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Abstract—FinFET devices are more prone to variations 

introduced by various intrinsic sources in the sub-

nanometer region. In the present work, an effect of multi-fin 

with independent Line Edge Roughness (LER) has been 

analyzed to observe its influence on threshold voltage 

variation on intrinsic variability sources for a 14-nm 

FinFET device. The multi-fin analysis has been performed 

using the full 3-D device simulator for different fin shapes, 

i.e., curve-bent FinFET and thin-fat FinFETs. These 

independent LER FinFET devices parameters have been 

compared with the ideal FinFET (without LER) device. The 

result shows that multi-fin architecture helps mitigate 

intrinsic statistical variabilities adverse effects. For instance, 

the multi-fin device has 76.13% and 74.48% improvement 

in curve-bent FinFET and thin-fat FinFETs, respectively, 

compared to the single-fin devices. Finally, this work 

suggests that multi-fin devices are robust from variations 

introduced by various intrinsic variability sources.  

Index Terms—FinFET, Line Edge Roughness (LER), multi-

fin, nanotechnology, microelectronics, Very-Large-Scale 

Integration (VLSI) 

I. INTRODUCTION 

The semiconductor industry has continuously pursued 

better alternatives to conventional MOSFETs as device 

dimensions have shrunk below the sub-nanometer regime 

[1]. Many researchers have proposed several innovative 

novel devices that could be used to reduce the effect of 

Short Channel Effect (SCE) in MOSFETs [2–5]. Among 

these new alternative devices, the FinFET device has 

attracted a lot of interest because of its manufacturing 

process compatibility with conventional MOSFET 

devices [6–9]. Furthermore, FinFET devices have better 

electrostatic control of the gate region and can tolerate 

low-channel doping [5]. Rathore, Srivastava et al. [10, 11] 

revealed the difficulties introduced by various variability 

sources in single-fin FinFETs devices. However, Rathore 

and Rana [12] showed that FinFET devices are more 

susceptible to variability due to the limitation of the 

manufacturing process. Braravelli, Marchi et al. [13] 

revealed that maintaining constant body thickness (fin-

width) along the channel region is quite challenging 

because fin-width varies in the vertical direction due to 

Line Edge Roughness (LER). 
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Gustin et al. [14] have discussed the fin-width 

variation’s role in the FinFET device’s lateral direction 

due to the Line Width Roughness (LWR). The LER and 

LWR mostly appear during the resist-defined patterning 

technique used to fabricate FinFET devices. The LER and 

LWR are mostly caused by the slow dissolving of large 

polymer aggregates during the removal of unwanted 

photoresist material [15]. Therefore, this will lead to 

variations in the electrical parameters of the FinFET 

device.  

The threshold voltage (VTH) is a key parameter for 

FinFET devices. All other electrical performance 

parameters, viz. power (P), OFF-current (IOFF), and ON-

current (ION), are directly dependent upon the value of 

VTH. Slight variation in VTH will be reflected on the 

transistor’s P, ION, and IOFF. This work analyses the effect 

of multi-fin with independent LER on intrinsic statistical 

variability sources. 

This paper is organized as follows. Section II proposes 

the design of the multi-FinFETs. Section III presents the 

result analysis of multi-fin on threshold voltage (VTH) 

variation. Finally, Section IV concludes the work and 

recommends the future aspects. 

II. DESIGN AND CONSIDERATIONS OF MULTI-FIN 

FINFET 

The design of multi-fin FinFET with independent LER 

for 14-nm FinFETs has bene realized in this work. The 

effect of independent LER for spacer (i.e., bent+curve 

fins)-and resist (fat+thin fins) defined multi-fin FinFET 

architectures have been studied using TCAD simulation. 

A fin pitch of 42 nm has been taken for 14-nm FinFET, 

while fixing the fin height to 20 nm [16]. The remaining 

parameters are the same as calibrated earlier for single-fin 

FinFET in the author’s previous publications [12]. 

In summary, Fig. 1 depicts the underlap FinFET device 

structure in 3-D and from a cross-sectional perspective. 

