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Abstract 

 

Advanced MOSFET Structures and Processes for Sub-7 nm CMOS Technologies 

 

by 

 

Peng Zheng 

 

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences 

 

University of California, Berkeley 

 

Professor Tsu-Jae King Liu, Chair 

 

 

The remarkable proliferation of information and communication technology (ICT) 

– which has had dramatic economic and social impact in our society – has been enabled 

by the steady advancement of integrated circuit (IC) technology following Moore’s Law, 

which states that the number of components (transistors) on an IC “chip” doubles every 

two years.  Increasing the number of transistors on a chip provides for lower 

manufacturing cost per component and improved system performance.  The virtuous 

cycle of IC technology advancement (higher transistor density  lower cost / better 

performance  semiconductor market growth  technology advancement  higher 

transistor density etc.) has been sustained for 50 years.  Semiconductor industry experts 

predict that the pace of increasing transistor density will slow down dramatically in the 

sub-20 nm (minimum half-pitch) regime.  Innovations in transistor design and fabrication 

processes are needed to address this issue. 

The FinFET structure has been widely adopted at the 14/16 nm generation of 

CMOS technology.  Gate-all-around (GAA) FETs are anticipated to be adopted in future 

generations, to enable ultimate gate-length scaling.  This work firstly benchmarks the 

performance of GAA MOSFETs against that of the FinFETs at 10 nm gate length 

(anticipated for 4/3 nm CMOS technology).  Variability in transistor performance due to 

systematic and random variations is estimated with the aid of technology computer–aided 

design (TCAD) three-dimensional (3-D) device simulations, for both device structures.  

The yield of six-transistor (6-T) SRAM cells implemented with these advanced MOSFET 

structures is then investigated via a calibrated physically based compact model.  The 

benefits of GAA MOSFET technology for lowering the minimum operating voltage (Vmin) 

and area of 6-T SRAM cells to facilitate increased transistor density following Moore’s 

Law are assessed. 

In order to achieve similar (or even better) layout area efficiency as a FinFET, a 

GAA FET must comprise stacked nanowires (NWs), which would add significant 

fabrication process complexity.  This is because stacked NWs are formed by epitaxial 

growth of relatively thick (>10 nm) Si1-xGex sacrificial layers between Si channel layers 

to accommodate gate-dielectric/gate-metal/gate-dielectric layers in-between the NWs, so 

that fin structures with very high aspect ratio (>10:1 height:width) must be etched prior to 

selective removal of the Si1-xGex layers.  Also, it will be more difficult to implement 
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multiple gate-oxide thicknesses with GAA FET technology for system-on-chip (SoC) 

applications.  In this work, a novel stacked MOSFET design, the inserted-oxide FinFET 

(iFinFET), is proposed to mitigate these issues.  With enhanced performance due to 

improved electrostatic integrity and minimal added process complexity, iFinFET 

provides a pathway for future CMOS technology scaling. 

Advancements in lithography have been key to sustaining Moore’s Law.  Due to 

the low transmittance of blank mask materials and/or the availability of high-intensity 

light sources for wavelengths shorter than 193 nm, the semiconductor industry has 

resorted to “multiple-patterning” techniques to increase the density of linear features 

patterned on a chip.  The additional cost due to extra lithography or deposition and etch 

processes associated with multiple-patterning techniques threaten to bring Moore’s Law 

to an end, stunting the growth of the entire ICT industry.  This work proposes an 

innovative cost-efficient patterning method via tilted ion implantation (TII) for achieving 

sub-lithographic features and/or doubling the density of features, one that is capable of 

achieving arbitrarily small feature size, self-aligned to pre-existing features on the surface. 

The proposed technique can be used to pattern IC layers in both front-end-of-line (FEOL) 

and low-temperature back-end-of-line (BEOL) processes. With feature size below 10 nm 

experimentally demonstrated, TII-enhanced patterning offers a cost-effective pathway to 

extend the era of Moore’s Law. 

The primary reason for increasing the number of components per IC, enabled by 

advancement of IC manufacturing technology, was (and still) is lower cost. Although 

different opinions are held throughout industry regarding the “cost-per-transistor” trend, 

reduction in IC manufacturing cost is the key challenge as technology advances to extend 

Moore’s Law. This work summarizes a survey regarding IC manufacturing cost 

throughout the semiconductor industry. Two case studies reveal that the iFinFET 

technology and TII double patterning technique have significant economic merit in future 

technology nodes, especially beyond the 7 nm technology node where the industry does 

not yet have clear solutions. The proposed technologies can enable the semiconductor 

industry to extend the era of Moore’s Law, with broad economic and social benefit to 

society. 
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Chapter 1  

Introduction  
 

 

1.1 Moore’s Law: A Historical Perspective 
 

The remarkable proliferation of information and communication technology (ICT) 

– which has had dramatic economic and social impact in our society – has been enabled 

by the steady advancement of integrated circuit (IC) technology following Moore’s Law 

[1.1-1.2]. In 1965, Dr. Gordon Moore observed and projected that the number of 

components (transistors) on an IC “chip” doubles every year (Fig. 1.1 (a)). In 1975, as 

the rate of growth began to slow down, Dr. Moore revised the forecast to doubling 

approximately every two years (Fig. 1.1 (b)).  

 

 
Fig. 1.1 (a) Moore’s 1965 paper forecasted yearly doubling of the number of components per function 

[1.1]. (b) Moore’s 1975 revision to doubling every two years [1.2]. 

 

Increasing the number of transistors on a chip provides for lower manufacturing 

cost per component (Fig. 1.2) and improved system performance.  The virtuous cycle of 

IC technology advancement (higher transistor density  lower cost / better performance 

 semiconductor market growth  technology advancement  higher transistor density 

etc.) has been sustained for 50 years (Fig. 1.3). 
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Fig. 1.2 (a) Moore’s 1965 statement regarding minimum manufacturing cost reduction with technology 

advancement over time [1.1]. (b) Intel’s cost-per-transistor observation and projection [1.3], Source: Intel 

Corp. 

 

 

 
Fig. 1.3 The number of transistors per chip area has continued to increase (adapted from [1.4]). 
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1.2 Advanced MOSFET Structures 
 

As Tri-gate MOSFETs (also known as FinFETs) already have been in high 

volume production since the 22 nm CMOS technology node [1.5-1.8], it is generally 

believed that multi-gate structures will be necessary to scale the MOSFET gate length 

down to 10 nm and below. 

 

Fig. 1.4 Tri-gate MOSFETs (also known as FinFETs) have been in high volume production since the 22 nm 

CMOS technology node (adapted from [1.9]). 

 

FinFETs require forming high aspect ratio Si stripes (narrow stripe width to 

maintain good electrostatic integrity and tall stripe height to achieve high current per unit 

layout area). To enable ultimate transistor gate length scaling, stacked gate-all-around 

(GAA) MOSFETs is anticipated to be adopted eventually in future CMOS technology 

generations [1.10-1.11].   

 

Fig. 1.5 Cross-sectional TEM images of stacked GAA MOSFETs [1.11]. 
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1.3 Advanced Patterning Technologies 
 

Advancements in lithography have been key to sustaining Moore’s Law.  As 

CMOS technologies advance, however, lithography continues to be challenged to define 

ever-shrinking feature sizes and density. Due to the low transmittance of blank mask 

materials and/or the availability of high-intensity light sources for wavelengths shorter 

than 193 nm [1.12], the semiconductor industry has resorted to “multiple-patterning” 

techniques to increase the density of linear features patterned on a chip [1.10]. Spacer 

lithography [1.13], also known as self-aligned double patterning (SADP) [1.14], has been 

the workhorse in high-volume manufacturing since the 22 nm technology node. Fig. 1.6 

illustrates this double-patterning technique. 

 

 
Fig. 1.6 Schematic cross-sections illustrating the self-aligned double patterning technique: (a) the IC layer 

to be patterned is coated with a sacrificial layer; (b) photoresist is coated onto the sacrificial layer; (c) 

photolithography is used to print features in the photoresist layer; (d) an etch process is used to remove 

regions of the sacrificial layer in regions not protected by the photoresist; (e) photoresist is selectively 

removed; (f) a relatively thin hard mask layer is conformally deposited; (g) an anisotropic etch process is 

used to form hard-mask “spacers” along the sidewalls of the sacrificial layer patterns (note that the width of 

these spacers is correlated with the thickness of the deposited hard mask layer, and can be much smaller 

than the lithographic resolution limit); (h) the sacrificial layer is selectively removed; (i) an etch process is 

used to remove regions of the IC layer not protected by the spacers; (j) the spacers are selectively removed. 
 

Another commonly used double-patterning technique is referred to as “double 

exposure, double etch” or “litho-etch-litho-etch (LELE)” and is illustrated in Fig. 1.7.  As 

implied by its name, it involves roughly twice the number of processes as the 

conventional process to pattern a single IC layer.   
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Fig. 1.7 Schematic cross-sections illustrating the “double exposure double etch” technique: (a) the IC layer 

to be patterned is coated with a hard mask layer; (b) a first layer of light-sensitive “photoresist” is coated 

onto the hard mask layer; (c) photolithography (light exposure through a mask, followed by immersion in a 

chemical developer solution to remove photoresist in regions exposed to light) is used to print features in 

the photoresist layer (note that these features usually are “trimmed” to become narrower than the 

lithographic resolution limit); (d) an etch process is used to remove regions of the hard mask layer in 

regions not protected by the etch-resistant photoresist; (e) photoresist is selectively removed;    (f) a second 

layer of photoresist is coated;(g) photolithography is used to print features in the photoresist layer – 

inevitably misaligned with the features defined by the 1st photoresist layer; (h) an etch process is used to 

remove regions of the IC layer not protected by either the hard mask or photoresist;      (i) hard mask and 

photoresist layers are selectively removed. 
 

Since extreme ultraviolet (EUV) lithography won’t be ready for the early stages 

of high-volume manufacturing (HVM) at the 7 nm technology node [1.15], the industry 

expects to use “self-aligned quadruple patterning (SAQP)” and/or “litho-etch-litho-etch-

litho-etch (LELELE)” multiple-patterning techniques based on 193 nm immersion 

lithography to  achieve the desired smaller feature sizes [1.10]. However, the additional 

cost due to extra lithography or deposition and etch processes (each of which involve 

multiple steps, e.g. anti-reflection coating, bake, pre-clean, etc.) associated with multiple-

patterning techniques threatens to increase cost-per-transistor and hence may bring 

Moore’s Law to an end, stunting the growth of the entire ICT industry. 

 

 

1.4 Research Objectives and Thesis Overview 
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Semiconductor industry experts predict that the pace of increasing transistor 

density will slow down dramatically in the sub-7 nm (minimum half-pitch) regime.  

Innovations in transistor design and fabrication processes are thus urgently needed to 

address this issue. This work aims to enable the semiconductor industry to extend the era 

of Moore’s Law, with broad economic and social benefit to society. 

In Chapter 2, the performance of GAA MOSFETs is benchmarked against that of 

optimized SOI FinFETs at 10 nm gate length (anticipated for 4/3 nm CMOS technology).  

