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Fig. 1. Top-view and side-view of single-layer atomic structures: (a) T-NbTey; (b) GaySs (polarized downward); (¢) GayS; (polar-
ized upward). The red arrow indicates the polarization direction. Energy band structures of single layers: (d) T-NbTey; (e) GaySs.
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Fig. 2. (a) The six stacking sequences of heterojunctions, with the shaded ones representing the two most stable stacking structures;

(b) pptimized binding energy (presented as a bar chart) and interlayer spacing (blue dots) for each stacking sequence; (¢) the elec-

tron localization function of PD1 and PU2.
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Fig. 3. AIMD simulation of at 300 K (a) PD1 and (b) PU2; the phonon spectra of (¢) PD1 and (d) PU2.
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Fig. 4. (a) Projected band structures of heterojunctions PD1 and PU2; (b) the spatial charge density difference for heterojunctions
PD1 and PU2. In the illustration, the red (blue) represent electron accumulation (depletion), and the isosurface is set to 0.0005 e/A3.
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Fig. 5. (a) Variation curves of the Schottky barrier height of PD1 and PU2 with the applied electric field; (b) band structure of the
heterojunction PD1 under the applied electric field; (c¢) band structure of the heterojunction PU2 under the applied electric field.

The red lines represent GaySs, and the cyan lines represent T-NbTe,.
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T-NbTe,.

%%if’ﬁk Phys. Rev. B 102 075414
8] Cao LM, AngY S, WuQY, Ang L K 2019 Appl. Phys. Lett.
[1] LiZ H, Han J N, Cao S G, Zhang Z H 2023 Appl. Surf. Sci. 115 241601
636 157766 9] Zheng Y L, Tang X, Wang W L, Jin L, Li G Q 2021 Adw.
[2] Zheng Y, Gao J, Han C, Chen W 2021 Cell Rep. Phys. Sci. 2 Funct. Mater. 31 2008307
100298 [10] Jastrzebskia C, Jastrzebskib D J, Kozaka V, Pietakb K,
[3] Chen S'Y, Wang S, Wang C, Wang Z C, Liu Q 2022 Nano Wierzbicki M, Gebicki W 2019 Mater. Sci. Semicond.
Today 42 101372 Process. 94 80
[4] Zheng S, Lu H C, Liu H, Liu D M, Robertson J 2019 [11] Dénoue K, Cheviré F, Calers C, Verger L, Coq D L, Calvez L
Nanoscale 11 4811 2020 J. Solid State Chem. 292 121743
[5] Chhowalla M, Jena D, Zhang H 2016 Nat. Rev. Mater. 1 [12] Zhang G T, Lu K J, Wang Y F, Wang H W, Chen Q 2022
16052 Phys. Rev. B 105 235303
[6] Allain A, Kang J, Banerjee K, Kis A 2015 Nat. Mater. 14 [13] Liu X H, Mao Y L 2024 Appl. Phys. Lett. 125 043102
1195 [14] Khusayfan N M, Khanfar H K 2018 Results Phys. 10 332
[7] Nguyen H T, Obeid M M, Bafekry A, Idrees M, Vu T V, [15] Khusayfan N M, Qasrawi A F, Khanfar H K 2018 Results
Phuc H V, Hieu N N, Hoa L' T, Amin B, Nguyen C V 2020 Phys. 8 1239

