of RTB. The value of θ is obtained as 0.7 V
-1

, 0.4 V
-1

 for NMOS and PMOS 

respectively. 

Extracted RON and RTB are shown in Figure 5.10 (a)-(b) for NMOS and PMOS with varying LG 

and S/Dext after taking correction parameter θ [145] into account. Moreover, the individual 

resistances contributing to RTB are shown in Figure 5.10 (c)-(d). The fitting parameters (α + 

βext) dependence on gate voltage can be obtained from plot of R versus (VGS – Vth –VDS/2)
-1

. For 

a typical NMOS device of LG=45nm, S/Dext=30nm the value of α + βext = 0.72/0.12 

corresponding to (VGS – Vth –VDS/2)
-1 

= 1.2 V
-1

/ 0 V
-1

 respectively.  

 

 

Figure 5.10 Extracted RTB, RON versus (a) LG (S/Dext = 30nm) and (b) S/Dext (LG = 15nm) and individual 

resistance components contributing to NMOS RTB versus (c) LG and (d) S/Dext, where Roth represents the sum 

of sh and sp resistances. 

 

From Figure 5.10 (a)-(b), we see that RON of NMOS and PMOS are nearly equal due to  drive 

matching obtained by increasing the DNW of PMOS [57], [127]. Further, it is observed that 

more than 50% of ON resistance is contributed by RTB, which is predominantly due to the 

narrow S/D extension regions and high contact resistance. In Figure 5.10 (a), it is seen that RTB 

and RON increases with reduction in LG due to increase in contact resistance (reduced F). The 

additional rise in RON for LG change from 32nm to 22nm is due to different VDD for these nodes 

i.e., 1V and 0.8V respectively. In Figure 5.10 (b), we observe RON and RTB drop strongly with 
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S/Dext due to reduction in Rext, improving ON current [127]. Figure 5.10 (c)-(d) show 

contribution of Rmsc, Rext and Roth (= Rsh+Rsp) towards RTB. We note that Rmsc and Rext contribute 

nearly equally to the total resistance and make 80-90% of total resistance RTB. From Figure 

5.10 (c), it is observed that, with LG scaling the contact resistance increases due to proportional 

scaling of contact dimensions. The increase in extension resistance contribution is due to 

reduced modulation of bottom extension resistance by the gate extension, due to reduction in 

the dimensions of gate pad (GaExtWid, P4 identified in Figure 5.2) with scaling of LG. In Figure 

5.10 (d), the decrease in Rmsc component is attributed to the reduced bottom contact proximity 

to gate, which enhances the carrier concentration in metal-semiconductor interface region. Also 

the decrease in Rext is due to reduced S/Dext length. The resistance components sh (5.14) and sp 

(5.16 – 5.17) do not scale significantly due to weak dependence on LG and S/Dext dimensions.     

Since VNW is asymmetric having different RT and RB, we use transconductance (gm) method 

[146] along with RTB (Figure 5.10), to extract RT and RB separately. 

RT – RB = [gm (SB) – gm (ST)] / [ gm (SB) × gm (ST)]   (5.22) 

The effect of substrate or body bias is neglected in (5.22) due to absence of substrate contact in 

these devices. Figure 5.11 shows RT and RB extracted using (5.22) and modeled using (5.20)-

(5.21), with LG and S/Dext scaling.  

    

 

Figure 5.11 Simulated (symbol) and modeled (line) RT (red) and RB (blue) versus LG (a) NMOS (b) PMOS, 

and with respect to S/Dext (c) NMOS and (d) PMOS. 
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It is observed that for both NMOS and PMOS the modeled RT and RB fit well with the values 

extracted from simulation, both for LG and S/Dext scaling. We observe the resistances in PMOS 

are larger than in NMOS, which can be explained by differences in carrier density (n/p=2), 

mobility (μn/μp =1.7) and nanowire cross sectional area (DNWp/DNWn =1.5). These ratios are the 

typical values obtained from device simulation. By substituting the ratios in the values of the 

parameters in extension resistance model (5.15), we obtain Rext_p =1.7 Rext_n. Also, we see that 

RT is larger compared to RB due to higher Rext contribution (low gate fringe field) and top 

contact over narrow nanowire. Thus a ST device with RT as the source resistance will have 

lower drive current (lower gate overdrive), when compared to SB device [127], [147]. 

It is to be noted that in Figure 5.11 (a) and (c), when LG and S/Dext are scaled for NMOS device 

there is crossover of RT and RB resistances at 18 nm and 25 nm respectively, which is not 

observed for the case of PMOS. This is due to the difference in modulation of nanowire 

extension regions arising due to different nanowire diameters in NMOS (DNW = 10 nm) and 

PMOS (DNW = 15 nm). Due to larger diameter in PMOS devices the crossover is observed at 15 

nm and 30 nm respectively for LG and S/Dext scaling.  

The LG scaling (S/Dext = 30nm) in Figure 5.11 (a)-(b) shows that bottom resistance RB increases 

significantly due to the diminishing contact size. Also, due to decrease in fringing field lines 

between gate extension and active region, we find that fitting parameter βsh increases with 

decreasing LG. The parameter βbmsc varies from ~1 (nearly no modulation) for 30nm to 0.35 for 

10nm extension lengths. We see that the top resistance RT is less dependent on LG scaling as the 

top extension region in device structure above the gate remains same except for the top metal 

contact overlap over nanowire, which is 30nm, 20nm, 15nm, 10 nm for LG 45nm, 32nm, 22nm, 

15nm respectively. Thus, the decrease in overlap length results in 1-2 kΩ increase in RT as 

observed. The crossover of RT and RB is observed for different LG in NMOS and PMOS due to 

the different nanowire diameters.  

As shown in Figure 5.11 (c)-(d), when S/Dext is scaled (LG=15nm) from 30nm to 10nm nearly 

50-60% reduction in series resistance is obtained. We note that RB decreases rapidly because of 

combined contribution of reducing Rext, Rsh and Rbmsc. As S/Dext is reduced, gate fringing field 

effect on the bottom extension increases (CGB increases with S/Dext scaling as shown in Figure 

5.4 (b)), resulting in decrease in value of βext, reducing Rext and explaining the observed trend. 

Moreover, the distance between gate bottom to active area and gate bottom to metal via-

semiconductor interface also decreases, which are considered in model by reducing value of βsh 
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and βbmsc with S/Dext.  It is observed that RT varies linearly with S/Dext, which can be explained 

by proportional decrease in Rext and constant value of α, since the gate fringe field lines 

between gate top and top extension remain same (CGT is almost constant with S/Dext scaling as 

shown in Figure 5.4 (b)). Further, it is observed in Figure 5.8 (c)-(d) that the reduction of RT 

with S/Dext is larger for PMOS than NMOS, which can be explained by larger nanowire 

diameter (=15nm) in PMOS devices. Due to the larger DNW, the gate top (disc shape) surface 

area increases, resulting in increased capacitance (CGTp > CGTn). So in PMOS when S/Dext is 

scaled more gate field lines are confined in small dielectric volume leading to increased Rext 

modulation. This results in the larger slope of RT with S/Dext for PMOS than NMOS. Hence the 

device/circuit performance is dependent on LG, S/Dext, DNW and T/B electrode asymmetry. 

 

5.3 Summary 

In this chapter the models for parasitic resistances and capacitances in a vertical nanowire 

CMOS are presented, and are shown to match well with extracted parasitic from simulations 

for varying LG, S/Dext and DNW. The models incorporate the influence of the gate structure and 

voltage on extension resistance. The results depicts that nearly 90% of the total series resistance 

is contributed by the metal semiconductor contacts and extension resistance. The parasitic 

capacitances are well modeled with parallel-plate and cylindrical fringe components with good 

match to simulations. It is found that the gate-active/extension are dominating contributors to 

parasitic capacitance. Moreover, the total parasitic capacitance is nearly 1.5 – 2 times the 

channel capacitance. The combined resistance and capacitance parasitic determine the 

performance of devices and circuits (delay). Thus, the structural asymmetry will impose layout 

restrictions in circuit design using VNWFET devices. The parasitic models presented here can 

be used in SPICE simulators for faster circuit performance analysis of VNW devices. 
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6 CHAPTER 

CIRCUIT PERFORMANCE 

 

This chapter discusses the circuit performance of VNW devices in detail. The analysis of 

digital circuit performance is carried out using CMOS inverter and is benchmarked with 

existing literature for FinFET and planar MOSFET inverters. To start with detailed insight of 

static characteristics of VNW CMOS inverter and the use of S/Dext as tuning parameter to 

obtain required gain and noise margin is provided. Next, a comparison of dynamic performance 

of the inverters is shown between their VNW, FinFET and planar MOSFET implementations 

with respect to channel length scaling, which establishes a better performance of VNW devices. 