The underlap FinFET in the current work was developed 

in accordance with predictions made by the International 

Technology Roadmap for Semiconductors (ITRS) [16]. 

The source/drain extension region has been modified to 

integrate the gradient Gaussian doping profiles. The 

Titanium Nitride (TiN) metal has been used for the gate 

electrode because TiN shows low resistivity, high melting, 

thermal stability, and compatibility with the standard 

CMOS process [17]. Here, VTH is considered by applying 

the maximum transconductance (gm,max) method [18]. In 

International Journal of Electrical and Electronic Engineering & Telecommunications Vol. 12, No. 5, September 2023

358doi: 10.18178/ijeetc.12.5.358-362



this method, an intercept of the tangent is drawn to the 

point of maximal transconductance in the transfer 

characteristic.  

 
(a) 

 
(b) 

Fig. 1. The FinFET structure: (a) Three-dimensional full view and (b) 

cross-sectional view of the underlap FinFET device. 

 
(a) 

 
(b) 

Fig. 2. ID-VGS characteristics calibrations with fabricated Intel 14 nm 
FinFET structure: (a) p-channel FinFET and (b) n-channel FinFET. 

The ID-VG characteristics of our FinFET device are 

calibrated with 14 nm FinFET fabricated by Intel [12], 

[19]. Similarly, p-type 14 nm FinFET structure is 

calibrated. The calibrated ID-VG characteristics of the p- 

and n-channel FinFETs are shown in Fig. 2(a) and (b), 

respectively. The characteristics results of the Intel 

experimental device and our simulated FinFET are 

showing promising overlapping as shown by Fig. 2. This 

gives reason to believe that the TCAD simulator can 

accurately mimic the behavior of the 14 nm FinFET 

structure developed by Intel. 

The overall body thickness changes in FinFET 

structures are mainly caused by LER. The LER has a 

major impact on the device performance characteristics in 

the sub-20 nm technology node [20]. LER is a result of 

lithography and etching process limitations in fabrication 

process of the FinFET device [21]. This will result in 

changes to the fin’s vertical and lateral orientation in the 

FinFET structure. This is important to distinguish 

between line edge roughness (LER) and line width 

roughness (LWR). Thus, the LER and LWR patterns are 

seen in Fig. 3. In Fig. 3(a), LER reflects the differences in 

both sidewall line pattern of the fin about its average 

value, whereas as shown in Fig. 3(b), the deviations in 

line width to the average value to fin thickness are known 

as LWR.  

              
(a)                                       (b) 

Fig. 3. LER and LWR patterns: (a) LER is fluctuation of real edge 

position (solid line) about its average value (dotted line) and (b) LWR is 
deviation of line width along the line pattern. 

The expression of LWR is given by [12], 
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where N is the number of samples along the length of the 

fin sidewall, Wi is the width of ith
 
sample, and <W> is the 

mean value of fin thickness. LWR describes the 

magnitude of fin width roughness. The following 

equation illustrates the relationship between the 

individual left- and right-edges of the fin and LWR: 

2 2 2

LWR 2L R x L R                           (2) 

where ρx stands for the cross-correlation coefficient 

between the left and right edges of the fin, and ΔR and ΔL 
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are the fluctuation in the right and left edges of the fin, 

respectively. The value of ρx fully relies on the 

fabrication method and it ranges from 1 to +1, with +1 

denoting perfect-correlation between the left-and right-

edges of the fin and 1 denoting anti-correlation of edges. 

If we assume that the left-and right-edges of the fin 

fluctuate by the same amount, then equation (2) can be 

simplified as follows to yield the magnitudes of LER and 

LWR: 

 2 2

LWR LER2 1 x                          (3) 

Thus, from Eq. (3) if ρx= 1, then ΔLWR = 0. If LER is 

not equals to zero, it still produces a perfect correlation 

between the left and right edges of the fin. This indicates 

that LER has no effect on the overall thickness of the fin. 

Using the spacer specified patterning method rather than 

the traditional resist defined patterning methodology will 

result in perfect correlation between the two fin edges. 