Variability in transistor performance due to systematic and random variations is 

estimated with the aid of TCAD 3-D device simulations, for both device structures. The 

yield of 6-T SRAM cells implemented with these advanced MOSFET structures is then 

investigated via a calibrated physically based compact model.  GAA MOSFET 

technology is projected to provide for 0.1 V lower minimum cell operating voltage with 

reduced cell area. 

In order to achieve similar (or even better) layout area efficiency as a FinFET, a 

GAA FET must comprise stacked nanowires (NWs), which would add significant 

fabrication process complexity.  Also, it will be more difficult to implement multiple 

gate-oxide thicknesses with GAA FET technology for system-on-chip (SoC) applications.  

In Chapter 3, a novel stacked MOSFET design, the inserted-oxide FinFET (iFinFET), is 

proposed to mitigate these issues. The performance of iFinFET is benchmarked against 

that of the conventional bulk FinFET and stacked-nanowire gate-all-around (GAA) FET, 

via 3-D device simulations, for both n-channel and p-channel transistors. The results 

show that the iFinFET provides for improved electrostatic integrity relative to the FinFET, 

but with substantially less gate capacitance penalty relative to the GAA FET. Thus, 

iFinFET technology offers a technological pathway for continued transistor scaling with 

performance improvement, for future low-power system-on-chip applications. 

To mitigate the additional cost due to extra lithography or deposition and etch 

processes associated with multiple-patterning techniques, Chapter 4 proposes an 

innovative cost-efficient patterning method via tilted ion implantation (TII) for achieving 

sub-lithographic features and/or doubling the density of features, one that is capable of 

achieving arbitrarily small feature size, self-aligned to pre-existing features on the surface. 

The patterning resolution limit of TII is investigated via experiments as well as rigorous 

Monte Carlo process simulations. With feature size below 10 nm experimentally 

demonstrated and lower line-edge roughness than that of pre-existing masking features 

on the surface of a substrate, TII-enhanced patterning offers a cost-effective pathway to 

extend IC technology advancement beyond the 7 nm technology node (sub-40 nm pitch).. 

In Chapter 5, a survey regarding IC manufacturing cost throughout the 

semiconductor industry is conducted. Publicly available data and perspectives are 

collected from representatives of integrated device manufacturers (IDM), foundries, 

fabless companies, and industry observers. Then two case studies of wafer processing 

cost are presented: one for FinFET vs. iFinFET vs. stacked-NW GAA MOSFET, and the 

other for SADP vs. TII double patterning. The results show that the iFinFET technology 

and TII double patterning technique have significant economic merit. 

In Chapter 6, the contributions of this dissertation are summarized and 

suggestons for future work are offered. 

 

 



7 

1.5 References 
 

[1.1] G. E. Moore, “Cramming more components onto integrated circuits”, Electronics, 

volume 38, number 8, April 19, 1965, pp.114-117. 

[1.2] G. E. Moore, “Progress in Digital Integrated Electronics”, Technical Digest 1975. 

International Electron Devices Meeting, IEEE, 1975, pp. 11-13. 

[1.3] W. M. Holt,  “Moore’s Law: A Path Forward”, 2016 International Solid State 

Circuits Conference, paper 1.1. 

[1.4] K. Kim, “Silicon Technologies and Solutions for The Data-Driven World”, 2015 

International Solid State Circuits Conference, paper 1.1. 

[1.5] C. Auth, C. Allen, A Blattner, D. Bergstrom, M. Brazier, M. Bost, M. Buehler, V. 

Chikarmane, T. Ghani, T. Glassman, R. Grover, W. Han, D. Hanken, M. Hattendorf, 

P. Hentges, R. Heussner, J. Hicks, D. Ingerly, P. Jain, S. Jaloviar, R. James, D. Jones, 

J. Jopling, S. Joshi, C. Kenyon, H. Liu, R. McFadden, B. McIntyre, J. Neirynck, C. 

Parker, L. Pipes, I. Post, S. Pradhan, M. Prince, S. Ramey, T. Reynolds, J. Roesler, J. 

Sandford, J. Seiple, P. Smith, C. Thomas, D. Towner, T. Troeger, C. Weber, P. 

Yashar, K. Zawadzki, and K. Mistry, “A 22nm high performance and low-power 

CMOS technology featuring fully-depleted tri-gate transistors, self-aligned contacts 

and high density MIM capacitors,” VLSI Technol. (VLSIT), 2012 Symp., pp. 131–132, 

2012. 

[1.6] S. Natarajan, M. Agostinelli, S. Akbar, M. Bost, A. Bowonder, V. Chikarmane, S. 

Chouksey, A. Dasgupta, K. Fischer, Q. Fu, T. Ghani, M. Giles, S. Govindaraju, R. 

Grover, W. Han, D. Hanken, E. Haralson, M. Haran, M. Heckscher, R. Heussner, P. 

Jain, R. James, R. Jhaveri, I. Jin, H. Kam, E. Karl, C. Kenyon, M. Liu, Y. Luo, R. 

Mehandru, S. Morarka, L. Neiberg, P. Packan, A. Paliwal, C. Parker, P. Patel, R. 

Patel, C. Pelto, L. Pipes, P. Plekhanov, M. Prince, S. Rajamani, J. Sandford, B. Sell, 

S. Sivakumar, P. Smith, B. Song, K. Tone, T. Troeger, J. Wiedemer, M. Yang, and K. 

Zhang, “A 14 nm logic technology featuring 2
nd

-generation FinFET, airgapped 

interconnects, self-aligned double patterning and a 0.0588 µm
2
 SRAM cell size,” in 

IEDM Tech. Dig., Dec. 2014, pp. 71-73.  
[1.7] C. Lin, B. Greene, S. Narasimha, J. Cai, A. Bryant, C. Radens, V. Narayanan, B. 

Linder, H. Ho, A. Aiyar, E. Alptekin, J. An, M. Aquilino, and R. Bao, V. Basker, N. 

Breil, M. Brodsky, W. Chang, L. Clevenger, D. Chidambarrao, C. Christiansen, D. 

Conklin, C. DeWan, H. Dong, L. Economikos, B. Engel, S. Fang, D. Ferrer, A. 

Friedman, A. Gabor, F. Guarin, X. Guan, M. Hasanuzzaman, J. Hong, D. Hoyos, B. 

Jagannathan, S. Jain, S-J. Jeng, J. Johnson, B. Kannan, Y. Ke, B. Khan, B. Kim, S. 

Koswatta, A. Kumar, T. Kwon, U. Kwon, L. Lanzerotti, H-K Lee, W-H. Lee, A. 

Levesque, W. Li, Z. Li, W. Liu, S. Mahajan, K. McStay, H. Nayfeh, W. Nicoll, G. 

Northrop, A. Ogino, C. Pei, S. Polvino, R. Ramachandran, Z. Ren, R. Robison, I. 

Saraf, V. Sardesai, S. Saudari, D. Schepis, C. Sheraw, S. Siddiqui, L. Song, K. Stein, 

C. Tran, H. Utomo, R. Vega, G. Wang, H. Wang, W. Wang, X. Wang, D. Wehelle-

Gamage, E. Woodard, Y. Xu, Y. Yang, N. Zhan, K. Zhao, C. Zhu, K. Boyd, E. 

Engbrecht, K. Henson, E. Kaste, S. Krishnan, E. Maciejewski, H. Shang, N. 

Zamdmer, R. Divakaruni, J. Rice, S. Stiffler, P. Agnello, “High Performance 14nm 

SOI FinFET CMOS Technology with 0.0174μm
2
 embedded DRAM and 15 Levels 

of Cu Metallization,” in IEDM Tech. Dig, 2014, pp. 74–76. 



8 

[1.8] S. Wu, C. Y. Lin, M. C. Chiang, J. J. Liaw, J. Y. Cheng, S. H. Yang, S. Z. Chang, 

M. Liang, T. Miyashita, C. H. Tsai, and C. H. Chang, V.S. Chang, Y.K. Wu, J.H. 

Chen, H.F. Chen, S.Y. Chang, K.H. Pan, R.F. Tsui, C.H. Yao, K.C. Ting, T. 

Yamamoto, H.T. Huang, T.L. Lee, C.H. Lee, W. Chang, H.M. Lee, C.C. Chen, T. 

Chang, R. Chen, Y.H. Chiu, M.H. Tsai, S. M. Jang, K.S. Chen, Y. Ku, “An 

Enhanced 16nm CMOS Technology Featuring 2
nd

 Generation FinFET Transistors 

and Advanced Cu/ low-k Interconnect for Low Power and High Performance 

Applications,” in IEDM Tech. Dig, 2014, pp. 48–51. 

[1.9] K. Mistry, “Tri-Gate Transistors: Enabling Moore’s Law at 22nm and Beyond”, 

SEMICON West, July 2014. 

[1.10] “International Technology Roadmap for Semiconductors (ITRS), 2013.” [Online]. 

Available: http://public.itrs.net/. 

[1.11] C. Dupré, A. Hubert, S. Becu, M. Jublot, V. Maffini-Alvaro, C. Vizioz, F. 

Aussenac, C. Arvet, S. Barnola, J.-M. Hartmann, G. Garnier, F. Allain, J.-P. Colonna, 

M. Rivoire, L. Baud, S. Pauliac, V. Loup, T. Chevolleau, P. Rivallin, B. Guillaumot, 

G. Ghibaudo, O. Faynot, T. Ernst, and S. Deleonibus, “15nm-diameter 3D Stacked 

Nanowires with Independent Gates Operation: ΦFET,” in IEDM Tech. Dig, 2008, pp. 

1 – 4. 

[1.12] C. Wagner and N. Harned, “EUV Lithography: Lithography Gets Extreme,” 

Nature Photonics 2010, 4, pp. 24-26. 

[1.13] Y.-K., Choi, T.-J., King, C. Hu, “A Spacer Patterning Technology for Nanoscale 

CMOS”, IEEE Trans. Electron Devices 2002, 49(3), pp. 436-441. 

[1.14] C. Bencher, Y. Chen, H. Dai, W. Montgomery, L. Huli, “22nm Half-Pitch 

Patterning by CVD Spacer Self Alignment Double Patterning (SADP)”. Proc. SPIE 

6924, Optical Microlithography XXI 2008, 6924, 69244E1-69244E7. 

[1.15] B. Turkot, S. Carson, A. Lio, T. Liang, M. Phillips, B.  McCool, E. Stenehjem,  T. 

Crimmins, G. Zhang, G. Sivakumar, “EUV Progress Toward HVM Readiness”, Proc. 

SPIE 9776, Extreme Ultraviolet (EUV) Lithography VII 2016, 9776, 977602-01-

977602-09. 

 

  



9 

Chapter 2  

10 nm Lg Multi-Gate MOSFET 

Technologies 
 

 

2.1 Introduction 
 

As Tri-gate MOSFETs (also known as FinFETs [2.1]) already have been adopted 

at the 22 nm CMOS technology node [2.2], it is generally accepted that multi-gate 

structures will be necessary to scale the MOSFET gate length down to 10 nm and below.  