For 15nm VNW MOSFET, complete performance analysis of a CMOS inverter is presented 

with respect to S/D extension length, S/D asymmetry and impact of different layouts arising 

thereby. To complete the digital circuit analysis, we present inverter delay prediction with the 

help of parasitic capacitance models developed in previous chapter along with the effective 

current delay model [148]. Further, analog circuits with 15nm VNW MOSFET are analysed for 

device  and circuit performance metrics such as transconductance (gm), output conductance 

(gDS), gain,  3dB bandwidth and fT of intrinsic device, common source (CS) amplifier and 

compared with equivalent FinFET devices at same node.  

 

6.1 Digital Performance 

6.1.1 VNW CMOS Inverter Voltage Transfer Characteristics (VTC) Analysis  

Figure 6.1 shows the CMOS inverter VTC for different device structures. In VTC, it is 

important to analyse the regions highlighted by solid line circle and dotted line circles. Inside 

the solid line circle, we observe sharper transition of multi-gate (MG) CMOS than the planar 

CMOS. Inside the dotted circle we observe that, around the gain value -1 (used for NM 

extraction), the MG CMOS have gradual gradient as compared to planar CMOS. To design a 

CMOS circuit with required noise margins, it is important to understand reason for such 

behavior.  
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Figure 6.1 CMOS VTC for VNW, FinFET and planar MOSFET. FinFET VTC is not symmetric due to 

mismatch in drives of its NMOS/PMOS Fin devices. Solid line circle highlights the switching transition 

region and the dotted circles highlights the gradient around the NM extraction point. 

 

The region of a gradual fall in Vout (dotted circle) observed in MG devices can be understood 

by considering the impact of series resistance on VTC. We perform a pseudo analysis using 

planar CMOS (LG=45 nm, PTM SPICE model [149]) with external series resistances. Figure 

6.2 shows planar CMOS with series resistances and corresponding VTC characteristics for 

45nm devices. It can be observed that when RS=RD=0Ω, the inverter has highest NM 

performance. For the other three cases, when some series resistance is added, it leads to 

degradation of NM values. Further it can be observed that the degradation with RD=12kΩ and 

RS=0Ω is large as compared to the case when RS=12kΩ and RD=0Ω. The worst NM is obtained 

for the case when RS=RD=12kΩ (denoted by red lines in Figure 6.2). This analysis implies that, 

the reason for deteriorated VTC highlighted by dotted line circle in Figure 6.1 is due to large 

drain series resistance of VNW, and it can be improved with reduction in the series source-

drain resistance by scaling of S/Dext to lowest possible values.  

In order to understand how the series resistance determines the shape of VTC characteristics, 

we examine the device (NMOS, PMOS) ID-VDS characteristics. We take this approach, as VTC 

can be constructed from device ID-VDS characteristics. For this study, we transfer the PMOS 

characteristics so that its current is positive and then the voltage axis is right shifted by VDD, so 

that it overlaps with the NMOS voltage range as shown in Figure 6.3. 
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Figure 6.2 (a) Resistive loaded CMOS circuit schematic. (b) Impact of RD, RS on VTC of planar CMOS at 

45nm. Degradation in NM is highlighted in insets. 

 

Figure 6.3 Planar NMOS, PMOS ID-VDS characteristics with 0, 12kΩ series resistance. The vertical down 

directing arrows indicate the VDSsat points, the double ended arrow represents the switching region of 

CMOS and the inclined lines represent slope in linear region. 
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In Figure 6.3, we observe that with increase in series resistance the VDSsat (denoted by vertical 

down arrows) of devices increases from 0.2V - 0.25 V to ~0.55 V. Further the series resistance 

decreases the slope (denoted by inclined lines) of device characteristics in the linear region i.e., 

Slopen0Ω > Slopen12kΩ. The range of Vout over which the PMOS device is in linear region of 

operation is larger. This is the primary cause for the gradual gradient characteristics highlighted 

by dotted line circle in Figure 6.1.  

Similar study is performed on VNW devices for LG=45nm and S/Dext = 10/30nm as shown in 

Figure 6.4. The reasoning explained earlier is applicable for this case also. To clarify further, 

the VTC of VNW inverter is constructed from the intersection points of NMOS/PMOS ID-VDS 

of Figure 6.4, which is found to match well with simulation results as shown in Figure 6.5. In 

Figure 6.5, the data points denoted with symbols in dotted circles correspond to the linear 

region of device.  

 

 

Figure 6.4 VNW NMOS, PMOS ID-VDS characteristics with S/Dext = 10/30nm resistance. 
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In order to explain the difference in behavior during transition region of inverter VTC for 

planar and MG devices (highlighted by solid line circle in Figure 6.1), we consider Figure 6.3 

and Figure 6.4. The double-ended arrows correspond to the switching region of CMOS VTC. 

In this range, the devices are in full saturation and the VNW (Figure 6.4) have low λCLM 

(channel length modulation) or minimum short channel effects (SCE), when compared to 

planar MOS devices with large λCLM (Figure 6.3). This results in sharper transition and higher 

gains in VNW (MG) inverter as compared to planar CMOS which has higher λCLM value.  

Further, it is observed that with decrease of S/Dext the gain of inverter almost doubles as shown 

in Figure 6.5 (b). From the -1 slope points of dVout/dVin (gain), we observe that NM increases 

by 40-80 mV, when we decrease the S/Dext from 30 to 10nm. The larger value of NM is a result 

of a smaller value of VDSsat for the VNW device for a smaller value of S/Dext. This shows that 

S/Dext can be tuned to improve CMOS VTC performance (NM/gain). 

 

  

 

Figure 6.5 (a) VNW VTC simulated (lines) and VTC generated using ID-VDS characteristics (symbols) for 

LG=45nm, S/Dext =30/10nm. (b) Gain of inverter for varying S/Dext. (c) NM extraction. 
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6.1.2 Benchmarking of Inverter Transient Response 

VNW inverter is compared with FinFET [79] and planar [81] based CMOS for layout area, ring 

oscillator (RO) power/stage (C0 VDD
2
f) and delay/stage as shown in Table 6.1, where F is 

minimum feature size. It is observed that when compared with planar (FinFET), VNW has 50% 

(45%) area saving and 65% (50%) lower in delay. Moreover, VNW show ~75% lower power 

consumption than FinFET (for same LG and S/Dext) and hence has better overall performance. 

Table 6.1 Performance comparison of planar, FINFET and VNW inverters for 45 nm channel length.  

Device  (L=F=45 nm) Planar FinFET VNW 

VDD (V) 1.1 1.0 1 

Area 60F
2
 55 F

2
 30 F

2
 

RO Delay/stage (ps) 17 12 6.0 

RO Power/stage  (μW) 28.5 26 13.8 

RO Power/stage/MHz (pW) 484 312 83 

VNW inverter transient analysis for varying LG is shown in Figure 6.6. It is observed that the 

high to low delay (TpHL) and low to high delay (TpLH) of VNW inverter are almost equal. This 

is due to larger diameter nanowire in PMOS used to match the drive current with NMOS. Also, 

with LG scaling from 45 nm to 22 nm the delay almost reduces by 40-45%. Further we 

benchmark the VNW performance as shown in Figure 6.7. The delay variation for fan-out 

capacitance FO=1, with LG for VNW CMOS (S/Dext = 30 nm) is benchmarked with simulated 

3D FinFET CMOS (with equivalent device dimension Tox = 2 nm, Lext = 30 nm, fin-thickness = 

10 nm, fin-height = 30 nm), along with experimentally reported data for FinFET and planar 

CMOS [79], [82]. 

 

Figure 6.6 VNW inverter transient response for LG=45, 22 nm, S/Dext = 30nm and Diameter = 10/15nm 

(NMOS/PMOS). 
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Figure 6.7  Benchmarking of VNW, simulated FinFET, experimentally reported FinFET and planar 

CMOS. 

In Figure 6.7 the intrinsic gate delay of VNW MOSFET is also shown for reference.  It is 

observed that despite large series resistance (S/Dext = 30 nm), VNW CMOS shows better delay 

performance for different technology nodes and has nearly 40% lower delay than FinFET at 32 

nm technology node. The intrinsic gate delay of VNW highlights the minimum gate delay and 

how additional parasitic contribute to delay when using these devices. From the benchmarking 

it can be concluded that VNW device based circuits have advantage of occupying least silicon 

area, consuming low power and provide least delay.  

6.1.3 VNW CMOS Inverter Delay Analysis 

In this section the performance of VNW CMOS inverter is analysed with respect to S/D 

asymmetry, S/Dext and different layout schemes. Figure 6.8 (a-b) shows source as bottom 

electrode - SB VNW CMOS inverter layout schemes (topview) implemented using drive-

matched n and p FETs. To study the effect of within-device (marked ‗w/o‘) parasitic and 

complete layouts L1, L2 (Figure 6.8 (a), (b)) parasitic, a two stage inverter chain is analysed in 

terms of its FO1 delay. In Figure 6.8, IOoverlap defines input and output-interconnect overlap 

length, which contributes to layout parasitic. The total input and output interconnect length 

(IOlength) will also contribute to the layout parasitic. With L1 layout, the power rails (VDD, VSS) 

are in close proximity, which in circuit design will require two metallization layers to avoid 

shorting of Vout and Vin lines with VDD and VSS lines while routing. In L2 layout, the power 

rails can be defined with single metallization layer and are far apart, however at the cost of 

larger area and higher parasitic. 
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Figure 6.8  Topview of SB inverter (a) L1 layout. (b) L2 layout. F is minimum feature size (15 nm). 