The geometric shapes of resist-defined FinFETs has 

been mathematically modelled and generated by 

MATLAB, which is further integrated into the TCAD 

simulation. A set of models have been created to capture 

VTH variation in scaled CMOS devices. These models 

show the scaling pattern of arbitrary VTH fluctuations and 

assist in assessing the effect on circuit performance. For a 

resist-defined gate electrode the variation in ΔL is given 

by authors’ previous work [12]. 

The high performance of FinFET is strongly dependent 

on the fin Aspect Ratio (AR = Hfin/Tsi) for multi-fin 

FinFETs larger AR enhances the channel controllability. 

The AR=2.5 has been taken as a nominal device. The 

design of FinFETs with vertical channels is impacted by 

the varying AR of fins, which represents the various 

charge-control capabilities. 

III. RESULTS ANALYSIS OF VTH VARIATION 

The effects of fin-width lateral variations on threshold 

voltage (VTH) have been analyzed for single-fin FinFET 

structures. The VTH sensitivity to Tsi is calculated at 

nominal Tsi with +/ 4 nm variation, as shown in Table I.  

TABLE I: FIGURES OF MERIT FOR REALISTIC PROCESS CORNERS FOR 

THE SPACER-AND RESIST DEFINED FINFETS 

Type 
Width control 

(nm) 

VT, min 

(mV) 

VT, max 

(mV) 

VT range 

(mV) 

VT range 

(%) 

Spacer 
defined 

+/ 4 222.05 232.61 10.56 4.75 

Resist 

defined 
+/ 4 240.58 262.22 21.64 10.74 

 

The simulation results show for spacer-based 

lithography, ΔVTH variations are the smallest among all 

the structures. However, it increases to the same level as 

resist-based lithography structures due to degraded 

electrostatic integrity. For resist-based FinFET structures 

designs, ΔVTH increases because the electrostatic 

potential around the channel region is asymmetrical with 

respect to spacer-defined FinFET structures; thus, the VTH 

variations induced by the spacer-defined lithography 

devices are ~50% smaller than the resist-defined FinFET 

structures. In the following analysis, we assume, in the 

FinFET case, a processed induced variation (+/3σ) of fin 

width +/4 nm. Table I summarize the calculated shift in 

threshold voltage. The spacer-based lithography 

structures will have a VTH range improved by more than 

2x. 

The electron current density profile with independent 

LER is shown in Fig. 4. Here, independent LER results in 

the body/channel region of multi-fin structures bending 

and curving (spacer-defined) or becoming fat and thin 

(resist-defined), which results in a different electron 

density in the middle of the fin compared to the 

rectangular multi-fin FinFET structure. Therefore, the 

path of charge carriers should generally correspond to the 

geometry of the fins. 

         
(a)                        (b)                        (c) 

Fig. 4. Device structures and electron current density profile with 
independent LER (a) Rectangle (without LER), (b) curve-bent FinFET 

and (c) thin-fat FinFET. 

The channel of spacer-defined FinFETs has a more 

uniform electron density distribution under the gate 

electrode than the resist-defined FinFETs, which 

demonstrates that both multi-fins have different channel 

controllability. Fig. 5 compares the σVTH of intrinsic 

parameter fluctuations for single and multi-fin in both 

spacer-and resist-defined FinFETs with independent LER. 

It is clear from Figure that σVTH for the individual and 

combined impact of Random Dopant Fluctuation (RDF), 

Oxide Thickness Variation (OTV), and Work Function 

Variation (WFV) can be suppressed using the multi-fin 

architecture in both the spacer- and resist-defined 

FinFETs. The overall σVTH decreases from 32 mV to a 

reputable 8 mV, as shown in Fig. 5(a), i.e., the σVTH 

improvement of 76.13% for multi-fin w.r.t. single fin 

spacer defined FinFETs. Similarly, for resist-defined 

FinFETs, the σVTH decreases from 38 mV to 10 mV, i.e., 

the reduction of σVTH variability is about 74.48%. This is 

because AR remains unchanged as in the case of spacer-

defined FinFET as the overall thickness remains the same 

i.e., 8 nm but in case of resist-defined FinFET AR is a 

function of fin thickness, it changes dramatically with a 

low value for thin FinFET and high value for Fat FinFET 

leads to more fluctuations. 