In this regime, the GAA MOSFET design can achieve superior electrostatic integrity 

[2.3].  It is well known that process-induced variation in transistor performance is one of 

the significant challenges to further transistor miniaturization [2.4].  This chapter 

compares the performance and variability of a GAA MOSFET against that of an ideal 

silicon-on-insulator (SOI) FinFET design at 10 nm gate length (Lg), accounting for 

systematic and random variations.  The benefits of GAA MOSFET technology for 

lowering the minimum operating voltage (Vmin) and area of a six-transistor (6-T) SRAM 

cell to facilitate increased transistor density following Moore’s Law are assessed. 

 

2.2 GAA and SOI FinFET Design Optimization 
 

2.2.1 Nominal MOSFET Design 

 
Fig.2.1 schematically illustrates the SOI FinFET and GAA MOSFET structures 

which were studied via technology computer-aided design (TCAD) three-dimensional (3-

D) device simulation [2.5] in this work. The gate length (Lg) is 10 nm, and equivalent 

oxide thickness (EOT) is 0.62 nm, based on ITRS specifications for the 4/3 nm 

technology node [2.6]. Raised-source/drain regions are assumed to be formed by 

selective epitaxial growth in-situ doped Si (2×10
20

 cm
-3

) [2.7]; the source/drain 

extensions have a Gaussian lateral (1-D) doping profile with peak concentration at the 

edge of the raised-source/drain regions. Ohmic contacts (4×10
-9

 Ω-cm
2
) are made to the 

top surfaces of the raised-source/drain regions. The gate pitch is fixed at 30 nm.  The 

nominal supply voltage VDD is 0.68 V. 

The concept of an electrostatic scale length (λ) was proposed for both tri-gate 

[2.8-2.9] and GAA [2.10-2.11] MOSFETs. To make a fair comparison, the scale length is 

selected to be the same (λ = 3.3 nm) for both FinFETs and GAA MOSFETs in this work. 

A previous study showed that a wide and short channel design is advantageous for the 

GAA MOSFET [2.12]. For SOI FinFETs, the fin aspect ratio (Hsi/Wsi) is selected to be 

~2.5 [2.13]. Fig. 2.2(a) delineates the channel dimensions required to achieve λ = 3.3 nm 
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scale length for FinFETs and GAA MOSFETs. Channel region cross-sections and 

dimensions of nominal FinFET and GAA MOSFET are shown in Fig. 2.2(b).  

Device simulations are performed with Sentaurus using drift-diffusion transport, a 

density gradient model for quantum confinement, bandgap narrowing effect, and Philips 

and high-field degradation models for mobility [2.5]. Since strain-induced mobility 

enhancements diminish with Lg, they are not included. Simulated device performance 

parameters are summarized in Table 2.1. Transistor threshold voltage VT is defined as the 

voltage where drain current ID is 100 nA × Weff/Lg. Transistor ON-state current ION is 

defined as drain current ID, for gate voltage VG = VDD and drain voltage VD = VDD. 

Transistor OFF-state current IOFF is defined as drain current ID, for gate voltage VG = 0 V 

and drain voltage VD = VDD. Drain-induced barrier lowering (DIBL) and sub-threshold 

swing (SS) are also included. 
 

 

Fig. 2.1 Schematic views of the SOI-FinFET (left) and GAA-MOSFET (right) structures investigated in 

this work. 

 

 

Fig. 2.2 (a) Channel region dimensions required to achieve 3.3 nm scale length for FinFETs (red) and GAA 

MOSFETs (blue). Stars indicate the dimensions used in this work. (b) Channel region cross-sections of the 

SOI-FinFET (left, WSi=6.5 nm, HSi=16 nm) & GAA (right, WSi=16 nm, HSi=7.5 nm) MOSFET. 
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Table 2.1 DEVICE PERFORMANCE COMPARISON 

 

 

SOI FINFET GAA MOSFET 

NMOS PMOS NMOS PMOS 

VT (V) 0.17 -0.18 0.17 -0.18 

IOFF (nA) 3.8 -3.8 4.7 -4.7 

ION (µA) 22.4 -15.8 28.3 -19.2 

SS (mV/dec) 83.4 86.7 84.3 87.8 

DIBL (mV/V) 73.0 73.0 69.8 71.4 

 

2.2.2 Compact Model Calibration 

 
A physically based analytical model [2.14] is calibrated to the simulated I-V 

characteristics for both the linear and saturation regions of operation, and to predict 6-T 

SRAM cell performance and to estimate cell yield [2.15]. Fig. 2.3 shows that this 

calibrated transistor I-V model well matches the TCAD simulations for both FinFETs and 

GAA MOSFETs. 

 

 
Fig. 2.3 Comparison of the calibrated analytical transistor I-V model against 3-D TCAD simulations for 

FinFETs (left) and GAA MOSFETs (right). A good match is seen between the compact model and 3-D 

TCAD device simulations. 
 

2.3 Impact of Process-Induced Variations  
 

2.3.1 Impact of Systematic Variations 

 
Fig. 2.4 shows Lg dependence of threshold voltage (VT, defined as the voltage, 

where drain current ID is 100 nA × Weff/Lg) and off current (IOFF, defined as drain current 

ID, for gate voltage VG = 0 V and drain voltage VD = VDD). The short channel effect is 

seen to be accurately captured by the compact model for both FinFETs and GAA 

MOSFETs. 
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For multi-gate MOSFETs, VT is dependent on the channel width WSi since the 

side gates influence the channel potential. Since the FinFET relies on a narrow fin (small 

WSi) to suppress off-state leakage current, it is more sensitive to WSi variations than the 

GAA MOSFET, which has a short and wide channel design in this work. Fig. 2.5 shows 

VT and IOFF sensitivity to WSi. Quantum confinement effects are seen in both FinFETs 

and GAA MOSFETs, especially pronounced when WSi is below 10 nm.  Again, a good 

match is seen between the compact model and the 3-D TCAD device simulations. 

 

 
Fig. 2.4 (a) VT roll-off characteristics for SOI-FinFETs (left) and GAA MOSFETs (right). (b) IOFF 

sensitivity to Lg variation for SOI-FinFETs (left) and GAA MOSFETs (right).  
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Fig. 2.5 (a) Impact of variations in fin/stripe width for VT of SOI-FinFETs (left) and GAA MOSFETs 

(right). (b) IOFF sensitivity to WSi variation for SOI-FinFETs (left) and GAA MOSFETs (right). 

2.3.2 Impact of Random Variations 
 

In recent years, the importance of suppressing random performance variations has 

increased because they ultimately limit the extent to which the supply voltage (hence 

power consumption) can be reduced.  The minimum operating voltage (Vmin) for memory 

elements such as SRAM cells is set by manufacturing yield requirements [2.4]. Among 

all random variation sources, gate line-edge-roughness (LER) [2.16-2.17], random dopant 

fluctuation (RDF) [2.18-2.20] and metal gate work function variation (WFV) [2.21-2.25] 

usually have the greatest impact. Therefore, these sources of variation are investigated 

herein for both FinFETs and GAA MOSFETs. 

To study the impact of gate line-edge-roughness (G-LER), 3-D device simulations 

with 1 nm (root mean square value) roughness and 10 nm correlation length (following 

ITRS specifications for lithography [2.6]) are performed for 250 devices, following the 

methodology described in [2.16]. The G-LER induced VT variation (σVT) is shown in Fig. 

2.6(a) for FinFETs and GAA MOSFETs. 

The impedance field method (IFM) [2.5], [2.20] is used to assess the impact of 

RDF for 5000 devices of each design.  The results shown in Fig. 2.6(b) show that RDF-

induced variation is relatively small.  This is because the channel regions of the FinFET 

and GAA MOSFET devices have low nominal dopant concentration (1×10
15 

cm
-3

) in this 

study.   
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Previous studies have shown theoretically [2.21-2.24] and experimentally [2.25] 

that WFV will be the dominant source of random variation in nanometer-scale devices, 

especially with undoped channel regions as for the devices in this study. In this work, the 

gate material is assumed to be TiN. The work function value and probability of 

occurrence for each grain orientation is summarized in [2.24]. The impedance field 

method (IFM) [2.5], [2.26] is used again to assess WFV induced variations (Fig. 6(c)) for 

5000 devices of each design. 

 

Fig. 2.6 Simulated transfer characteristics in the saturation region of operation showing the impact of 

random variability sources (a) G-LER, (b) RDF, (c) WFV for n-channel SOI-FinFET (left) and GAA-

MOSFET (right). The black line represents the I-V characteristic for the nominal design. The red lines 

represent the first 200 simulated variation cases. 
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Table 2.2 shows in detail the standard deviations of VT (in the saturation region of 

operation), ION and log (IOFF) due to each random variation source for each device 

structure (SOI-FinFET and GAA-MOSFET) and both transistor types (NMOS and 

PMOS). 

Table 2.2 RANDOM VARIATION SOURCE COMPARISON 

 

 

2.4 6-T SRAM Cell Performance and Yield  
 

A 6-T SRAM cell comprises 2 pull-up (MPU), 2 pull-down (MPD) and 2 

access/pass-gate (MPG) transistors, as shown in Fig. 2.7. In this work, the read static noise 

margin (SNM) and write-ability current (Iw) of 6-T SRAM cells implemented with 10 nm 

Lg FinFETs and GAA MOSFETs are investigated using TCAD mixed-mode simulations 

[2.5], and also using the aforementioned calibrated compact model [2.14]. 

 

Fig. 2.7 Circuit diagram of a 6-T SRAM cell 
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2.4.1 FinFET 6-T SRAM Cell Design 

 
Local adjustments in channel width (fin height) to separately tune the drive 

currents of individual transistors within a 6-T SRAM cell are not as straightforward to 

implement in FinFET technology vs. a (quasi) planar MOSFET technology.  Neither is 

FinFET VT adjustment via doping an attractive option, because it requires a dopant 

concentration much greater than 10
18

 cm
-3

 (as shown in Fig. 2.8) which would result in 

large RDF and degraded performance due to lower carrier effective mobilities. VT 

adjustment via gate work function tuning would require different gate materials and 

hence increased process complexity.  In this work, the beta ratio of FinFET-based 6-T 

SRAM cells is practically tuned as is done in [2.27], by adjusting the number of fins in 

the pull-down (PD) devices. 

 
Fig. 2.8 Doping dependence of threshold voltage and saturation current for an n-channel SOI-FinFET. 

 

Fig. 2.9 (a) shows how the static noise margin (SNM) and write-ability current 

(Iw) change with the number of fins in the PD devices.  The values of SNM and Iw are 

summarized in Table 2.3. The 2-fin PD device design provides for a better trade-off 

between read stability and write-ability, hence for lower voltage operation. 
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Fig. 2.9 Butterfly plots (left) and write-N curves (right) for 6-T SRAM cells implemented with SOI 

FinFETs (a) or GAA MOSFETs (b). Good agreement in SNM and IW between TCAD (mixed-mode) 

simulations and the compact model is seen. 