 

 

Figure 6.9  (a) Delay versus S/Dext. (b) Load capacitance (CL) and circuit speed metric (CL/ION) versus S/Dext 

for SB VNW CMOS LG = 15 nm. 
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Figure 6.9 (a) shows delay trend with S/Dext length, with delay reduction of 0.77 ps per 10 nm 

of S/Dext length for w/o (only device parasitic), L1 and L2 layouts. We see that the reduction in 

delay with S/Dext tends to slow down as S/Dext is reduced. This can be explained by competing 

effects of increased drive current (reduced series resistance) and increased parasitic 

capacitance, as seen in larger increase in ION (~25%/10 nm, Figure 4.2) compared to 

proportionately smaller increase in extracted load capacitance (3%/10 nm, Figure 6.9 (b)). The 

same explanation is also borne out by plot of fanout capacitance (CL) of first stage inverter and 

circuit speed metric (CL/ION). Thus, we see that performance of NW devices is strongly limited 

by series resistance rather than parasitic capacitance at lowest possible value of 10 nm. Further, 

we note that the layout related parasitic increase the delay by 0.3 ps (L1) and 0.7 ps (L2), 

compared to w/o layout circuit. Since L2 inverter has larger layout parasitic (IOoverlap, IOlength) 

compared to L1 inverter, it has higher delay. 

Figure 6.10 shows delay comparison for SB and ST (source as top electrode) inverters (10 nm 

S/Dext). We see that with ST, the delay is higher by ~65%. The increase in delay for ST inverter 

cannot be explained by lower (~20%) drive current alone as seen in Figure 4.2. A contribution 

from increased parasitic capacitance (~33%, Figure 6.10) due to large gate to bottom (drain) 

electrode capacitance (CGB or the gate-drain capacitance) enhanced by miller effect also needs 

to be taken into account. This combined effect of lower drive current and increase in CL can 

account for increase in delay. This highlights that when designing VNW CMOS circuits, how 

tradeoff between layouts due to different routing schemes resulting in ST/SB, and speed needs to 

be taken into consideration. Further, we propose L1 kind of layouts for circuit design to obtain 

better performance.   

 

Figure 6.10  Impact of S/D asymmetry on delay performance and extracted CL of different layouts. 
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In Figure 6.11, the delay of VNW SB/ST inverters is shown with respect to S/Dext variation. It 

can be observed that the ST inverters have larger delay than SB inverters due to reasons stated 

earlier. The S/Dext scaling in Figure 6.11 shows delay reduction of 0.7ps per 10nm, with 

reduction slowing down at 10nm. This behavior can be explained by competing effects from 

reducing Rext and increased parasitic capacitance, with Rext reduction being dominant over 

increase in parasitic capacitance.  

  

Figure 6.11 Delay and power variation with S/Dext for SB and ST inverters. 

 

From Figure 6.12, it is inferred that with S/Dext scaling, power consumption (CLVDD
2
f) increases 

at a faster rate and the S/Dext for which optimum performance is achieved can be obtained with  

the help of power delay product (PDP). PDP trends suggest that SB devices with S/Dext = 10 nm 

provide the best performance with a marginal increase in PDP when compared to device with 

larger S/Dext. It is evident that the PDP of SB is smaller than ST highlighting the better 

performance of SB inverters. Thus, S/Dext is an important design parameter while designing 

circuits to obtain better performance.    

 

Figure 6.12 Power and power delay product (PDP) variation with S/Dext for SB and ST inverters. 
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6.1.4 VNW CMOS Inverter Delay Modeling 

Impact of parasitic on circuit performance is studied for LG=15nm, VNW CMOS inverter 

dynamic behavior. We implemented different inverter schemes using drive matched NMOS-

PMOS with SB (source as bottom electrode) and ST (source as top electrode) devices 

respectively. A two-stage inverter is built as shown in Figure 6.13, showing important 

capacitances for studying the effect of S/Dext dependent parasitics on FO1 delay. For different 

layout schemes, the input and output interconnect parasitic are also different, which further 

contribute to the existing asymmetry of device [127]. 

 

Figure 6.13 Schematic diagram of two stage inverter chain. 

 

Load capacitance (CL) seen by first stage inverter at node Out can be extracted from transient 

simulation or calculated from 1
st
 stage output parasitic (miller amplified), and 2

nd
 stage input 

capacitance as (6.1), where, the factor M is miller coefficient and is taken as 1.5 [150]. The 

input capacitance CIN2 is estimated from the weighted contribution of ON and OFF state 

capacitances of NMOS and PMOS during input transitions. For example, during the output-rise 

transition to 50% of VDD, the transistor p2 changes state from OFF to ON, and n2 remains in 

ON state. Thus, OFF:ON ratio 0.25:0.75 [150] can be used to obtain CIN2 as in (6.2).  

                                            CL = M ∙ CM + CIN2                                 (6.1) 

                                 CIN2 = 0.25 CG_OFF + 0.75 CG_ON                       (6.2) 

where CG_OFF = CGBn + CGTn + CGBp + CGTp and CG_ON = CGBn + CGTn + CGCn – 2 Cifn + CGBp + 

CGTp + CGCp – 2 Cifp.  All these capacitances are modeled in chapter 5. It can be observed in 

CG_ON the inner fringe parasitic components (Cif) are subtracted to account for their absence 

VDD

Gnd

Out

CIN2
n1 n2

p1 p2

IN
CM

CExtCIN1



 66 

when device is ON [150]. Further, the miller capacitance (CM) for inverter with ST devices is 

CGBn + CGBp as the bottom electrodes act as the drain, whereas for inverter with SB devices it is 

CGTn + CGTp as the top electrode acts as the drain. 

The CMOS inverter delay (Td) is obtained from transient simulation or calculated using the 

effective current model [148],  

Td = 0.5CL VDD/Ieff      (6.3) 

where Ieff is average of current at VG=VDD, VD=0.5VDD and VG=0.5VDD, VD=VDD. The value of 

CL can be obtained either from inverter buffer simulation or calculated from (6.1) using 

capacitance component models presented in section 5.1. Figure 6.14 shows calculated inverter 

delay fit well (less than ~5% error) with the extracted delay. This highlights the accuracy of the 

developed parasitic models for the VNW structure.    

 

Figure 6.14 Delay (Td) extracted-modeled and power versus S/Dext for SB and ST VNW CMOS (LG=15nm). 

 

In Figure 6.14 we also observe that for ST inverter delay is nearly 50% higher. This increase in 

delay can be explained by higher source resistance or RT, which results in lower gate overdrive 

or drive current. Also a contribution from higher parasitic capacitance is also an important 

factor.  Due to large gate to bottom electrode capacitance (CGB or the gate-drain capacitance) 

enhanced by miller effect resulting in larger CL in ST CMOS. This combined effect of increased 

series resistance, and increased CL can explain the increase in delay and is verified using the 

delay model as seen in Figure 6.14. This emphasizes the importance of parasitic models, when 

designing and analyzing circuits with different layout schemes arising due to ST/SB devices.  
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6.2 Analog Performance 

Multi-gate transistors such as nanowire FETs have gained immense importance due to their 

immunity to short channel effects and ability to scale device dimensions, below the limits faced 

by planar MOSFETs. In section 6.1 the studies are carried out to analyze the performance of 

VNW devices in digital logic circuits and memory cells. The results highlighted that these 

devices and VNW CMOS has promising future for low power and efficient applications. In this 

section we study application of VNW CMOS in analog circuits. For the study of basic analog 

performance we implement single stage common source (CS) amplifier as test vehicle. 

Figure 6.15 shows the circuit topology of resistive loaded CS amplifier implemented for analog 

performance analysis. First, we optimize load resistance RL by varying its value to see the 

variation of Vout and gain (dVout/dVin) versus Vin as shown in Figure 6.16. It is observed that in 

order to have amplifier behavior i.e, gain > 1 the minimum load required is RL = 38 kΩ. The 

large value of RL required is due to the large RS/D in the VNW devices and is a special 

characteristic of VNW devices. This minimum RL is a function of S/Dext of the VNW device 

and it would also change if parallel VNWs are used to increase drive strength. Such high values 

of resistances can be obtained by appropriately biasing VNW PMOS devices in diode 

configuration mode.   

 

Figure 6.15 CS amplifier circuit topology. 