The device with a higher AR and a greater number of 

fins possesses a large on-state current. Moreover, the 

Multi fin FinFETs offer better driving capability than that 

with a single-fin structure. There is a significant 

improvement in σVTH, especially in resist-defined 

FinFETs this is because we have taken an independent 
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LER profile for multi-fin (i.e., fat+thin fin). Finally, as 

shown in Fig. 5(c), comparing resist-defined FinFET 

structures with spacer-defined FinFET structures 

possesses a smallest σVTH variation. The σVTH differences 

for spacer-and resist-defined FinFET structures are 

57.11 % and 39.90 %, respectively. The results of this 

study indicate that the σVTH variations of the multi-fin 

structure is significantly smaller than that of the single-fin 

one, and the structures with multi-fins and a large AR as 

in the case of spacer-defined FinFETs may exhibit better 

fluctuation suppression. 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. σVTH of intrinsic parameter fluctuations as a function of single and 
multi-fin (a) Spacer defined, (b) resist defined and (c) spacer-resist 

defined. 

Furthermore, impact of multi-fin has been analyzed for 

SRAM cell due to various variability sources. Fig. 6 

shows the variation in SNM due to the contribution of 

various intrinsic variability sources for spacer-and resist-

defined FinFETs w.r.t. rectangular FinFET. It is observed 

that, the suppression of variability sources within the 

SRAM bit-cell is least affected in spacer-defined 

FinFETs as compared to resist-defined FinFET. This is 

due to, in an ideal case of spacer defined FinFET the in-

phase correlation between LER on the both edges of the 

fin results in zero fin width fluctuations. But it is totally 

uncorrelated in resist defined FinFET hence these non-

zero and random uncorrelated values of fin width give 

rise to more SRAM variability. Fig. 6 also shows the 

SNM performance due to the combined sources of 

intrinsic variability. It is clear from figure that rectangular 

FinFET exhibit the best SNM performance followed by 

the spacer-defined FinFET structure. Therefore, it is 

suggested that using spacer defined patterning technique 

improves the intrinsic matching with respect to resist 

defined FinFET, thus allowing the mainstream use of 

FinFET in aggressively scaled SRAM circuits. 

 
Fig. 6: Read-SNM Variability in rectangular, spacer and resist defined 6-

T SRAM bit-cell. 

IV. CONCLUSIONS AND FUTURE RECOMMENDATIONS 

This research work presents the effect of multi-fin with 

independent LER for 14-nm FinFETs. Two different Fin 

shapes, i.e., curve-bent FinFET and thin-fat FinFETs. 

Have been taken to observe its impact on VTH variations. 

All results have been compared with the ideal FinFET 

(without LER) device. It is found that the multi-fin device 

has 76.13% and 74.48% improvement in spacer-and-

resist defined techniques, respectively, as compared to the 

single-fin devices. The σVTH differences for spacer-and 

resist-defined FinFET structures are about 57.11% and 

39.90%, respectively. Spacer-defined FinFET shows ~5% 

improvement in SRAM performance over resist-defined 

FinFETs.  

However, multi-fin structure faces some issues, such as 

increased device area, complex fabrication, and higher 

fabrication cost. Therefore, it is concluded that this work 

gives insight to the designers to optimize the performance 

of FinFET devices for reduced variation caused by 

intrinsic statistical variations. 
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In future, this work can include different materials to 

design the FinFET and its realization with fabrication. 

CONFLICT OF INTEREST 

The authors declare that they have no known 

competing financial interests that could have appeared to 

influence the work reported in this paper.  

AUTHOR CONTRIBUTIONS 

Rituraj Singh Rathore conducted the research; 

Viranjay M. Srivastava and Rituraj Singh Rathore 

analyzed the data; Rituraj Singh Rathore wrote the paper; 

both authors had approved the final version of this paper. 