 

TABLE 2.3 SUMMARY COMPARISON OF 6-T SRAM CELL DESIGNS  

WITH FINFETS AND GAA MOSFETS 

 

 FinFET SRAM GAA SRAM 

1 PD 2 PD WPD=20nm 

SNM (mV) 101.8 142.3 140.9 

IW (µA) 15.5 12.4 11.8 

 

2.4.2 GAA MOSFET 6-T SRAM Cell Design 

 
The width of a GAA MOSFET can be adjusted to tune its drive current, if a short 

and wide channel design is employed [2.12], [2.28].  In this work, the width of the PD 

devices in the GAA-MOSFET-based 6-T SRAM cell is adjusted to achieve a good trade-

off between read stability and write-ability.  The resultant butterfly plot (for SNM) and 

“write-N” curve (for Iw) are shown in Fig. 2.9 (b). 
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2.4.3 6-T SRAM Cell Area Comparison 

 
The 6-T SRAM cell layouts described in [2.29], [2.30] are scaled herein to be 

appropriately sized for 10 nm gate length devices [2.6]. Fig. 2.10 compares the half-cell 

layouts for (2-fin PD) FinFET and GAA-MOSFET-based 6-T SRAM. Due to fin pitch 

(30 nm) limitations, the FinFET-based cell occupies ~20% more area. 

 
 

Fig. 2.10. Half-cell layouts for 6-T SRAM implemented with FinFETs (left) or GAA MOSFETs (right). 
 

2.4.4 6-T SRAM Cell Yield Comparison 

 
To estimate 6-T SRAM cell read and write yield, the compact model is employed to 

calculate the cell sigma, defined as the minimum number of standard deviations (for any 

combination of variation sources) that can result in a read failure or a write failure, 

accounting for process-induced variations in device width and gate length (assuming 

Gaussian distributions with 3σ = 10% of nominal value) as well as random variations in 

VT due to G-LER, RDF and WFV. Vmin, defined as the lowest value of VDD that meets 

the six-sigma yield requirement for both read and write operations in large capacity 

SRAM, is found to be 0.52 V for GAA-MOSFET-based SRAM and 0.6 V for FinFET-

based SRAM (Fig. 2.11). Further optimization of the trade-off between read and write 

yield (by changing the PD device width to 16 nm) can reduce Vmin to ~0.51 V for the 

GAA-MOSFET-based SRAM cell by better balanced read and write yields. 
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Fig. 2.11 Read yield (squares) and write yield (triangles) of 6-T SRAM cells implemented with FinFETs 

(blue) or GAA MOSFETs (red, green) vs. cell operating voltage. 

 

2.5 Summary 
 

A variation-aware comparison between GAA-MOSFET and SOI-FinFET 

technologies at 10 nm Lg reveals that GAA-MOSFETs should provide for ~0.1 V 

reduction in 6-T SRAM cell operating voltage, with ~20% reduction in cell area.  
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Chapter 3  

Inserted-Oxide FinFET (iFinFET) 
 

 

3.1 Introduction 
 

The FinFET multi-gate transistor structure is widely used in the most advanced 

(16/14 nm generation) complementary metal-oxide-semiconductor (CMOS) technologies 

today [3.1-3.3]. The gate-all-around (GAA) field-effect transistor (FET) is anticipated to 

be adopted in future generations to enable ultimate gate-length scaling due to its superior 

electrostatic integrity [3.4].  However, to achieve comparable (or even better) layout area 

efficiency as a FinFET, a GAA FET must comprise multiple stacked nanowires (NWs) 

[3.5], with significant added fabrication process complexity.  This is because stacked 

NWs are formed by epitaxial growth of relatively thick (>10 nm) Si1-xGex sacrificial 

layers between Si channel layers to accommodate gate-dielectric/gate-metal/gate-

dielectric layers in-between the NWs, so that fin structures with very high aspect ratio 

must be etched prior to selective removal of the sacrificial Si1-xGex layers. Also, it will be 

more difficult to implement multiple gate-oxide thicknesses as needed for system-on-chip 

(SoC) applications, in GAA FET technology.  This chapter proposes an evolutionary 

multi-gate transistor design, the inserted-oxide FinFET (iFinFET) [3.6-3.8], to 

circumvent these challenges by providing for improved gate control without any added 

fabrication process complexity. The performance characteristics of the iFinFET are 

benchmarked against the FinFET and also the stacked-NW GAA FET, for both n-channel 

(NMOS) and p-channel (PMOS) transistors, via technology computer-aided design 

(TCAD) 3-D device simulations using Sentaurus Device [3.9]. The results show that the 

iFinFET provides for improved electrostatic integrity relative to the FinFET, but with 

substantially less gate capacitance penalty relative to the GAA FET. Thus, iFinFET 

technology offers a technological pathway for continued transistor scaling with 

performance improvement, for future low-power SoC applications. The effects of 

process-induced variations on iFinFET performance also are investigated. 

 

3.2 iFinFET Structure and Fabrication  
 

Fig. 3.1 shows the cross-sections across the channel region for a conventional 

bulk FinFET, an iFinFET and a stacked-NW GAA FET. The effective channel width 

(Weff, defined as the Si outer perimeter above the shallow trench isolation oxide) is the 

same for all three devices.  The iFinFET can be fabricated using a process (Fig. 3.2) 

identical to that for a conventional bulk FinFET but starting with a multi-SOI (silicon-on-

insulator on silicon-on-insulator) substrate.  Since SiO2 is usually etched during the 

standard cleaning processes prior to gate-stack formation, the inserted-oxide layers would 

be slightly recessed (e.g. by 2 nm as illustrated in Fig. 3.1) in practice, so that the high-
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permittivity (high-k) gate dielectric layer, formed by atomic layer deposition, would 

penetrate in-between the Si channels as shown in Fig. 3.1.  The inserted dielectric layers 

in the iFinFET allow fringing electric fields to provide for improved gate control, and can 

be much thinner than the inserted dielectric/metal/dielectric layers in a GAA FET [3.6]. 

 
Fig. 3.1  Cross-sectional views across the fin channel region of multi-gate transistors. 

 
Fig. 3.2 Schematics illustrating key process steps in the fabrication flow of a conventional bulk FinFET 

(after [3.9]). The iFinFET can be fabricated using an identical process but starting with a multi-SOI 

(silicon-on-insulator on silicon-on-insulator) substrate.  

 

Fig. 3.3 shows the simulated device cross-sections along the channel direction.  

The heavily doped source and drain (S/D) regions are assumed to be epitaxially regrown 

and in-situ-doped; therefore, the S/D regions of the iFinFET do not comprise inserted-

oxide layers.  (Since epitaxy occurs both vertically and laterally, no significant issues are 

foreseen to be caused by the presence of the relatively thin (3 nm) inserted-oxide layers.)  

For the stacked-NW GAA FET, the metal gate thickness in-between the Si NWs is 

assumed to be 6 nm.  The gate length (Lg) is 12 nm, appropriate for the 4/3 nm 

technology node [3.4]. The gate dielectric comprises a 0.5 nm SiO2
 
layer and a 1.28 nm 
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HfO2 (relative permittivity = 25) layer, and thus has an equivalent SiO2 thickness of 0.7 

nm.  The metal gate work function is adjusted to achieve off-state leakage current IOFF = 

20 pA/µm. Each of the devices is assumed to be fabricated on a standard Si {100} wafer, 

such that the top Si surface is along a {100} plane and the sidewall Si surfaces are along 

{110} planes. The relative dielectric permittivity of the gate-sidewall spacer material is 

assumed to be 5 [3.10-3.11].  The n-channel FETs comprise Si channel and S/D regions, 

whereas the p-channel FETs comprise Si channel and Si0.5Ge0.5 S/D regions.  The average 

stress in the channel region along the direction of the current flow is 2 GPa (tensile for 

NMOSFETs, compressive for PMOSFETs). The nominal supply voltage VDD is 0.75 V, 

based on the roadmap for low-power CMOS technology [3.4]. Key device design 

parameter values are listed in Table 3.1.  To provide for a fair comparison, the effective 

channel length (Leff, defined as the distance between the locations where the S/D doping 

falls to 210
19 

cm
-3

) is selected to optimize the tradeoff between good short-channel 

control and low series resistance. 

 
Fig. 3.3 Cross-sectional views along the channel direction of multi-gate transistors.  The net dopant 

concentration is represented in color using a hyperbolic arcsine (asinh) scale. The black dashed line 

indicates the depth corresponding to the surface of the shallow trench isolation oxide. 

 
TABLE 3.1 TRANSISTOR DESIGN PARAMETER VALUES 

 

Device Parameter FinFET / iFinFET / GAA 

Nominal Gate Length, Lg (nm) 12 

Fin/NW Width, Wfin (nm) 6 

 Total Si Height above STI (nm) 18 

Gate Pitch (nm) 35 

Equivalent Oxide Thickness (nm) 0.7 

Inserted-Oxide Thickness (nm) 0 / 3 / 0  

Metal Thickness between NWs (nm) 0 / 0 / 6  

Specific Contact Resistivity (Ω-cm
2
) 3.5×10

-9
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3.3 Comparison of FinFET, iFinFET and GAA MOSFET 

Performance Characteristics 
 

The performance characteristics of the iFinFET are benchmarked against the 

FinFET and also the stacked-NW GAA FET, for both n-channel (NMOS) and p-channel 

(PMOS) transistors, via technology computer-aided design (TCAD) 3-D device 

simulations using Sentaurus Device [3.9], with drift-diffusion carrier transport parameters 

calibrated against Monte Carlo simulations to model ballistic transport, band-to-band 

tunneling parameters calibrated against non-equilibrium Green’s Function simulations 

[3.12] and the density gradient electrostatic quantum correction parameters calibrated 

against empirical pseudopotential simulations [3.13]. The density gradient method has 

been shown to provide a computationally efficient approximation to more rigorous 

Schrödinger-Poisson solutions to 1-, 2-, and 3-dimensional silicon structures [3.14]. 
 

3.3.1 Why Inserted-Oxide, not Inserted-HK Dielectric? 

 
Fig. 3.4 shows the electrostatic potential contours and the electric field lines 

distribution for each of the multi-gate transistor designs. It is clear that fringing electric 

fields enhance the coupling between the gate and channel regions in the iFinFET. 

 

 
Fig. 3.4 Comparison of electrostatic potential distributions (represented in color) and electric field lines 

(arrows) in the linear region of operation (VGS = 0.75 V, VDS = 0.05 V). The electric potential in the gate is 

not shown for simplicity. 
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Since the performance advantages of the iFinFET stem from increased capacitive 

coupling between the gate and channel regions, it is worthwhile to consider high-

permittivity (high-k) materials such as Si3N4 and HfO2 for the inserted dielectric layers.  