The amplifier performance is studied with respect to variation in bias voltage, which is 

obtained by varying RL. The results in Figure 6.17 corresponds to performance of amplifier 

when the bias voltage is fixed such that peak is observed in gain curves at Vin = Vout = 0.4 V, 

0.3 V, 0.25 V. This is done to understand the gain-load relationship. It is observed that by 

increasing the bias from 0.25 V to 0.4 V, the gain peak drops from 8 to 2 with a considerable 

increase in swing. This highlights the tradeoff between gain and swing while designing an 

amplifier. In amplifier design using planar MOSFET, width of the transistor is tuned to obtain 
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required gain and swing, while in VNW the equivalent width variation can be obtained by 

either increasing NW diameter, using multiple NW in parallel or by varying extension, 

overlap/underlap length. 

 

Figure 6.16  CS amplifier Vout, gain versus Vin for various RL. VNW device LG=15nm, S/Dext = 20nm. 

 

Figure 6.17 Impact of bias voltage on CS amplifier performance. VNW device LG=15nm, S/Dext = 20nm. 

 

To understand driver-gain behavior the number of nanowires in VNW are increased from 1 to 

16 as shown in Figure 6.18. In Figure 6.18 similar behavior is observed, when the nanowires in 
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VNW device are increased, it leads to increase in the gm (transconductance), resulting in 

increase in gain value at the cost of decrease in swing. 

 

Figure 6.18 Impact of multiple nanowires in VNW on CS amplifier performance. VNW device LG=15nm, 

S/Dext = 20nm. 

The impact of number of nanowires and the change in S/Dext on intrinsic gain (absolute) of 

device and gain of amplifier is shown in Table 6.2. In this study, the value of RL is chosen such 

that the gain peak is observed at 0.4V for intrinsic and single VNW device. For 2 NW and 4 

NW the gain peak is observed at 0.3 V and 0.25 V respectively. For the intrinsic case the gain 

is higher for longer S/Dext, i.e., lower gDS or large output conductance. But for a resistive loaded 

CS amplifier, gain is higher for smaller S/Dext. This is due to relatively higher increase in gm 

when compared to degradation in output conductance.  

Table 6.2 Performance of VNW device with increase in number of nanowires and change in S/Dext. 

 

An amplifier performance is incomplete without its frequency response analysis. Figure 6.19 

shows that the intrinsic gain is 47 dB for the given bias, which is 40% high when compared to 

gain value 34.12 dB obtained in FinFET devices (Figure 6.20). From these results the 3dB 

bandwidth is extracted to be 160 GHz and 157 GHz respectively for VNW and FinFET. Further 

CS amplifier for ‘n’ NWs

Gain

S/Dext Intrinsic (0.4V) 1nw (0.4V) 2nw (0.3V) 4nw (0.25V)

30nm 260 1.93 3.31 5.52

20nm  240 2.14 3.55 5.89

10nm 120 2.17 3.70 6.00
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it is observed that the fT (Gain=0 dB) of VNW device is 814 GHz (~ 66% higher) where as it is 

490 GHz for FinFET device. Due to higher gain, nearly equal 3dB bandwidth and higher fT 

shown by VNW device, we can conclude the suitability of VNWFET for high performance 

analog applications.  

 

Figure 6.19 Frequency response of intrinsic VNW device (LG=15nm, S/Dext=20nm, Dia=10nm) biased at VD= 

0.8V and VG = 0.4V. 

 

Figure 6.20 Frequency response of intrinsic FinFET device (LG=16nm, S/Dext=20nm, Wfin=10nm, 

Hfin=30nm) biased at VD= 0.8V and VG = 0.4V. 
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Finally, the impact of variability in gate position and resulting asymmetric S/Dext length as a 

tuning parameter in design CS amplifier is carried out. The resulting devices with different gate 

positions are shown in Figure 6.21.  

 

Figure 6.21 VNW devices with process variation impact on gate position. The device labeled 5nmB 

corresponds to device where gate position shifted towards bottom side by 5nm. 5nmT corresponds to device 

where gate position shifted towards top side by 5nm. 

 

 

Figure 6.22 Intrinsic gain of VNW device with variation in gate position. 
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For a ±25% change in gate position, the maximum change in intrinsic gain (20 log (gm/gds)) is -

7.25% as in Figure 6.22. This can be explained as follows, in 5nmT device the extension length 

towards the source side is longer, contributing to larger series source resistance. It results in 

large drop across source resistance, hence decrease in effective gate voltage across the channel. 

Due to this, there is decrease in gm of the device and hence the gain.  

In the case of a resistive loaded CS amplifier, for 5nmB there is increase in gain and for 5nmT 

there is decrease in gain as seen in Figure 6.23.  In 5nmB device there is increase in drain 

extension length or drain resistance, hence there is increase in output conductance and gain. In 

5nmT device there is increase in source extension length or source resistance, hence there is 

decrease in effective gate voltage across channel or gm and gain. It is observed that 3dB 

bandwidth is 316 GHz, 270 GHz, 402 GHz and fT is 450 GHz, 420 GHz, 560 GHz for 0nm, 

5nmB, 5nmT CS amplifiers respectively. Thus with 5nmT device with a marginal decrement in 

gain (4.1%), we can increase the 3dB bandwidth and fT by nearly 25%. Thus, extension length 

tuning can be used to design amplifier with required gain, bandwidth and fT.  

 

Figure 6.23 CS amplifier gain of VNW with variation in gate position. 

 

6.3 Summary 

Benchmarking of VNW CMOS inverter performance with respect to planar and FINFET 
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performance by devices with drain at top as compared to devices with drain at bottom. It is 

shown that the parasitic capacitance models developed in chapter 5 can be used to estimate the 

FO1 load of CMOS inverter and thus can be used to estimate delay of inverter using the 

effective current method. Further, we have shown that for analog applications, VNW device is 

much better than FinFET device in terms of gain, 3dB bandwidth and fT of intrinsic device.  

Finally, analysis of the impact of bias voltage, number of nanowires, S/Dext length and 

variability in gate position on CS amplifier using VNW device is presented. Further, it is 

observed that changing the position of gate results in change in gain, 3dB bandwidth and fT. 

Thus, it can be used as a tuning parameter to design amplifier with required gain, bandwidth 

and fT.  
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7 CHAPTER 

CONCLUSION & FUTURE SCOPE 

 

In this chapter, we consolidate the major conclusions of the work carried out on Vertical 

Nanowire FET as part of this thesis. Further, we present pointers for future work that can be 

undertaken in investigating VNWFET as the future device for technology nodes smaller than 

15 nm.  

 

7.1 Conclusion 

Vertical Nanowire MOSFETs are proven to be scalable to shortest possible dimensions due to 

its gate-all-around architecture and it has added advantage of occupying lowest silicon area and 

low power applications. In this thesis the VNWFET device and its analog/digital circuit 

performance are comprehensibly studied and the major results are concluded in this section.  

We start with implementation of VNWFETs using TCAD simulation setup which is well 

calibrated with reported experimental device characteristics. The setup consists of major 

physical effects observed in short channel devices like: quantization effects, high field effect 

and scattering effects on carrier mobility, contact resistance, gate tunneling, Joule heating effect 

and ballistic transport of carriers. We found that for 15 nm channel length NW devices, the 

ballistic transport observed through device monte-carlo simulations (considering 0.85 as the 

ratio between specular and diffusive scattering at SiO2 interface) can be replicated in device 

drift-diffusion simulations by changing the carrier saturation velocities of electron and hole as 

1.8×10
7
 cm/sec and 1.5×10

7
 cm/sec respectively. These values are part of calibration setup 

used in device and device-circuit studies done in this thesis. 

First, device scaling study of VNWFET is presented with respect to channel length (LG), 

source/drain extension length (S/Dext), gate-overlap or underlap length (LOV), gate dielectric 

thickness (TOX), and nanowire diameter (DNW) scaling. It is shown that VNWFET devices can 

be easily scaled to 15 nm or below LG with a thick dielectric when compared to planar 

MOSFET and has ION/IOFF > 1×10
4
, subthreshold slope-SS < 80 mV/dec and drain induced 

barrier lowering – DIBL < 50 mV/V, thus proves its immunity to short channel effects (SCE‘s). 
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For a device with LG=15 nm, it is shown that device drive current can be improved at a rate of 

0.27μA/nm reduction in S/Dext length, and the device continue to be immune to SCE‘s for 

S/Dext = 10nm (< LG).  Further, the impact of S/D asymmetry on device performance is 

investigated, it is demonstrated that SB (source as bottom electrode) device configuration has 

better performance when compared to ST (source as top electrode) device configuration. Next, 

the impact of LOV on device performance is studied. It is shown that overlap devices have 

higher ION, when compared to underlap devices (due to higher resistance in underlap region) 

and overlap devices have higher IOFF current but still it is around the acceptable value of 1nA. 