107101-8


https://doi.org/10.1016/j.apsusc.2023.157766
https://doi.org/10.1016/j.apsusc.2023.157766
https://doi.org/10.1016/j.apsusc.2023.157766
https://doi.org/10.1016/j.apsusc.2023.157766
https://doi.org/10.1016/j.apsusc.2023.157766
https://doi.org/10.1016/j.apsusc.2023.157766
https://doi.org/10.1016/j.xcrp.2020.100298
https://doi.org/10.1016/j.xcrp.2020.100298
https://doi.org/10.1016/j.xcrp.2020.100298
https://doi.org/10.1016/j.xcrp.2020.100298
https://doi.org/10.1016/j.xcrp.2020.100298
https://doi.org/10.1016/j.xcrp.2020.100298
https://doi.org/10.1016/j.nantod.2021.101372
https://doi.org/10.1016/j.nantod.2021.101372
https://doi.org/10.1016/j.nantod.2021.101372
https://doi.org/10.1016/j.nantod.2021.101372
https://doi.org/10.1016/j.nantod.2021.101372
https://doi.org/10.1016/j.nantod.2021.101372
https://doi.org/10.1016/j.nantod.2021.101372
https://doi.org/10.1016/j.nantod.2021.101372
https://doi.org/10.1039/C8NR07812B
https://doi.org/10.1039/C8NR07812B
https://doi.org/10.1039/C8NR07812B
https://doi.org/10.1039/C8NR07812B
https://doi.org/10.1039/C8NR07812B
https://doi.org/10.1039/C8NR07812B
https://doi.org/10.1038/natrevmats.2016.52
https://doi.org/10.1038/natrevmats.2016.52
https://doi.org/10.1038/natrevmats.2016.52
https://doi.org/10.1038/natrevmats.2016.52
https://doi.org/10.1038/natrevmats.2016.52
https://doi.org/10.1038/natrevmats.2016.52
https://doi.org/10.1038/nmat4452
https://doi.org/10.1038/nmat4452
https://doi.org/10.1038/nmat4452
https://doi.org/10.1038/nmat4452
https://doi.org/10.1038/nmat4452
https://doi.org/10.1038/nmat4452
https://doi.org/10.1103/PhysRevB.102.075414
https://doi.org/10.1103/PhysRevB.102.075414
https://doi.org/10.1103/PhysRevB.102.075414
https://doi.org/10.1103/PhysRevB.102.075414
https://doi.org/10.1103/PhysRevB.102.075414
https://doi.org/10.1103/PhysRevB.102.075414
https://doi.org/10.1063/1.5130756
https://doi.org/10.1063/1.5130756
https://doi.org/10.1063/1.5130756
https://doi.org/10.1063/1.5130756
https://doi.org/10.1063/1.5130756
https://doi.org/10.1063/1.5130756
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1002/adfm.202008307
https://doi.org/10.1016/j.mssp.2019.01.029
https://doi.org/10.1016/j.mssp.2019.01.029
https://doi.org/10.1016/j.mssp.2019.01.029
https://doi.org/10.1016/j.mssp.2019.01.029
https://doi.org/10.1016/j.mssp.2019.01.029
https://doi.org/10.1016/j.mssp.2019.01.029
https://doi.org/10.1016/j.mssp.2019.01.029
https://doi.org/10.1016/j.mssp.2019.01.029
https://doi.org/10.1016/j.jssc.2020.121743
https://doi.org/10.1016/j.jssc.2020.121743
https://doi.org/10.1016/j.jssc.2020.121743
https://doi.org/10.1016/j.jssc.2020.121743
https://doi.org/10.1016/j.jssc.2020.121743
https://doi.org/10.1016/j.jssc.2020.121743
https://doi.org/10.1016/j.jssc.2020.121743
https://doi.org/10.1103/PhysRevB.105.235303
https://doi.org/10.1103/PhysRevB.105.235303
https://doi.org/10.1103/PhysRevB.105.235303
https://doi.org/10.1103/PhysRevB.105.235303
https://doi.org/10.1103/PhysRevB.105.235303
https://doi.org/10.1103/PhysRevB.105.235303
https://doi.org/10.1063/5.0220466
https://doi.org/10.1063/5.0220466
https://doi.org/10.1063/5.0220466
https://doi.org/10.1063/5.0220466
https://doi.org/10.1063/5.0220466
https://doi.org/10.1063/5.0220466
https://doi.org/10.1063/5.0220466
https://doi.org/10.1016/j.rinp.2018.06.018
https://doi.org/10.1016/j.rinp.2018.06.018
https://doi.org/10.1016/j.rinp.2018.06.018
https://doi.org/10.1016/j.rinp.2018.06.018
https://doi.org/10.1016/j.rinp.2018.06.018
https://doi.org/10.1016/j.rinp.2018.06.018
https://doi.org/10.1016/j.rinp.2018.06.018
https://doi.org/10.1016/j.rinp.2018.02.017
https://doi.org/10.1016/j.rinp.2018.02.017
https://doi.org/10.1016/j.rinp.2018.02.017
https://doi.org/10.1016/j.rinp.2018.02.017
https://doi.org/10.1016/j.rinp.2018.02.017
https://doi.org/10.1016/j.rinp.2018.02.017
https://doi.org/10.1016/j.rinp.2018.02.017
https://doi.org/10.1016/j.rinp.2018.02.017
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 10 (2025) 107101

[16] Shang X X, Zhang Y L, Li T, Zhang H N, Zou X F, Wageh Interfaces 16 40123
S, Al-Ghamdi A A, Zhang H, Si S H, Li D W 2024 J. [31] Ramezani H R, Sasioglu E, Hadipour H, Soleimani H T,
Materiomics 10 355 Friedrich C, Bliigel S, Mertig I 2024 Phys. Rev. B 109 125108

[17] Dong J Z, Li C S, Yang J, Chen B B, Song H J, Chen J S, [32] Fu CF, SunJ Y, Luo Q Q, Li X X, Hu W, Yang J L 2018
Peng W X 2016 Cryst. Res. Technol. 51 671 Nano Lett. 18 6312

(18] Suonan Z X, Wu H X, Mi S, Xu H, Xu H W, Zhang H Y, [33] Hieu N N, Phuc H V, Kartamyshev A I, Vu T V 2022 Phys.
Pang F 2024 J. Cryst. Growth 648 127891 Rev. B 105 075402

19] Behera S K, Ramamurthy P C 2024 New J. Chem 48 15493 [34] Jin H, Wei T, Huang B 2024 Nano Lett. 24 10892

20] Ataca C, Sahin H, Ciraci S 2012 J. Phys. Chem. C 116 8983 [35] Xia J L, GuY X, Mai J, Hu T Y, Wang Q K, Xie C, Wu Y

K, Wang X 2023 Heliyon 9 20619

[36] Sun N, Qi S M, Zhou B Z, Mi W B, Wang X C 2021 J.
Alloys Compd. 875 160048

[37) Tuckerman M, Berne B J, Martyna G J 1992 J. Chem. Phys.