Fig. 3.5 shows how drain-induced barrier lowering (DIBL) and sub-threshold swing (SS) 

depend on the material and thickness of the inserted-dielectric layers.  A higher-k 

material results in worse electrostatic integrity because it results in higher capacitive 

coupling between the drain and channel regions.  SiO2 as the inserted dielectric material 

provides for the highest on-state drive current ION (Fig. 3.6(a)) and lowest intrinsic delay 

(Fig. 3.6(b)).  Together with the high quality of the Si/SiO2 interface in practice, these 

results indicate that SiO2 is the optimal inserted-dielectric material for the iFinFET. 

 

 
Fig. 3.5  Impact of the inserted-dielectric material and thickness on drain-induced barrier lowering (DIBL) 

and sub-threshold swing (SS) for n-channel iFinFETs. 

                    

Fig. 3.6  Impact of the inserted-dielectric material and thickness on (a) on-state drive current (ION) and (b) 

intrinsic delay for n-channel iFinFETs. 
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3.3.2 Comparison of Transistor Performance Characteristics 

 
Simulated transfer (ID-VGS) and output (ID-VDS) characteristics are shown in Fig. 

3.7 and Fig. 3.8, respectively. Improved gate control results in steeper subthreshold 

swing and less DIBL.  Therefore, the iFinFETs have substantially larger ON-state drive 

current (ION) than the FinFETs, by ~20% for NMOS and ~14% for PMOS.  Larger 

improvement for NMOS is seen because the fringing electric fields through the inserted-

oxide layers increase capacitive coupling to Si {100} surfaces, which have higher 

electron mobility relative to the sidewall {110} surfaces, but lower hole mobility [3.15].  

Stacked-NW GAA FETs have even larger ION, due to superior gate control of the electric 

potential in the channel regions.  Fig. 3.9 compares the tradeoff between high ION and 

low IOFF for the various multi-gate FET designs. 

 
Fig. 3.7  Simulated transistor transfer characteristics, for VDS = 0.05 V (dashed lines) and VDS = 0.75 V 

(solid lines). Current is normalized to Weff. The gate work function is adjusted to achieve IOFF = 20 pA/µm. 

                           

Fig. 3.8   Simulated transistor output characteristics. Current is normalized to Weff.  The gate work function 

is adjusted to achieve IOFF = 20 pA/µm. 
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Fig. 3.9  Comparison of (a) PMOS and (b) NMOS IOFF vs. ION for multi-gate FET technologies.  (The data 

re obtained by varying Lg.) 

 
The larger ION of the stacked-NW GAA comes at the cost of higher gate 

capacitance, as shown in Fig. 3.10.  Of all the multi-gate MOSFETs, the stacked-NW 

GAA FET has the largest total gate capacitance (Cgg) and the largest gate-to-drain “Miller” 

capacitance (Cgd); as a result, it has the largest intrinsic delay, ~9% and ~17% larger than 

the FinFET for NMOS and PMOS, respectively (Fig. 3.11). It should be noted that this 

issue for the stacked-NW GAA FET would be exacerbated if the metal gate layers in-

between the NWs are thicker.  On the other hand, although Cgg is also larger for the 

iFinFET than for the FinFET, the larger ION of the iFinFET compensates well for this, so 

that there is negligible intrinsic delay penalty (0% for NMOS and ~4% for PMOS). 

 

 
Fig. 3.10  Comparison of total gate capacitance (Cgg) and gate-to-drain capacitance (Cgd) for multi-gate 

FET technologies. 
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Fig. 3.11  Comparison of transistor intrinsic delay (CggVDD/ION) for multi-gate FET technologies. 

 
Transistor performance parameters pertinent to analog/mixed-signal applications 

are also examined herein since SoC products are becoming ubiquitous. Due to improved 

electrostatic integrity, the iFinFET and the stacked-NW GAA FET provide for 

improvements in intrinsic gain (gm/gds) over the FinFET, by ~15% and ~36% for NMOS 

and by ~7% and ~27% for PMOS, respectively (Fig. 3.12).   

 

 
Fig. 3.12  Comparison of transistor intrinsic gain (gm/gds) for multi-gate FET technologies. 

 

Table 3.2 provides a summary comparison of key transistor performance 

parameters. 
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TABLE 3.2 COMPARISON OF TRANSISTOR PERFORMANCE PARAMETERS 

 

 FinFET iFinFET GAA 

 N P N P N P 

|IOFF| (pA) 0.8 0.8 0.8 0.8 0.8 0.8 

|ION| (µA) 15.1 14.7 18.1 16.9 21.7 19.5 

|IEFF| (µA) 7.1 7.1 8.6 8.2 10.4 9.5 

|VT,SAT| (V) 0.42 0.42 0.41 0.40 0.40 0.39 

DIBL (mV/V) 40 36 32 28 23 20 

SSSAT (mV/dec) 78 78 75 75 71 71 

Cgd (aF) 8.1 7.8 9.2 8.9 12.0 11.6 

Cgg (aF) 29.7 28.7 35.6 34.2 46.4 44.4 

CggVDD/|ION| (ps) 1.47 1.45 1.47 1.52 1.60 1.70 

gm/gds 22.4 28.2 25.7 30.1 30.6 36.3 

 

 

3.4 Impact of Process-Induced Variations 
 

3.4.1 Short Channel Effect 

 
Fig. 3.13 shows how variations in Lg affect the saturation threshold voltage (VT), 

which is defined as the gate voltage corresponding to a drain current (ID) equal to 100 nA 

× Weff/Lg.  It can be seen that the short channel effect is reduced for iFinFETs as 

compared against FinFETs.  Stacked-NW GAA FETs show the least amount of VT roll-

off due to their superior electrostatic integrity. 

 

Fig. 3.13 Comparison of VT,SAT vs. Lg characteristics for multi-gate transistor technologies. 
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3.4.2 Impact of Inserted-Oxide Layer Thickness and Recess Amount 

 
The sensitivities of the iFinFET performance parameters ION and intrinsic delay to 

variations in inserted-oxide layer thickness (Tiox) and recess amount are shown in Fig. 

3.14 and Fig. 3.15, respectively. 

 
 

Fig. 3.14  Dependence of iFinFET ON-state drive current on inserted-oxide thickness (Tiox) and recess 

distance, for (a) PMOS and (b) NMOS. For reference, the ON-state drive current values for the FinFET 

(dashed line) and for the stacked-NW GAA FET (dotted line) are shown. 
 

 
 
Fig. 3.15 Dependence of iFinFET intrinsic delay on inserted-oxide thickness (Tiox) and recess distance, for 

(a) PMOS and (b) NMOS. For reference, the intrinsic delay values for the FinFET (dashed line) and for the 

stacked-NW GAA FET (dotted line) are shown. 

 

As was first shown in [3.6], ION increases with increasing Tiox. However, Cgg 

increases more quickly, resulting in increasing intrinsic delay with increasing Tiox.  

Because the recessed regions are filled with high-k dielectric material (cf. Fig. 3.1), 

which enhances ION due to greater capacitive coupling between the gate and the nanowire 

channel regions, a larger recess distance is beneficial for reducing intrinsic delay.  It can 

be seen that the performance of the iFinFET is relatively insensitive to variations in 
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inserted-oxide layer thickness and recess amount, so that the Tiox requirement for the 

starting wafer substrate does not need to be very stringent. 

 

3.4.3 Impact of Inserted-Oxide Layer Position 

 
The sensitivity of the iFinFET ON-state drive current ION to variations in inserted-

oxide (i-oxide) layer positions is shown in Fig. 3.16. For simplicity, only case of the 

iFinFET with one i-oxide layer is discussed herein. It can be seen that the performance of 

the iFinFET is relatively insensitive to variations in the positions of the single i-oxide 

layer, as long as the single i-oxide layer is around the center of the Si channel region 

above the shallow trench isolation (STI) oxide. Also, with the single i-oxide located near 

the center of the Si channel region above STI oxide, the best performance of the iFinFET 

is achieved. For the iFinFET with two i-oxide layers (cf. Fig. 3.1), equally distributing 

the two i-oxide layers in the Si channel region above STI oxide is expected to be very 

close to the optimal design, i.e. 1) achieving the best performance and 2) being relatively 

insensitive to variations in the positions of the two inserted-oxide layers. 

 

 
Fig. 3.16 Dependence of NMOS iFinFET ON-state drive current on position of single inserted-oxide layer. 

The schematic channel cross-sections illustrate the position of the single i-oxide layer. For reference, the 

ON-state drive current values for the FinFET (blue dashed line), the iFinFET with two i-oxide layers (red 

dashed line) and the stacked-NW GAA FET (black dashed  line) are also shown. Wsi = 6 nm, Hsi =  18 nm. 
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3.5 Summary 
 

An improved evolutionary FinFET design (iFinFET) is proposed. Due to 

enhanced gate control achieved via fringing electric fields through inserted dielectric 

layers in the channel region, the iFinFET transistor design provides for improved 

performance and scalability as compared with the FinFET, without the need for 

significantly increased fabrication process complexity or a large gate capacitance penalty 

as for the stacked-NW GAA FET.  SiO2 is the preferred inserted-dielectric material, for 

low drain-induced barrier lowering. iFinFET performance is relatively insensitive to the 

inserted-oxide thickness, location and recess amount, and hence is robust against process-

induced variations. Thus, the iFinFET is truly an intriguing new candidate transistor 

structure for future CMOS technologies. 
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Chapter 4  

Sub-lithographic Patterning via Tilted 

Ion Implantation (TII) 
 

 

4.1 Introduction 
 

Advancements in lithography have been key to sustaining Moore’s Law.  Due to 

the low transmittance of blank mask materials and/or the availability of high-intensity 

light sources for wavelengths shorter than 193 nm [4.1-4.2], the semiconductor industry 

has resorted to “multiple-patterning” techniques to increase the density of linear features 

patterned on a chip, since the 22 nm CMOS technology node [4.3-4.4]. The most two 

commonly used multiple-patterning techniques in high-volume manufacturing (HVM) 

“SADP” and “LELE” have been briefly reviewed in Chapter 1. SADP (cf. Fig. 1.6) 

involves multiple thin-film deposition steps as well as multiple dry-etch steps. Thus, it 

has significant process complexity and associated cost. LELE (cf. Fig. 1.7), implied by its 

name, involves roughly twice the number of processes as the conventional process to 

pattern a single integrated circuit (IC) layer. Overlay and line-width-roughness (LWR) 

issues have also prevented LELE from being used for critical layers. 

Several “next-generation lithography” techniques have also been extensively 

investigated in recent years, but quite a few significant technical challenges hinder their 

practical application in HVM. Extreme ultraviolet (EUV) lithography is confirmed to be 

not ready sooner than the early stages of the 7 nm technology node, due to challenges of 

achieving a high-power light source, mask defect detection, etc. [4.5-4.6]. Directed self-

assembly (DSA) technique [4.7] have drawbacks including a limited range of feature 

sizes and pitches for a given diblock copolymer material formulation, and feature-edge 

roughness which does not scale well with the feature size. Nanoimprint lithography (NIL) 

[4.8] requires a high-resolution template and stringent defect control. 