Thus length and choice of overlap/underlap can be tuned to obtain certain ION/IOFF 

performance. Further, the impact of TOX scaling on device performance is carried, and it is seen 

that ION increases and IOFF decreases. In further studies we choose TOX=2 nm as the gate 

dielectric thickness in order to have minimal tunneling and gate leakage current. Finally, the 

impact of nanowire diameter on device performance is studied, it is seen that with larger 

diameter the ION current increases linearly with penalty of increased SCE‘s. It is concluded that 

diameter can be used as a tuning parameter to match NMOS and PMOS device drive currents. 

The device characteristics are modeled using the n
th

 power law and found to match well with 

simulation results. The model parameters are useful in prediction of circuit performance. From 

the results of device studies we choose following device for rest of thesis study: LG = 15 nm, 

S/Dext=30 nm -10 nm. The other optimum device dimensions, which are obtained from the 

scaling study, are: LOV=2 nm, TOX=2 nm and DNW (NMOS/PMOS) = 10/15 nm.  

Nanowire devices are expected to suffer from parasitic resistances and capacitances due to 

small device dimensions. So, accurate models for these parasitic resistances and capacitances 

components are formulated for a VNWFET device (considering the cylindrical gate, gate vias 

and device asymmetry), which match well with simulation results. These modeled parasitics 

play an important role in determining the device/circuit performance, without actually doing 

the time consuming TCAD simulations.  It is seen that total parasitic capacitance is nearly 1.5 – 

2 times the gate capacitance, and the capacitance components totaling to gate-bottom 

capacitance CGB are the major contributors of parasitic capacitance. Thus, if the bottom 

electrode acts as drain in digital circuits, then CGB will account for miller capacitance, resulting 

in higher delays.  In the parasitic resistance modeling, the device structure is taken into account 

along with influence of voltage applied to gate terminal. It is seen that metal semiconductor 

contacts and extension regions contribute to 90% of the total series resistance. Further, it is 

noted that top series resistance (RT) is greater than bottom series resistance (RB), thus proving 

the ION trends of SB/ST device i.e., SB devices have higher drive current (due to lower source 
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(RB) resistance or higher gate over drive). These parasitic models can be incorporated into 

device I-V models and compact SPICE model for VNWFET can be developed. Finally, using 

these models we analyse and estimate circuit performance of VNWFET. 

In the final chapter detailed analysis of circuits employing VNWFET devices is done. First, 

digital performance of CMOS inverter is analysed through voltage transfer characteristics 

(VTC). It is found that the VTC has a sharper transition region as opposed to planar MOSFET, 

this is due to the full saturation characteristics of VNW device or low channel length 

modulation/minimum SCE. The observed gradual transition in VTC characteristics around the 

noise margin extraction points is attributed to the range over which one of the device (NMOS 

or PMOS) stays in linear region thus delaying onset of VTC transition. Finally, we show how 

S/Dext can be used as tuning parameter to design an inverter with required gain and noise 

margins. This is followed by, detailed analysis of VNWFET CMOS inverter dynamic 

characteristics and its comparison with planar and FinFET based inverters. It is seen that 

VNWFET devices have 65%(50%) lower delay, occupies 50%(45%) lower silicon area when 

compared to planar(FinFET) technologies. It is also shown that with change in inverter layout 

the inter device parasitic changes consequently leading to different delay values and L1 layout 

(Figure 6.8) has the least delay or best performance. Further, it is shown that ST devices have 

65% higher delay owing to lower drive current (or large RT acting as source resistance) and 

higher miller capacitance (or higher CGB acting as the CGD or miller component). The impact of 

S/Dext scaling on inverters (SB/ST) delay and power is shown, which highlights the importance 

of S/Dext as a design parameter in achieving required digital performance. Finally, the digital 

performance is concluded by delay prediction of inverter using the proposed parasitic models. 

The delay model predicts well the delay performance, and is found to match well with 

simulation results. Also, with the delay modeling the behavior for delay performance of SB/ST 

circuits with S/Dext scaling is explained.  

To complete the study, VNWFET analog performance is investigated for intrinsic device and 

single stage common source (CS) amplifier. The gain-load and driver-gain relationships are 

investigated for a VNWFET based CS amplifier. It is seen that very high values of load (> 38 

kOhm) is required to obtain gain greater that 1 and multiple nanowires in VNWFET can be 

used to increase the gain at cost of output swing. Through frequency response of intrinsic 

VNWFET and FinFET it is seen that VNWFET has higher gain, fT and slightly higher value of 

3dB bandwidth. This demonstrates the better performance of VNWFET not only in digital 

circuits, but also in analog circuits. Finally, the variation in gate position or asymmetric S/D 
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lengths is investigated as a tuning parameter in designing CS amplifier. It is seen that when 

source extension length is reduced, the series resistance decreases thus increasing the device 

transconductance with a marginal change in output conductance, thus resulting in higher gain 

and slightly lower 3dB bandwidth and fT.  

Hence, with the device scaling study, parasitic modeling, detailed digital and analog circuit 

performance we conclude that VNWFET is an attractive device for future technology nodes (≤ 

15 nm), overcoming limitations of planar/FinFET transistors.  

 

7.2 Future Scope 

In this section, we present future work that can be carried out based on this thesis.  

1. VNWFET based memory cells is of prime importance due to the fact that it can provide the 

highest circuit density for a given silicon area. Thus, detailed analysis of VNWFET based 6T 

SRAM cell need to be carried out. In the SRAM design S/D asymmetry can be used to our 

advantage by using ST devices as the low drive access transistors. Further, the diameter of 

PMOS can be kept equal to NMOS so that the pull-up strength is less than pull-down strength. 

With this approach there will be no need of width tuning or different dimension device to 

realize an SRAM cell. 

2. The parasitic capacitance and resistance models proposed for VNWFET can be used along 

with existing nanowire I-V and C-V models to develop a unified compact model of VNWFET, 

which can then be used in SPICE simulators. With this model, the standard cell library of 

VNWFET can be created consisting of inverter, ring oscillator, buffer, NAND, NOR, XOR, 

XNOR, mux and decoder etc.  

3. VNWFET devices and circuits can be fabricated following the guidelines presented in this 

thesis. The characterization of devices/circuits thus obtained can be compared with the 

simulation results and further analysis can be carried out.  

4. Further detailed analysis of VNWFET can be carried out with various analog circuits such as 

current mirrors, differential amplifiers and other analog circuit blocks.  
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5. Reliability study of VNWFET can be carried out with respect to radiation effects, hot carrier 

induced effects, negative/positive bias temperature instability and time to dielectric breakdown, 

which are of high importance. 

6. Further, studies of VNW based devices in applications such as solar cells, NW sensors can 

be undertaken.  
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APPENDIX A 

In this appendix we present structure code of a VNWFET device with typical dimensions used 

in Sentaurus structure editor: 

; L=45nm, Tox=2 nm, NwDia= 10nm, S/Dext=30nm 

(sdegeo:set-auto-region-naming OFF) 

;---old replaces new enabled 

(sdegeo:set-default-boolean "BAB") 

 

;***substrate region with STI  

(sdegeo:create-cuboid  

 (position 0 0 0)   

 (position 0.315 0.135 0.100 )  

 "Silicon" "Sub"  

) 

(sdegeo:create-cuboid  

 (position 0.015 0.015 0.100)   

 (position 0.195 0.120 0.300) 

 "Silicon" "SrcSub"  

) 

 

(sdegeo:bool-unite (list  

(car (find-body-id (position 0.1575 0.0675 0.05)))  

(car (find-body-id (position 0.1575 0.0675 0.2))))  

) 

 

;***nanowire regions 

(sdegeo:create-cylinder  

 ( position 0.1575 0.0675 0.3 )   

 ( position 0.1575 0.0675 0.332 ) 

        0.005 "Silicon" "Src"  

) 

(sdegeo:create-cylinder  

 ( position 0.1575 0.0675 0.332 )   

 ( position 0.1575 0.0675 0.373 ) 

        0.005 "Silicon" "Chn"  

) 

(sdegeo:create-cylinder  

 ( position 0.1575 0.0675 0.373 )   

 ( position 0.1575 0.0675 0.435 ) 
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        0.005 "Silicon" "Drn"  

)  

;***gate region 

(sdegeo:create-cylinder  

 ( position 0.1575 0.0675 0.33 )   

 ( position 0.1575 0.0675 0.375)  

        0.007 "SiO2" "Gaox"  

)  

 

(sdegeo:create-cylinder  

 ( position 0.1575 0.0675 0.33 )   

 ( position 0.1575 0.0675 0.375 ) 

        0.017) "Metal" "GaMet"  

)  

(sdegeo:create-cuboid  

 ( position 0.1305 0.0405 0.33 )   

 ( position 0.2925 0.0945 0.36 ) 

        "Metal" "GaMetext"  

)  

 

;****metal contacts  

(sdegeo:create-cuboid  

 ( position 0.225 0.045 0.36 )   

