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Abstract
The increasing demand for faster and energy efficient electronics has forced the researchers to develop more power and 
performance efficient integrated circuits. For this purpose, the overall size of the transistor needs to be scaled down to its 
very limit. Transistor scaling and performance are not only limited to overall transistor design but also to the material of the 
channel that is being used. In order to make a performance efficient transistor, not only is a new transistor design needed but 
replacement of conventional channel material i.e., silicon needs to be done. In this work, a 2-D Numerical simulation model 
of nanowire FET with GAA technology was carried out at 22 nm gate length using an open-source nanoscale simulation 
tool MUGFET. Then a study of the performance parameters of this NW-GAAFET with Silicon and Group III-V compound 
semiconductor channel materials and High-k gate oxides has been performed. The electrical performance parameters, drain 
induced barrier lowering (DIBL), subthreshold swing (SS), and on/off current ratio  (Ion/Ioff) are extracted and validated 
through comparative analysis with previous high performance GAA nanowire FETs.
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1 Introduction

The increasing demand for more and more powerful logic 
devices drives the continued size and operational scaling 
of complementary metal oxide semiconductor (CMOS) 
devices. Performance benefits and greater complexity gained 
by scaling enable many advancements in electrical equip-
ment. Researchers have devised a number of techniques to 
shrink the dimensions of a particular CMOS device without 
sacrificing performance. By incorporating fin field effect 
transistor (FinFET) [1], GAA nanowire transistors [2–4], 
and other possible architectures, one essential objective is 
to enhance the static control of the gate.

Many manufacturing firms consider the GAA nanowire 
transistor to be a good contender for next-generation CMOS 
devices due to its higher degree of efficiency and compliance 
with the fabrication process. But still GAA nanowire FET 
is not perfect to be used under 32 nm process due to short 

channel effects. In order to make this transistor more unsus-
ceptible to short channel effects (SCE), a replacement of 
the conventional channel material silicon is needed. In this 
regard, Daniel Nagy et al., developed a Si-NW-GAAFET 
with good transistor characteristics at room temperature hav-
ing a Subthreshold Swing of 70 mV/dec, DIBL of 55 mV/V, 
Ion of 1590 uA/um and Ioff about 9.9 uA/um [5]. In 2018, 
Rafael Vinicius Tayette da Nobrega et al. evaluated the mod-
eling of nanowire GAAFET with several Group III-V [6]. 
The oxide material used in Rafael Vinicius’ device is  SiO2, 
which is linked at the gate interface. But still performance 
was not found satisfactory, the reason being the lower rela-
tive permittivity or dielectric constant (k) [7] of  SiO2 in 
comparison to the other contenders for the gate oxide mate-
rials [5, 6, 8]. However, in order to improve the electrical 
characteristics of FETs, gate oxides based on high-k mate-
rials have significantly improved the performance of GAA 
nanowire FET [6, 8]. In this regard, a simulation based com-
parative analysis of the electrical performance of silicon (Si) 
and Group III-V materials in GAA nanowire FETs has been 
presented. Secondly, the effect of hafnium dioxide  (HfO2) 
and zirconium dioxide  (ZrO2) as inorganic gate insulators 
on the device performance has been evaluated.
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2  Methodology and Device Specifications

The method followed in the simulation process is shown 
in Fig. 1. To begin, the majority of study on the physi-
cal and electrical characteristics of channel materials, 
dielectric values of the gate oxides as well as the work 
function of the gate metal has been examined through the 

literature survey, which is cited as [9–21]. To develop a 
device with high speed and low power, a range of chan-
nel materials including Silicon (Si), Gallium Antimonide 
(GaSb), Gallium Nitride (GaN), Aluminum Gallium Arse-
nide (AlGaAs), Gallium Arsenide (GaAs), and Indium 
Phosphide (InP), as well as high-k gate oxides namely 
Hafnium Dioxide  (HfO2, k ~ 22) and Zirconium Dioxide 
 (ZrO2, k ~ 32) are examined. Figures 2 and 3 demonstrate 
the outer 3D structure of the proposed GAA nanowire FET 
and the cross-section device structure of a GAA n-channel 
nanowire FET respectively.