Hence, there remains an urgent need [4.9] to develop a cost-effective sub-

lithographic patterning technique for scaling down the minimum feature size and 

increasing the density of features in an IC “chip,” to sustain Moore’s Law.  

Tilted ion implantation (TII) can be used to from sub-lithographic features [4.10-

4.12]. This chapter discusses TII-enhanced patterning as a promising cost-effective 

patterning technique to facilitate CMOS technology scaling to sub-7 nm nodes. The 

general concept is the use of ion implantation to enhance the etch rate of a thin masking 

layer and to perform the implantation at tilted angles to achieve sub-lithographic 

implanted regions that are self-aligned to pre-existing photoresist or hard-mask features 

over the masking layer on the surface of the IC layer to be patterned. A TII-based pitch-

halving process flow is described. The patterning resolution limit of TII is investigated 

via experiments as well as rigorous Monte Carlo process simulations. TII-enhanced 
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patterning is feasible for IC layers in both front-end-of-line (FEOL) and low-temperature 

back-end-of-line (BEOL) processes. With feature size below 10 nm experimentally 

demonstrated, TII-enhanced patterning offers a cost-effective pathway to extend the era 

of Moore’s Law. 

 

 

4.2 TII-Enhanced Patterning Concept 
 

Fig 4.1 illustrates the TII approach for doubling the density of linear features in 

an IC layer. After a thin oxide layer is formed over the IC layer, a photo-resist (PR) or 

hard-mask (HM) layer is deposited and patterned. Then ion implantation is performed at 

positive tilt angle and also at negative tilt angle to selectively damage the oxide layer in 

regions self-aligned to the PR or HM features, leaving the central region between the PR 

or HM features unimplanted due to the shadowing effect. Since the wet-etch rate of 

implanted SiO2 can be significantly enhanced due to structural  damage [4.13], the 

implanted regions of the oxide layer can be selectively removed in dilute hydrofluoric 

(DHF) acid. Afterwards the patterned oxide layer can be used to mask the etching of the 

underlying IC layer, resulting in twice as many features (trenches) as in the PR or HM 

layer. 

 
Fig. 4.1 Schematic cross-sections illustrating the tilted ion implantation approach for pitch-halving. Key 

steps: (b) ion implantation is performed at positive (black dashed lines) tilt angle and also at negative (red 

dashed lines) tilt angle to selectively damage regions of the oxide layer self-aligned to the pre-existing 

photoresist (PR) or hard-mask (HM) features, leaving the central region between the PR or HM features 

undamaged due to the shadowing effect; (c) portions of the oxide layer which are damaged are etched away 

more rapidly than undamaged portions. (e) the patterned oxide layer is then used as a hard mask itself, to 

pattern the underlying IC layer. 

 

An initial experiment was conducted to prove the concept of this enhanced 

patterning approach, as follows: Photoresist lines were formed using conventional 

lithography (a deep-ultraviolet (DUV) stepper with 248 nm excimer laser) on the surface 
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of a Si wafer coated with a thin (20 nm-thick) SiO2 (450 °C low-temperature-oxide) hard 

mask layer.  Argon ion (Ar
+
) implantation (dose = 7.0×10

13
 cm

-2
, energy = 13.8 keV) was 

performed only at a single tilt angle of 41
o
 to selectively damage the SiO2 in regions not 

(shadow)masked by the patterned photoresist.  Afterwards, a sample of the wafer was 

dipped in dilute buffered-HF solution to selectively remove the implanted regions of the 

SiO2 hard mask layer without attacking the photoresist. Subsequently the sample was 

subjected to a Si etch process.  Due to the relatively poor selectivity of this particular 

process (<10:1 Si:SiO2 etch-rate ratio), the exposed SiO2 was eventually etched away 

during this process so that the Si was etched everywhere between the photoresist lines.  

Nevertheless, sub-lithographic features (trenches in the Si) corresponding to the 

implanted regions between the photoresist lines can be distinguished in the cross-

sectional scanning electron micrograph (XSEM) of Fig. 4.2. 

 
Fig. 4.2 Cross-sectional SEM image of photoresist lines on the surface of a Si wafer which was etched to 

form sub-lithographic features corresponding to the regions in which the thin SiO2 hard mask layer was 

damaged by only negative-angle tilted ion implantation. 

 

To demonstrate TII-enhanced patterning with further scaled dimensions, 

amorphous silicon (a-Si) is chosen to replace photoresist for the pre-patterned HM layer 

before ion implantation. Spacer lithography was used in conjunction with conventional 

248 nm DUV lithography to form a-Si hard-mask features with sub-100 nm dimensions 

over a thermally oxidized (10 nm-thick SiO2) silicon wafer substrate. A single tilted Ar
+
 

implant (dose = 3×10
14

 cm
-2

, energy = 3 keV) was used to define sub-lithographic 

trenches in the surface of the Si wafer substrate, using this 10 nm-thick SiO2 for the thin 

oxide masking layer. After the implanted regions of the SiO2 layer were selectively 

removed by DHF treatment, a reactive ion etching (RIE) process was used to selectively 

etch the exposed regions of crystalline Si (c-Si), making it easy to distinguish TII-defined 

regions. The XSEM in Fig. 4.3 clearly shows that the unimplanted SiO2 (unetched c-Si) 

regions are very uniform in width. The plan-view SEM images in Fig. 4.4 show that the 

feature edges defined by TII are self-aligned to the a-Si HM edges, reproducing with high 

fidelity the line-edge roughness (LER) of the a-Si HM features. 
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Fig. 4.3 Cross-sectional SEM image showing sub-lithographic trenches patterned by only positive-angle 

tilted ion implantation. ①: a-Si hard mask, ②: c-Si (unetched due to SiO2 protection), ③: sub-

lithographic trench in c-Si, ④: thin SiO2 layer underneath a-Si masking feature. 

 
 

 
Fig. 4.4 Plan-view SEM images showing that the features defined by tilted ion implantation are self-aligned 

to the lithographically patterned a-Si hard mask features, reproducing with high fidelity the line-edge 

roughness of the hard mask, for (a) 15° implantation tilt angle, and (b) 20° implantation tilt angle. ①: a-Si 

hard mask, ②: c-Si (unetched, due to SiO2 protection), ③ Sub-lithographic trench in c-Si. 
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4.3 Demonstration of Pitch-halving via TII Patterning 
 

To demonstrate the feasibility of pitch-halving, doubly tilted Ar
+
 implantation 

(i.e., tilt angle = ±15°) with 3.0 keV acceleration energy and 310
14

 cm
-2

 dose was 

performed on another sample. Subsequently, the sample was subjected to the dilute 

buffered-HF wet etching and Si dry etch processes described in Chapter 4.2. Fig. 4.5 

shows that the TII patterning is capable of doubling the density of features, as proposed. 

Considering that the distance between a-Si hard-mask features is ~64 nm, the achieved 

effective (local) pitch of the etched c-Si features is ~42 nm (2/3 × 64 nm). Therefore, ~21 

nm (local) local half-pitch feature is achieved by TII double patterning. 

 

 
Fig. 4.5 Cross-sectional SEM images demonstrating the feasibility of doubly tilted ion implantation as a 

double-patterning approach (cf. Fig. 4.1).  

 

4.4 TII Patterning Resolution Limit 
 

4.4.1 Monte Carlo Process Simulations 

 

Herein the resolution limit of the TII patterning technique is systematically 

investigated via Monte Carlo process simulations using Sentaurus [4.14] to obtain the 

three-dimensional (3-D) damage profile resulting from tilted Ar
+
 implantation. The ion 

acceleration energy and dose were adjusted to achieve the same projected range and peak 

damage concentration for each tilt angle, based on SRIM simulations (Fig. 4.6) [4.15].  
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Fig. 4.6 Simulated Ar

+
 implantation-induced damage depth profile obtained using SRIM [4.15]. For 

different values of the implant tilt angle (θ), the implant energy (E) and dose (D) are adjusted to achieve the 

same projected range and peak damage value, respectively, in the SiO2 layer. 

 

Fig. 4.7 shows the simulated 3-D structure, comprising perfectly linear a-Si HM 

features formed on top of an oxidized Si substrate. The thickness of the SiO2 layer is 5 

nm. It should be noted that, in order to pattern fine features in the SiO2 masking layer, 

this layer thickness should be very thin to avoid significant lateral etching during the 

post-implantation wet etch process. 
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Fig. 4.7 (a) Isometric view, (b) plan view, and (c) cross-sectional view of the 3-D structure used for Monte-

Carlo ion implantation simulations, using Sentaurus [4.14].  The hard mask (HM) is a patterned layer of a-

Si. 

 

 Fig. 4.8 shows the impact of variations in HM corner radius on the average size 

and latent LER of the implanted oxide region. It can be seen that a very small feature 

(~16 nm-wide implanted oxide region, in this case) can be defined by TII and that the 

latent LER introduced by TII is relatively small and insensitive to variations in HM 

corner radius.  



43 

 
Fig. 4.8 Simulated impact of hard mask (HM) corner radius on the average feature size (F) and latent line-

edge roughness (LER) of the implanted oxide region. Error bars represent +/- 1 standard deviation. Implant 

tilt angle θ= 15°. 

 

Different feature sizes can be achieved simply by using different implant tilt 

angles, which offers flexibility in design. Fig. 4.9 shows the impact of implant tilt angle 

(θ) on the latent LER of the implanted oxide region. Due to increased lateral implant 

straggle, LER increases with the tilt angle. For θ < 30°, lateral straggle is not anticipated 

to limit the resolution of the TII patterning technique. 
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Fig. 4.9 Simulated impact of implant tilt angle θ on the latent line-edge roughness (LER) of the implanted 

oxide region. Error bars represent +/- 1 standard deviation. 

 

Fig. 4.10 shows cross-sectional views of the simulated structure for two different 

implant tilt angles.  The higher concentration of ions implanted into the HM sidewall for 

higher tilt angle (θ = 30°) indicates that ions are more prone to be backscattered by HM 

sidewall for lower tilt angle (θ = 15°). 
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Fig. 4.10 Cross-sectional view of the 3-D structure used for Monte-Carlo ion implantation simulations, 

using Sentaurus [4.14].  The hard mask (HM) is a patterned layer of a-Si. The Ar concentration in the HM 

is represented in color using a linear scale, indicating that Ar ions are more prone to be backscattered from 

the HM sidewall for shallower tilt angle (θ = 15°). For θ = 15°, E = 1.50 keV, D = 2.00 × 10
14 

cm
-2

; for θ = 

30°, E = 1.87 keV, D = 1.69 × 10
14 

cm
-2 

(cf. Fig. 4.6), ensuring the same projected range and peak damage 

concentration in the SiO2 layer, for each tilt angle. HM pitch = 125 nm. 

 

To decouple ions received/backscattered by the HM top surface and sidewall, a 

set of simulations for different HM heights was performed (Fig. 4.11). Assuming that a 

change in the HM height (> 30 nm) does not change the amount of ions implanted into 

the HM top surface, linear extrapolation of the data in Fig. 4.11 will give the number of 

ions implanted into the HM top surface. Subtracting this value from the total number of 

ions inside the HM results in the number of ions that are implanted into the HM sidewall.   