[

[

(21] Li H, ZhangY F, Liu F B, Lu J 2024 Nanoscale 16 18005

[22] Fang S B, Li Q H, Yang C, Wu B C, Liu S Q, Yang J, Ma J
C, Yang Z M, Tang K C, Lu J 2023 Phys. Rev. Mater. 7
084412

(23] Han J N, Cao S G, Li Z H, Zhang Z H 2023 J. Phys. D: Appl.

1
Phys. 56 045002 38 gz; 992 S, Li Z H, Zhang Z H 2024 Appl. Surf. Sci. 672
[24] Xu Y H, Han J N, Li Z H, Zhang Z H 2023 J. Phys. D: Appl. [38] 16[?;9 » M » £hang ppl. Surf. Sei
9]

Phys. 56 365504

[25] Brandbyge M, Mozos J L, Ordején P, Taylor J, Stokbro K [39] Wang QH, Li H, SiL N, Dou Z L, Yan H J, Yang Y, Liu F

2002 Phys. Rev. B 65 165401 B 2023 Mater. Today Commun. 35 105724
[26] Perdew J P, Burke K, Ernzerhof M 1996 Phys. Rev. Lett. 77 [40] Zhang W X, Yin Y, He C 2020 Phys. Chem. Chem. Phys. 22
3865 26231
[27] Troullier N, Martins J L 1991 Phys. Rev. B 43 1993 [41] Li Z H, Han J N, Cao S G, Zhang 7 H 2023 Appl. Surf. Sci.
[28] Soler J M, Artacho E, Gale J D, Garcfa A, Junquera J, 614 156095
Ordejon P, Sénchez-Portal D 2002 J. Phys. Condens Matter [42] Nguyen C V, Idrees M, Phuc H V, Hieu N N, Binh N T,
14 2745 Amin B, Vu T V 2020 Phys. Rev. B 101 235419
[29] Grimme S 2006 J. Comput. Chem. 27 1787 [43] Vicario C, Monoszlai B, Hauri C P 2014 Phys. Rev. Lett. 112
(30] Xu Z, Luo W D, Guo S'Y, Liu S Z 2024 ACS Appl. Mater. 213901

Control of contact properties in ferroelectric
heterojunction T-NbTe,/Ga,S;"
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Abstract

A monolayer ferroelectric semiconductor, GaySs, has received extensive attention because of its outstanding
ductility, extremely high carrier mobility and unique out-of-plane asymmetric polarization characteristics. In
this work, T-NbTe,/Ga,S; ferroelectric heterojunctions are constructed using out-of-plane asymmetric
polarization characteristics of GayS;. The structural stability, preparation possibility and electrical contact
properties for various ferroelectric heterojunction T-NbTe,/GaySs ferroelectric heterojunctions with the different
polarization directions of Ga,Ss are systematically studied by the first-principles calculations. It is found that
heterojunctions T-NbTe,/Ga,S; exhibit sensitive responses to out-of-plane asymmetric polarization
characteristics of Ga,Ss;. The two heterojunctions with the most stable energy, PD1 ( P, ) and PU2 ( P;), in the
intrinsic state form N-type and P-type Schottky contact, respectively. The polarization characteristics of the
ferroelectric semiconductor Ga,Ss are dependent on the contact type of the Schottky barrier in the ferroelectric
heterojunction T-NbTe,/Ga,S;, which provides a practical approach for designing multifunctional Schottky
devices. Specifically, the electrical contact depends on the external electric field. For the heterojunction, PD1
(and PU2), the contact can transition from Schottky contact to Ohmic contact at an electric field strength of
4+0.5 V/A (4+0.6 V/A). Besides electric field, the contact properties of both heterojunctions PD1 and PU2 may

also be tuned by an external biaxial strain. For the heterojunction, PD1, the contact can transition from

107101-9
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Schottky contact to Ohmic contact at a biaxial strain tensile of 8%. And for the heterojunction, PU2, the
contact can transition from P-type Schottky contact to N-type Schottky contact at a biaxial strain tensile of
2%, then from N-type Schottky contact to Ohmic contact at a strain tensile of 10%. These results provide a

theoretical reference for designing two-dimensional ferroelectric nanodevices with high-performance electrical
contact interfaces.
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