REFERENCES 

[1] R. K. Ratnesh, A. Goel, G. Kaushik, H. Garg, Chandan, M. Singh, 
and B. Prasad, “Advancement and challenges in MOSFET 

scaling,” Materials Science in Semiconductor Processing, vol. 134, 

pp. 767–782, Nov. 2021. DOI: 10.1016/j.mssp.2021.106002. 
[2] R. Quhe, Q. Li, X. Yang, and J. Lu, “2D fin field-effect 

transistors,” Science Bulletin, vol. 68, no. 12, pp. 1213–1215, 2023.  
[3] C. K. Chiang, H. Pai, J. L. Lin, J. K. Chang, M. Y. Lee, E. R. 

Hsieh, K. S. Li, G. L. Luo, O. Cheng, and S. S. Chung, “FinFET 

plus: A scalable FinFET architecture with 3D air-gap and air-
spacer toward the 3nm generation and beyond,” in Proc. Int. Symp. 

on VLSI Technology, Systems and Applications (VLSI-TSA), 2021, 
pp. 1–2, doi: 10.1109/VLSI-TSA51926.2021.9440097. 

[4] S. Goyal, S. K. Wadhwa, D. Tripathi, G. Agrawal, K. Thakur, D. 

K. Jain, A. L. S. Loke, A. Kumar, M. K. Upadhyay, Bhawna, and 

S. K. Dey, “Design challenges and techniques for 5nm FinFET 

CMOS analog/mixed-signal circuits,” in Proc. 36th Int. Conf. on 
VLSI Design, 2023, pp. 98–103. 

[5] J. P. Colinge, FinFETs and Other Multi-Gate Transistors, 

Springer Publishing Company, USA, Jan 2008, DOI: 
10.1007/978-0-387-71752-4. 

[6] M. L. Chen, X. Sun, H. Liu, H. Wang, Q. Zhu, S. Wang, H. Du, B. 
Dong, J. Zhang, Y. Sun, S. Qiu, T. Alava, S. Liu, D. M. Sun, and 

Z. Han, “A FinFET with one atomic layer channel,” Nature 

Communications, vol. 11, 2020, doi: 10.1038/s41467-020-15096-0. 
[7] C. Tan, M. Yu, J. Tang, X. Gao, Y. Yin, Y. Zhang, J. Wang, X. 

Gao, C. Zhang, X. Zhou, L. Zheng, H. Liu, K. Jiang, F. Ding, and 
H. Peng, “2D fin field-effect transistors integrated with epitaxial 

high-k gate oxide,” Nature, vol. 616, no. 7955, pp. 66–72, 2023.  

[8] Y. Choi, T. King, and C. Hu, “Spacer FinFET: Nanoscale double-
gate CMOS technology for the terabit era,” Solid-State Electron, 

vol. 46, no. 10, pp. 1595–1601, 2002. 
[9] N. P. Maity, R. Maity, S. Maity, and S. Baishya, “Comparative 

analysis of the quantum FinFET and tri-gate FinFET based on 

modelling and simulation,” Journal of Computational Electronics, 
vol. 18, pp. 492–499, Jan. 2019. 

[10] R. S. Rathore and V. M. Srivastava, “Effect of metal gate work 
function variation on underlap FinFET,” in Proc. 45th 

International Spring Seminar on Electronics Technology, May 

2022, https://doi.org/10.1109/isse54558.2022.9812789. 
[11] R. S. Rathore and V. M. Srivastava, “Regression analysis of SNM 

and transconductance for underlap lengths of FinFET,” in Proc. 
45th International Spring Seminar on Electronics Technology, 

May 2022, https://doi.org/10.1109/isse54558.2022.9812809.  

[12] R. S. Rathore and A. K. Rana, “Impact of line edge roughness on 
the performance of 14-nm FinFET: Device-circuit co-design,” 

Superlattices and Microstructures, vol. 113, pp. 213–227, Jan 
2018. 