The tilt-angle design tradeoff between low back-scattering rate and low latent 

LER (determined by lateral implant straggle) for large HM pitch is shown in Fig 4.12. 

Back-scattering can result in increased latent LER for very small HM pitch, as shown in 

Fig. 4.13.  Based on these simulation results, TII is projected to be suitable for patterning 

features as small as 10 nm with good fidelity. 
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Fig. 4.11 Simulated total number of ions implanted into the HM, as a function of HM height. By 

extrapolation to zero HM height, the number of ions implanted into the HM top surface can be determined, 

and consequently the number of ions implanted into the HM sidewall. 

 

 
Fig. 4.12 Simulated impact of implant tilt angle (θ) on the ion backscattering rate (left y-axis) and the latent 

line-edge roughness (LER) of the implanted oxide region (right y-axis). For θ = 15°, E = 1.50 keV, D = 

2.00 × 10
14 

cm
-2

; for θ = 30°, E = 1.87 keV, D = 1.69 × 10
14 

cm
-2 

(cf. Fig. 4.6), ensuring the same projected 

range and peak damage concentration in the SiO2 layer, for each tilt angle. HM pitch = 125 nm. 
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Fig. 4.13 Simulated impact of ion backscattering from the HM sidewall, on the latent line-edge roughness 

(LER) of the implanted oxide region.  (The average implant-defined feature size, F, is changed by adjusting 

the HM pitch, and the HM corner radius is fixed at 3 nm.) Tilted ion implantation is projected to be suitable 

for patterning features as small as 10 nm with good fidelity. Error bars represent +/- 1 standard deviation. 

 

4.4.2 Experimental Investigation of Line Edge Roughness 

 

Fig. 4.14 shows a higher-magnification plan view of HM and TII-defined feature 

edges. It should be noted that the roughness of the TII-defined feature edge is affected not 

only by the latent LER of the implanted oxide region, but also by post-implant wet 

etching of the SiO2 masking layer and subsequent dry etching of the c-Si substrate. As a 

result, the standard deviation from the mean position of the TII-defined edge is smaller 

than that of the HM edge, as indicated in Fig. 4.14 (a). (The LER analysis was performed 

using the SuMMIT software package [4.16].) Fig. 4.14 (b) compares the edge deviations 

for the TII-defined edge and the HM edge along the length of the feature, i.e. in the 

vertical direction in Fig. 4.14 (a). The self-aligned nature of TII patterning is evident 

from the fact that the TII-defined edge closely tracks the HM edges with a correlation 

coefficient of 0.91 as shown in Fig. 4.14 (c). 
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Fig. 4.14 (a) Plan-view SEM image showing that the line-edge roughness (LER) of a TII-defined edge is 

lower than that of its corresponding HM edge. ①: a-Si hard mask, ②: c-Si (unetched, due to SiO2 

protection), ③ Sub-lithographic trench in c-Si. (b) deviations (from average position) of TII-defined edge 

and HM edge along the length of the masking feature (i.e. in the vertical direction in Fig. 4.14(a)). (c) 

correlation between deviations of TII-defined edge and HM edge. 

 

Due to the stochastic nature of the ion implantation process, higher spatial 

frequency components of LER can be more significant for TII-defined edges. This is 

verified in Fig. 4.15 which compares the power spectral density (PSD) of TII-defined 

edges vs. HM edges. Note that TII improves low- and mid-frequency LER, which has 

been identified as a major challenge for the industry [4.17-4.18]. The plan-view SEM in 

Fig. 4.16 demonstrates that features down to 9 nm can be defined by the TII technique. 
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Fig. 4.15 Power spectral density comparison for TII-defined edges vs. HM edges (36 samples, each 2.74 

m in length). 

 

 
Fig. 4.16 Plan-view SEM image demonstrating that feature size down to 9 nm can be achieved via tilted 

ion implantation patterning in a self-aligned manner, reproducing with high fidelity the line-edge roughness 

of the hard mask. ①: a-Si hard mask, ②: c-Si (unetched, due to SiO2 protection), ③ Sub-lithographic 

trench in c-Si. 
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4.5 Summary 
 

Tilted ion implantation (TII) patterning is an effective technique for forming sub-

lithographic features and for increasing the density of features on a chip. It can be used to 

pattern features with dimensions below 10 nm and with lower line-edge roughness than 

that of pre-existing masking features on the surface of a substrate, in a self-aligned 

manner. Since ion implantation is a well-established technique with good process control 

and high throughput, the TII double-patterning approach can be easily adopted in high-

volume manufacturing processes and shows promise for extending IC technology 

advancement beyond the 7 nm technology node (sub-40 nm pitch). 
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Chapter 5  

IC Manufacturing Cost Analyses  
 

 

5.1 Introduction 
 

As indicated in Moore’s 1965 paper [5.1], “reduced cost is one of the big 

attractions of integrated electronics, and the cost advantage continues to increase as the 

technology evolves toward the production of larger and larger circuit functions on a 

single semiconductor substrate” (cf. Fig. 1.2). Indeed, the primary reason for increasing 

the number of components per IC, enabled by advancement of IC manufacturing 

technology, was (and still) is lower cost. However, significant and escalating cost 

challenges are seen by the semiconductor industry in advanced technology nodes (Fig. 

5.1), which is mostly due to the adoption of 3-D FinFET structures and multiple-

patterning techniques. The issue of increasing cost is identified as the focus of concerns 

and doubts over the vitality of Moore’s Law going forward [5.2]. 

 
Fig. 5.1 Foundry Wafer Cost Trend. Source: IC Knowledges Cost Model [5.3]. Note: assumptions for 7 nm 

node are made that EUV is available and EUV has the potential to decrease the wafer cost versus 10 nm 

node. 

 
This chapter firstly summarizes a survey regarding IC manufacturing cost 

throughout the semiconductor industry. Publicly available data and perspectives are 

collected from representatives of integrated device manufacturers (IDM), foundries, 

fabless companies, and industry observers. Then two case studies of wafer processing 
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cost are presented: one for FinFET vs. iFinFET vs. stacked-NW GAA MOSFET, and the 

other for SADP vs. TII double patterning. The results show that the iFinFET technology 

and TII double patterning technique have significant economic merit. 
 

5.2 Manufacturing Cost Challenges for Advanced CMOS 

Technologies 
 

It is well known that different companies are concerned with different IC 

manufacturing process complexities and use different transistor densities in their products, 

even at the same technology node. Thus, to make a fair comparison, cost-per-transistor is 

chosen as the figure-of-merit to benchmark cost, as was done in Moore’s 1965 paper 

[5.1]. It should be noted this work only discusses semiconductor manufacturing cost. 

Consideration of IC chip price (relevant for consumers) is beyond the scope of this work. 

Fig. 5.2 shows Intel Corporation’s perspective on cost-per-transistor. Although 

the cost-per-area of an IC chip has been increasing as technology advances over time, by 

aggressively increasing transistor density the cost-per-transistor can be lowered, 

noticeably at a higher-than historical-pace since the 14 nm technology node.    

 
Fig. 5.2 Intel’s “offsetting wafer cost with density” strategy [5.2]. Source: Intel Corp. 

 

However, it is observed and projected by International Business Strategies (IBS) 

that cost-per-transistor reaches a minimum at the 28 nm technology node and increases 

for the 20 nm and 16/14 nm technology nodes (Fig. 5.3). This perspective is echoed quite 

often in the industry, but it should be noted that majority of the companies in the industry 

are fabless. Moreover, IBS later clarifies that this analysis accounts for logic products, 

but not memory products [5.4]. 
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Fig. 5.3 IBS’ cost per gate trend [5.5]. Source: International Business Strategies, Inc.  

 

Believing that the real scenario falls in-between the above-mentioned two cases, 

ARM Research illustrates that cost-per-transistor reduces below 28 nm node, but at a 

slower rate (Fig. 5.4). It should also be noted that ARM’s analysis explicitly includes cost 

due to non-recurring engineering (NRE) costs, which comprise mask set cost and design 

cost [5.6]. 

 
Fig. 5.4 ARM’s cost-per-transistor scaling trend, including NRE [5.6]. Source: ARM Research. 
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In Fig. 5.5, IC Knowledge illustrates the foundry cost-per-transistor trend [5.3].  

Unlike IBS, it shows that the cost-per-transistor at the 20 nm node is lower than that at 

the 28 nm node. The increase in cost-per-transistor at the 16 nm node is attributed to the 

lack of a “shrink” in the foundry fabrication process. At 7 nm, the assumption of a 

significant reduction in lithographic mask count is made due to the advent of extreme 

ultra-violet (EUV) lithography, which is potentially capable of reducing overall cost-per-

wafer (cf. Fig. 5.1) 

 
Fig. 5.5 Foundry cost per gate trend [5.3]. Source: IC knowledges Strategic Cost Model.  

 

Although different statements have been made regarding the cost-per-transistor 

trend (due to different assumptions), there is consensus that the industry truly needs cost-

effective technologies for scaling beyond the 7 nm technology node. 
 

5.3 Manufacturing Cost Comparison of FinFET vs. 

iFinFET vs. GAA MOSFET 
 

It was mentioned in Chapter 3.1 that the iFinFET can be fabricated using a 

process identical to that for a conventional bulk FinFET but starting with a multi-SOI 

substrate (silicon-on-insulator on silicon-on-insulator). The stacked-NW GAA MOSFET, 

on the other hand, requires significantly different processes. It requires epitaxial growth 

https://www.semiwiki.com/forum/attachments/content/attachments/13948d1428985795-logic-cost-per-gate-jpg
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of relatively thick (>10 nm) Si1-xGex sacrificial layers between Si channel layers to 

accommodate gate-dielectric/gate-metal/gate-dielectric layers in-between the NWs, so 

that fin structures with very high aspect ratio must be etched prior to selective removal of 

the sacrificial Si1-xGex layers. Some key processes of fabricating a stacked-NW GAA 

MOSFET are illustrated in Fig. 5.6. 

 
Fig. 5.6 Cross-sectional views across the channel region of stacked-NW GAA MOSFET illustrate the key 

processing steps of its fabrication. (Left): Relatively thick (>10 nm) Si1-xGex sacrificial layers between Si 

channel layers are epitaxially grown. The whole structure is then etched into a fin structure with very high 

aspect ratio. (Middle): Si1-xGex sacrificial layers are selectively removed in the channel region to make 

room for gate-dielectric/gate-metal/gate-dielectric layers. (Right): Gate-dielectrics and gate-metal are 

formed by atomic layer deposition (ALD), respectively. 