The proposed nanowire FET includes thickness of gate 
oxide  (Tox), diameter of channel  (Dch), Gate Length  (Lg), 
length of Source and Drain terminals  (Ls and  Ld respec-
tively).  Tox, the thickness of oxide is retained at 1.5 nm and 
remained constant throughout the simulations. The source 
& drain extension lengths were each chosen at 30.8 nm 
for simulation purposes, while the gate length is retained 
at 22 nm, and the channel diameter was kept at 12.76 nm. 
The doping of the drain and source is kept constant at 
5E + 19  cm−3, while the channel is doped at 1E + 15  cm−3. 
The gate bias is set between 0 and 1 V, whereas the drain 
bias is set between 0.05 and 1 V for I-V characteristics while 
all other parameters are measured at  Vd = 1 V. Gate overlap 
with the source and gate overlap with the drain have not 
been taken into account. Gaussian doping for source and 
drain is kept at 7.1 nm and penetration into oxide was kept 
at 0.05 nm (Table 1).

3  Results and Discussion

MUGFET (Multi-Gate Field Effect Transistor) software 
[22] is used to simulate the device at the nanoscale level. 
Before carrying out the simulations, the device is cali-
brated. For the calibration purpose, we compared our pro-
posed model with the existing one in [5] at two parameters 
namely subthreshold swing and DIBL. A slight variation 

Fig. 1  Methodology followed in the simulation process

Fig. 2  3D structure of the proposed GAA nanowire FET

Fig. 3  Cross-section device construction in 2D for geometry x and geometry y of GAA nanowire FET
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in the parameters is observed due to the simulator limita-
tions. The respective calibration data for DIBL and SS is 
shown in Fig. 4 in form of bar Graphs.

We recovered the DIBL, SS,  Ion, transconductance and 
ratio of  Ion/Ioff parameters after verifying the simulator. 
The study is extended to include  ZrO2 as other gate dielec-
tric and the substitution of GaAs, GaN, GaSb, AlGaAs and 
InP for Si nanowire. The respective I–V Curves for dif-
ferent channel materials with  HfO2 as gate oxide and I-V 
Curves for different channel materials with  ZrO2 as gate 
oxide are shown in Fig. 5a and b respectively. Table 2 and 
3 depict the findings of these studies and their compari-
son with Daniel Nagy’s transistor model [5] at 22 nm of 
technology node and Fig. 6a, b, 7a, b, 8a, b and represent 
the findings of our study in the form of bar graphs. All the 
results have been derived at  Vd and  Vg = 1.0 V.

For the perfect transistor, a smaller subthreshold swing 
is always preferred because Subthreshold Swing is the 
gate voltage needed to shift the drain current by an order 
of magnitude, or one decade. Group III-V materials and 
AlGaAs delivers the better Subthreshold Swing than Sili-
con except GaN GAA-NW transistor. Lowest Subthresh-
old Swing was registered for InP, which is followed by 
AlGaAs GAA-NW transistor at second place in terms of 
performance. Based on the data in Tables 2 and 3, replac-
ing the  HfO2 gate oxide with  ZrO2 resulted in a DIBL 
decrease for all transistors. The Subthreshold Swing of all 
NW-GAA-FETs also decreases when gate oxide dielectric 
constant increases.