 ( position 0.27 0.09 0.445)  

 "Aluminum" "Gacon"  

)  

(sdegeo:create-cuboid  

 ( position 0.045 0.045 0.03)   

 ( position 0.09 0.090 0.445)  

 "Aluminum" "Srccon"  

) 

(sdegeo:create-cuboid  

 ( position 0.135 0.045 0.405)   

 ( position 0.18 0.09 0.445)  

 "Aluminum" "Drncon"  

) 

 

;***isolation oxide 

(sdegeo:create-cuboid  

 ( position 0 0 0.100)   

 ( position 0.315 0.135 0.300)  

 "SiO2" "Stiox"  

) 
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(sdegeo:create-cuboid  

 ( position 0 0 0.300)   

 ( position 0.315 0.135 0.404)  

 "SiO2" "Isolaox"  

) 

 

;***electrical contacts 

(sdegeo:define-contact-set "gate" 4  (color:rgb 1 0 0 ) "##" ) 

(sdegeo:define-contact-set "drain" 4  (color:rgb 1 0 0 ) "::" ) 

(sdegeo:define-contact-set "source" 4  (color:rgb 1 0 0 ) "[] []" ) 

 

(sdegeo:set-current-contact-set "drain") 

(sdegeo:define-3d-contact  

(list (car (find-face-id (position 0.1575 0.0675 0.445)))) "drain") 

 

(sdegeo:set-current-contact-set "source") 

(sdegeo:define-3d-contact  

(list (car (find-face-id (position 0.0675 0.0675 0.445)))) "source") 

 

(sdegeo:set-current-contact-set "gate") 

(sdegeo:define-3d-contact  

(list (car (find-face-id (position 0.2475 0.0675 0.445)))) "gate") 

 

;***reference windows 

(sdedr:define-refeval-window  

 "RefSrcSub" "Cuboid"  

 (position 0.015 0.015 0.250)   

 (position 0.195 0.120 0.300) 

) 

(sdedr:define-refeval-window  

 "RefSrcSub2" "Cuboid"  

 (position 0.015 0.015 0.225)   

 (position 0.195 0.120 0.300) 

) 

 

;********constant doping regions 

(sdedr:define-constant-profile "SubDoping" "BoronActiveConcentration" 

1e16) 

(sdedr:define-constant-profile-region "Sub" "SubDoping" "Sub") 

 

(sdedr:define-constant-profile "SrcSubDoping" "ArsenicActiveConcent-

ration" 1e20) 
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(sdedr:define-constant-profile-placement "SrcSub" "SrcSubDoping" 

"RefSrcSub") 

 

(sdedr:define-constant-profile "srcDoping" "ArsenicActiveConcent-

ration" 1e19) 

(sdedr:define-constant-profile-region "Src" "srcDoping" "Src") 

 

(sdedr:define-constant-profile "ChnDoping" "BoronActiveConcentration" 

1e16) 

(sdedr:define-constant-profile-region "Chn" "ChnDoping" "Chn") 

 

(sdedr:define-constant-profile "DrnDoping" "ArsenicActiveConcent-

ration" 1e19) 

(sdedr:define-constant-profile-region "Drn" "DrnDoping" "Drn") 

 

;*********meshing 

(sdedr:define-refinement-size "Sub" 0.03 0.03 0.03 0.03 0.03 0.03 ) 

(sdedr:define-refinement-region "Sub" "Sub" "Sub" ) 

(sdedr:define-refinement-function "Sub" "DopingConcentration" 

"MaxTransDiff" 1) 

 

(sdedr:define-refinement-size "Stiox" 0.02 0.02 0.02 0.02 0.02 0.02 ) 

(sdedr:define-refinement-region "Stiox" "Stiox" "Stiox" ) 

(sdedr:define-refinement-function "Stiox" "DopingConcentration" 

"MaxTransDiff" 1) 

 

(sdedr:define-refinement-size "Isoox" 0.01 0.01 0.01 0.01 0.01 0.01 ) 

(sdedr:define-refinement-region "Isolaox" "Isoox" "Isolaox" ) 

(sdedr:define-refinement-function "Isoox" "DopingConcentration" 

"MaxTransDiff" 1) 

 

(sdedr:define-refinement-size "DefSrcSub" 0.01 0.01 0.01 0.005 0.005 

0.005 ) 

(sdedr:define-refinement-placement "SrcSub" "DefSrcSub" "RefSrcSub2" 

) 

(sdedr:define-refinement-function "DefSrcSub" "DopingConcentration" 

"MaxTransDiff" 1) 

 

 

(sdedr:define-refinement-size "Src" 0.001 0.001 0.002 0.001 0.001 

0.002 ) 

(sdedr:define-refinement-region "Src" "Src" "Src" ) 
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(sdedr:define-refinement-function "Src" "DopingConcentration" 

"MaxTransDiff" 1) 

 

(sdedr:define-refinement-size "Chn" 0.001 0.001 0.002 0.001 0.001 

0.002 ) 

(sdedr:define-refinement-region "Chn" "Chn" "Chn" ) 

(sdedr:define-refinement-function "Chn" "DopingConcentration" 

"MaxTransDiff" 1) 

 

(sdedr:define-refinement-size "Drn" 0.001 0.001 0.002 0.001 0.001 

0.002 ) 

(sdedr:define-refinement-region "Drn" "Drn" "Drn" ) 

(sdedr:define-refinement-function "Drn" "DopingConcentration" 

"MaxTransDiff" 1) 

 

(sdedr:define-refinement-size "Gaox" 0.001 0.001 0.002 0.001 0.001 

0.002 ) 

(sdedr:define-refinement-region "Gaox" "Gaox" "Gaox" ) 

(sdedr:define-refinement-function "Gaox" "DopingConcentration" 

"MaxTransDiff" 1) 

 

(sdedr:define-refinement-size "AlCon" 0.005 0.005 0.005 0.005 0.005 

0.005 ) 

(sdedr:define-refinement-material "AlCon" "AlCon" "Aluminum" ) 

(sdedr:define-refinement-function "AlCon" "DopingConcentration" 

"MaxTransDiff" 1) 

  

(sdedr:define-refinement-size "GateMet" 0.005 0.005 0.005 0.005 0.005 

0.005 ) 

(sdedr:define-refinement-region "GateMet" "GateMet" "GaMet" ) 

 

(sdedr:define-refinement-function "GateMet" "DopingConcentration" 

"MaxTransDiff" 1) 

 

 

(sdedr:define-refinement-size "GateMetext" 0.005 0.005 0.005 0.005 

0.005 0.005 ) 

(sdedr:define-refinement-material "GateMetext" "GateMetext" 

"GaMetext" ) 

(sdedr:define-refinement-function "GateMetext" "DopingConcentration" 

"MaxTransDiff" 1) 

 

(sde:save-model "n45wf4pt4") 
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(sde:build-mesh "mesh" "-P -discontinuousData -d -F tdr " 

"n45wf4pt4") 

 

This creates a structure with following mesh properties: 

Vertices = 20132 

Edges = 134742 

Faces = 226865 

Elements = 112394 

This device will take around 4 hours to simulate one I-V curve when run on four threads. 

 

 

Figure A.1 3D device structure of a VNWFET with typical dimensions and coarse meshing. The isolation 

oxide is made translucent to see the nanowire and gate regions. 
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APPENDIX B 

Device physics and other related sections used in Sentaurus device simulations of VNWFET:  

B.1 Electrode terminals are initialized to 0 V. 

Electrode  

{ 

    { Name="source" Voltage=0.0 } 

    { Name="drain" Voltage= 0.0 } 

    { Name="gate"  Voltage= 0.0 } 

} 

 

B.2 Thermal electrodes are defined to account for joule heating effect. 

Thermode  

{ 

    { Name="source" Temperature=300 SurfaceResistance=1e-3} 

    { Name="drain" Temperature=300 SurfaceResistance=1e-3} 

    { Name="gate"  Temperature=300 SurfaceResistance=5e-5} 

} 

 

B.3 Physics section consists of band gap narrowing model, Fermi - carrier statistics, 

QCvanDort quantization, mobility is included by incorporating Philips unified mobility model 

–PhuMob along with high field saturation and enormal effects. The recombination section 

includes band2band tunneling and SRH. 

Physics 

{ 

  EffectiveIntrinsicDensity (BandGapNarrowing (OldSlotboom)) 

eQCvanDort 

hQCvanDort 

Fermi 

Mobility 

( 

        PhuMob 

        eHighFieldsaturation( GradQuasiFermi ) 

        hHighFieldsaturation( GradQuasiFermi ) 

        Enormal 

      ) 
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  Recombination 

( 

            Band2Band 

               SRH( DopingDep ) 

 ) 

} 

 
 

B.4 For the silicon and oxide interface gate tunneling is enabled for both FN and direct 

tunneling phenomenon. 