[13] E. Baravelli, L. D. Marchi, and N. Speciale, “Fin shape 
fluctuations in FinFET: Correlation to electrical variability and 

impact on 6-T SRAM noise margins,” Solid-State Electronics, vol. 

53, no. 12, pp. 1303–1312, 2009. 
[14] C. Gustin, L. H. A. Leunissen, A. Mercha et al., “Impact of line 

width roughness on the matching performances of next-generation 
devices,” Thin Solid Films, vol. 516, no. 11, pp. 3690–3696, 2008. 

[15] H. Namatsu, M. Nagase, T. Yamaguchi et al., “Influence of edge 

roughness in resist patterns on etched patterns,” Journal of 
Vacuum Science & Technology B, vol. 16, no. 6, pp. 3315–3321, 

1998. 
[16] International Technology Roadmap for Semiconductors (ITRS). 

2013. [Online]. Available: https://www.public.itrs.net.  

[17] Chourasia and D. Chopra, “X-ray photoelectron study of 
TiN/SiO2 and TiN/Si interfaces,” Thin Solid Films, vol. 266, no. 2, 

pp. 298–301, 1995. 
[18] A. O. conde, F. J. G. Sanchez, J. J. Liou, A. Cerdeira, M. Estrada, 

and Y. Yue, “A review of recent MOSFET threshold voltage 

extraction methods,” Microelectronics Reliability, vol. 42, no. 2, 
pp. 583–596, 2002. 

[19] S. Natarajan, M. Agostinelli, S. Akbar, V. Chikarmane, S. 
Chouksey, A. Dasgupta, K. Fischer, Q. Fu, and T. Ghani, “A 

14nm logic technology featuring 2nd-generation FinFET, air-

gapped interconnects, self-aligned double patterning and a 
0.0588µm2 SRAM cell size,” in Proc. IEEE International Electron 

Devices Meeting, San Francisco, USA, 2014, pp. 3–7.  
[20] S. W. Yoon and S. K. Kim, “Line-edge roughness on fin-field-

effect-transistor performance for below 10nm patterns,” in Proc. 

Society of Photo-Optical Instrumentation Engineers (SPIE) 
Conference Series, 2019, vol. 10957, doi:10.1117/12.2515224. 

[21] H. J. Levinson, “Lithography in a quantum world,” Japanese 
Journal of Applied Physics, vol. 62, 2023, doi:10.35848/1347-

4065/acb8be. 

 
Copyright © 2023 by the authors. This is an open access article 

distributed under the Creative Commons Attribution License (CC BY-
NC-ND 4.0), which permits use, distribution and reproduction in any 

medium, provided that the article is properly cited, the use is non-

commercial and no modifications or adaptations are made. 
 

 

Rituraj Singh Rathore received his master’s 
and Ph.D. degrees in VLSI design from 

National Institute of Technology-Hamirpur 

(India) in 2010 and 2018, respectively. He 
completed his bachelor’s degree in electronics 

and communication engineering from 
University of Rajasthan (India). He has more 

than 6 years of teaching and research experience 

in    the    area    of  Microelectronics, nanoscale  
devices, and memories. Dr. Rathore is a member of IEEE and 

authored/co-authored more than 16 scientific contributions. He is 
currently working as a post-Doctoral researcher in the department of 

electronic engineering, Howard College, University of KwaZulu-Natal, 

Durban, South Africa. 
 

 

Viranjay M. Srivastava is an associate 
professor in the Department of Electronic 

Engineering, Howard College, University of 

KwaZulu-Natal, Durban, South Africa. He has 
more than 17 years of teaching and research 

experience in the area of VLSI design, RFIC 
design, and analog IC design. He has supervised 

various bachelors, masters and doctoral 

research.  He is professional engineer of ECSA,  
South Africa and Senior members of IEEE, SAIEE, and members of IET, 

IEEE-HKN, IITPSA, and having authored/co-authored more than 300 
scientific contributions. 

 

 
 

 

 

International Journal of Electrical and Electronic Engineering & Telecommunications Vol. 12, No. 5, September 2023

362

https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

	IJEETC-V12N5-358