Table 1  GAA nanowire FET device dimensions and parameters

Device dimensions and parameters

VDD, Lin [V] 0.05
VDD, Sat. [V] 1
Gate length (Lg [nm]) 22
Diameter of channel (Dch [nm]) 12.76
Oxide thickness (Tox [nm]) 1.5
Length of source extension (Ls [nm]) 30.8
Length of drain extension (Ld [nm]) 30.8
Gaussian doping [nm] 7.1
Channel doping  [cm−3] 1.00E+15
Source/Drain doping  [cm−3] 5.00E+19
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Fig. 4  Calibration of GAA nanowire transistor model parameters

Fig. 5  a Comparison of I-V curves for various channel materials with  HfO2 as gate oxide. b Comparison of I-V curves for various channel mate-
rials with  ZrO2 as gate oxide
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The short channel effect known as DIBL describes a 
transistor's threshold voltage being reduced at a greater 
drain voltage. Low threshold voltage leads to more leakage 
current. When scaling a transistor, it is usually preferable 
to keep it as low as possible. For Drain Induced Barrier 

Lowering all of the proposed materials performed better 
than Silicon with GaAs and AlGaAs registering the lowest 
of the values. In comparison to [5] our transistor model has 
registered a huge improvement by decreasing DIBL from 57 
to 1.58 mV/V while using AlGaAs as the channel material 

Table 2  Performance analysis 
of different channel materials 
using different parameters with 
 HfO2 as gate oxide

Performance parameters

Channel material SS DIBL Thresh-
old volt-
age

Ion Ioff Ion/Ioff Transconductance

mV/dec mV/V V A/μm A/μm – S/μm

Si/HfO2 76.17 46.10 0.53 4.99E−04 2.52E−12 1.98E+08 8.43E−04
GaAs/HfO2 75.86 3.32 0.48 6.99E−04 8.24E−12 8.48E+07 1.07E−03
GaN/HfO2 81.01 35.74 0.43 1.13E−03 3.48E−11 3.25E+07 1.81E−03
InP/HfO2 64.04 45.70 0.22 5.02E−04 6.73E−07 7.46E+02 2.30E−04
GaSb/HfO2 75.93 40.26 0.54 4.06E−04 3.10E−12 1.31E+08 6.47E−04
AlGaAs/HfO2 72.54 1.84 0.60 4.50E−04 9.35E−14 4.82E+09 8.68E−04
Si/ High-k [5] 70.00 57.00 0.26 1.59E−03 9.9E−06 1.60E+04 NR

Table 3  Performance analysis 
of different channel materials 
using different parameters with 
 ZrO2 as gate oxide

Performance parameters

Channel material SS DIBL Thresh-
old volt-
age

Ion Ioff Ion/Ioff Transconductance

mV/dec mV/V V A/μm A/μm – S/μm

Si/ZrO2 76.01 36.08 0.51 5.87E−04 2.42E−12 2.42E+08 1.00E−03
GaAs/ZrO2 75.69 2.73 0.47 8.24E−04 7.96E−12 1.04E+08 1.25E−03
GaN/ZrO2 80.9 31.7 0.43 1.33E−03 3.35E−11 3.95E+07 2.16E−03
InP/ZrO2 63.3 16.58 0.2 5.95E−04 6.61E−07 8.99E+02 2.82E−04
GaSb/ZrO2 75.74 22.3 0.52 4.74E−04 2.96E−12 1.60E+08 7.56E−04
AlGaAs/ZrO2 72.41 1.58 0.59 5.31E−04 8.99E−14 5.91E+09 1.04E−03
Si/ High-k [5] 70.00 57.00 0.26 1.59E−03 9.9E−06 1.60E+04 NR

(a): Subthreshold Swing comparison for various 
channel materials with HfO2 as gate oxide

(b): Subthreshold Swing comparison for various 
channel materials with ZrO2 as gate oxide
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Fig. 6  a Subthreshold Swing comparison for various channel materials with  HfO2 as gate oxide. b Subthreshold Swing comparison for various 
channel materials with  ZrO2 as gate oxide
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and  ZrO2 as gate oxide. This proves that a transistor using 
AlGaAs can maintain its threshold voltage and hence mini-
mize the leakage current.