Physics(MaterialInterface="Silicon/Oxide")  

{ 

 GateCurrent( Fowler GateName="gate"  ) 

 GateCurrent( DirectTunneling ) 

} 

 

B.5 At the metal-silicon interface a distributed resistance of 1×10
-8

 Ω.cm
2
 is used to consider 

impact of contact resistance.  

Physics(MaterialInterface = "Aluminum/Silicon") 

{ 

DistResistance=1e-8 

} 

 

B.6 Following plot section lists the device internal properties which are saved along with 

device for given terminal voltages.  

Plot { 

    eDensity hDensity  

eCurrent hCurrent TotalCurrent ConductionCurrent 

DisplacementCurrent 

    eMobility hMobility  

    eVelocity hVelocity eDriftVelocity hDriftVelocity  

    eQuasiFermi hQuasiFermi  

    

   ElectricField/Vector  

    Potential BuiltinPotential SpaceCharge 

 

    Temperature eTemperature hTemperature 
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   SRHRecombination  

    Band2Band  

       

    eGradQuasiFermi/Vector hGradQuasiFermi/Vector 

   eEparallel hEparallel eEnormal hEnormal 

 

    ConductionBandEnergy ValenceBandEnergy  

    EffectiveBandGap EquilibriumPotential  

    IntrinsicDensity EffectiveIntrinsicDensity   

       

    DonorConcentration AcceptorConcentration Doping 

    eIonIntegral  hIonIntegral MeanIonIntegral  

    

    HotElectronInjection HotHoleInjection 

    FowlerNordheim  

    BarrierTunneling eBarrierTunneling hBarrierTunneling  

    eDirectTunnel hDirectTunnel 

   } 

 

B.7 The following math section highlights the multi thread flag setting to carry out simulations 

on multiple cores for simulation speed up. The number of newton iterations allowed is reset 

using iterations, precision is increased by considering digits=5 and wallclock is enabled to note 

down simulation time.  

Math  

{ 

   Iterations=40 

   NotDamped=100 

   Error(electron) = 1e10 

   Error(hole) = 1e10 

   Digits = 5 

     Number_of_Threads = 4 

   StackSize=990000000 

   wallclock 

 } 

 

B.8 Material model parameters. 

#Metal workfunction 
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Material = "Metal"  

{ 

   Bandgap 

  {  

 WorkFunction = 4.4 # [eV] 

 FermiEnergy = 11.7 # [eV] 

  } 

} 

# High field saturation model parameters of Silicon 

Material = "Silicon"  

{ 

HighFieldDependence: 

{  

  vsat0 = 1.400e+07 , 1.200e+07  

  vsatexp = 0.87 , 0.52  

} 

 

HighFieldDependence_aniso: 

{  

  vsat0 = 1.400e+07 , 1.200e+07  

  vsatexp = 0.87 , 0.52  

} 

VanDortQMModel 

{ 

eFit = 2.4e-8 

hFit = 1.8e-8 

eEcritQC = 1e5 

hEcritQC = 1e5 

dRef = 2.5e-6 

} 

PhuMob:  

{ * Philips Unified Mobility Model: 

  mumax_As   = 1.4170e+03 # [cm^2/Vs] 

  mumin_As   = 52.2 # [cm^2/Vs] 

  theta_As   = 2.285 #  

  n_ref_As   = 9.6800e+16 # [cm^(-3)] 

  alpha_As   = 0.68 #  

  mumax_B    = 4.7050e+02 # [cm^2/Vs] 

  mumin_B    = 44.9 # [cm^2/Vs] 

  theta_B    = 2.247 #  

  n_ref_B    = 2.2300e+17 # [cm^(-3)] 

  alpha_B    = 0.719 #  
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  nref_D     = 4.0000e+20 # [cm^(-3)] 

  nref_A     = 7.2000e+20 # [cm^(-3)] 

  cref_D     = 0.21 #  

  cref_A     = 0.5 # 

  me_over_m0 = 1 #  

  mh_over_m0 = 1.258 #  

} 

 

} 
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APPENDIX C 

In this appendix we present solve section of Sentaurus device simulation setup for different 

types of device simulations and system, solve section for circuit analysis simulations. 

C.1 Solve section for ID-VGS characteristics 

Solve { 

 

Coupled (Iterations=20) { Poisson } 

Coupled (Iterations=20) { Poisson Electron Hole Contact Circuit 

Temperature } 

 

Quasistationary  

( 

InitialStep=1e-3  Increment=1.35 

MaxStep=0.01 Minstep=1e-7 

Goal { name="drain" Voltage= 1.0} 

){  

Coupled { Poisson Electron Hole Contact Circuit Temperature } 

Save(FilePrefix="Vdrn_n45wf4pt4" Time=(0.05; 1) NoOverWrite)   

} 

 

Load(FilePrefix="Vdrn_n45wf4pt4_0000")        

NewCurrentPrefix="IdVg_Vd0pt05_"                

Quasistationary  

( 

InitialStep=1e-2  Increment=1.35  

MaxStep=10e-3 Minstep=1e-15 

Goal { name="gate" Voltage= 1.0 } 

) {  

Coupled { Poisson Electron Hole Contact Circuit Temperature }  

  } 

 

Load(FilePrefix="Vdrn_n45wf4pt4_0001")        

NewCurrentPrefix="IdVg_Vd1pt0_"                

Quasistationary  

( 

InitialStep=1e-2  Increment=1.35  

MaxStep=10e-3 Minstep=1e-15 

Goal { name="gate" Voltage= 1.0 } 

){  
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Coupled { Poisson Electron Hole Contact Circuit Temperature }  

 } 

} 

From the ID-VGS curves one can obtain ION, IOFF, transconductance, threshold voltage, 

subthreshold slope and drain induced barrier lowering. 

 

C.2 Solve section for ID-VDS characteristics 

Solve { 

Coupled (Iterations=20) { Poisson } 

Coupled (Iterations=20) { Poisson Electron Hole Contact Circuit 

Temperature } 

 

Quasistationary  

( 

InitialStep=1e-3  Increment=1.35 

MaxStep=0.01 Minstep=1e-7 

Goal { name="gate" Voltage= 1.0} 

){  

Coupled { Poisson Electron Hole Contact Circuit Temperature } 

Save(FilePrefix="Vga_n45wf4pt4" Time=(0.5; 1) NoOverWrite)   

} 

 

Load(FilePrefix="Vga_n45wf4pt4_0000")        

NewCurrentPrefix="IdVd_Vg0pt5_"                

Quasistationary  

( 

InitialStep=1e-2  Increment=1.35  

MaxStep=10e-3 Minstep=1e-15 

Goal { name="drain" Voltage= 1.0 } 

) {  

Coupled { Poisson Electron Hole Contact Circuit Temperature }  

  } 

 

Load(FilePrefix="Vga_n45wf4pt4_0001")        

NewCurrentPrefix="IdVd_Vg1pt0_"                

Quasistationary  

( 

InitialStep=1e-2  Increment=1.35  

MaxStep=10e-3 Minstep=1e-15 

Goal { name="drain" Voltage= 1.0 } 

){  

Coupled { Poisson Electron Hole Contact Circuit Temperature }  
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 } 

} 

From the ID-VDS curves one can obtain λCLM which is channel length modulation coefficient and 

output conductance. 

 

C.3 System and solve section for CMOS inverter VTC analysis. The system section defines the 

SPICE equivalent circuit netlist.  

System  

{ 

Vsource_pset vndd (vdd GND) { dc = 0.0 } 

Vsource_pset vnin (vin GND) { dc = 0.0 } 

 

PMOS p1 ("source"=vdd "drain"=vout "gate"=vin) 

NMOS n1 ("source"=GND "drain"=vout "gate"=vin) 

   Set (GND = 0) 

   Plot "stat1pt0_nodes.plt" (time() v(vout) v(vin)) 

 

} 

 

Solve  

{ 

  Coupled(Iterations=100){ Poisson } 

  Coupled(Iterations=100){ Poisson Electron Hole Contact Circuit 

Temperature }  

  Quasistationary 

  (  

     InitialStep=2e-3 Increment=1.35  

     MinStep=1e-10 MaxStep=0.01  

     Goal{ Parameter=vndd.dc Voltage= 1.0 }  

  ){ Coupled{ Poisson Electron Hole Contact Circuit Temperature }    

     Save(FilePrefix="Vdd_15nm" Time=(0.5;1) NoOverWrite)  

   } 

 

Load(FilePrefix="Vdd_15nm_0000") 

  NewCurrentFile="final0pt5" 

  Quasistationary 

  (  

     InitialStep=1e-3 Increment=1.35  

     MinStep=1e-10 MaxStep=10e-3  

     Goal{ Parameter=vnin.dc Voltage= 1.0 }  

  ){ Coupled{ Poisson Electron Hole Contact Circuit Temperature } 
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   } 

 

Load(FilePrefix="Vdd_15nm_0001") 

  NewCurrentFile="final1pt0" 

  Quasistationary 

(  

     InitialStep=1e-3 Increment=1.35  

     MinStep=1e-10 MaxStep=10e-3  

     Goal{ Parameter=vnin.dc Voltage= 1.0 }  

  ){ Coupled{ Poisson Electron Hole Contact Circuit  Temperature } 

   } 

} 

 

From VTC results once can obtain maximum gain and noise margins. 