 

Table 5.1 compares the additional (to FinFET) processes and cost associated [5.7-

5.8] with the iFinFET and the stacked-NW GAA MOSFET. At first glance, it may seem 

that fabrication of the stacked-NW GAA MOSFET is more cost-efficient than that of the 

iFinFET. However, the calculation is based on the assumption that the two fabrication 

flows have the same yield. In reality, iFinFET can leverage the already established 

FinFET fabrication flow, but it is overly optimistic to assume that the fabrication of the 

stacked-NW GAA MOSFET can achieve comparable yield due to its complex device 

structure. It should be noted that high-quality (low-defect-density) ultra-thin-buried-oxide 

SOI wafers are available for high-volume CMOS manufacturing today; there is no 

technical reason why high-quality multi-SOI wafers cannot be made in the future if there 

is demand for them.  
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Table 5.1. ADDITIONAL PROCESSES AND COST ASSOCIATED WITH “iFinFET” AND “stacked-NW 

GAA MOSFET” TO “FinFET” 
 

iFinFET Stacked-NW GAA MOSFET 
Process Steps Cost (/wafer) Process Steps Cost (/wafer) 

Process Description Min. Max. Process Description Min. Max. 
Wafer bonding 1st SOI $40 $58 Epitaxy Si1-xGex $20 $30 
Wafer bonding 2nd SOI $40 $58 Epitaxy Si/Si1-xGex /Si $28 $42 

Dry etch 2 i-oxide layers  $8 $11 Dry etch 2 Si1-xGex layers $8 $11 
    Wet etch Si1-xGex removal $2 $4 

Total: $88 $127 Total: $58 $87 

 

It should also be noted that the iFinFET can be fabricated in a similar fashion that 

stacked-NW GAA MOSFET is fabricated. In this case, relatively thin sacrificial Si1-xGex 

layers are needed, as they only need to make room for the inserted-oxide layers but not 

the metal layers as in the stacked-NW GAA MOSFET. In addition, gate stack formation 

will be relatively easier as well, since iFinFET essentially is a “tri-gate” device. 

Nevertheless, this approach is still expected to have yield issue, which can be avoided by 

using the proposed multi-SOI substrate.  

Indeed, adoption of the iFinFET or the stacked-NW GAA MOSFET makes the 

total wafer cost increase. However, transistor gate length (and thus gate pitch) can be 

shorter in iFinFET or stacked-NW GAA MOSFET technology, thanks to the enhanced 

gate control. Hence, transistor density is higher in iFinFET or stacked-NW GAA 

MOSFET technology. Considering logic wafer cost (> $4000) in 16 nm FinFET process 

[5.5], [5.8] and even higher cost in future technology nodes, the additional wafer cost (< 

2.5%) brought by iFinFET or stacked-NW GAA MOSFET technology is expected to be 

offset by the transistor density benefit. Thus, cost-per-transistor can still be lower for 

iFinFET or stacked-NW GAA MOSFET technology than for FinFET technology. 
 

5.4 Manufacturing Cost Comparison of SADP vs. TII 

Double Patterning 
 

Lithography usually contributes much to the economic burden associated with 

technology advancement. This is especially true in advanced technology nodes where 

multiple patterning is the key reason for cost-reduction challenge. Indeed, the sheer cost 

and complexity of multiple patterning could dissuade chipmakers from jumping to future 

nodes, thereby stunning the growth rates of the IC industry [5.9]. Considering that the 

long-waited EUV has not yet proved its readiness for high-volume manufacturing (HVM), 

SADP is the only HVM ready patterning technique for critical layers of IC processes. 

Chapter 4 demonstrates that TII-enhanced patterning is a technologically viable solution 

to extend IC technology advancement beyond the 7 nm technology node. Table 5.2 and 

Fig. 5.7 compare the number of process steps and costs [5.7], [5.10] associated with TII 

double patterning, against those of SADP. The result shows that TII double patterning 

involves fewer steps and does not require new or aggressive process capabilities. Thus, 

TII double patterning is much more cost-efficient than SADP. 
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Table 5.2. COST COMPARISON OF DOUBLE-PATTERNING APPROACHES 

 

Self-aligned Double Patterning (SADP) Tilted Ion Implantation (TII) Double Patterning 

Process Steps Cost (/wafer) Process Steps Cost (/wafer) 

Process Description Min. Max. Process Description Min. Max. 

Oxide formation Etch stopper $1.5 $3 Oxide formation Masking layer $1.5 $3 

CVD Mandrel layer $4 $5 Photolithography Lithography $20 $60 

Photolithography Lithography $20 $60 Ion implantation 1st tilt $0.53 $2 

Dry etch Mandrel etch $8 $11 Ion implantation 2nd tilt $0.32 $1.2 

ALD Sidewall 

spacers 

$15 $30 Wet etch Selective etch $2 $4 

Dry etch $8 $11 Dry etch Pattern transfer $8 $11 

Dry etch Mandrel pull $8 $11 Wet etch SiO2 removal $2 $4 

Dry etch Pattern transfer $8 $11 

    

Dry etch Pattern transfer $8 $11 

Wet etch Spacer removal $2 $4 

Wet etch 
Etch stopper 

removal 
$2 $4 

    

Total: $84.5 $161 Total: $34.4 $85.2 

 

 
Fig. 5.7 Comparison of minimum (min.) process costs for double patterning approaches: (left) SADP and 

(right) TII double patterning. Process step abbreviations (used for the x-axes): O (oxide formation), C 

(CVD – chemical vapor deposition), P (photolithography), D (dry etch), A (ALD – atomic layer 

deposition), W (wet etch) and I (ion implantation). 
 

5.5 Summary 
 

Although different opinions are held throughout industry regarding the “cost-per-

transistor” trend, reduction in IC manufacturing cost is the key challenge as technology 

advances to extend Moore’s Law. The iFinFET technology and TII double patterning 
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technique show promise for cost reduction in future technology nodes, especially beyond 

the 7 nm technology node where the industry does not yet have clear solutions. 
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Chapter 6  

Conclusion 
 

 

6.1 Contributions of This Work 
 

The semiconductor industry has made great innovations to sustain the cadence of 

Moore’s Law [6.1]. To control short channel effects (SCE) and to suppress high OFF-

state leakage current, the 3-D FinFET transistor structure has been adopted since the 22 

nm technology node [6.2]. To keep increasing the density of linear features patterned on 

an IC chip, “multiple-patterning” techniques also have been used in high-volume 

manufacturing (HVM) since the 22 nm technology node [6.2]. It’s generally believed that 

the pace of IC technology advancement will slow down dramatically in the sub-20 nm 

(minimum half-pitch) regime. Considering that the industry does not yet have clear 

solutions for beyond the 7 nm technology node [6.3], innovations in transistor design and 

fabrication processes are needed to address this issue. 

This work firstly compares the performance and variability of a GAA MOSFET 

against that of an ideal silicon-on-insulator (SOI) FinFET design at 10 nm gate length 

(anticipated for 4/3 nm CMOS technology), accounting for systematic and random 

variations [6.4].  The benefits of GAA MOSFET technology for lowering the minimum 

operating voltage (Vmin) and area of a six-transistor (6-T) SRAM cell to facilitate 

increased transistor density following Moore’s Law are assessed. 

To circumvent the significant added fabrication process complexity and a large 

gate capacitance penalty as for a stacked-NW GAA MOSFET, an improved evolutionary 

FinFET design, the inserted-oxide FinFET (iFinFET), is discussed in this work for 

scaling beyond the FinFET [6.5-6.6]. Due to enhanced gate control achieved via fringing 

electric fields through inserted dielectric layers in the channel region, the iFinFET 

transistor design provides for improved performance and scalability as compared with the 

FinFET. SiO2 is found to be the preferred inserted-dielectric material, for low drain-

induced barrier lowering. iFinFET performance is relatively insensitive to the inserted-

oxide thickness, location and recess amount, and hence is robust against process-induced 

variations. Thus, the iFinFET is truly an intriguing new candidate transistor structure for 

future CMOS technologies. 

To mitigate the additional process complexity and significant associated cost with 

multiple-patterning techniques, a novel patterning method via tilted ion implantation (TII) 

[6.7] is discussed in this work. By leveraging etch rate enhancement via ion implantation 

of a thin masking layer [6.8], TII-enhanced patterning is capable of achieving sub-

lithographic features and/or doubling the density of features, one that is capable of 

achieving arbitrarily small feature size, self-aligned to pre-existing features on the surface. 

A TII-based pitch-halving process flow is also described. TII-enhanced patterning is 

experimentally validated to be able to pattern features with dimensions below 10 nm and 

with lower line-edge roughness than that of pre-existing masking features on the surface 
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of a substrate, in a self-aligned manner. Since ion implantation is a well-established 

technique with good process control and high throughput, the TII double-patterning 

approach can be easily adopted in high-volume manufacturing processes and shows 

promise for extending IC technology advancement beyond the 7 nm technology node 

(sub-40 nm pitch). 

The semiconductor industry has identified increasing cost as the focus of concerns 

and doubts over the vitality of Moore’s Law going forward [6.9]. This work conducts a 

survey regarding IC manufacturing cost throughout the industry. Then case studies reveal 

that the iFinFET technology and TII double patterning technique in this work have 

significant economic merit in future technology nodes, especially beyond the 7 nm 

technology node where the industry does not yet have clear solutions. 

 

6.2 Suggestions for Future Work 
 

The iFinFET work described in Chapter 3 proposes an intriguing new candidate 

transistor structure for future CMOS technology scaling. To validate the suitability of 

replacing the conventional bulk FinFET with the iFinFET in advanced technology nodes, 

it is desirable to experimentally demonstrate the performance and scalability benefits of 

the iFinFET in state-of-the-art technologies. For the first experiment, a single inserted-

oxide iFinFET can be fabricated using a conventional SOI substrate (cf. Fig. 3.16). 

Also, the iFinFET structure facilitates a novel 6-T SRAM cell implementation. 

Unlike adjusting the number of fins in the pull-up (PU), pull-down (PD) and pass-gate 

(PG) devices as is done in the FinFET SRAM cell, the iFinFET SRAM cell consists only 

1 “fin” in the PU, PD and PG devices. This will save a lot of chip area. The alpha and 

beta ratios of iFinFET-based SRAM cell can be tuned by adjusting the number of Si 

channels each device has. This is straightforward to implement in reality, because SiO2 

serves as an ideal etch stop layer for Si. 

Furthermore, as is mentioned in Chapter 3, the iFinFET structure is compatible 

with implementing multiple gate-oxide thicknesses as needed for system-on-chip (SoC) 

applications. Thus, it is also worthwhile to investigate the iFinFET’s behavior as an I/O 

device. 

The idea of TII patterning in Chapter 4 is fundamentally based on the etch rate 

enhancement via ion implantation. In reality, the etch rate of the making layer can be 

either enhanced or retarded in the implanted region, depending on what material is used 

as the masking layer. In other words, TII patterning can also be achieve in an etch-rate-

retarded fashion. Also, different ion species may be explored along with optimizing the 

substrate temperature during implantation to achieve the patterning resolution in TII 

patterning. 

Finally, TII patterning can be implemented broadly for any application that 

requires a small feature size, such as a short gate length in transistors or a small contact 

gap in micro/nanoelectromechanical system (M/NEMS) devices. 
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