In the case of transconductance or the transistor gain 
GaN and GaAs registered the best performance numbers, 
followed by AlGaAs at third place which performed margin-
ally better than Silicon. As can be seen from the comparative 
Tables 2 and 3, the transistor has highest gain, when the gate 
oxide is replaced with the dielectric of high dielectric con-
stant (ie.  ZrO2 with k = 32.57). In this case the comparison 
with [5] is not possible because a proper study of transcon-
ductance parameter has not been included in the study.

Group III-V materials might have benefits in terms 
of some performance parameters, but they have their 
own disadvantages. The Group III-V materials showed a 

considerable drop in the electrical characteristics due to 
poor Leakage Current  (Ioff) performance. The compara-
tively lighter masses of electrons and holes of Group III-V 
materials result in better mobility and saturation velocity 
of both the carriers in the channel and hence it results in a 
high “On current”  (Ion) but it also results in a high leakage 
current  (Ioff) therefore the ratio  (Ion/Ioff) is poor for Group 
III–V materials. Also, in comparison to AlGaAs the DIBL 
of Group III–V materials was high which was another factor 
resulting in high leakage current of Group III–V materi-
als. However, AlGaAs is the only material which not only 
outperformed Silicon but every single Group III-V material 
by its electrical performance, due to its better DIBL per-
formance, larger band gap and slightly heavier masses of 
the carriers. If we compare our AlGaAs/  ZrO2 model with 

(a): DIBL comparison for various channel materials 
with HfO2 as gate oxide

(b): DIBL comparison for various channel 
materials with ZrO2 as gate oxide
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Fig. 7  a DIBL comparison for various channel materials with  HfO2 as gate oxide. b DIBL comparison for various channel materials with  ZrO2 
as gate oxide

(a):Transconductance comparison with various 
channel materials using HfO2 gate oxide

(b):Transconductance comparison with various 
channel materials using ZrO2 gate oxide
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the Si/High-k model from [5] a significant improvement in 
the current ratio from 1.60E+04 in [5] to 5.91E+09 in our 
work can be seen. The comparison of  Ion/Ioff ratio is shown 
in Fig. 9a, b respectively.

4  Conclusions

In this work, results on performance analysis of Gate All 
Around Nanowire FET with Group III-V Compound Chan-
nel Materials and High-k Gate Oxides have been presented. 
A nanowire FET structure based on gate all around technol-
ogy has been investigated to study the impact of replacing 
conventional gate dielectrics with high-k gate dielectrics 
and conventional channel material, silicon with group III–V 
materials and their compounds. The electrical performance 
parameters under consideration were drain induced barrier 
lowering (DIBL), subthreshold swing (SS), threshold volt-
age  (VT), current on–off ratio  (Ion/Ioff) and transconductance. 
The major findings and related conclusions are summarized 
and some ideas on future works are suggested.

2-D Numerical simulation model of nanowire FET with 
GAA technology was carried out at 22 nm gate length 
using an open-source nanoscale simulation tool MUGFET 
(multi-gate field effect transistor) available at nano-hub 
[22]. The nanowire FET model was simulated using high 
performance channel materials such as Silicon (Si), Gal-
lium Nitride (GaN), Indium Phosphide (InP), Gallium Anti-
monide (GaSb), Gallium Arsenide (GaAs), and Aluminum 
Gallium Arsenide (AlGaAs). The effect of electric field on 
charge transport in the channel is investigated with high-k 
gate oxides; Hafnium Dioxide  (HfO2, k ~ 22) and Zirconium 
Dioxide  (ZrO2, k ~ 32).

The simulation results suggest that using combination of 
hafnium dioxide  (HfO2) with Aluminum Gallium Arsenide 
(AlGaAs) semiconductor channel material shows significant 
improvement in DIBL ~ 1.84 mV/V, subthreshold swing 
SS ~ 72.54 mV/dec,  Ion/Ioff ~ 4.82 ×  109, transconductance 
(gm ~ 8.68E−4) and comparable value in terms of threshold 
voltage  VT ~ 0.60 V) with respect to rest of the materials. 
In second investigation, combination of Zirconium Dioxide 
 ZrO2 with Aluminum Gallium Arsenide (AlGaAs) results in 
improved DIBL ~ 1.58 mV/V,  Ion/Ioff ~ 5.91 ×  109, transcon-
ductance (gm ~ 1.04E−03) and comparable values in terms 
of threshold voltage  VT ~ 0.59 V) and subthreshold swing 
SS ~ 72.41 mV/dec. The combination of Zirconium Dioxide 
 ZrO2 with Aluminum Gallium Arsenide (AlGaAs) clearly 
stands out as preferred gate oxide and semiconductor over 
Si/SiO2 and AlGaAs/HfO2 combination as specific and other 
combinations as general.