 

C.4 System and Solve section for C-VGS characteristics. 

System  

{ 

  NMOS nmos1 (drain=d source=s gate=g) 

  Vsource_pset vd ( d 0 ){ dc = 0 } 

  Vsource_pset vs ( s 0 ){ dc = 0 } 

  Vsource_pset vg ( g 0 ){ dc = 0 } 

} 

Solve { 

 

Coupled (Iterations=100) { Poisson } 

Coupled (Iterations=100) { Poisson Electron Hole Contact Circuit 

temperature} 

 

Quasistationary  

( 

     InitialStep=0.01 Increment=1.3 

     MaxStep=0.1 Minstep=1.e-15   

     Goal { Parameter=vg.dc Voltage=-0.25} 

){ Coupled { Poisson Electron Hole Contact Circuit temperature } } 

     

NewCurrentFile="C_Vgs_" 

  Quasistationary  

( 

     InitialStep=0.001 Increment=1.3 

     MaxStep=0.008 Minstep=1.e-15  

     Goal { Parameter=vg.dc Voltage=1.25} 
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){  

# AC analysis to obtain CV characteritics 

ACCoupled ( 

       StartFrequency=1e5 EndFrequency=1e5 NumberOfPoints=1 Decade 

       Node(d s g) Exclude(vd vs vg)  

       ACCompute (Time = (Range = (0 1)  Intervals = 150)) 

     ){ Poisson Electron Hole Contact Circuit temperature } 

  } 

} 

To obtain C-VGS characteristics, from the result plot c(g,g), c(g,s) and c(g,d) versus gate 

voltage sweep. The capacitances at VGS=0V corresponds to parasitic capacitance. 

C.5 System and Solve section for C-VDS characteristics. 

System  

{ 

  NMOS nmos1 (drain=d source=s gate=g) 

  Vsource_pset vd ( d 0 ){ dc = 0 } 

  Vsource_pset vs ( s 0 ){ dc = 0 } 

  Vsource_pset vg ( g 0 ){ dc = 0 } 

} 

Solve { 

 

Coupled (Iterations=100) { Poisson } 

Coupled (Iterations=100) { Poisson Electron Hole Contact Circuit 

temperature} 

 

Quasistationary  

( 

     InitialStep=0.01 Increment=1.3 

     MaxStep=0.1 Minstep=1.e-15   

     Goal { Parameter=vd.dc Voltage=-0.25} 

){ Coupled { Poisson Electron Hole Contact Circuit temperature } } 

     

NewCurrentFile="C_Vds_" 

  Quasistationary  

( 

     InitialStep=0.001 Increment=1.3 

     MaxStep=0.008 Minstep=1.e-15  

     Goal { Parameter=vd.dc Voltage=1.25} 

){  

# AC analysis to obtain CV characteritics 
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ACCoupled ( 

       StartFrequency=1e5 EndFrequency=1e5 NumberOfPoints=1 Decade 

       Node(d s g) Exclude(vd vs vg)  

       ACCompute (Time = (Range = (0 1) ntervals = 150)) 

     ){ Poisson Electron Hole Contact Circuit temperature } 

  } 

} 

C.6 System and Solve section for frequency response of intrinsic device. 

System { 

  Vsource_pset vnvdd ( vdd 0 ){ dc = 0 } 

  Vsource_pset vnvin ( vin 0 ){ dc = 0 } 

  Vsource_pset vnvss ( GND 0 ){ dc = 0 } 

 

  NMOS n1 ("source"=GND "drain"=vdd "gate"=vin) 

  ACPlot ( freq() time() v(vin) v(vout)) 

} 

Solve { 

Coupled (Iterations=20) { Poisson } 

Coupled (Iterations=20) { Poisson Electron Hole Contact Circuit 

Temperature } 

 

Quasistationary  

( 

     InitialStep=1e-3  Increment=1.35 

     MaxStep=0.05 Minstep=1e-10 

     Goal { parameter=vnvdd.dc Voltage=0.8 } 

){ Coupled { Poisson Electron Hole Contact Circuit Temperature } } 

 

Quasistationary  

( 

InitialStep=10e-3  Increment=1.35  

      MaxStep=50e-3 Minstep=1e-10 

      Goal { Parameter=vnvin.dc Voltage= 0.4 } 

) { Coupled { Poisson Electron Hole Contact Circuit Temperature } } 

 

ACCoupled  

( 

    StartFrequency=1e0 EndFrequency=1e14 NumberOfPoints=135 decade 

    Node(vdd vin GND) Exclude(vnvdd vnvin vnvss)  

){ Poisson Electron Hole Contact Circuit Temperature} 

} 
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In the results file plot a(vdd,vin) which is gm of device and a(vdd,vdd) which is gds of device. 

From, these parameters device intrinsic gain is obtained as 20*log10(gm/gds). 

 

 

C.7 System and Solve section for frequency response of Common-source amplifier. 

System  

{ 

     Vsource_pset vnvdd  ( vdd GND) { dc= 0} 

     Vsource_pset vnvin (vin GND) {dc = 0} 

     Vsource_pset vnvss (vss GND) { dc = 0.0 } 

     Set (GND = 0) 

       

Resistor_pset p1 (vout vdd) { resistance = 94456} 

     NMOS n1 ("source"=vss "drain"=vout "gate"=vin) 

                

ACPlot ( freq() time() v(vin) v(vout)) 

} 

Solve { 

Coupled (Iterations=20) { Poisson } 

Coupled (Iterations=20) { Poisson Electron Hole Contact Circuit 

Temperature } 

 

#bias the supply to Vdd 

Quasistationary  

( 

      InitialStep=1e-3  Increment=1.35 

      MaxStep=0.05 Minstep=1e-10 

      Goal { parameter=vnvdd.dc Voltage=0.8 } 

) { Coupled { Poisson Electron Hole Contact Circuit Temperature } } 

 

#bias the input voltage             

Quasistationary  

( 

      InitialStep=50e-3  Increment=1.35  

      MaxStep=50e-3 Minstep=1e-10 

      Goal { Parameter=vnvin.dc Voltage= 0.4 } 

) { Coupled { Poisson Electron Hole Contact Circuit Temperature } } 

# Frequency analysis 

ACCoupled ( 

       StartFrequency=1e0 EndFrequency=1e14 NumberOfPoints=135 decade 

       Node(vin vss vout) Exclude(vnvin vnvss )  

       ){ Poisson Electron Hole Contact Circuit Temperature} 
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} 

 
 

C.8 System and Solve section for transient analysis of inverter followed by inverter circuit. 

System { 

        Vsource_pset vnvdd  ( vdd GND) {dc = 0.0} 

        Vsource_pset vnvin (vin GND) { 

  pulse = (0.0      # dc 

                  1.0      # amplitude 

                  1e-12    # td 

                  5e-12    # tr 

                  5e-12    # tf 

                  60e-12   # ton 

                 130e-12  )  

        } 

    

    Capacitor_pset co ( vout GND ){ capacitance = 60e-18 } 

        Set (GND = 0) 

 

        PMOS p1 ("source"=vdd "drain"=vx "gate"=vin) 

        NMOS n1 ("source"=GND "drain"=vx "gate"=vin) 

        PMOS p2 ("source"=vdd "drain"=vout "gate"=vx) 

        NMOS n2 ("source"=GND "drain"=vout "gate"=vx) 

                

Plot "nodes1pt0_tran.plt"(time() v(vdd) v(vout) v(vx) v(vin) 

i(p1,vdd) i(n1,GND) i(n1,vx) i(p1,vx) i(p1,vin) i(n1,vin) i(co,vout) 

i(vnvin, vin)) 

 

} 

 

Solve { 

  Coupled(Iterations=100){ Poisson } 

  Coupled(Iterations=100){ Poisson Electron Hole Contact Circuit 

temperature } 

Quasistationary 

(  

     InitialStep=0.002 Increment=1.35  

     MinStep=1e-10 MaxStep=0.01  

     Goal{ Parameter=vnvdd.dc Voltage= 1.0 }  

  ){ Coupled{ Poisson Electron Hole Contact Circuit temperature} 

  } 

NewCurrentFile="Tran1pt0_45nm_" 
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 Transient 

(  

      InitialTime=0 FinalTime=80e-12 

      InitialStep=2e-14 Increment=1.35  

      MinStep=1e-20 MaxStep=10e-14   

) { Coupled{ Poisson Electron Hole Contact Circuit temperature} 

} 

} 

In the results file plot vin, vout, vx versus time and extract the delays TpHL and TpLH.  