References

 1. P. Zheng, D. Connelly, F. Ding, T.J.K. Liu, IEEE Trans. Electron 
Devices 62(12), 1–6 (2015). https:// doi. org/ 10. 1109/ TED. 2015. 
24873 67

 2. S.Z. Reza, M.S. Islam, F. A. Mamun, Int. J. Eng. Invent. (2017) 
6.

 3. S. Dey, T.P. Dash, S. Das, E. Mohapatra, J. Jena, C.K. Maiti, IEEE 
Electron Devices Kolkata Conference (EDKCON). (2018). https:// 
doi. org/ 10. 1109/ EDKCON. 2018. 87704 71

 4. S. R. Kola, Y. Li, N. Thoti, International Conference on Simula-
tion of Semiconductor Processes and Devices (SISPAD) (2020).

 5. D. Nagy, G. Indalecio, A.J. GarcíA-Loureiro, M.A. Elmessary, K. 
Kalna, N. Seoane, IEEE J. Electron Devices Soc. (2018). https:// 
doi. org/ 10. 1109/ JEDS. 2018. 28043 83

 6. R. V. T. da Nobrega, Y. M. Fonseca, R. A. Costa, U. R. Duarte, 
SEMINATEC 2018. Workshop on Semiconductors and Micro & 
Nano Technology (2018).

(a): Comparison of current ratio Ion/Ioff of various 
channel materials using HfO2 as gate oxide.

(b): Comparison of current ratio Ion/Ioff of various 
channel materials using ZrO2 as gate oxide.

1.98E+08
8.48E+07

3.25E+07
7.46E+02

1.31E+08

4.82E+09

0.00E+00

1.00E+09

2.00E+09

3.00E+09

4.00E+09

5.00E+09

6.00E+09

C
ur

re
nt

 R
at

io

Channel Material

Silicon GaAs GaN InP GaSb AlGaAs

2.42E+08
1.04E+08

3.95E+07
8.99E+02

1.60E+08

5.91E+09

0.00E+00

1.00E+09

2.00E+09

3.00E+09

4.00E+09

5.00E+09

6.00E+09

7.00E+09

C
ur

re
nt

 R
at

io

Channel Material
Silicon GaAs GaN InP GaSb AlGaAs

Fig. 9  a Comparison of current ratio Ion/Ioff of various channel materials using  HfO2 as gate oxide. b Comparison of current ratio Ion/Ioff of 
various channel materials using  ZrO2 as gate oxide

https://doi.org/10.1109/TED.2015.2487367
https://doi.org/10.1109/TED.2015.2487367
https://doi.org/10.1109/EDKCON.2018.8770471
https://doi.org/10.1109/EDKCON.2018.8770471
https://doi.org/10.1109/JEDS.2018.2804383
https://doi.org/10.1109/JEDS.2018.2804383


234 Transactions on Electrical and Electronic Materials (2023) 24:228–234

1 3

 7. D. Zhou, Y. Zhang, S. Shi, J. Zhang, R. Yue and Y. Wang, IEEE 
Transactions on Dielectrics and Electrical Insulation (2022) 29(1).

 8. K. Han, Y. Zhang, Z. Deng, IEEE Access. (2020). https:// doi. org/ 
10. 1109/ ACCESS. 2020. 29837 24

 9. S. Bajaj, O.F. Shoron, P.S. Park, S. Krishnamoorthy, F. Akyol, 
T.-H. Hung, S. Reza, E.M. Chumbes, J. Khurgin, S. Rajan, Appl. 
Phys. Lett. 107, 153504 (2015). https:// doi. org/ 10. 1063/1. 49331 
81

 10. R. K. Ahrenkiel, M. S. Lundstrom, Semiconductors and Semimet-
als. (1993)

 11. A.K. Walton, U.K. Mishra, J. Phys. C: Solid State Phys. (1968). 
https:// doi. org/ 10. 1088/ 0022- 3719/1/ 2/ 328

 12. D. Zuo, P. Qiao, D. Wasserman, S.L. Chuang, Appl. Phys. Lett. 
102, 141107 (2013). https:// doi. org/ 10. 1063/1. 48017 64

 13. A.F.M. Anwar, S. Wu, R.T. Webster, IEEE Trans. Electron 
Devices (2001). https:// doi. org/ 10. 1109/ 16. 906452

 14. Bart J. Van Zeghbroeck (1997). http:// apach epers onal. miun. se/ 
gorthu/ halvl edare/ Effec tive% 20mass% 20in% 20sem icond uctors. 
htm

 15. M. Levinstein, S. Rumyantsev, M. Shur, Handbook Series on 
Semiconductor Parameters (1996). http:// www. ioffe. ru/ SVA/ 
NSM/ Semic ond/

 16. ATLAS User’s Manual/ SILVACO International/ 2007

 17. D. Ji, B. Ercan, S. Chowdhury, IEEE Electron Device Lett. (2020). 
https:// doi. org/ 10. 1109/ LED. 2019. 29538 73

 18. F. M. Abou El-Ela and A. Z. Mohamed, ISRN Condensed Matter 
Physics. (2013). https:// doi. org/ 10. 1155/ 2013/ 654752

 19. Z.Z. Bandić, P.M. Bridger, E.C. Piquette, T.C. McGill, Solid-State 
Electron. (2000). https:// doi. org/ 10. 1016/ S0038- 1101(99) 00227-0

 20. P. Jenkins, G. A. Landis, I. Weinberg and K. Kneisel, IEEE Pho-
tovolyaic Specialists Conference (1991)

 21. H. Nam, Y. Lee, J.-D. Park, C. Shin, IEEE Trans. Electron Devices 
(2016). https:// doi. org/ 10. 1109/ TED. 2016. 25743 28

 22. SG Kim, G. Klimeck, S. Damodaran, B P Haley, MUGFET. Pur-
due University (2023). https:// doi. org/ 10. 21981/ GVN0- X289

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

https://doi.org/10.1109/ACCESS.2020.2983724
https://doi.org/10.1109/ACCESS.2020.2983724
https://doi.org/10.1063/1.4933181
https://doi.org/10.1063/1.4933181
https://doi.org/10.1088/0022-3719/1/2/328
https://doi.org/10.1063/1.4801764
https://doi.org/10.1109/16.906452
http://apachepersonal.miun.se/gorthu/halvledare/Effective%20mass%20in%20semiconductors.htm
http://apachepersonal.miun.se/gorthu/halvledare/Effective%20mass%20in%20semiconductors.htm
http://apachepersonal.miun.se/gorthu/halvledare/Effective%20mass%20in%20semiconductors.htm
http://www.ioffe.ru/SVA/NSM/Semicond/
http://www.ioffe.ru/SVA/NSM/Semicond/
https://doi.org/10.1109/LED.2019.2953873
https://doi.org/10.1155/2013/654752
https://doi.org/10.1016/S0038-1101(99)00227-0
https://doi.org/10.1109/TED.2016.2574328
https://doi.org/10.21981/GVN0-X289

	Performance Analysis of the Gate All Around Nanowire FET with Group III–V Compound Channel Materials and High-k Gate Oxides
	Abstract
	1 Introduction
	2 Methodology and Device Specifications
	3 Results and Discussion
	4 Conclusions
	References




